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CHAPTER 1. INTRODUCTION

1.1 Optical Sensing Technique Key Parameters

Cancerous biomarkers, hidden explosives, toxins in food: these are a few of the
many targets that have been detected using optical techniques. When considering
sensors, a few of the most important parameters are sensitivity, selectivity, and
responsivity. Sensitivity denotes the correlation between the analyte’s concentration
and the sensor’s output. The higher the sensitivity, the lower the concentration that is
able to be detected. Selectivity relates to a sensor’s ability to discriminate between the
target analyte and competing materials within the sample matrix. A sensor with high
selectivity is able to measure the signal from the desired target, despite an abundance
of competing molecules. A sensor that can quickly achieve detection, has a high
responsivity. It is desirable that a sensor should accel in each of these parameters, while
maintaining a low cost to enable widespread application of the sensor. Optical sensing
techniques have gained a lot of attention over the past couple decades for their prowess
in each of these areas. Optical sensing generally relies on a change in the amount or
quality of light to signal a detection event. By observing a change in optical intensity,
wavelength, or polarization, these sensors are able to detect analytes. Because optical
detection techniques generally have high sensitivity, specificity and responsivity, they
are among the preferred methods of detection. Two of the most prominent methods of

detection are fluorescence sensing and surface-enhanced Raman spectroscopy.



1.2 Fluorescence Sensing

1.2.1 Basic Mechanism

Fluorescence sensing is a well-established, powerful detection technique. It

relies on incident light exciting electrons of a sample to a higher energy state. The

excited electron will experience non-radiative relaxation resulting in a drop to a lower

energy state. The electron then undergoes a radiative relaxation, wherein a photon is

released with energy equal to the energy difference between the excited state and the

ground state. This process is shown in Fig. 1.1 below. The resultant energy difference

between the excitation source and the emitted light results in a bathochromic shift.

| R— =
excited state levels
S, Lﬁ
= absorbed emitted
2
® excitation fluorescence
light light
Sy A4 ground state level
4 P
fluorescence

lifetime (7 nsec)

Fig. 1.1: Jablonski diagram demonstrating the mechanism of fluorescence[1].



1.2.2 Methods of Fluorescence Sensing and Applications

The fluorescence signal can be inherent within the analyte itself or can be from
a fluorescent tag chemically attached to the analyte. The detection of the fluorescence
emission is generally achieved in two ways: fluorescence spectroscopy and
fluorescence imaging. Fluorescence spectroscopy relies on the utilization of a
spectrometer to measure the emitted light. The emission spectral intensity, when
compared to a calibration plot, can identify and quantify the analyte present.
Furthermore, the spectral information obtained can be utilized in multiplex detection of
multiple analytes with different emission spectra. Fluorescence spectroscopy is a highly
sensitive detection technique that has been employed to detect a variety of analytes
including explosives[2-4], toxins in food[5, 6], and cancer[7-9], to name a few. For
fluorescence imaging, rather than utilizing a spectrometer, an imager is used to capture
and measure the fluorescent light. This maintains the spatial information as well as the
fluorescence intensity while enabling detection with low-cost-imagers. This is
particularly useful for point-of-care sensing[10-13] and cell phone-based

applications[14-16].
1.2.3 Improved Fluorescence and Practical Examples

To improve fluorescence detection, several things can be done. The first is to
enhance the excitation of the fluorescent analyte. The increased excitation results in
greater emission and thus, greater signal strength. Similarly, enhancing the emission
also gives greater signal. This can be achieved by increasing the fluorescent efficiency

of the interrogated molecule or by decreasing the fluorescence lifetime. This reduces



the possibility of non-radiative relaxation and increases the conversion efficiency from
the excitation source to the emission. In addition to enhanced excitation and emission,

concentration of the analytes results in stronger signals and higher sensitivity.

To these ends, several works have been presented to enhance the signal of
fluorescence sensors. Most of those enhancements focus on utilizing plasmonic effects
to enhance electromagnetic field experienced by the fluorophore, resulting in enhanced
excitation. However, these are very localized enhancements and if the metallic structure
is too close to the fluorophore, the fluorescence will be quenched, and no signal will be
observed. Novotny’s group investigated the fluorescence enhancement with respect to
distance from a gold nanoparticle (Au NP) to determine the change from quenching to
enhancement regime[17, 18]. To overcome the quenching and adequately remove the
fluorophore from the plasmonic metal, sophisticated and inventive means must be
employed to achieve the enhancement without quenching the signal. Acuna et al., used
a crosslinker to label DNA and maintain the distance from the NP to the
fluorophore[19]. Aslan et al. utilized a silica shell around the silver (Ag) NP to shield
the fluorophores from quenching and still maintain the enhanced local field effect[20].
These few examples are represented in Fig. 1.2 below. The use of external NP
manipulation, chemical crosslinkers, or physical spacers is effective; however, each
method adds further cost and complexity to the system while not guaranteeing the

fluorophore remains unquenched.



Fig 1.2: Demonstrations of several methods of metallic NP isolation from fluorophores
while still achieving the local field enhancement using external manipulation (a),
chemical crosslinkers (b), and physical spacers (c)[17-20].

Analyte preconcentration is another preferred method of fluorescence
enhancement that has attracted interest. The utilization of metal-organic frameworks
(MOF) has been demonstrated to preconcentrate analytes within its porous structure[21,
22]. For biological detection of antibodies, a lateral flow immunoassay allows the
preconcentration of the analyte upon a designed area of the sensor[23, 24]. The
creativity and methodology of concentrating the analytes is varied; however, most of
these still add cost, complexity, or further sample preparation to the sensor. A simple,
cost-effective method is needed to enhance fluorescence without inducing unnecessary

complexity to the sensing process.

1.3 Surface-Enhanced Raman Spectroscopy

1.3.1 Basic Mechanism

Incident light upon a molecule can induce rovibrational modes resulting in
inelastic Raman scatter[25]. The spectral shift of the Raman scatter is determined by

the molecular bonds within the material and thus, can act as an optical fingerprint for



the material as illustrated in Fig. 1.3a below. Exciting a substance with a
monochromatic light and then collecting and analyzing the Raman scatter, as shown in
Fig. 1.3b below, allows for detection, quantification, as well as identification of
analytes. However, Raman scattering occurs infrequently compared to the elastic
Rayleigh scattering, making the detection of the Raman signal difficult. To improve the
Raman signal, surface-enhanced Raman scattering (SERS) has been developed. This is
achieved by performing the measurement near a plasmonic structure. The incident light
excites surface plasmons within the metallic, plasmonic structure which results in
greatly enhanced electromagnetic fields near its surface. When the analyte is near the
plasmon, it experiences a much greater field, which results in greater Raman scattering,

raising the signal to levels of practical utility.

a) Sample molecules Raman scattered light
//\\\ [\j\J\J\J\> E>EO
Incident laser ( ’

/,‘

ST T N e Pa¥aTan Rayleigh scattered light
EO E:Eo
/\/\ Raman scattered light
E<Eo
b)
e Filter Detector
Microscope Spectro-
scope
Sl Raman’ ]
Sspecmen Scattering Light
Excitation S
Ligit
' Laser

Fig. 1.3: Diagram depicting Raman scattering mechanism (a) and common
measurement schematic (b) [26].



1.3.2 Applications and Methods of SERS Sensing

SERS has been employed to detect a wide array of analytes in a variety of fields.
Ranging from detecting life on Mars[27-29] to drug abuse detection[30-32], SERS has
been utilized in biosensing[33-35], safety and security[36-38], and art restoration[39-
41]. There have been many innovative methods of introducing the plasmonic structure
near the sample depending on its materialistic phase, as well as the sample matrix. The
creation of a “smart-dust” has been pursued to enable the deposition of the plasmonic
nanoparticles directly upon the sample[42-44]. Another method (called tip-enhanced
Raman spectroscopy) is the introduction of a plasmonic probe that is placed in the
proximity of the measured area[45-47]. Examples of these methods are shown in Fig.
1.4 below. Despite the many means of enhancement, the most prevalent approach is to
create a substrate with metallic nano-features, whereupon plasmons may be excited and

the sample can then be placed upon the substrate and the SERS measured.

SiO, shell b)

Fig. 1.4: Examples of “smart dust” (a) and tip-enhanced Raman spectroscopy (b) [42,
47].



1.3.3 SERS Substrates and Practical Examples

The SERS substrates can generally be categorized into two groups: top-down
rationally-designed and bottom-up assembled substrates. The first group relies on
sophisticated and expensive fabrication techniques, and cleanroom level technologies
to achieve high sensitivity and good reproducibility[48-50]. Examples of this technique
are shown in Fig 1.5 below. This method can yield excellent substrates; however, the
cost and time of fabrication may render them impractical. Bottom-up methods generally
rely on random assembly of NPs resulting in inexpensive, irreproducible sensing
substrates[51]. Both methods have their advantages and disadvantages and work is
being done to integrate the two to achieve the advantages of both, while avoiding the
cons of each. However, an inexpensive, sensitive, and reliable SERS substrate is still

needed.
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Fig. 1.5: Examples of top-down SERS substrate fabrication[48-50].

1.4 Chemometric Applications

Chemometrics is the application of data extraction techniques for the
understanding of chemical processes. There are several common methods of
chemometrics: feature extraction techniques to reduce the dimensionality of the data,
regressionary techniques to find correlations between variables, and classification
techniques to separate data into distinct groups. These techniques, and others, have been

applied to aid in fluorescence[52-54] and SERS[55-57] sensing. The implementation
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of these techniques can further improve sensitivity and selectivity, and aid in detection.
However, due to the variability of data sets and experimental systems, no one method
is best for all applications. Thus, when applying chemometrics to analyze data, it is
wise to employ several methods to achieve optimal analysis. While analytical methods
enable better signal extraction, physical and optical means of signal enhancement are

still necessary to achieve sensitive sensing.

1.5 Photonic Crystals

1.5.1 Structure and Photonic Properties

Photonic crystals are periodic, dielectric material with interesting photonic
properties. Photonic crystals can be one-dimensional, by stacking alternating dielectric
materials; two-dimensional, by creating periodic porous structures or checkerboard
patterns with dielectrics; or three-dimensional, by using multiple checkerboard patterns
or periodic bubbles within a material. Photonic crystals are truly interesting when they
possess a photonic band gap in which a range of frequencies are forbidden from existing
within the structure without the existence of a defect[58]. By engineering the periodic
structure of the photonic crystal and rationally designing a defect, excellent
manipulation of light can be achieved resulting in novel applications. Considering the
two-dimensional photonic crystal, a point defect can result in a microcavity with high
optical enhancement[59-61] and a line defect can be used as a waveguide to direct
light[62-64] as shown in Fig. 1.6 below. Furthermore, photonic crystals can be used to

focus light[65-68]. This tunability and control enables extraordinary manipulation of
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light. The utilization of photonic crystals has been applied to various optical sensing

techniques, including fluorescence and SERS.
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Fig. 1.6: Examples of point (a) and line (b) defects demonstrating manipulation
capabilities of photonic crystals [60, 62].

1.5.2 Effect and Applications with Fluorescence Sensing

Photonic crystals can affect fluorescent molecules on or near its surface in a
number of ways, including guided mode resonance, Purcell enhancement, and coherent
scattering effects. Guided mode resonance (GMR) enhances fluorescence when
resonant modes within the structure strengthen the optical field and result in greater
light-analyte interaction and thus, greater signal. The Purcell effect is attributed to an
enhanced density of optical states, which results in shorter fluorescence lifetime and
increased efficiency[69]. Photonic crystals are capable of trapping emitted light from a
fluorophore within its structure into resonant modes. These modes “leak™ out of the
structure and the photonic crystal can be designed to essentially allow preferential

angular emission of the fluorescence, thus optically focusing the light and strengthening
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the signal[70]. Lastly, the large surface area-to-volume ratio enables analyte
aggregation. These enhancements have been employed in the detection of DNA[71],
cancer biomarkers[72], explosives[73], and metal-ion recognition[74] to name a few.

An example is shown in Fig. 1.7a.

110nm
300nm
60nm

Fig. 1.7: Demonstration of fluorescence on and off photonic crystal (a)[70]. SERS
substrate utilizing photonic crystal enhancements (b)[75].

1.5.3 Effect and Applications with SERS

SERS also benefits from the GMR discussed in the previous section, and the
analyte concentration factor. Using these enhancements, SERS with photonic crystals
have been investigated, an example of which is shown above in Fig. 1.7b[75, 76].
Photonic crystal-enhanced SERS has been applied to the detection of multiplex
bioassays[77], cancer proteins[78], surface chemistry monitoring[79], and

creatinine[80].
1.5.4 Shortcomings of Photonic Crystals

While photonic crystals provide the potential for enormous enhanced optical

sensing, the limitations of photonic crystals can make them impractical. As has been
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alluded to, photonic crystals can be highly customized to achieve the desired optical
manipulation. As such, its design is an involved process, requiring time and expertise.
Furthermore, most methods of photonic crystal fabrication require sophisticated and
expensive equipment, as well as trained personnel for that equipment[81]. This often
makes photonic crystal integration with optical sensors cost-prohibitive. What is needed
IS a means of integrating the enhancements from photonic crystals without being yoked
with their weaknesses. An inexpensive photonic crystal easily integrated with optical
sensors would enable higher sensitivity while maintaining manageable cost for wide-

scale production. Nature has provided us with the perfect candidate.

1.6 Diatoms

1.6.1 Structure and Properties

Fig. 1.8: Image showing various species of diatoms[82].
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Diatoms, a type of unicellular algae, are the most common algal group in most
ecological systems, and are abundantly found in ocean, lakes, and rivers[83]. Diatoms
possess nano-porous biosilica shells, called frustules, with various shapes and sizes
ranging from 2-500 um and are classified based on the symmetry of the porous
structure[82, 84]. Some varieties of diatom frustules are shown above in Fig. 1.8. These
micro-scale frustules, with hierarchal nano-scale pores, are excessively abundant and
have an array of interesting properties. Diatom frustules have a large surface area-to-
volume ratio and tailorable surface chemistry, are thermally stable, are chemically and
mechanically resistive, and are biocompatible[85]. Beyond the physical and chemical
properties of frustules, they possess many promising optical properties as well. Diatom
frustules possess a photonic bandgap, couple light into distinctive waveguides, optically
filter and diffract, are capable of lensless focusing, and experience GMR within their
structure[86-91]. Select examples of these photonic properties are shown in Fig. 1.9
below. These ubiquitous algae possess naturally-occuring photonic crystal shells that
can be harnessed to enable the sensing enhancements from photonic crystals without

the difficulties of fabrication.
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Fig. 1.9: Select examples of diatom optical properties including lensless focusing (a),
guided waveguide modes (b) and optical diffraction (c)[86, 88, 89].

1.6.2 Applications of Diatoms

Because of the many advantages of diatoms and their frustules, they have been
applied to optical detection regimes. Certain strains of diatoms have been shown to
possess intrinsic photoluminescence (PL) capabilities[92]. This aspect of diatoms has
been harnessed to create gas sensors by monitoring the change in PL[93, 94].
Additionally, by modifying the growth phase of the diatom frustule, the intrinsic PL
can be manipulated further[95, 96]. The integration of diatom frustules with plasmonic
nanoparticles for the fabrication of various SERS substrates has been investigated
previously by our group[97-101] and others[102, 103]. They have also been used for

fluorescence-based sensing[104, 105]. Fig. 1.10 shows some of these applications
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below. The value of diatoms in optical sensing has been proven and now needs to be

implemented for practical detections.
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Fig. 1.10: Diatom optical sensing substrates for SERS (a,b) and fluorescence (c,d) [98,
101, 104, 105]

1.7 Dissertation Organization

The purpose of this dissertation is to outline our work in bringing diatom-based
optical enhancements to practical sensing applications. Chapter 2 discusses the
combination of diatom frustules with a sandwich immunoassay for enhanced
fluorescence biosensing. The integration of the photonic crystal-like diatom with the

bound and fluorophore-labeled analyte enables significant enhancements. Theoretical
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calculations are performed to determine the expected fluorescence enhancement as well
as experimental work to determine the overall enhancement. In this work, fluorescence
spectroscopy and imaging are used to show the versatility of the diatom-fluorescence

sensor and its potential for consumer grade cameras.

In Chapter 3, a diatom-based fluorescence imaging biosensor is fabricated for
the detection of a cardiovascular disease biomarker in plasma. The fluorescence
enhancement enables strengthened signals, and chemometric techniques are employed
to further improve signal detection. Machine learning is used to screen samples for heart
failure based on captured fluorescence images. The pairing of the fluorescence-
enhancing diatom frustules, with the chemometric signal extraction, enables sensitive

detection of the analyte.

In Chapter 4, a novel multi-scale substrate is presented for the rapid SERS
detection of vapor-based analytes. Synergistic pairing of diatom frustules with core-
shell nanoparticles afford the SERS sensor various features to achieve this detection.
The diatom frustule enables enhanced optical fields on and near its surface while its
porous structure allows for rapid analyte-substrate interactions. The metallic
nanoparticle induces plasmons to further enhance the electromagnetic field. The porous
silica shell around the metal nanoparticle captures and concentrates the vapor analyte
near the plasmonic surface, while also preventing oxidation of the metallic particle.

This multi-scale SERS sensor is applied to the practical detection of explosive vapor.

Lastly, chapter 5 gives a conclusion and brief summary of this work.
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CHAPTER 2: PHOTONIC CRYSTAL ENHANCED
FLUORESCENCE IMMUNOASSAY ON DIATOM BIOSILICA

To demonstrate the utility of diatoms in biosensing, this chapter highlights the
pairing of the frustules with an immunoassay. Immunoassays are an integral part of
biosensing, in which an antibody is used to selectively bind with an antigen. This gives
the sensor excellent specificity and can be used to detect either the antigen or antibody
depending on the configuration of the sensor. In this work, we use a sandwich-based
sensor with an antibody bound to the frustule-populated substrate to selectively capture
the antigen. A secondary antibody is labeled with a fluorophore and is used to tag the
captured antigen. The attached fluorophore is the reporter molecule used to detect the
antigen and its close proximity to the photonic crystal-like frustule results in enhanced
fluorescence and thus improved detection using fluorescence spectroscopy and

microscopy.

2.1 Background

Fluorescence biosensors have found applications in a broad range of fields due
to their capacity for extremely high sensitivity, multiplex detection, and to cause little
or no damage to the sample [106-109]. Two common modalities of fluorescence
biosensing are fluorescence spectroscopy and fluorescence microscopy (imaging).
Fluorescence spectroscopy is a highly sensitive detection modality and very well
established. As was mentioned previously in Chapter 1, fluorescence spectroscopy is
performed by exciting a sample with a light source and measuring the emitted

fluorescence signals that are inherent to the target, or a fluorescent tag, using a
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spectrometer. The fluorescence intensity is proportional to the amount of target
molecules and, based on the profile and intensity of the spectra, enables detection and
quantification to be performed [110-113]. Fluorescence microscopy is one of the most
widely used biosensing mechanism due to the high sensitivity and spatial resolution
[114-119]. Fluorescence microscopy operates similarly to spectroscopy but rather than
measuring the fluorescence spectra with a spectrometer, an imager is used, such as a
CCD or CMOS sensor array. Compared with fluorescence spectroscopy, which requires
optical spectrometers, fluorescence microscopy can be performed with simple read-out
equipment --- only requiring an optical filter and a camera. This, paired with the ease
with which it can be performed, makes fluorescence microscopy a powerful biosensing
technique. However, to achieve the desired high sensitivity with either modality, high
grade electronics and optics are required. This limits the applications of these sensing
methods in point-of-care diagnostics. In order to achieve practical detection limits with
consumer grade electronics, efforts have been made to implement various optical setups
with additional complexity [15, 16, 120]. An alternative approach is the improvement
of the sensing substrate. Many works have been published focusing on the creation of
sensor substrates capable of enhancing measured fluorescence signals using a variety

of structures, including photonic crystals [121-124].

Photonic crystals are periodic dielectric materials that can be one, two or three-
dimensional. For fluorescence sensing, photonic crystal features are capable of
enhancing the local optical field intensity [91, 101]. Additionally, if a fluorophore is
placed in proximity to a photonic crystal, it will experience enhanced emission due to

the Purcell effect [69]. Such dual enhancement mechanisms, combined together, will
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lead to photonic crystal enhanced fluorescence detection that can achieve high levels of
sensitivity without the need for high-grade electronics or optics. Fabricating rationally
designed photonic crystal devices usually requires sophisticated fabrication equipment
[125, 126] and relatively high cost, although the concerns have been relieved
significantly by new techniques such as nano-imprinting [127]. Cell cultivation is a
conventional bioprocess that can provide an alternative approach for fabricating

nanoscale photonic structures with low cost and less complexity.

Diatoms are unicellular marine organisms that have porous biosilica cell walls
with dimensions on the order of ten microns, as described in Chapter 1. The porous
nature of the diatom frustule gives it significantly more surface area than the glass
surface while the two-dimensional periodic nanosized pores endow it with hierarchical
nanoscale photonic crystal features [81, 128]. Our research group have previously
shown the evaporation-based ability of diatoms to concentrate analytes [98]. We have
also previously shown that diatoms are capable of enhancing the electromagnetic field
on its surface for SERS sensing [91, 98, 101, 129] and an ultra-sensitive SERS
immunoassay has been developed, achieving a detection limit of mouse 1gG down to

10pg/mL [99].

In this chapter, a novel photonic crystal enhanced fluorescence immunoassay
biosensor on diatom biosilica, represented in Fig. 2.1, is presented. The demonstrated
enhancement in fluorescence spectroscopy signals achieves results greater than 100x
in comparison to an equivalent non-diatom-based biosensor allowing detection down
to 100 aM (14 fg/mL). Utilizing fluorescence microscopy, a 10x enhancement to the

limit of detection is achieved compared to non-diatom sensors and a 27~2,700x
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enhancement in a hot-spot counting method, achieving detection down to 1 fM (140
fg/mL). The fluorescence immunoassay in this work improved the detection limit by
100~1,000% compared with our previous SERS immunoassay, allowing for single
molecule mouse 1gG detection on diatom frustules. The effectively-enhanced
fluorescence imaging, coupled with a simple hot-spot counting analysis method
presented in this chapter proves the ability of diatom fluorescence immunoassay for

highly sensitive biosensors and the great potential for point-of-care diagnostics.

Fluorescence Spectroscopy

Fluorescence Imaging

35000

—102m
103m
—104m

1015m
1018 m

Fig. 2.1: Scanning electron microscope image of biosilica diatom frustule that enables
significant enhancement of fluorescence spectroscopy and fluorescence image.
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2.2 Theoretical Investigation of Fluorescence on Diatoms

2.2.1 Diatom Fluorescence Simulation

As discussed in Chapter 1, two mechanisms are capable of enhancing the
fluorescence signal of a fluorophore on diatom. The first mechanism enhances the
excitation while the second intensifies the emission. The enhanced excitation comes
from a strengthened local optical field on the surface of the photonic crystal. Incident
light induces resonant modes within the structure that, in turn, increase the optical field
on the surface which in turn causes greater excitation of the fluorophore [70, 130]. This
has been investigated previously by our research group and the diatom structure has
been theoretically shown capable of enhancing the excitation intensity by 10x [98]. The
enhanced emission comes from an increased emission rate due to the Purcell effect [69,
131]. When a fluorophore is placed on a photonic crystal slab, the density of optical

states increases, resulting in a greater emission rate from the fluorophore.

To explore the enhanced emission of fluorophores on diatom surface, we
performed a finite-difference time-domain (FDTD) analysis. The structure is modelled
after the Pinnularia sp. diatom which we used in our experiments. The model is
comprised of a silica slab with periodic air holes to simulate the pores. The dimensions
of the simulated structure were chosen according to dimensions found from the SEM
image of diatoms [98]. The pores are 160 nm in diameter with nanoscale features at the
bottom. They are two-dimensionally periodic with a period of 300 nm along the major

and minor axes of the structure. These dimensions are shown in Fig. 2.2a and b. The
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structure is 15 pm x 5 um which is similar to the actual size of the diatoms. This

structure was used to simulate the Purcell effect of the diatom frustule.
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Fig. 2.2: (a) Simulated slab structure with 5x5 array of nanopores; (b) enlarged view of
the nanopore with geometric parameters; (c) placement of fluorophores in diatom
frustules; (d) the Purcell effect simulation results at the three points within a unit cell
as a function of the wavelength

As the Purcell effect is related to the emission of a fluorophore, a single electric
dipole representing the emission of a previously excited fluorophore was used to
simulate the Purcell effect. This dipole was placed at various points as shown in Fig.
2.2¢ to excite electric fields in the nano-structure. The Purcell factor was calculated
from the dipole source as the ratio of the power emitted in the photonic crystal
environment compared to that emitted in a homogenous material. The emission
wavelength of the dipole was swept from 400-700 nm in order to acquire the structure’s
Purcell effect. In Fig. 2.2d, the Purcell factor is plotted with respect to the wavelength.
The shaded region represents the emission region of R6G which is the fluorescence tag
used in our experiment and represents the expected enhancement in our experiment.

The simulation shows that when the fluorophore is near the nanopore, the power
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emitted by a fluorophore is enhanced by 1.5-3x across our region of interest due to the
Purcell effect. Overall, the fluorophores inside the nanopores (B and C in Fig. 2.2¢) will
experience stronger Purcell effect compared with that (A in Fig.2.2c) on the surface of

the frustule.

For fluorescence biosensing, it is equally critical to efficiently collect the
fluorescence signals. To address this concern, the far-field radiation patterns of a dipole
on diatom and on glass were simulated. Simulating the radiation pattern of a
fluorophore on diatom, as shown in Fig. 2.3a, shows that there are a few strongly
focused radiation directions at large angles of 70° - 80°, which is quite surprising. The
reason is that a significant amount of the fluorescence emission from the fluorophore is
coupled into the slab waveguide and emitted from the edge, which contributed to the
large angle radiation. In reality, however, the surface roughness and curvature of the
frustule (see Fig. 2.5 for details) will scatter these slab modes and homogenize the
radiation in the solid angle. Nevertheless, we still investigated the radiation pattern
within a 50° cone. Our fluorescence spectroscopy measurements were done using an
objective lens with a numerical aperture of 0.75, which has a corresponding 50° half
angle of acceptance directly above and normal to the sample. To investigate the
collection efficiency of fluorescence light, the far-field radiation patterns are shown on
diatom and glass in Fig. 2.3b-c respectively. As can be seen, the emission from the
fluorophore on diatom is more intense than that found on glass and by averaging the
collected intensity in both instances, the enhancement by diatom is calculated to be
1.7%. When combined with the enhanced excitation, we expect the total measured

fluorescence enhancement from diatom to be on the order of 10x. This analysis applies
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to single molecule or a few molecule sensing. If a large number of randomly distributed
fluorophores emit light with random polarization, corresponding to the biosensing of
high concentration analyte, we may not observe any dependence of the radiation on the

direction. The fluorescence emission from both diatom and glass will be relatively

homogenous.
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Fig. 2.3: Far-field radiation pattern of fluorophore on diatom (a), and radiation pattern
inside the 50° solid angle on diatom (b) and glass (c).

2.2.2 Enhanced Surface Area Calculation

The average diatom diameter along the minor and major axis are 5 um and 15
pm respectively. Using the SEM diatom image in our previous work[27], it was
estimated there are approximately 1,200 pores in a diatom substrate with the pore being

120 nm deep. In our estimation we did not account for the smaller pores at the bottom
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of each pore. The diatom footprint on glass is about 60 pm? and the surface area of the

diatom is roughly 670 um? giving us a surface area enhancement of roughly 11x.

2.3 Experimental Procedures

2.3.1 Instruments and Measurement Details

Scanning electron microscopy (SEM) images were acquired on FEI Quanta 600
FEG SEM with 15-30 kV accelerating voltage. Fluorescence spectra were acquired
according to the method proposed by Aroca’s group[132]. Briefly, we point to a diatom
surface with the 50x objective lens, with the Horiba Jobin Yvon Lab Ram HR800
Raman system using the 532 nm laser line with a spot size of 2 pum. Fluorescence
microscopy images were obtained using a 60x objective lens on an Olympus 1X73
microscope equipped with a CY3 filter by Olympus as well. Excitation was achieved
with a X-cite 120 LED fluorescence microscope light source set at 250 mW. The images
were collected on a Hamamatsu Orca-Flash 4.0 LT with a 50 ms integration time for

optical images and 500 ms integration time for fluorescence images.
2.3.2 Preparation of Diatom Biosilica

Diatom (Pinnularia sp.) biosilica were prepared according to the method
previously reported with minor modification [98]. Briefly, diatoms were cultured in a
container for one week. The diatom suspension was concentrated 10x through
centrifuging and dispersed in sterile filtered artificial seawater and filtered with 20 um
mesh to separate cells. The diatom cell density was adjusted to 0.1x10° cells/mL for
seeding. A coverslip was placed into a petri dish separately, and 15 mL of diatom cell

suspension was cast onto the glass slides and incubated in a humidifier chamber for one
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hour to deposit the cells on the coverslip surface. Then the coverslip with diatoms was
put into a new petri dish, kept in a humidifier for 24 hours, and immersed in 70%
ethanol (EtOH) for 4 hours, and soaked in pure EtOH for 4 more hours. The diatoms
were dried in air and treated in a Novascan PSD-UVT UV ozone cleaner at 90 °C for

one day. After that, the diatom substrate was ready for use.
2.3.3 Preparation of Diatom Fluorescence Immunoassay

The diatom biosensor was prepared as shown in Fig. 2.4. The diatom substrate
was incubated in 15 mL of 0.05% aminopropyl-triethoxylsilane (APTES 98% purity)
in 100% EtOH (v/v) for 6 hours at room conditions followed by washing with acetone
and EtOH and drying with nitrogen gas. After that, the aminated diatom substrate was
immersed in 15 mL of 2% (v/v) glutaraldehyde (GA) in phosphate buffer saline (PBS
pH of 7.4) for 2 hours. The GA-modified diatom was washed thoroughly with double-
distilled water three times to remove excess GA and again dried with nitrogen. The GA-
activated surface was then reacted with 0.1 mg/mL of goat anti-mouse 1gG in PBS
buffer by drop casting 1 pL onto various points on the sensor and leaving at 4°C for 6
hours to get an antibody layer followed by another rinsing with PBS and water and
drying with nitrogen. After this step, the sample was submerged in 1 mg/mL of bovine
serum albumin (BSA) in PBS and left at room temperature for 6 hours to block the
remaining GA-active surface to reduce the non-specific binding of the immunoassay.
The antibody immobilized diatom substrates were rinsed with PBS and water, dried

with nitrogen, and stored at 4°C for future immunoassay procedures.

The immunoassay procedure is similar to a standard sandwich protocol of the

enzyme-linked immunosorbent assay (ELISA), as shown in Fig. 2.4. Briefly, 1 puL of
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antigen (mouse 1gG) at different concentrations was pipetted onto spots corresponding
with immobilized goat anti-mouse IgG antibody on the diatom substrate. After 2 hours
of immune recognition at room temperature, the substrate was rinsed with PBS buffer
and water followed by a drying step with nitrogen. Next, 1 puL of goat-anti-mouse 19G
labeled with rhodamine 6G (R6G) was pipetted onto the same spots of the substrate and
kept at 4 °C for 4 hours and washed thoroughly with PBS buffer and water. The sensor

was dried using nitrogen gas and was then ready for fluorescence measurements.
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Fig. 2.4: Schematic illustration of the fluorescence microscopy immunoassay sensing
on diatom photonic crystal biosilica.

2.4 Diatom-Enhanced Fluorescence Sensing

2.4.1 Fluorescence Spectroscopy

The morphology of the diatom photonic crystal biosilica was characterized by
scanning electron microscopy (SEM). The SEM images of diatom are shown in Fig.
2.5a and b below. The semi-ellipsoidal cell dimension of diatom is around 25 pum along
the major axis, 8 pm along the minor axis. The diatom biosilica consists of periodic
two-dimensional nanopores (Fig. 2.5b) with a periodicity of 300 nm. At the floor of the
pores, additional nano-features are present. The fluorescence enhancement effect of the

diatom photonic biosilica was investigated using R6G as the typical probe molecule
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due to its strong fluorescence feature. First, 1 pL. of R6G aqueous solution was cast
onto the glass-diatom substrate. After drying in air, the fluorescence image of the glass-
diatom substrate was obtained under a fluorescence microscope with 532 nm laser as
the excitation light. As shown in Fig. 2.5c, the orange color from the diatom photonic
biosilica is brighter than that from the glass slide. The contrast between the diatom and
glass was attributed to the photonic crystal enhancement effect from diatom frustules.
The fluorescence enhancement effect of diatom photonic biosilica was further verified
by fluorescence spectra as shown in Fig. 2.5d. The sample used to collect the
fluorescence spectra was the same one that was used for fluorescence image acquisition
in Fig. 2.5c. The intensity of the fluorescence spectra of R6G from diatom photonic
biosilica are almost 10x that from the glass slide, which is in accordance with the

fluorescence imaging result.
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Fig. 2.5: SEM images of (a) an overview of a single diatom frustule, (b) primary pores
on a frustule, (c) fluorescence image of 1 uL of R6G (10-6 M) dropped onto the glass-
diatom substrate, (d) fluorescence spectra of 1 pL of R6G (10-6 M) solution dropped
onto the glass-diatom substrate.

The target antigen, mouse IgG, varying from 1 pM to 0.1 fM, was applied to the
sensor as outlined in the previously stated immunoassay protocol section. Fig. 6a shows
the fluorescence spectra of the R6G-labeled immunocomplex on diatom frustules with
different antigen concentrations. It can be observed that the intensity of the peak
decreases gradually with the decrease of antigen concentrations. When the
concentration of mouse 1gG decreases to 0.1 fM, the fluorescence intensity at 575 nm
is still easily observed compared to the control sample. In contrast, on the glass slides,

when the concentration of mouse IgG decreases to 10 fM, it is difficult to distinguish
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the fluorescence signal of R6G from the control as shown in Fig. 6b. This demonstrates
a 100x enhancement from our sensor. The superior performance can be attributed to
the photonic crystal effect of the diatom frustules, from both enhanced excitation and
the Purcell effect. It is interesting to point out that there is not any trace of Purcell effect
modulation as the simulation results in Fig. 2.2d in the experimental spectra. This is
because the diatom structure is not perfectly periodic over a long range as the simulation
model. Therefore, the local Purcell factor varies from diatom to diatom and even across
the diatom frustule. This creates an averaging effect of the Purcell effect which results

in the absence of this modulation.
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Fig. 2.6: Fluorescence spectra on diatom (a) and glass (b) for different concentrations
of 1gG.

2.4.2 Fluorescence Imaging Average Intensity Analysis

To further explore the capabilities of our sensor, optical and fluorescence
images were taken of diatoms using a fluorescence microscope. Varying concentrations
of antigen were imaged, and it is observed that the fluorescence intensity decreases as
the antigen concentration decreases as shown in Fig. 2.7. The analysis of multiple

images at each concentration was performed by calculating the average fluorescent
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intensity of each pixel on diatom and on glass in Matlab. The average intensities were
used to compute the enhancement due to the presence of diatoms. First, the noise due
to the dark noise of our camera as well as nonspecific binding of the antigen to our
sample was determined. This was done by calculating the average intensity on diatom
of the fluorescent image for each control image. The fluorescent intensity values for
multiple control samples were then averaged to find the average noise floor of diatoms.
This process was repeated for the glass substrate. Similar averaging was performed for

each concentration and the average intensity on diatom and on glass was found.
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Fig. 2.7: Fluorescence and optical images of diatoms at varying concentrations of R6G-
tagged mouse 1gG.

To demonstrate the reproducibility of our diatom-based device, we fabricated two
batches of three sensors in parallel for a total of six sensors. The immunoassay was
performed according to the process described in this paper, using an antigen concentration
of 10 nM mouse 1gG. Ten representative images were taken and analyzed and the average
fluorescence on diatom was calculated for each image. The standard deviation and average
for the sample were then calculated and the results are shown in Fig. 2.8 below. As can be

seen, the average fluorescence on diatom show practical levels of reproducibility.
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Fig. 2.8: Average and standard deviation of the fluorescence on diatom showing the
reproducibility of our diatom-based sensor.

The fluorescence intensity on diatom and on glass was then analyzed and the
average at each concentration, along with error bars of the standard deviation, was plotted
with respect to concentration as shown in Fig. 2.9a. The noise floor was defined as 3x the
signal-to-noise ratio (SNR). The SNR was defined as shown in Eq. 2.1 below, where Isignal
is the average fluorescence intensity for a given concentration and lpiank is the average

fluorescence when there is no antigen present.

SNR = signat (2.1)

Iblank

The SNR with respect to concentration on diatom and on glass are plotted in Fig.
2.9b. The enhancement factor due to diatom was calculated according to Eq. 2.2 where
lavg,d IS the average fluorescent intensity on diatom and lavgg is the average intensity on

glass. The enhancement factor was plotted with respect to concentration in Fig. 2.9c.
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EF = avod 2.2)

lavg,g

Using this methodology, a limit of detection of 10 fM was achieved, as shown in
Fig. 2.9a. A maximum SNR of 50 was achieved on diatom and an enhancement as high as

6x from diatom was achieved at antigen concentration of 10° M.
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Fig. 2.9: Average fluorescence on diatom and glass with error bars, along with the noise
floor (a). The SNR is shown for diatom and glass with respect to concentration with a line
representing SNR = 3 (b). The enhancement factor is also calculated at each concentration

(©).
As the concentration decreases, so do the SNRs, as well as the enhancement factor
from diatom. This can be easily understood. At higher concentrations, the analyte is

abundant and is considered to be uniformly dispersed across the sample. However, at lower
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concentrations, such as 1 fM, the density of fluorophores is closer to single molecule levels.
At this concentration, the molecules are no longer uniformly dispersed and by averaging

the whole diatom, the enhancement factor of the fluorescence signals is diluted.

2.4.3 Fluorescence Imaging Hot-Spot Analysis
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Fig. 2.10: The hot-spot occupation ratio on diatom and glass plotted on a log scale for
several samples with analyte concentration at 102> M.

As a more accurate analysis method, a hot-spot counting analysis was performed
rather than analyzing the average intensity. A hot-spot was defined as a pixel whose
intensity is three times the noise floor. Counting the number of hot-spots, the hot-spot
occupation ratio is calculated on the glass and the diatom by using Eq. 2.3 where R is the
hotspot occupation ratio, Nis is the number of pixels that are hot-spots and Np is the total

number of pixels.
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R =1t (2.3)

Np

Performing this hot-spot counting analysis at several concentrations, we pushed our limit
of detection down to 1 fM, achieving detection an order of magnitude lower than the large
area averaging technique. As is shown in Fig. 2.10, a massive enhancement due to the
diatom was achieved, ranging from 27x up to 2,700x. Due to the ultra-low concentrations,
the non-uniformity of the analyte leads to large variations in hot-spot occupation ratio. An
image may contain a couple of fluorophores or there may be none. For our measurements,
diatoms with fluorescent signals were imaged and then compared to their surrounding
glass. Because diatoms exhibiting fluorescence were selectively imaged, the variation in
hot-spot occupation ratio on diatom is relatively small. However, the hot-spot occupation
ratio on glass surrounding the diatom varies largely between samples as can be seen in Fig.
2.10. This large variation on glass is caused by the non-uniformity of the analyte and is
responsible for the wide range of enhancement factors. Nevertheless, the enhancement

factor of more than 20x is guaranteed for single-molecule detection.

Image analysis of the fluorescence images shows that the pixel intensity from
fluorescence on diatom and on glass both follows normal distribution, as shown in Fig.
2.11. However, the distribution on diatom is shifted to higher intensities exhibiting nearly
20% greater fluorescence due to the enhancement from the Purcell effect, the enhanced
local optical field and greater surface area. Since the hot-spots are defined as any pixel
above 3x the fluorescence noise, the hot-spot occupation ratio is much larger on diatom
than on glass as shown in Fig. 2.11a and b. Requiring at least a hot-spot occupation ratio

of at least 1% for detection, we achieve detection limits of 1 fM on diatom and 10 fM on
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glass. This 10x improvement to the limit of detection is attributed to the enhancements

from diatom.
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Fig. 2.11: The distribution of pixel fluorescent intensities on glass (a) and on diatom (b)
with a shaded region represents the portion that are hot-spots.

2.5 Summary

Photonic crystal-enhanced fluorescence spectroscopy and fluorescence imaging on
diatom biosilica were demonstrated. The porous nanostructures and the photonic crystal
features of diatoms are combined in a synergistic way to achieve ultra-sensitive
immunoassay detection. Enhancements of 100x and 10x better detection limit with
fluorescence spectroscopy and fluorescence imaging respectively were achieved. The limit
of detection of the mouse IgG goes down to 1026 M (14 fg/mL) and 101> M (140 fg/mL)
for the two respective detection modalities, virtually sensing a single mouse 1gG molecule
on each diatom frustule. The effectively enhanced fluorescence imaging, in conjunction
with the simple hot-spot counting analysis method used in this paper, proves the great
ability of diatom fluorescence immunoassay to enhance fluorescence and achieve high

sensitivity. This sensor is ideal for point-of-care fluorescence microscopy diagnostics,
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particularly cell phone-based diagnostics. Cell phone-based biosensors have gained a lot
of attention in recent years [15, 16, 120, 133, 134] and the advantages of such a system are
obvious, particularly in rural and low-income areas as well as developing nations. The
diatom photonic crystal enhanced fluorescence immunoassay can be used as a versatile
device for wvarious biologically important diagnostics, particularly in rural and

underdeveloped areas and we will investigate this in the next chapter.
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CHAPTER 3: PHOTONIC CRYSTAL-ENHANCED
FLUORESCENCE IMAGING BIOSENSOR FOR
CARDIOVASCULAR DISEASE BIOMARKER SCREENING WITH
MACHINE LEARNING ANALYSIS

Having demonstrated the diatom’s ability to enhance immunoassay fluorescence,
the frustules are applied to the practical detection of the cardiovascular disease biomarker.
Again utilizing a sandwich immunoassay, the enhanced detection capabilities of our sensor
are paired with machine learning techniques. Together, sensitive and selective sensing of
the cardiovascular disease biomarker are achieved and an effective screening algorithm is
developed for aiding in the diagnosis of heart failure through the detection of the biomarker

in plasma.

3.1 Background

According to the American Heart Association, in 2009, one in nine deaths cited
heart failure (HF) as a contributing cause and in 2016, about 5.7 million Americans
suffered from HF[135]. Total direct medical costs of HF in the US are projected to be $42.9
billion by 2020[136]. The need for accurate, inexpensive and early detection of HF is
critical. When an individual has HF, the myocardial wall experiences stress and the
hormone N-terminal proBNP (NT-proBNP) is released into the bloodstream and is
recommended by the European Society of Cardiology (ESC) as an analyte to aid in the
diagnosis of HF. The ESC directs that the upper limit of normal levels of the biomarker is
125 pg/mL and values lower than this can be used to rule out the possibility of HF[137].

Levels of NT-proBNP >450 pg/mL can be used to “rule in” HF[138].
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The most common method of detecting NT-proBNP is by performing
electrochemiluminescence (ECL) paired with an immunoassay. This method is
recommended and used by respected institutions such as the Mayo Clinic[139]. ECL is
effective, but it also requires expensive, sophisticated instrumentation and highly trained
personnel. Fluorescence imaging, often paired with an immunoassay, is a biosensing
technique that could be used in place of ECL. The immunoassay allows for high degrees
of specificity due to the specific antibody-antigen interaction, allowing capture or
separation of the analyte from the surrounding sample matrix. Fluorescence imaging
sensors are rationally designed such that the presence of the analyte induces a change in
fluorescence intensity, which is caused by specific analyte labeling with a fluorophore[140-

142] or quenching inherent sample fluorescence[143-145].

As previously explained in Chapter 2, fluorescence imaging employs imagers,
either consumer or laboratory grade, to monitor the change in fluorescence intensity. The
intensity depends on the concentration of analyte present and, in some applications,
detection and quantification can be achieved down to single molecule levels[146, 147].
Furthermore, fluorescence imaging can perform large area measurements while
maintaining spatial information, thus allowing parallel sensing of multiple sensors for high-
throughput applications. This powerful sensing technique has been applied to the detection
of NT-proBNP[148, 149]. However, Lee et al. achieved detection of the biomarker only to
5 ng/mL, which is significantly above clinically relevant levels[148]. Wilkins et al.
successfully detected NT-proBNP down to 50 pg/mL but required high efficiency quantum

dots containing toxic cadmium sulfide to achieve this level of detection[149]. Therefore,



44

safe detection of NT-proBNP at clinically relevant levels of detection still requires further

fluorescence signal enhancement.

In recent years, plasmonic structures such as nanoparticles, nanorods and other
nanostructures have been employed to enhance the local electromagnetic field resulting in
enhanced fluorophore excitation[150-152]. These techniques provide fluorescence
enhancement but often suffer highly localized effects. Uniform photonic crystals have also
been used as suitable fluorescence enhancing substrates due to their optical field
enhancement and large sensing area-to-volume ratio[127, 153, 154]. However, rationally
designed photonic crystals generally require cleanroom technologies to fabricate and often
experience issues with surface functionalization[125, 126]. Engineered fluorophores, such
as quantum dots, have been fabricated and used to achieve higher quantum efficiencies and
stronger fluorescence, but these often require toxic materials such as cadmium[155, 156]

and suffer from instability[157, 158].

Other than the concern of sensitivity, random fluctuation of the fluorescence signals
brings a great challenge for analyte quantization. Feature extraction, statistical regressions
and classifications are the main tasks of statistical chemometric methods, such as machine
learning, with each algorithm being used to improve the clarity of a dataset for quantitative
and qualitative analyses. Feature extraction techniques, such as principle component
analysis (PCA), reduce the dimensionality of data, enabling more effective visualization
and analysis. Regression analyses, like partial least squares regression (PLSR) or support
vector regression, are common analytical techniques that have been applied to fluorescence

biosensing and allow for the creation of accurate calibration curves to quantitatively predict



45

the concentration of an analyte[159-161]. Classification techniques such as k-nearest
neighbors (KNN) or support vector machines (SVM) can be used to train a model capable
of accurately grouping data points by similar characteristics and are effective for qualitative
and semi-quantitative classification. Implementation of classification techniques have

enabled successful analyte detection with fluorescence biosensing[162-164].
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Fig. 3.1: Representative figure demonstrating the approach used for NT-proBNP sensing

In this chapter, a photonic crystal-enhanced fluorescence imaging immunoassay
biosensor capable of detecting clinically relevant levels of NT-proBNP is demonstrated
and machine learning-assisted analyte quantization is implemented, as illustrated in Fig.
3.1 above. Different than artificial photonic crystals made by top-down nanofabrication
techniques, our cardiovascular biomarker sensor employs diatom biosilica to enhance the
fluorescence signal. Diatoms are single-celled microalgae that biologically fabricate
porous silica shells called frustules. The periodic, nanostructured pore arrays of diatom
frustules can enable natural photonic crystal behavior. The biosensor fabrication begins

with cost-effective algae cultivation to grow diatoms. Cellular organic matter is removed,
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and the isolated biosilica shells are deposited onto a glass slide as a dispersed monolayer
thin film. A typical sandwich immunoassay process is performed to functionalize the
substrate with antibodies, selectively capturing the analyte NT-proBNP and tagging it with
fluorophore-labeled antibodies. The diatom biosilica integrated with our sensor offers
significant fluorescence signal enhancement for clear imaging. Following the data
acquisition, a simple arithmetic average fluorescence intensity analysis is performed,
resulting in the detection of NT-proBNP to clinically relevant levels but with difficulty in
differentiation at lower concentrations. To improve this, feature extraction and regression
analyses obtain an excellent calibration curve for the NT-proBNP concentration with good
linearity and differentiation. When challenged by 24 test images, a validation R? value of
0.85 and a predictive root mean square error of 14.85 was achieved, allowing for good
analyte quantification. Lastly, we detect NT-proBNP in human plasma and use feature
extraction and classification to qualitatively distinguish between high and low
concentrations of NT-proBNP, creating a screening mechanism for diagnostically ruling in
or out heart failure. The classification model was trained using 160 fluorescence images
and when applied to 40 test images, achieves excellent specificity of 91%, and decent
accuracy and sensitivity of 78% and 64% respectively. Therefore, the synergistic
integration of the photonic crystal-enhanced fluorescence imaging immunoassay with
machine-learning analysis techniques has led to effective detection of cardiovascular
biomarker NT-proBNP, which can play a key role for screening individuals with heart

failure risk.
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3.2 Experimental Setup and Analytical Methods

3.2.1 Diatom Culturing and Isolation

Pinnularia sp. were cultured according to the method previously described with
minor changes[165]. The diatoms were obtained from UTEX Culture Collection of Algae
(UTEX #B679). They were cultivated in 100 mL of Harrison’s Artificial Seawater Medium
with Guillard’s f/2 nutrient enrichment[166]. Incubation was performed at 22° C with light
intensity of 100 HE/m?2esec with a photo cycle of 14 hours light and 10 hours dark. Diatoms
were subcultured every 21 days with a 10:1 dilution in fresh medium. Cell densities when
harvested were ~10° cells/mL. This was measured using a Beckman Coulter Z2 Particle
Counter using a 6 pm threshold with 100 pL of cell suspension diluted in 10mL diluent

(10 g/L sterile-filtered NaCL, 171 mM).

Isolation was achieved using an adapted method described in our previous
work[165]. Pinnularia sp. that had been growing for three weeks was allowed to settle to
the bottom. The solution was decanted and centrifuged for 20 min at 2500 g. The packed
cells were washed in 40 mL nanopore water three times to remove salts from the culture
medium. It was re-suspended in 1 mL of 8.1 M HCI and gently mixed. The diatoms settled
again, and the supernatant was removed. The oxidation treatment was performed by adding
5 mL of the concentrated diatoms to 32 mL of 0.76 HCI in 28% (v/v) H202 and mixing.
This was allowed to sit for 72 hours with daily mixing. The oxidation treatment was
performed twice, after which the supernatant was removed, and the diatoms were re-

suspended in 40 mL H20. The mixture was allowed to settle, and supernatant was removed.
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This agueous washing process was repeated two more times before re-suspending in
anhydrous methanol. Again, the mixture was allowed to settle, and the supernatant was
removed. The crude frustule isolate was washed with methanol twice more. The isolated

diatom frustules were stored in methanol at room temperature.

Coverslips were populated with diatoms by first sonicating the coverslips in 1%
(v/v) solution of Liquinox detergent for 60 min at 40° C. The coverslips were rinsed using
Nanopure H>O and 100% ethanol followed by drying with nitrogen gas. They were then
placed in a UV-Ozone Cleaner at 90° C for 30 min. The coverslips were placed in a petri
dish on a hot plate set to 32° C and 100 pL of 0.24 mg/mL diatom frustule suspension in
ethanol was dispersed onto the surface. Following evaporation, the diatom populated
coverslips were placed in the UV-Ozone Cleaner again at 90° C for 24 hours to fix the

diatoms to the substrate and oxidize any residual organic contaminants.
3.2.2 Diatom-Based NT-proBNP Sensor Fabrication

The sensor fabrication follows our earlier work with minor modifications[167].
Scanning electron microscopy (SEM) images of the coverslips are shown in Fig. 3.2a and
b. The process of the sandwich type immunoassay is outlined in the schematic in Fig. 3.2c.
Briefly, a 2.2 x 2.2 cm glass coverslip with diatom frustule mass coverage of 5 pg/cm? was
first submerged in a mixture of 10 mL methanol, 500 pL of 99% acetic acid and 150 pL of
99% (3-Aminopropyl)-triethoxysilane (APTES) for 30 minutes at room temperature to
populate the surface with free amine groups. The sample was rinsed with acetone and
ethanol and dried with nitrogen. The sample was then submerged in 2% glutaraldehyde

(GA), a homobifunctional crosslinker, in phosphate buffered saline (PBS) for 2 hours at
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room temperature to react with the free amine group and to cover the surface with aldehyde
groups. The substrate was rinsed with 20 mM  4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) and deionized water to ensure complete removal
of unbound aldehyde groups. Following the rinsing, the glass coverslip was dried with
nitrogen gas flow and diced into multiple 5 x 5 mm sensors. Each sensor then had 1 pL of
0.1 mg/mL of the antibody, anti-proBNP, dropcast onto its surface. It was left at 4° C for 6
hours to allow the surface to be functionalized with the antibody. The sample was again
rinsed with HEPES and water and dried with nitrogen gas. Next, the sample was submerged
in 1 mg/mL bovine serum albumin (BSA) in PBS for 6 hours at 4° C to block all the
remaining aldehyde groups. This decreases nonspecific binding and enhances the detection
specificity of the immunoassay sensor. Again, the sample was rinsed with HEPES and
water, and dried by nitrogen gas. At this point, the functionalized immunoassay sensor was
ready for detection. The detection was performed by submerging the sample in a solution
of NT-proBNP analyte in either PBS or human plasma. This step was performed in solution
volumes of 900 mL and 400 uL for the buffer and plasma respectively. The sensor was
kept in the solution for 2 hours at room temperature to allow for immune-recognition of
the antibody-antigen pair. After another rinsing with HEPES and water, the sample had 1
pL of 0.25 mg/mL anti-NT-proBNP conjugated with fluorescein dropcast onto the surface,
where it was left for 4 hours at 4° C, thus labeling the bound antigens with fluorophore

labeled antibodies and completing the immune-sensing process.
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Fig. 3.2: SEM image of diatom frustule-populated glass slide (a) and zoomed in on a single
frustule (b). Schematic view of diatom-based immunoassay for NT-proBNP detection (c).

3.2.3 Fluorescence Image Acquisition

Following the fabrication of the NT-proBNP sensor, the fluorescence images were
measured using an Olympus IX 73 microscope paired with a bandpass filter and a 40x
objective lens. Fluorescence excitation was achieved using a X-cite 120 LED fluorescence
microscope light set at 250 mW. The images were collected using a Hamamatsu Digital
Camera Orca Flash 4.0 LT using a 30 ms integration time for optical images and a 5 second

integration time for fluorescence images.
3.2.4 Fluorescence Image Preprocessing

Using a process outlined in our previous work[167] with minor modifications, and
shown Fig. 3.3 below, optical and fluorescence images were first superimposed on top of
one another and aligned. Frustules in the image were then circled and a mask was created

in the shape of the diatom shell. This mask was applied to the original fluorescence image,
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leaving just the frustule with the remainder of the background zeroed out. Once the
fluorescence image was masked, it was cropped to a uniform size with the frustule in the
center. Another set of images were constructed from the original image with the frustules
zeroed, leaving only the fluorescence information on glass. For diatom-glass fluorescence
intensity comparisons, the resultant spatial domain fluorescence images, with diatoms

cropped out, were used to highlight the fluorescence enhancement capabilities of diatoms.

After the diatom frustules from the fluorescence image were masked and cropped,
the power spectral density (PSD) of each image was obtained by performing the two-
dimensional fast Fourier transform (FFT) and taking the square of the absolute value in the
spatial frequency domain. The image was shifted to move the zero-frequency component

to the middle of the image and the natural log-scale was taken.
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Fig. 3.3: Schematic view of preprocessing applied to the fluorescence images in
preparation for analysis.
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3.2.5 Statistical Regression Calibration Curve Creation

To create the calibration curve for solution-based NT-proBNP sensing, PCA was
paired with PLSR. The model was created by first, using Matlab to find the average
fluorescence intensity for each concentration by finding the average intensity of each PSD
of the frequency domain image and taking the total average. Once the average intensity for
each concentration was determined, 30 images with average intensities closest to the
concentration’s average fluorescence intensity were selected. This was done for each
concentration to remove any outliers and resulted in a dataset of 30 images from each
concentration. Using the built-in Matlab functions, the principle components (PCs) were
determined and the first three were used in PLSR. A 5-fold cross-validation was performed
using 80% of the data to train a regressionary model and which was tested on the remaining

20% to determine its quantification abilities

From the training and test regressions, the coefficient of determination (R?) and the
root mean square error (RMSE) were calculated from each cross-validation, and averaged.

R? is defined as shown in Eq. 3.1 below.

2
n (c . —C .
RZ =1— 21—15 Predicted,i Actuazl,l) (31)
Zi=l(CActual,i_ Cavg)

The variable Cepredicted is the predicted concentration value from the model, Cactual is
the actual concentration of the measurement and Cayg is the average concentration of the
measurements taken. The RMSE cross-validation (RMSECV) for the training data set and
the RMSE predicted (RMSEP) for the test set were calculated as defined in Eq. 3.2 below

where n is the number of measurements performed.
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RMSE — \/Z?:l(CPredicted,i_ CActual,i)2 (32)

n

The RMSE is a measure of the average error predicted within the dataset and
explains how spread out the data is and the R? is a measure of how good of a fit the
regression gives. Generally, higher R? (but no more than 1) and lower RMSE values mean

better regression performance. Discussion of our created model is given in section 3.3.2.
3.2.6 Qualitative Screening Procedure

To perform the qualitative screening of NT-proBNP in human plasma, the data
preparation was similar to that of the regression analysis but 100 frequency domain images
at high and low concentrations were chosen instead of 30, due to our larger plasma-based
measurements dataset. PCA was performed on the images and classification algorithms,
including kNN and SVM, were used in this analysis. KNN was achieved using Matlab’s
built-in function and SVM classification was performed using a common SVM library,
libSVM[168]. The accuracy, sensitivity and specificity for each classification algorithm
were calculated for various numbers of PCs using a 5-fold cross-validation and the average
of each statistic were compared and discussed in section 3.3.3. Accuracy is a measure of

how many measurements the model correctly classified and is defined by Eq. 3.3 below.

TP+TN
TP+TN+FP+FN

Accuracy = (3.3)

The model classifies the data sets into a positive and negative class which
correspond to the high concentration and low concentration respectively. TP is the number

of true positives, TN is the true negatives, FP is the false positives and FN is the number
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of false negatives. Essentially, the accuracy is defined as the number of correctly classified
measurements divided by the total number of measurements classified. Sensitivity is a
measure of the number of correctly classified positive measurements with the definition

below in Eq. 3.4.

TP
TP+FN

Sensitivity = (3.4)

The specificity is similar to the sensitivity but describes the number of correctly
classified negative measurements. The definition is shown in Eq. 3.5. Each of these metrics

range from 0 to 1 with 1 being perfect classification.

TN
TN+FP

Specificity = (3.5)

3.3 NT-proBNP Detection and Analysis

3.3.1 Average Intensity Analysis

To analyze the efficacy of our diatom-based fluorescence NT-proBNP biosensor,
the immunoassay, image collection and preprocessing of the fluorescence images were
performed as explained in sections 3.2.2-3.2.4 above, followed by an average intensity
analysis. To begin, the average fluorescence intensity of each spatial domain image was
calculated for a given concentration. The median average intensity was found, and images
with an average fluorescence intensity greater than one standard deviation away from the
median were excluded as outliers. The average and standard deviation of the remaining
images’ average fluorescence intensities were calculated for each concentration using the

preprocessed spatial domain images of diatom frustules as well as the glass images. The
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results were plotted versus the analyte concentration as shown in Fig. 3.4a. Figure 3.4b
shows representative fluorescence images at those concentrations, which clearly highlights
the enhanced fluorescence emission from the diatom biosilica due to the photonic crystal
effect and surface effect. As can be seen in the figures, the fluorescence intensity on frustule
is at least 2x higher than that on glass and validates the use of frustules for enhancing the

fluorophore’s signals.
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Fig. 3.4: A comparison plot of average fluorescence intensity on diatom biosilica and glass
(a). Representative fluorescence images of the frustules (b).

Description of the fluorescence enhancing mechanism of frustules is explained in
the previous chapter. Using this average fluorescence analysis, NT-proBNP at 100 pg/mL
is distinct since the signal is clearly above the error bar of the control test (zero analyte
concentration). However, for lower concentrations of analyte testing, the fluorescence

signals are comparable to the error bar of the negative test, making it difficult to
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differentiate. A more sophisticated method of analysis is required to achieve better

sensitivity and quantization.
3.3.2 Quantitative Statistical Regression

While the average intensity analysis is simple and straightforward, the calibration
curve is nonlinear with large variation, both with or without diatom frustules, resulting in
a high limit of detection. Random errors during the immunoassay process and the statistical
nature of fluorescence emission are the main causes of the error bars, which are intrinsic
to the fluorescence imaging immunoassay. More advanced statistical analytical methods

must be employed to improve the sensing performance.

100 pg/mL
y .

Fig. 3.5: Representative spatial frequency domain images of diatoms

Statistical regressions were performed using spatial domain images as well as the

PSD of the spatial frequency domain images of preprocessed diatom images. Figure 3.5
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shows representative spatial frequency domain images from the preprocessed diatom
images. The central peak relates to the zero-frequency component of the background and
the points in the image further from the center represent higher frequency components of
the diatom fluorescence image. The spike lines radiating from the center represent
fluorescence signals in the spatial domain corresponding to the geometric feature of diatom
frustules. For example, the minor axis of the diatom in the spatial domain is represented by
the prominent line radiating from the center of the spatial frequency domain image along

the same axis.

The aim of the regression is to find the correlation of the fluorescence intensity and
the analyte concentration. Optimal results were achieved by implementing PCA feature
extraction with PLSR. Comparing the regression results applied to the spatial and spatial
frequency domain images, spatial frequency domain images gave superior results. This
may be due to the fact that the intensity variation among different concentrations in the
spatial domain is slight, as seen in Fig. 3.4a. However, the spatial frequency domain is a
more detailed image space and is heavily influenced by changes in the spatial domain. The
slight change in fluorescence intensity in the spatial domain results in a much greater
change in the spatial frequency domain. PCA and PLSR rely on variation to differentiate
analyte concentrations and thus the greater change in the spatial frequency domain allows

for greater sensitivity of PCA and PLSR.
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Fig. 3.6: Partial least squares regression R? values for training and test data plotted against
the number of principle components used.

The number of PCs to include in the regression step affects the quality of the model
achieved. The number of components to include was swept and R? values were compared
and plotted in Fig. 3.6 above. From this plot, it is clear that after three PCs, the R? training
value is saturated and close to 1. To reduce computation time without sacrificing accuracy,

we elected to input three PCs to the PLSR algorithm.

Optimal results were achieved using the first three PCs and the training data PCs
are plotted in Fig. 3.7a. The PLSR algorithm creates a model which can then be applied to
atest set. As explained in section 3.2.5, a 5-fold cross-validation was performed by training
a model using 80% of the images and testing that model on the remaining 20% images.
This allows verification of the utility of our model for future quantification. The calculated
calibration curve from the training set was applied to the test dataset. The calibration fit, as
well as that obtained when validating the model, are shown in Fig. 3.7b below. Applying

this model to the test dataset, we achieved good linearity with a R? testing value of 0.86
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and a predicted RMSE (RMSEP) of 14.47. The high R? value and the low RMSEP indicate

accurate quantifications of NT-proBNP detection.
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Fig. 3.7: The first three principle components of the images in the training dataset (a).
Predictive model achieved using optimized statistical regression parameters on the training
dataset, and the prediction results by applying the model to the testing dataset (b).

3.3.3 Quialitative Classification of NT-proBNP in Plasma

In real-world applications, the detection of NT-proBNP is performed in a real
biological fluid with competing biomolecules like proteins that can obscure the signal. To
prove the validity of our photonic crystal-enhanced fluorescence imaging immunoassay for
future clinical usage, we performed the detection of NT-proBNP in human plasma. A
qualitative classification screening was performed to screen for high or low concentrations
of NT-proBNP. According to the literature[137, 138], if the NT-proBNP concentration is
below 125 pg/mL, it can be used to “rule out” heart failure. If the concentration is above
450 pg/mL, it can be used to “rule in” heart failure. For this classification, we combined
measurements made at 10 and 50 pg/mL to be considered a low concentration class and

measurements made at 500 pg/mL was a high concentration class. To ensure the same
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number of measurements were in each category, 50 images, with average intensities closest
to the mean average intensity, were selected from each lower concentration. From the
higher concentration, 100 measurements were taken, again, with average intensities closest
to the total average intensity at this concentration. Representative spatial and spatial
frequency domain images of frustules at high and low analyte concentration are shown in

Fig. 3.8a-d below.

The classification analysis was performed using PCA feature extraction combined
with two classification techniques which were compared to find the best solution. The kNN
and SVM are classification techniques that have been applied to both fluorescence imaging
and spectroscopy biosensing[162-164]. KNN is a non-parametric classification method. An
unlabeled test sample is classified by a majority vote of its k-nearest neighbors and the
most frequent label is assigned to the class of the output. SVM algorithm is a widely used
supervised learning method which can efficiently perform a non-linear classification using
the nonlinear kernel function and fitting the maximum-margin hyperplane in a transformed

feature space.

The two classification algorithms were applied after PCA of the spatial frequency
domain images and parameters were swept to find the optimal solution for each algorithm.
A 5-fold cross-validation was again performed to enable training of the model and testing.
The parameters for SVM were optimized and the results are shown in Fig. 3.8: (e) is the
classification results from the training dataset and (f) is from the test dataset. Both are

plotted with respect to the first three PCs. The color of each data point represents its actual
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concentration class and each point with an “X” represents measurements that were

incorrectly classified.
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Fig. 3.8: Representative frustule images for low (a-b) and high (c-d) analyte concentrations
in the spatial (a, c) and spatial frequency domains (b, d).Classification results of training
(e) and test dataset () plotted with respect to the first three principle components extracted
using PCA. The X’s represent measurements that were incorrectly classified.

From these classifications, the accuracy, sensitivity, and specificity were calculated
as explained previously. These are common metrics that indicate the quality of the
classification model where the closer to 1 (but less than 1), the better the classification
model. The calculated metrics for the optimal solution for each classification technique
were obtained from each of the 5-fold cross-validations and averaged. The two
classification methods were compared, and the results are shown in Table 3.1 below. It was
found that using SVM with enough PCs to account for 55% of the sample variation gave

the best results.
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Table 3.1: Binary classification results from NT-proBNP detection in plasma

Training Testing

Accuracy Sensitivity Specificity Accuracy Sensitivity Specificity

SVM 0.929 0.860 0.998 0.775 0.640 0.910

kNN 0.668 0.368 0.968 0.540 0.290 0.800

As can be seen in the table above, the SVM model has a predictive accuracy and
sensitivity that are slightly lower than desired. However, the specificity, of 91%, is
excellent. The specificity is a measure of the model’s ability to correctly classify negative
measurements, in this case, the model can successfully determine low concentrations of
NT-proBNP. As can be seen in Fig. 3.8 above, very few low concentration measurements
were classified inaccurately. This allows us to confidently classify low concentration
samples and rule out the heart failure diagnosis. The large discrepancy between the
sensitivity and specificity can be attributed to the inclusion of two analyte concentrations
in the lower concentration class compared to the single concentration included in the high
class. The added variability provided by multiple concentrations allowed for a more robust
model to be constructed thus allowing for better classification at low concentrations. In our
future work, we will improve classification by including multiple analyte concentrations

in both classes.
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3.4 Summary

NT-proBNP is a clinically important cardiovascular disease biomarker. A photonic
crystal-enhanced fluorescence imaging immunoassay biosensor has been created for this
analyte, capable of detecting clinically relevant levels of NT-proBNP. Photonic diatom
frustules achieve fluorescence signal intensity enhancement of fluorophores as high as 2x
compared with those on the flat glass substrate. Furthermore, using PLSR, a predictive
model has been extracted and validated on a test dataset showing excellent linearity with a
R? of 0.86 and a RMSEP of 14.47. This model can be applied to an unknown measurement
to quantify the analyte concentration far surpassing the clinical detection requirement, with
an excellent measurement accuracy. To prove the potential for clinical testing, the
biosensor was employed to screen NT-proBNP in human plasma and we were able to
successfully implement SVM classification with an excellent test specificity of 91% to rule
out heart failure with further optimization being done to improve its ability to rule in heart
failure. In short, we have successfully shown that diatom frustules can be used as
fluorescence imaging immunoassay platform to detect NT-proBNP. The statistical
regressions and classifications we have developed can be used for the detection and
classification of NT-proBNP levels. This easy-to-use and cost-effective immunoassay can
achieve clinically relevant levels of detection while avoiding the complexity of current

ECL method of detection.
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CHAPTER 4: MULTI-SCALE PLASMONIC-PHOTONIC CRYSTAL
NANOMATERIAL FOR RAPID VAPOR-PHASE DETECTION OF
EXPLOSIVES

In previous chapters, a diatom-based fluorescence immunoassay Ssensor was
demonstrated and shown to be capable of enhancing detection. The practical screening of
NT-proBNP was shown and cardiovascular disease can be successfully detected. To
continue the exploration of further practical applications of the diatom-based sensor, a
vapor-phase SERS sensor is fabricated to detect explosives and a representative figure is
shown in Fig. 4.1 below. This is done to demonstrate the variability of diatom frustules to
benefit the practical detection of multiple detection modalities in a variety of fields.
Furthermore, the frustule enhancement for vapor sensing demonstrates the physical, as well

as optical, enhancements diatoms contribute to a sensor.
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Fig. 4.1: Representative figure demonstrating the multi-scale enhancement of the hybrid
SERS structure.
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4.1 Background

Surface-enhanced Raman spectroscopy (SERS) is an appealing optical detection
technique due to its capacity for rapid sensing, multiplex detection, and high sensitivity,
capable of achieving single molecule detection[169]. Because of the many benefits of
SERS sensing, its implementation to the detection of vapor analytes has been explored for
several years[170-173], particularly for the detection of explosives[174]. However,
improved response time and sensitivity are required for practical detections. The natural
diffusion of the analyte vapor to a substrate is slow and hinders the response time of the
sensor. For example, Chou et al. utilized a laser ablation fabricated gold nanostructured
substrate to detect explosive 2,4-dinitrotoluene (DNT) vapor, but required 18 hours of
analyte interaction[175]. To improve the response time, “flow-through”[176, 177] and
“flow-over”’[178] type sensors have been employed to reduce vapor diffusion time. Piorek
and co-workers fabricated an open microfluidic channel, flowing plasmonic nanoparticles
(NPs) to capture explosive DNT vapor across the open channel. However, this required a
constant supply of flowing NPs and the complicated fluidic-vapor setup renders great
difficulty in implementation[178]. Similarly, other applications requiring external

circulation apparatuses also add complexity and difficulty to sensing setups.

Sensitive detection of trace levels of the explosive vapor enables remote and accurate
sensing. High SERS sensitivity can be achieved through the rational design and fabrication
of novel SERS substrates such as Demeritte’s detection 100 M 2,4,6-trinitrotoluene (TNT)
in solution by using a single walled carbon nanotube functionalized with popcorn-shaped

gold nanoparticles[179]. However, the plasmonic field enhancements accompanying the
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SERS substrates are localized effects and, without analyte adsorption capabilities, are
dependent upon vapor diffusion and condensation. Vapor adsorption allows for the capture
and concentration of the target molecule within sensing regions and ensures the stability of
the measurement. Improved vapor adsorption has been attained through substrate chemical
functionalization[180, 181] and utilization of 3-dimensional (3D) materials[182, 183].
Wang et al. fabricated rationally designed nanocluster arrays, and Sylvia et al. prepared a
roughened gold substrate for explosive vapor detection. Detection was achieved down to
10 parts-per-trillion (ppt) and 5 parts-per-billion (ppb), respectively. However, both
required wetting the substrate with sodium hydroxide to increase the binding affinity and
enable analyte adsorption, resulting in a sensing process that is more involved and
tedious[180, 181]. Our group has previously achieved detection of attogram levels of TNT,
but this was solution-based detection requiring inkjet printing for sample
concentration[98]. A vapor sensor with strong analyte adsorption is needed to achieve rapid

response and high sensitivity for practical engineering applications.

Multi-scale materials have extended the horizon of SERS sensing. Kreno et al.
fabricated a porous metal-organic framework over a silver “film-on-nanoparticles”
structure to increase surface area and analyte trapping while also enhancing SERS[171].
Chan fabricated biodegradable core-shell NPs for the delayed delivery of chemotherapy
drugs, demonstrating molecular adsorption and desorption control[184]. Our group has
previously fabricated a multi-scale mesoporous diatom capsules with plasmonic NPs to
enable efficient substrate-environment interactions while simultaneously achieving

plasmonic-enhanced optical fields[185]. The combination of multi-scale materials may
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contribute multi-functionalities to enable rapid and sensitive vapor detection. Diatom
frustules are one pragmatic component. As discussed in earlier chapters, diatoms are
unicellular microalgae, found abundantly in nature, that possess a hierarchal nano-porous
biosilica shell called a frustule. The periodic nano-pores within the structure of the frustule
forms a naturally-occurring photonic crystal with properties similar to rationally-designed
photonic crystals. Frustules have been integrated with optical biosensors and shown
capable of enhancing optical signals[167, 186], particularly SERS[97, 99, 101, 187]. The
photonic crystal structure of the frustule allows the induction of guided-mode resonance
(GMR) within its structure, capable of pairing with the plasmonic resonance of metallic
nanoparticles, resulting in stronger electromagnetic fields[91, 97]. Beyond optical
enhancements, the implementation of mesoporous structures in flow-through applications
have been shown to result in rapid equilibration due to the favorable transport of the analyte
to the substrate[188, 189] and similarly, the hollow, mesoporous biosilica diatom frustule
allows fast diffusion of gases[93]. The integration of frustules into a vapor sensor
contributes enhanced optical field and increased analyte interaction for greater sensitivity

and shorter response time.

Metallic nanoparticles are easily synthesized and common optical enhancers for
SERS. However, the near-field plasmonic field enhancement decays exponentially with
distance and analyte molecules not in the immediate vicinity of the NP are not detected[18].
The application of a shell, creating a core-shell NP structure, has been shown to contribute
oxidative resistivity, thermal stability and stronger binding affinities for improved

molecular trapping[190-193]. It has been verified by several works that silica shells on
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NPs, fabricated by the Stéber method, result in a thin porous shell[194-197]. Furthermore,
the silica shell can lead to facile immobilization of analytes that do not possess metal-
binding functional groups[198]. This increased binding affinity and large surface area
provides abundant binding sites and enables effective analyte trapping and concentration.
The multi-scale plasmonic NP with a porous shell contributes optical signal enhancement

and vapor adsorption capabilities.

The motivation for this work is to create a multi-scale SERS substrate capable of
sensitive and rapid detection of analyte vapors, particularly explosives. An average of 19
injuries or deaths per day were reported in 2017 worldwide due to exploding landmines
with 87% of those being civilians and 47% of the civilians being children[199]. TNT and
its byproduct, DNT, are common components found in landmines. Though the percentage
of DNT present is small compared to TNT, its vapor pressure is 20-100x greater, making
it a preferred indicator for explosive device detection[200, 201]. Deteriorated casings of
landmines release vaporized explosives into the soil and air, enabling detection. In this
work, we present a multi-scale vapor SERS sensor, synergistically pairing gold-silica core-
shell (Au@SiO2) nanoparticles and photonic crystal-like frustules for the rapid and
sensitive vapor SERS detection of DNT as shown in Fig. 4.2 below. The 36 nhm plasmonic
core and the porous, nanometer-thick shell enable enhanced electromagnetic fields, while
trapping analyte molecules in these sensing regions. Meanwhile, the 30 um frustule with
200 nm pores enables further field enhancement, as well as improved vapor-substrate
interaction, enabling a rapid response. Using the polycyclic aromatic hydrocarbon, pyrene,

as a model molecule, we characterize our multi-scale vapor SERS substrate. The
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contributions from each component of the multi-scale sensor is explored and detection of
pyrene vapor at 1 part-per-million (ppm) is achieved in only 3 minutes. DNT vapor is also
detected at room temperature below 100 ppb in under 3 minutes, thus demonstrating the

potential of our multi-scale sensor for target vapor sensing.
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Fig. 4.2: Schematic showing synthesis process of Au@SiO2 core-shell NPs and subsequent
integration on frustule-populated substrate to form multi-scale SERS vapor sensor and
integration with stagnant vapor and vapor flow chambers.

4.2 Sensor Fabrication and Experimental Procedures

4.2.1 Synthesis of Au@SiO, Nanoparticles

The synthesis of the core-shell nanoparticles follows a procedure similar to the one found
in the literature[190] with minor modifications and is shown in the schematic in Fig. 4.2
above. First, 70 mg of gold chloride was dissolved in 200 mL water and stirred at 130° C
for 10 minutes. Next, 8.4 mL of 1% sodium citrate in H20 (w/w) was slowly added and

left stirring for 20 minutes at 230° C. During this process, the color changed from a pale
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yellow to a deep purple, indicating the formation of gold NPs. The gold colloid was allowed
to cool, and then NPs were separated into 50 mL aliquots and centrifuged at 7000 rotations
per minute (RPM) for 15 minutes. The supernatant was removed, and the concentrated NPs
were stored at 4° C for future use. One aliquot was resuspended in 50 mL of H,O and the
colloidal solution was used to coat with a silica shell. 100 uL of 1 mM APTES was added
to the 20 mL colloidal Au NPs and stirred at room temperature for 20 minutes to silanate
the surface. The pH of the solution was verified to be between 5-7 and adjusted if necessary.
Sodium silicate solution was diluted in H20 to 0.54% and 1 mL of this mixture was slowly
pipetted into the mixing solution. This was left vigorously mixing for 20 hours to coat the
NPs with a silica shell. 1 mL of 0.1 M NaOH in H>O was slowly added and stirred gently
for 4 hours to reduce the shell. The colloidal Au@SiO2 NPs were centrifuged at 6000 RPM
for 20 minutes and resuspended in 20 mL H20. The solution was centrifuged again using
the same conditions after which it was decanted and left concentrated and stored at 4° C
for future use. NP integration with diatom frustule-populated substrates was achieved by
dicing the substrate into ~5x5 mm pieces. 1pL of Au@SiO2 nanoparticle (NP) solution
was dropcast onto the substrate and dried at 60°. This is represented in Fig. 4.2 and was

repeated for a total of four drops.
4.2.2 Vapor Chamber Setup

A vapor chamber, shown in Fig. 4.2 above, was created using a glass vial, inset with
a sample holder. 20 uL of an analyte-ethanol solution was pipetted into the sample holder
and the multi-scale SERS substrate was placed facedown above the solution, high enough

to ensure that no solution interacted with the substrate. The chamber was then sealed with
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thermal tape and Parafilm Sealing Film. The chamber was heated on a hotplate to 70° C
and left for various times. The SERS signal was immediately measured afterwards. For
each substrate, 20 measurements were made and the 10 most similar were taken. The

average and standard deviation of the characteristic peak intensity were calculated.
4.2.3 Flow Vapor Chamber

The flow chamber is shown in Fig. 4.2 above. A 3x60x2 mm (width x length x height)
polydimethylsiloxane channel was constructed with a larger sample holding area (7 mm X
7 mm) in the middle. 10£5 mg of solid explosive DNT was placed near the inlet and about
2 cm away from the sensor. Once the sample and multi-scale sensor were placed in the
channel, it was sealed with a glass slide. Nitrogen gas flowed through the channel with a
regulator pressure of 1 pound per square inch (PSI). The Raman excitation source was
focused through the glass slide and onto the sensor within the channel and measurements
were taken immediately and continuously with 50 mW power and 60 second integration.
Before each use, the channel was rinsed with EtOH and H.O followed by drying with

nitrogen gas to ensure its freedom from contaminants.
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4.3 Vapor Sensing Results and Discussions

4.3.1 Au@SiO, NP Characterization

Utilizing FEI Quanta 600F scanning electron microscopy (SEM) and a FEI Titan
transmission electron microscopy (TEM), the Au@SiO2 NPs were characterized. Using
ImageJ on 174 particles, it was found that the diameter of the NPs was 365 nm with a
representative SEM and the size distribution being shown in the Fig. 4.3a and b. Strong

optical absorption was measured, indicating the plasmonic effect of the NPs, which was

plotted in Fig. 4.3c.
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Fig. 4.3: Representative SEM image of core-shell NPs (a). Plots showing NP size
distribution (b) and the absorption spectrum of core-shell NPs (c).

The diatom frustules were prepared as described in previous chapters. The diatom
frustules are about 30 um along the major axis and 10 um along the minor axis with prime
pores and sub-pores of 200 and 70 nm diameter, respectively. The large surface area-to-
volume ratio of the biosilica frustule and the abundant silanol groups on its surface endow
the frustule with abundant binding sites allowing for efficient NP decoration. The

combination of the core-shell NPs with the micron-sized frustules was achieved using a



74

simple drop-casting method. The resulting macroscopic multi-scale hybrid structure is
shown in Fig. 4.4a and the microscopic diatom frustule, showing core-shell NPs within the
frustule pores, is shown in Fig. 4.4b and c. Frustules, as has been shown in our previous
work, contribute optical field enhancements from GMR which combine with the plasmonic
resonance of the nanoparticles. This enhancement is greatest when the plasmonic NPs are
within the pores of the frustule[97, 101]. The TEM image in Fig. 4.4d verifies the existence
of NPs within the pores, ensuring the effective combination of the biosilica diatom frustule
and the plasmonic core-shell NPs. The core-shell NP structure is shown in Fig. 4.4e. The
metallic core, responsible for the plasmonic enhancement can be seen, as well as the porous

shell around it.

Fig. 4.4: SEM images of the combined multi-scale SERS substrate with core-shell and
frustule structure shown at different magnifications (a-c). TEM images of NPs in a frustule
pore (d) and core-shell structure with arrows highlighting the shell (e).
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Using the TEM image, the shell is confirmed to have a thickness of ~1 nm, which
follows the literature[190]. The nanoparticle composition was further investigated using
energy-dispersive X-ray spectroscopy and is shown in Fig. 4.5. These images verify the
formation of the core-shell NPs, their population upon the diatom frustules and in the

frustule pores, and finally the total fabrication of our multi-scale hybrid SERS substrate.
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Fig. 4.5: TEM image of Au@SiO2 NPs in frustule pore is shown (a). EDS was performed
and the components are split into Au (b), Si (c) and O (d) as well as all three combined (e).
A cross-sectional line map was created, and the composition is shown in (f) clearly showing
the spatial separation of the Au core and the Si shell.

4.3.2 Core-Shell NPs for Vapor SERS

The SERS capabilities of our sensor were characterized by drop-casting various

concentrations of pyrene-EtOH solution onto the core-shell-frustule substrate and
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measuring the signal with the results shown in Fig. 4.6. Using the core-shell NPs, solution-
based detection of pyrene down to 100 ppb was achieved, showing that the core-shell

structure is capable of SERS.
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Fig. 4.6: SERS of pyrene dropcast on frustule-Au@SiO> substrates to show potential of
core-shell NPs for SERS measurement.

Having verified the solution-based SERS capabilities of the core-shell NPs, vapor
SERS is investigated. To thoroughly investigate and attribute the contribution from core-
shell NPs, we prepared glass substrates with and without diatom frustules and drop-cast 1)
Au@SiO2 NPs 2) Au NPs or 3) no NPs onto their surfaces. The substrates were then placed
face down in the stagnant vapor chamber shown in Fig. 4.2 above with 20 pL of 100 ppm
pyrene-ethanol solution as described in the methods section. The substrates were heated
for 5 minutes and SERS was measured. Representative spectra for each substrate are shown
in Fig. 4.7 below. The characteristic peak at 587 cm™ is attributed to the CCH out-of-plane

deformation and is used in our analysis. The average and standard deviation of the
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characteristic peak intensity is calculated from ten spectra and displayed for each substrate

in Fig. 4.7b.
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Fig. 4.7: Representative pyrene spectra (100 ppm) on frustule and glass substrates with
Au@SiO2 NPs, Au NPs, or no NPs (a) and bar graph showing normalized average
characteristic peak intensities for each substrate (b).

When comparing substrates with no NPs, Au NPs, or Au@SiO2 NPs, the peak
intensity is significantly greater when the core-shell structure is employed. This observed
SERS improvement can be attributed to the physical enhancement of vapor adsorption and
concentration in the shell of the NP. Because the enhanced field effect from the plasmon
resonance decays exponentially with distance from the particle, it is desirable to have the
analytes as close to the metallic core as possible[18]. The addition of the silica shell and
the subsequent hydroxylation of the surface siloxane sites results in the formation of silanol
groups (Si-OH) which enables efficient hydrogen bonding between the core-shell NP and
the analyte[202]. The improved binding affinity and resulting entrapment of the analyte

within the porous shell serves to both concentrate and localize the analyte within close
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proximity to the plasmon, thus enabling greater interaction with the enhanced field and

resulting in the improved sensing.

Fig. 4.8: SEM images of diatom frustule (a,b) and glass (c,d) substrates with core-shell NPs
(a,c) and Au NPs (b,d) with a horizontal field width of 85 um corresponding to the size of
the laser spot. This clearly shows the higher density of NPs on glass despite which, the
SERS intensity on diatom is superior.

Comparing the peak intensity on the frustule-populated substrate and that without
frustules, we see a relatively small enhancement. This can be attributed to the NP density
upon each the substrate. Due to the hydrophilic nature of the frustules, the drop-casted NPs

spread further and cover a larger area on diatom substrates than on the glass substrate,
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resulting in a lower density of NPs, as shown in Fig. 4.8 above. This will be remedied in
future iterations by optimizing parameters such as NP concentration or number of drop-
cast repetitions. However, despite the lower NP density, the intensity on the frustule-

populated substrate is still greater than that on glass.
4.3.3 3-Dimensional Biosilica Diatom Frustule Analysis

After validating the utility of the core-shell NPs, the enhancements from diatom
frustules were analyzed. To verify the accuracy of our measurement, the time-dependent
analyte desorption was measured. Au@SiO.-populated substrates with and without
diatoms were placed in the vapor chamber for 12 hours at 70° C with 20 puL 100 ppm
pyrene in EtOH. SERS measurements were taken immediately following the substrates’
removal from the chamber and again at each of the intervals denoted on the plots below
(Fig. 4.9a and b). 20 measurements were taken, and the peak intensities were calculated.
The 10 spectra with peak intensities closest to the mean were averaged and the standard
deviation was calculated and plotted with respect to time. At room temperature, even after
two hours, the adsorbed molecules remain affixed within our sensor, resulting in little to
no change in the SERS intensity. Thus, any desorption of analytes between the sensor’s
removal from the chamber, and its immediate measurement afterwards, is negligible,
demonstrating a strong binding affinity between the analyte and the SERS substrate. When
70° C heat is applied, the desorption of the molecules occurs much more quickly and may

be used for future sensor reuse.

To investigate the reduction of response time due to the presence of diatom frustules,

the time-dependent adsorption of frustule and glass substrates was measured. Substrates
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with Au@SiO2 NPs were placed in the vapor chamber and heated for various times at 70°
C with 20 pL pyrene in EtOH. The 20 SERS spectra were measured upon removal from
the vapor chamber and 10 were selected to calculate the average and standard deviation of
the characteristic peak at 587 cm™. The average peak intensity, normalized to the saturation
intensity for each substrate, was plotted in Fig 4.9c below. As can be seen from the plots
below, the diatom-based sensor has a much faster response time, reaching equilibrium
within 3 minutes, whereas the substrate without diatoms has almost no signal at 3 minutes
and took 20 minutes to equilibrate. This 6-fold reduction in response time can be attributed
to the mesoporous structure of the diatom frustule. The porous 3D frustule allows the
analyte vapor to rapidly permeate the structure and have greater interaction with the core-
shell NPs compared to those decorating the planar glass surface. This results in rapid
analyte adsorption into the porous shell of the NPs and thus, faster detection and saturation
times. This effect has been utilized previously with the implementation of mesoporous
structures in flow-through sensing applications resulting in rapid equilibration due to the
favorable transport of the analyte to the substrate[188, 189]. Similarly, the hollow,
mesoporous biosilica diatom frustule has demonstrated fast diffusion of gases[93]. The
utilization of the 3D porous frustule in our application enables efficient vapor-substrate
interaction and, consequentially, rapid adsorption and concentration within the porous NP

shell.
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Fig. 4.9: Time-dependent desorption on substrates with (a) and without (b) diatom frustules
at room temperature and at 70° C. A molecular pyrene inset is also shown in (b). The
normalized average peak intensity is displayed with respect to time with a zoomed inset
(c). Average peak intensity with respect to analyte concentration is plotted to show the
concentration dependence with a diatom-vapor interaction schematic inset (d).

The dependence of the SERS peak intensity to the analyte concentration was compared
between the frustule-populated substrate and the regular glass substrate. Using the same
vapor chamber setup and various concentrations of pyrene in EtOH heated for 5 minutes,
the results shown in Fig. 4.9d were obtained. The noise floor was defined to be the average
characteristic peak intensity of the control substrate (no pyrene present) plus three times its

standard deviation. As can be seen from the plot, detection without diatom was achieved
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down to 2.5 ppm whereas concentrations down to 1 ppm were obtained with frustules. It
has been shown that guided resonant modes can be excited within the photonic crystal-like
structure of the diatom frustule and result in enhanced SERS sensitivity[97, 187]. The
guided resonant mode interacts with the plasmonic resonance from the core-shell NPs to
achieve a plasmonic-photonic enhancement capable of inducing fields over 20 times
greater than those from metal nanoparticles on planar glass[91]. Additionally, as seen in
Fig. 4.9d, the enhancement factor from diatom increases with a decrease in analyte
concentration. This is evidence of the further enhancement from the 3D frustule structure.
At high concentrations, with an abundance of analytes, natural diffusion is sufficient for
effective analyte interaction with the core-shell NPs. However, at lower concentrations, the
3D structure is needed to allow efficient interaction of analyte molecules with the NPs.
This accounts for the difference between the small enhancement from diatom seen in Fig.
4.7b at high analyte concentration, and the large diatom enhancement seen at lower
concentrations in Fig. 4.9d. The reproducibility of the sensor was also verified by
performing an experiment in triplicate. Three diatom-populated substrates with three drops
of Au@SiO2 NPs were placed in vapor chambers with 20 puL of 1000 ppm pyrene in EtOH.
Each sample was left heating at 70° for 45 minutes and then immediately removed and
measured. Similar to the other measurements, 20 spectra were measured, the characteristic
peak intensity was calculated and the 10 spectra with intensities closest to the mean were
used. The average characteristic peak intensity was then calculated, as well as the standard

deviation. The three normalized peak intensities for the samples were plotted below in Fig.
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4.10 with the standard deviation. The average characteristic peak intensities are within 10%

between the three samples, demonstrating high reproducibility.

Normalized Average Peak Intensity (a.u.)

1 2 3
Samples

Fig. 4.10: Normalized average peak intensity of three samples performed under the same
circumstances to demonstrate the reproducibility of the substrates.

4.3.4 Application of Multi-Scale SERS Substrate for DNT detection

Utilizing the multi-scale SERS substrate, DNT was detected in the vapor chamber
shown in Fig. 4.2 above and described in the experimental section. The substrate was
placed facedown above 20 mg of solid DNT and the chamber was heated for 30 minutes.
Fig. 4.11a shows the 1000 ppm solution-based DNT SERS spectrum, as well as the

background-subtracted, vapor SERS spectrum. The main characteristic peaks at 830 and
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1332 cm® correspond to the out-of-plane NO- bending mode and the NO; stretching mode
respectively. The background subtraction in the vapor SERS measurement resulted in a
slight baseline decrease at higher wavenumbers but both characteristic peaks are clearly

detectable, demonstrating the ability to sense DNT in the stationary vapor chamber.
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Fig. 4.11: Regular and vapor chamber SERS spectra are shown with the molecular structure
of DNT inset (a). Average characteristic peak intensity on diatom-Au@SiO2, glass-
Au@SiO», and diatom-Au substrates in DNT flow chamber at room temperature and at 70°
C are shown (b). The time dependence is also shown at room temperature (c) and at 70° C
(d). Different scales are used to highlight trends and peaks (a,c).

The detection of DNT in a sealed container where a saturated headspace can form was
performed to verify the detection capabilities however, it is desirable to create a sensor
capable of detecting buried landmines in their environment, without the need for the

formation of a concentrated headspace. The practical detection of DNT is achieved
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utilizing a flow chamber as shown in Fig. 4.2 above and described in the experimental
section. The concentration of DNT in this setup is less than the saturation vapor (100 ppb)
and simulates real detection conditions where an equilibrated headspace may not have
formed, due to ambient air flow. For this detection, 10+0.5 mg DNT was placed 2 cm away
from the substrate and nitrogen flowed through the chamber, over the DNT and the multi-
scale SERS substrate. SERS signals were measured continuously. Using this setup, we
tested diatom-Au@SiO2 NP, diatom-Au NP, and glass-Au@SiO2 NP substrates. This was
done at room temperature as well as under heating conditions at 70° C. The normalized
average peak intensity of the 1332 cm™ peak for each of these, along with their standard
deviation, are shown in Fig 4.11b. As can be seen, the intensity on the substrate with diatom
frustules and core-shell NPs at room temperature yields the best results, while the diatom-
Au NP substrate shows almost no signal and the glass-Au@SiO2 NP substrate shows a very
slow response. This agrees with our previous pyrene characterization and highlights the
importance of the core-shell and 3D frustule structures. Comparing temperature, one may
expect the signal to be stronger under heated circumstances as that allows for more DNT
to vaporize. While true, the heating condition also allows for trapped analytes within the
core-shell structure to dissociate more quickly, as shown by our time-dependent desorption
analysis in Fig. 4.9a and b. The stronger SERS intensity at room temperature is

advantageous, as detection can be achieved without the need of external heating.

In addition to investigating the average peak intensity, the time-dependent intensity
was measured at room temperature and 70° C (Fig. 4.11c and d). From these plots, it is

clear that the diatom-core-shell hybrid substrate yields the best results with the highest
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intensity and fastest response time. The diatom-Au NP substrate shows almost no signal.
The glass-Au@SiO2 NP substrate shows clear signal however, even after 50 minutes the
substrate still hasn’t reached equilibrium sensitivity. On the other hand, the multi-scale
diatom-Au@SiO2 NP substrate has a strong signal, capable of detecting the vapor within 3
minutes and reaching equilibrated response within only 5 minutes, allowing for fast and
sensitive measurements. The performance of the diatom-Au NP, and glass-Au@SiO2 NP
substrates are similar under heated conditions as those at room temperature. However, the
diatom-core-shell NP substrate shows a faster response time of 1 minute and saturates
within 3 minutes, but with a slightly lower intensity due to the dissociation of the trapped
analyte. The collaborative contributions from photonic crystal-like diatom frustules and
core-shell Au@SiO2 NPs coalesce in this detection of DNT. The multi-scale nature of our
sensor enables rapid response while enhancing the analyte signal compared to other
substrates. This clearly highlights both the ability of our sensor for vapor-based explosives

sensing and its potential for further applications.

4.4 Summary

In this work we have demonstrated a multi-scale SERS substrate by synergistically
combining naturally occurring photonic crystal-like diatom frustules and Au NPs with a
mesoporous silica shell and used this substrate for the detection of explosive vapor.
Utilizing a custom vapor chamber and the model analyte pyrene, the contributions from
each component of the multi-scale substrate was verified. The nanometer-thick porous
silica shell traps and concentrates the analyte vapor while the 36 nm plasmonic core

enhances the Raman signal. The periodic array of 70 nm-wide sub-pores and 200 nm-wide



87

prime pores of the 30 um-long diatom frustule enables GMR that couples with the
plasmonic resonance of the NP for more sensitive SERS. The largely hollow and porous
structure of the frustule allows for greater circulation and improved vapor-substrate
interactions. These functionalities were employed using a flow chamber and detection of
DNT vapor from the solid explosive below 100 ppb was demonstrated within 3 minutes at
room temperature with the sensor reaching equilibrium in only 5 minutes. The sensitive
and rapid detection results achieved by this multi-scale SERS substrate clearly illustrates
its capabilities for vapor-phase explosives detection and its potential for future landmine

and other vapor-phase SERS detections.
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CHAPTER 5: CONCLUSION

Fluorescence and SERS are powerful detection techniques that are capable of
achieving sensitive, selective, and responsive detection. However, current methods of
substrate fabrication are generally expensive, time consuming, or irreproducible.
Furthermore, with increased interest in point-of-care sensing, consumer grade electronics
will need to be implemented. To achieve practical and comparable levels of detection with
components inferior to their laboratory-based counterparts, signal enhancing substrates are

necessary.

Diatom frustules, naturally occurring photonic crystal-like structures, are abundant
in nature and easily obtained. Furthermore, the multi-scale nature of the three-dimensional
biosilica shell enables optical, physical, and chemical enhancements for various sensing
modalities. By harnessing the enhancements from these ubiquitous, natural structures,
optical signals can be enhanced, and sensing substrates can be made while adding little to

No expense.

In this work, diatom frustules for the enhancement of fluorescence and SERS
sensing has been presented. In Chapter 2, diatom frustules are paired with a sandwich
immunoassay to selectively capture an analyte followed by selective tagging of that bound
analyte with a fluorescent label. It was shown theoretically that the frustule structure is
capable of enhancing the fluorescence through the Purcell effect and through its large
surface area-to-volume ratio. Experimentally it was proven that the fluorescence

spectroscopy limit of detection measured upon the frustules was 100x higher than similar
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measurements made without the frustule. Fluorescence imaging achieved 10x

enhancement to the limit of detection utilizing the hot-spot counting approach.

Diatom frustule-based immunoassays were then shown to be practical methods of
detection in Chapter 3. Using a sandwich immunoassay process similar to that described
in Chapter 2, detection of the cardiovascular disease biomarker NT-proBNP was achieved.
Fluorescence images were taken and analyzed, comparing the fluorescence on diatom and
on glass. The images were analyzed in the spatial domain as well as the spatial frequency
domain. Employing statistical chemometric analytics, the principle components of the
images were extracted and used to create a regressionary calibration curve to be used for
quantifying unknown amounts of NT-proBNP. A R? value of 0.86 and a predictive root
mean square error of 14.47 was achieved. Lastly, a practical screening of high and low
concentrations of NT-proBNP in plasma with 91% specificity was successfully
demonstrated showing the diatom frustules’ ability to be used for practical, real-world

applications.

To demonstrate the versatility and potential of diatom-based optical sensors, the
frustules were applied to SERS sensing of explosive vapors. The multi-scaled structure was
fabricated by pairing hierarchal porous diatom frustules with core-shell nanoparticles. To
characterize the vapor-phase detection capabilities of the sensor, pyrene gas was employed.
It was found that the porous nature of the nanoparticle shell enabled adsorption and
concentration of analyte molecules while its metallic core provided the plasmonic
enhancement necessary for the SERS measurement. The diatom frustule enabled enhanced

SERS signal and the porous nature of the structure enabled better analyte-substrate
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interactions for rapid sensing. The substrate was applied to the vapor detection of the
explosive 2,4-dinitrotoluene (DNT). Using a chamber with flowing gas to simulate
practical detection conditions, detection of the DNT vapor was achieved in as little as 3
minutes with equilibrium sensitivity being reached within only 5 minutes. The rapid
response and enhanced SERS signal of the frustule-based sensor demonstrates significant

promise for further vapor-phase sensing.

In summary, the body of work represented in this dissertation represents an
excellent method to enhance optical methods of detection. Their ubiquitous nature makes
diatoms an easy and inexpensive method of boosting optical sensing capabilities. The
addition of chemometric analytical methods allows for further enhancement and
applications. Diatom frustule-enhanced optical sensing has vast potential, as shown by its
implementation in fields as diverse as the fluorescence detection of biomarkers and the
vapor-phase SERS detection of explosives. Further utilization and implementation of
frustules in optical detection will result in an array of sensors in a variety of fields that are

inexpensive and sensitive with rapid response.
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