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1. Introduction

1.1 Optical Biosensor Technology

The use of biosensors to ensure early detection of harmful agents and diseases can greatly
increase the chances of successful containment and treatment. The mechanisms employed by
biosensors range from sensing a change in electrical current to a chemical change inducing a
change in voltage. However, one type of biosensor that has grown in prevalence and variety of
application is optical biosensors. Optical biosensors have found application in a variety of fields
including detection of pesticides and chemical warfare agents!, cancer?, and water
contamination® to name a few. Optical biosensors operate by sensing a change in intensity,
spectrum, or color of measured light transmitting through or reflected from a sample. In each of

these methods the sensor is characterized by its sensitivity and selectivity.
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Figure 1: Optical biosensor where a flow cell is used to deliver the sample near the sensing surface
where the analyte induces a decrease in laser intensity. The laser light is extracted through fiber
optics and measured using a photodiode3.



The sensitivity of a sensor is a measure of the output signal in relation to the input. A sensor with
higher sensitivity will produce a greater change in output signal than a less sensitive sensor when
both have the same input. Highly sensitive sensors allow the detection of low amounts of their
target which allows for earlier detection. A sensor’s selectivity denotes the ability to detect a
target signal when in the presence of competing signals. Greater selectivity allows a sensor to
be used in harsher environments where the signal may be otherwise obscured by noise. Different
optical mechanisms of detection have advantages and disadvantages but the goal is to maximize
the sensitivity and selectivity for a given application. Some common methods of optical
biosensing are colorimetric sensing, surface-enhanced Raman spectroscopy, and fluorescent

biosensing.

1.2 Colorimetric Biosensing

Colorimetric biosensing operates on the principle that the sensor will change colors when the
target is present. This color shift is generally accomplished using metal nanoparticles (NPs).
When NPs are excited with a light source, the NPs absorb some of the light and standing waves
are generated on the surface of the particle. These standing waves are called surface plasmons.
A change in the refractive index of the environment immediately around the NPs causes a change
in the absorption spectrum of the NP thereby generating a change in perceived color. By
measuring the absorption spectrum before and after the sensing event, one can detect the

analyte. The sensor’s change in color can be analyzed by a variety of methods. The sensor can



implement one, or a combination of these methods. One method is to visually compare the color
of the sensor to a reference chart to achieve semi-quantitative results. This method is convenient
for point-of-care detection and can be used without the need of expensive sensing
instrumentation or trained technicians. This technique has been used to detect DNA-binding

protein®, pesticides on vegetables®, small amounts of mercury ions®, and glucose in urine’.

Glucose

GOx+ Mo0,2

Figure 2: Colorimetric biosensor detecting various concentrations of glucose in a sample
experiences a color change ranging from blue to clear based on the concentration of glucose in
the sample’.

A second method of analysis implements a spectrometer to measure the absorption peak before
and after a detection event. The binding event induces a shift in the absorption peak which can
be quantitatively determined using a spectrometer. The amount of shift correlates to the

amount of analyte present in a sample. This method is often used with known quantities of

analyte to create the reference charts used for the visual detection method described above.

Another colorimetric detection method is similar to that just described but rather than using a

spectrometer, a camera is used. Instead of measuring the absorption spectrum, a picture is taken



before and after the binding event. By analyzing the picture, a quantifiable change in color can
be calculated. This color change is due to a change in the peak absorption and can be used to
determine the concentration of analytes in a sample. This approach has gained increased interest
with the technological advancement of smartphone cameras. Using smartphone paired

colorimetric sensors glucose?, e. coli®, and explosives!?® have successfully been detected.

The sensitivity for colorimetric sensing comes from the change of refractive index that can be
induced in the environment immediately around the NP as well as the NPs sensitivity to that
change. The selectivity comes from the chemical surface functionalization of the NPs. By
engineering these parameters, the selectivity and sensitivity of a colorimetric biosensor can be

optimized.

1.3 Surface-Enhance Raman Spectroscopy

Surface-enhanced Raman spectroscopy relies on Raman scattering to detect and identify a target.
When a sample is excited by a laser light source, some of the scattered light is shifted from the
original wavelength. This shifted scattering, called Raman scattering, arises from the inelastic
scattering of light off molecules. The different chemical bonds in a sample have different Raman
peaks with different intensities. Thus, the Raman signal measured is a unique fingerprint of a
material and allows for highly specific sensing. However, the amount of Raman scattering
compared to elastic scattering is extremely low. To utilize the highly specific nature of Raman

scattering, the Raman signal must be greatly enhanced. Surface-enhanced Raman scattering



(SERS) is a field of study that has quickly grown to take advantage of the specificity of Raman.

Using SERS, enhancement factors of the Raman signal of up to 10'* or 10*> have been achieved!
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Figure 3: SERS biosensor where the sample is administered and a SERS signal is achieved by laser
light excitation?3.

SERS is achieved by enhancing the localized electromagnetic field. This is done by creating
localized surface plasmon resonance (like the plasmons discussed in the colorimetric section) on
a metal surface with nanoscale features!*. Many different SERS substrates have been
investigated to achieve this plasmon resonance. Common SERS substrates include utilization of

gold, silver or copper to fabricate NPs'>¢, thin films!”'8, and other nanostructures®2°,

SERS sensitivity is dependent on the Raman signal of the target molecule, the Raman microscope
used, and the metal nanostructure used to enhance the Raman signal. The selectivity comes
from the functionalization of the SERS substrate and the matrix of your sample. Where many
other biosensors excel in detecting the presence of a molecule, SERS is not only able to detect,

but also able to identify a molecule attached to the substrate due to the unique SERS spectrum.



1.4 Fluorescent Biosensing

The basic mechanism of fluorescent biosensing is that a fluorescent molecule, called a
fluorophore, absorbs light at one spectrum of wavelengths and reemits the light at a different
spectrum. This mechanism can be employed in a variety of ways. One method of fluorescent
biosensing is to have fluorophores on a substrate and then functionalize the substrate in such a
way that the target molecule binds near the fluorophore. The analyte then either quenches the
fluorescent signal or replaces the fluorophore. By comparing the fluorescent signal with and
without the target present, quantitative results can be obtained. This “turn-off” method has

been applied to a variety of fields including the detection of mercury?'?? and glucose?3.

fluorescence on fluorescence decreased
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Figure 4: Fluorescent turn-off sensor to detect mercury. The fluorescent signal is “on” until
mercury is introduced. When the mercury releases the bond between probe A and probe B, the
fluorescence decreases??.

Another fluorescent biosensing method is the creation of an immunoassay sandwich. In this

approach, a substrate is prepared with a primary antibody attached to the surface. The sensing

sample is then placed on the substrate and the target molecule binds to the primary antibody



and remains on the substrate as the rest of the sample is washed off. The same primary antibody,
tagged with a fluorophore, is introduced to the substrate. The fluorophore-tagged antibody
binds to the target molecule thus creating a sandwich. Once the immunoassay procedure has
occurred, the sample is illuminated by a light source to excite the fluorophore. Quantitative
results can be obtained by measuring the intensity of the fluorophore emission. Using this
sandwich approach researchers have achieved detection of Salmonella in nutrient broth?4,

Escherichia coli in ground beef?*, and cancer biomarkers?®.
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Figure 5: Example of fluorescent biosensing based on the sandwich immunoassay. On the left,
the biosensing system is shown where a section of fiber is stripped of the cladding, functionalized
with antibodies and then illuminated using a laser. The light interacts with the sample through
the exposed area, goes through a filter and into a spectrometer. On the right, the exposed region
is shown with the sandwich immunoassay?’.

The selectivity of fluorescent biosensing is dictated by the chemical functionalization that allows
the binding of the target to the sensor. The characteristics of the fluorophores such as their
ability to bind to the substrate and target, the sensitivity to their environment and ability to be

guenched, and the quality of the instrumentation all determine the sensitivity of the fluorescent

biosensor.



1.5 Photonic Crystals

Photonic crystals (PCs) are periodic dielectric structures with nanoscale features that can be
single or multi-dimensional. One dimensional PCs can be stacked layers of dielectric media with
different indices of refraction. Two dimensional PCs can be gratings or structures with a
checkerboard structure where the different materials are periodic in two directions. A three-
dimensional PC is similar to a three-dimensional checkerboard. These can be fabricated using
reactive ion etching?, lithography?>3%, or direct laser writing3%33. Photonic crystals are significant
because the periodic refractive index interacts with incident light and can cause resonance that
will enhance the electromagnetic field in the PC. Two methods of enhancement are the Purcell

effect and guided mode resonance.

Figure 6: Representation of 1, 2 and 3-D photonic crystals34.

The Purcell effect causes enhanced fluorescence of fluorophores in a cavity at resonance. This
results from an increased optical density of states which in turn speeds up the transition rate3>

36 As the transition rate increases, the fluorescent emission increases. The Purcell effect has



been investigated and employed to enhance quantum dot fluorescent emission by as much as
108x37, Utilization of the Purcell effect given by photonic crystals in biosensors helps to increase

the sensitivity of a biosensor.

Guided mode resonance (GMR) occurs when incident light resonates with the PC. The incident
light is coupled into guided modes in the PC that constructively interfere to enhance the electric
field compared to the incident light. With an enhanced electric field on the PC, the target
molecules will have an enhanced interaction with the light and the signal will be enhanced, and

thus improve the sensor’s sensitivity.

1.6 Recent Innovations of Photonic Crystal based Biosensors

The applications of PCs to biosensors are varied as are the methodologies employed. One
research group has measured HIV in serum and buffer solution. This was achieved by observing
the narrowband reflection spectrum from the PC and detecting a shift in the peak reflection®:.
The same group fabricated another sensor that enhances the fluorescent signal to detect cancer
biomarkers. By tuning the PC to the excitation wavelength of their fluorophore, the fluorescence
was enhanced and thus lower detection limits were achieved?®. Another group used photonic
crystal beads with a gel to create a photonic crystal thin film for colorimetric sensing to detect
Hg?*. The colorimetric shift was visually observable but measurements were acquired by

measuring the shift in reflected wavelength3®. The value of PCs in optical biosensors is obvious
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but PCs often require expensive instruments for fabrication. An inexpensive solution is needed

to make PC biosensors more practical for widespread biosensors.

1.7 Introduction to Diatoms

Diatoms are a type of algae that have biosilica cell walls. These biosilica shells, called frustules,
have quasi-periodic pores that form a natural photonic crystal. Diatoms are abundant in the
oceans and their frustules represent a natural, inexpensive, biosilica PC. Diatoms have gained a
lot of attention in recent years for applications in biosensors?*®4?, drug delivery**%°, and
nanotechnology fabrication*®#’, Diatoms have received this attention due to a number of major
advantages. Firstly, due to their highly porous nature, diatoms have a very large surface area
that allow high density binding and concentration of analytes®?. Second, diatoms are naturally
forming photonic crystals affording all the benefits of photonic crystals without the required time
consuming fabrication®®. Lastly, diatoms are naturally occurring and abundant in nature making
them inexpensive and easy to acquire. Additionally, it has been shown that diatoms are capable
of significantly enhancing optical signals. Some examples of optical enhancement are 4x
enhancement of R6G SERS signal* and 6x higher sensitivity to immunoassay binding using
SERS®C. The availability, lack of difficult fabrication, and large enhancement from diatoms make

them ideal for use in biosensors.
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Figure 7: SEM image of (a) total diatom frustule and (b) enlarged image showing the nanoporous
structure?®.
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2. Diatom Based Colorimetric Biosensor

2.1 Fabrication of Diatom Based Colorimetric Sensor

To prepare the diatom based colorimetric sensor, diatoms were prepared according to the
process described in the literature'®. Briefly, diatoms were cultured for a week after which 400
mL of suspended diatoms were centrifuged and redispersed in 40 mL of artificial seawater. The
solution was filtered using a 20 um mesh to isolate the cells which were then diluted to a density
of 2.5 * 10° cells/mL. The cells were pipetted onto glass slides and left to incubate in a humidifier
to allow the cells to settle onto the surface. After an hour, the glass substrates were placed in a
fresh petri dish and left in the humidifier for another 24 hours. Following incubation in the
humidifier, the substrates were placed in 70% ethanol (EtOH) for 4 hours, then placed in 100%
EtOH for another 4 hours. The samples were dried and placed in a UV Ozone cleaner at 90° C for

24 hours. The substrates were then ready for future use.

After preparing the diatom substrates, gold nanoparticles (Au NPs) with 60 nm diameter were
self-assembled onto the substrates. First, the Au NPs were prepared following the procedure
described in the literature®!. As a short explanation, 100 mL of aqueous 1 mM chloroauric acid
was first boiled under constant stirring. Next, 4.2 mL of 1% trisodium citrate, a reducing agent,
was added to the boiling acid. After several minutes, the yellow solution turned deep purple as
the Au began to aggregate. The solution was boiled while refluxing for 20 minutes to allow

complete reduction. The solution was cooled to room temperature and was then ready to use.
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The colorimetric sensor was prepared by populating a glass slide with diatoms as described
followed by annealing at 450° C for 1 hour. The fabrication process includes several chemical
processes and is illustrated in figure 8. After each step, the substrate was rinsed thoroughly with
Milli-Q deionized water. To briefly describe the process, the slide with diatoms was first
immersed in a 1.5% mixture (v/v) of (3-Aminopropyl) triethoxysilane (APTES) and EtOH for 3
hours to achieve silanization. The substrate was then placed in the Au NP solution overnight.
The substrate was submerged in 5 mM 3-mercaptopropionic acid (MPA) in water for 4 hours to
attach a carboxyl group to the NPs. The carboxyl group was then activated with an amine group
with a mixture of equal parts morpholine ethanesulfonic acid (MES) (100mM), 1-Ethyl-3-[3-
dimethylaminopropyl] carbodiimide (EDC) (50mM) and N-hydroxysuccinimide (NHS) (50mM)
drop cast onto the sample and stored at 4° C overnight. Following the amine group, goat anti-
mouse immunoglobulin (IgG) (2 mg/mL) was pipetted onto the substrate and again left at 4° C
overnight. 3% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) was then drop
cast onto the substrate and left for 4 hours to block the remaining amine groups to prevent non-
specific binding. Mouse IgG was then pipetted onto the sensor and allowed to bind overnight at

4° C.
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Figure 8: Schematic showing chemical process to create diatom based colorimetric sensor.

Diatom . Au NP Antibody Antigen BSA

2.2 Colorimetric Data Acquisition

The sensor was prepared as described up until the BSA blocking. After the BSA was rinsed off
and the sample was dried, a picture was taken of the sample using a microscope with 100x
objective lens and a CCD camera. The antigen was then left to bind to the sample and after being
rinsed and dried again, a picture was taken of the same diatom. Care was taken to align the

sample so it was in the same orientation, focus, and position as the initial image.
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2.3 Colorimetric Data Analysis and Results

Matlab was used to analyze each picture pair by first identifying features in each of the images.
The post-assay image was then rotated and shifted so that it aligned with the pre-assay image.
The pictures taken by the CCD were RGB images and the blue-green ratio (B/G) was used as our
metric. The gold nanoparticles used have a peak absorption of 520 nm. The immunoassay
binding event of the antibody and antigen shifts that peak to longer wavelengths. As the
absorption peak red shifts, we expect the blue value to increase while the green value decreases.
This leads to the B/G ratio increasing overall. After the images were aligned, an area on diatom
and an equal area on glass were cropped from the images. The images were then placed on a
red background which is easily ignored during analysis. The pre-assay diatom section was
subtracted from the post-assay diatom section and the same was done for the glass sections.
Doing this, we were able to create a shift map that allowed us to visualize the amount of spectral
shift between the two images. We performed a hotspot analysis by defining a hotspot as a pixel
whose ratio shift was greater than 0.1, and calculating the hotspot density on diatom and glass.
This process is shown in figure 9. Using this process, detection of 100 pg/mL of antigen in PBS

was achieved and an enhancement factor of 5x due to diatom compared to glass.
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R = 0.1

Figure 9: The progression of image analysis. The pre-assay (a) and post-assay (d) images were
taken from the CCD. The post-assay image was then rotated (e) to align with the pre-assay (b)
before having an area on diatom and on glass cropped out and placed on a red background. The
ratio difference for diatom (c) and glass (f) are shown with a common color bar scale.

Colorimetric sensing is advantageous due to the ease with which detection can be achieved. With
just a camera and a processor, detection of low levels of analytes were achieved. This facile
approach is ideal for non-trained individuals and for point-of-care detection. By integrating this
with a cell phone and a magnifying apparatus, an individual would be able to perform this
detection thereby avoiding long delays and high costs of laboratories. Additionally, no optical

labels were needed for this sensing mechanism allowing for greater ease-of-use.
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3. Diatom Based Surface-Enhanced Raman Spectroscopy

3.1 Simulation of SERS Enhancement from Photonic Crystal-like Frustule

To explore the SERS enhancement due to the photonic crystal nature of frustules, the structure
was simulated using Rsoft to perform a finite-difference time-domain (FDTD) analysis of the
structure. The simulation was performed by Erwen Li, a member of our research group. The
simulation structure was created based on the dimensions found in the SEM image of a diatom

frustule found in figure 10.
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Figure 10: SEM image of (a) an overview of a single frustule, (b) arrays of pores on a frustule, (c)
and (d) deposited NP seeds on the diatom frustule via an in situ growth method>2.

The structure was simulated using two layers of silicon. The top layer contains the main pore
(200 nm diameter and 120 nm deep) and the bottom layer is used to simulate the five-pore
structure seen at the bottom of the pore (60 nm deep). The period of the pores is 400 nm in a
square pattern. Nanoparticles (NPs) 40 nm in diameter were used to enhance the Raman signal
and were randomly distributed on the surface and in the pores of the diatom. This enhancement
is achieved as localized surface plasmons (LSPs) form on the surface of the metal NPs due to the

NPs’ absorption of incident light. The LSPs create hotspots which experience a much higher
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electric field and have greater interaction with the target analyte, thus creating a stronger Raman

signal. The simulated structure with the distributed NPs is shown in figure 11 (a).
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Figure 11: (a) Schematic of the 3-D simulated hybrid diatom—NP nanostructures: NPs are
randomly distributed on a diatom frustule; (b) 3-D FDTD simulation of the field enhancement
|E/EO|# of the nanostructure; and (c) enhancement factor of the hot-spots compared with those
of NPs on a flat glass substrate. Note: the value of |E/E0|4 is plotted in the log-scale®2.
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The structure was excited using a Gaussian beam at 532 nm with a beam diameter of 1.5 um.
This is in accordance with the beam used in our experimental results. The SERS enhancement
factor is proportional to the fourth power of the electric field>® (E*). The electric field was
normalized to the incident field and plotted in a log scale in figure 11 (b). The enhancement from
the photonic crystal nature of the diatom was explored by randomly distributing the NPs on a
silicon slab with the same dimensions and NP distribution as on the diatom structure. The E* on
diatom was divided by the E* on silicon and plotted on a log scale in figure 11c. By placing the
NPs on the diatom, the hotspots created by the interaction of the NPs experience an even greater
enhancement. Most hotspots are enhanced by 10x while some are enhanced by as much as

100x. The enhancement of the hotspots leads to an enhancement in the Raman signal.

3.2 Fabrication of Diatom Based SERS Sensor

The diatom based SERS substrate was prepared by first populating a glass substrate with diatoms
as described in the previous chapter. Next, the substrate was immersed in 1%
Poly(diallyldimethylammonium chloride) (v/v) in Milli-Q deionized water for 45 minutes to
deposit positively charged amine groups on the surface of the substrate. This allows better
adhesion between the NPs and the substrate. After 45 minutes the substrate was thoroughly
rinsed with deionized water. The amine functionalized substrate was then immersed in Au NP
solution which had been synthesized according to the process described in the previous

colorimetric chapter. The substrate was immersed in the NP solution overnight. The substrate
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was again rinsed and kept in water for future use. When the substrate was to be used, pure

nitrogen was used for drying.

3.3 Application to the Detection of Organics in Simulant Martian Soil

Finding life on Mars has been a topic that has received a lot of interest in the past couple years.
Probes are sent to Mars to collect soil samples and run experiments in an effort to detect organic
matter that would suggest past or present life on the red planet. So far, no conclusive evidence
has been found to prove life on Mars but recently it has been suggested that one of the detection
methods used, gas chromatography mass spectroscopy, is inaccurate due to the perchlorates in
the Martian soil®*. To prove the merit of our diatom-based SERS substrate, we detected organic

matter in simulant Martian soil in the presence of magnesium perchlorate (Mg(ClOa)).

Soil samples were taken from the Mojave Desert where the extreme temperatures and lack of
moisture are good representations of Martian soils. Soil samples were known to have an organic
concentration of 1 part-per-million (ppm). We mixed two solutions: one without Mg(ClO4) and
one with. The first solution was prepared by mixing 2.3 g soil with 2.3 g of deionized water. The
second was prepared by adding 23 mg of Mg(ClO4) to the first solution. Both solutions were
mixed vigorously, placed in a syringe and filtered using a 1 um syringe filter. The filtered solutions
were then diluted to desired concentrations and 2ulL of each solution were placed on SERS

substrates and allowed to evaporate at room temperature. The SERS signal was then measured
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using a Horiba Jobin Yvon Lab Ram HR800 Raman microscope with a 785 nm excitation beam

averaged over two seconds and averaged over two measurements.

3.4 Organic Sensing Results

SERS measurements were first done using the soil solution without Mg(ClO4) on the diatom and
on glass to validate the enhancement from diatom. The solution was diluted to get an organic
concentration of 10 parts-per-billion (ppb). The solution was drop casted onto the substrate and
then the SERS signal was measured on diatom and on glass. The resulting spectra are shown in
figure 12. The peaks at 1374 cm™ and 1574 cm™ correspond to the carbon D and G-bands
respectively. We see that there is a 2x peak enhancement from the diatom substrate when
compared to the glass substrate, and thus highlighting the advantage of using the diatom based

SERS substrate.
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Figure 12: SERS spectra from soil solution diluted to 10 ppb on diatom and on glass®®.
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We then used our diatom based sensor to detect organics in the presence of perchlorates. We
followed the same procedure but used solutions with an organic concentration of 10 ppb. The
spectra in figure 13 show the results. The peak at 934 cm™ is a characteristic peak of magnesium
perchlorate®. The Mg(ClO4) peak is very pronounced because it is present at a concentration of
50 ppm whereas the graphite is at a concentration of 10 ppb. Even though the concentration of

magnesium perchlorate is 5000x times higher, we can still detect low amounts of organic matter

in the sail.
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Figure 13: SERS spectra of soil with organic levels at 10 PPB in solution with and without
perchlorates®.

3.5 Discussion of SERS Enhancement from Diatom Based Sensor

We fabricated a SERS substrate based on photonic crystal-like biosilica. By using diatoms, we

employed the enhanced local electric field from the photonic crystal to achieve a 2x
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enhancement over the glass substrate. Furthermore, we utilized our sensor substrate to detect
low levels of organic matter, down to the ppb range, in Martian simulant soil in the presence of
magnesium perchlorate. The ease of fabrication and the inexpensive nature of the diatoms,

along with the SERS enhancement from the diatoms, shows the practicality of our sensor.
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4. Diatom Based Fluorescence Biosensing

4.1 Fluorescence Simulation of Diatom Based Biosensor

As was explained in the introduction, fluorescent biosensing performed on a photonic crystal
gains signal enhancement from two physical mechanisms. The first form of enhancement is
caused by guided mode resonance. Incident light upon a photonic crystal induces a resonance
within the structure leading to enhanced electric fields. These resonant modes then leak out of
the structure and interact with the fluorophore. This causes the fluorophore to experience a
stronger excitation which, consequently, leads to stronger emission. Guided mode resonance
has been theoretically and experimentally proven to occur in diatoms by our group in previous
papers®. The second enhancement mechanism is caused by the Purcell effect. A fluorophore
placed on a photonic crystal will experience an enhanced emission because of an increased
density of states. To explore the enhanced emission of fluorophores on diatom surface due to
the Purcell effect, we performed a finite-difference time-domain (FDTD) analysis using

Lumerical’s FDTD Solution package.

The structure is modelled after the Pinnularia sp. diatom which we used in our experiments. The
model is comprised of a silicon dioxide 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 diatoms33. The pores are 160 nm in diameter with nanometer scale features at the
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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 more fully on the structure in figures 14 a and
c. The structure is 15 um by 5 um which is similar to the actual size of the diatoms and for all

simulations, a mesh size of 30 nm was used.
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Figure 14. Simulated structure of pore (a) and (b) and 5 periods of the structure (c). The Purcell
effect simulation results were simulated at three points within a unit cell with respect to
wavelength (d).

To simulate the Purcell effect, a single electric dipole source was placed at various points as
shown in figure 14b to excite electric fields in the structure. The Purcell Factor was calculated
using Lumerical’s Purcell visualization from the dipole source which is calculated as the ratio of
the power emitted in the photonic crystal environment compared to that emitted in a
homogenous material. In figure 14d the Purcell factor is plotted with respect to wavelength.
The shaded region represents the emission region of R6G which is the fluorescent tag used in our

experiment. The simulation shows that when the fluorophore is near a pore, the power emitted

by a fluorophore is enhanced between 1.5 to 3x across our region of interest.
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4.2 Preparation of Diatom Biosilica with Photonic Crystal Features

This section and the following preparation of diatom immunoassay substrate and immunoassay
protocol sections were written by Dr. Xianming Kong in a paper that we wrote together where
we were co-first authors. The schematic of the chemical process was created by him as well.
Diatom (Pinnularia sp.) biosilica were prepared according to the method previously reported with
minor modification33. 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 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% EtOH for 4 hours,
and soaked in pure EtOH for 4 more hours. The diatoms were dried in air and treated in a UV

ozone cleaner at 90 °C for one day. After that, the diatom substrate was ready for use.

4.3 Preparation of Diatom Immunoassay Substrate

The diatom substrate was aminated with APTES as shown in figure 15. The diatomite substrate
was incubated in 15 mL of 0.05% APTES for 6 hours at room conditions followed by washing with

acetone and anhydrous ethanol. After that, the aminated diatom substrate was immersed in 15
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mL of 2% (v/v) glutaraldehyde (GA) in PBS for 2 hours. The GA-modified diatom was washed
thoroughly with double-distilled water three times to remove excessive GA. The GA-activated
surface was then reacted with 0.1 mg/ml of goat-anti-mouse IgG in PBS buffer at 4 °C for 6 hours
to get an antibody layer. After this step, 1 mg/ml of BSA was added to block the remaining GA
active surface to reduce the non-specific binding of the immunoassay. The antibody immobilized

diatom substrates were stored at 4 °C for future immunoassay procedures.
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Figure 15: Schematic illustration of the dual mode immunoassay sensing on diatom photonic
crystal biosilica.

4.4 Immunoassay Protocol

The immunoassay biosensing procedure is similar to a standard sandwich protocol of the
enzyme-linked immunosorbent assay (ELISA), as shown in figure 15. Briefly, 1 uL of antigen

(mouse IgG) at different concentrations was pipetted onto different spots with immobilized goat
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anti-mouse 1gG antibody on diatom substrate. After 2 hours immune recognition at room
temperature, the substrate was rinsed with PBS buffer and water. 1 uL of goat-anti-mouse IgG
labeled with R6G was pipetted onto different spots of the substrate and kept at 4 °C for 4 hours
and washed thoroughly with PBS buffer and water, and dried by nitrogen gas for future

fluorescence and SERS measurement.

4.5 Fluorescence Imaging using Diatom Based Biosensor

Fluorescence imaging operates upon the same mechanisms as fluorescent spectroscopy, in that
an immunoassay procedure is performed and fluorophores are trapped upon the surface of the
sensor, however the method of recording the signal differs. Rather than using an expensive
spectrometer, fluorescent imaging requires only an imager, such as a camera, for signal
acquisition which can be operated without the need for trained personnel. Fluorescent imaging
therefore is facile and ideal for use in point-of-care applications where biosensing is required
without the availability of specialized equipment or personnel. Cell phone biosensing is an
application where fluorescent imaging could be used by individuals in developing countries to
perform biosensing. As such, we investigated the enhancement of our diatom based biosensor

to fluorescent imaging.

Fluorescent imaging was performed after the immunoassay. The immunoassay procedure was
performed as described above for antigen concentrations ranging from 1 nM to 1 fM. Using a

fluorescent microscope, optical and fluorescent images were taken of diatoms with varying
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concentration of antigen. The fluorescent intensity fluctuates as expected with respect to the

antigen concentration as seen in figure 16.
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Figure 16: Fluorescent and optical images of diatoms at varying concentrations of R6G tagged
mouse IgG.

The analysis of multiple images at each concentration was performed by calculating the average
pixel intensity on diatom and on glass in Matlab. The average intensities were used to compute
the enhancement due to diatom. First, the noise due to the electrical 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. These values
were then averaged to find the average noise floor of diatoms. This process was repeated for

glass. Similar averaging was performed for each concentration and the average intensity on
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diatom and on glass was found. The averages for each concentration are shown in figure 17a

and b. The enhancement factor due to diatom was calculated as the average fluorescent

intensity on diatom divided by average intensity on glass. The enhancement factor due to diatom

is shown in figure 17c. Using this methodology, we achieved detection down to 10 fM and an

intensity enhancement as high as 6x.
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Figure 17: The average calculated intensity on glass (a) and on diatom (b). The enhancement
factor calculated at each intensity(c). The hotspot probability on diatom and glass with the
enhancement factor(d).

At higher concentrations, the analyte is abundant and is considered to be uniformly dispersed

across the sample. However, at the concentration of 1 fM and below, the density of fluorophores
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is closer to single molecule levels. At this concentration, the molecules are no longer uniformly
dispersed and by averaging the whole diatom, we dilute the strength of the fluorescence signals.
As a more accurate method, a hotspot analysis was performed rather than analyzing the average
intensity. A hotspot was defined as a pixel that is three times the noise floor. Counting the
number of hotspots, the probability that a pixel is a hotspot is calculated on the glass and the
diatom, respectively. As is shown in Figure 17d, the probability of finding a hotspot on diatom is
significantly greater than that found on the glass. The enhancement due to the diatom ranges
from 27x up to 2,700x. This is due to the combined enhancement from guided mode resonance

and the Purcell effect.

Additionally, the emission intensity of fluorophores on and off diatoms were compared. This was
done by measuring the average maximum intensity of several fluorophores on diatom and on
glass. The enhancement factor was calculated by dividing the average peak intensities on diatom
by the average peak intensities on glass. Following this procedure, an enhancement of 1.2x was
achieved. This is comparable to the simulated Purcell effect found for fluorophores on the
surface of a diatom near a pore. A combination of enhanced emission intensity as well as the
increased hotspot probability leads to a limit of detection for fluorescent imaging an order of

magnitude lower than sensors without the diatom based biosensor.
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5. Conclusion

In conclusion, diatoms are a type of algae with a biosilica shell called a frustule. The porous
nature of their biosilica frustule acts as a natural photonic crystal. Unlike most photonic crystals
used in biosensors, these photonic crystals do not require any expensive or complicated
fabrication processes and are abundant in nature. The photonic properties of the diatoms cause
light to interact differently with the analyte helping us achieve enhanced optical signals. We have
used the diatom frustules as a way to enhance multiple modalities of optical biosensors. A
diatom based colorimetric sensor has been demonstrated with a limit of detection of 100 pg/mL
with a signal enhancement of 5x for facile detection with a camera. We showed that our diatom
based SERS sensor was able to detect organic components in simulant Martian soil in the
presence of competing molecules and enhanced the signal 2x. Lastly, we have demonstrated
that diatoms are capable of enhancing the fluorescent signal of a fluorophore by as much as 6x
and lowering the limit of detection by an order of magnitude to 1 fM for fluorescent imaging.
Our diatom-based optical biosensors have been applied to multiple-modalities of detection and
have enhanced the colorimetric, SERS and fluorescent signals. The integration of diatoms into
biosensors allows the sensor to be more versatile in its application and more sensitive in its

detection making diatoms an excellent candidate for biosensor substrates.
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