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Abstract

We present an innovative surface-enhanced Raman spectroscopy (SERS) sensor based on a
biological-plasmonic hybrid nanostructure by self-assembling silver (Ag) nanoparticles into
diatom frustules. The photonic-crystal-like diatom frustules provide a spatially confined electric
field with enhanced intensity that can form hybrid photonic-plasmonic modes through the optical
coupling with Ag nanoparticles. The experimental results demonstrate 4-6x and 9-12x
improvement of sensitivities to detect the Raman dye for resonance and nonresonance SERS
sensing, respectively. Such low-cost and high-sensitivity SERS sensors have significant potentials
for label-free biosensing.

Index Terms
Diatom frustules; surface plasmons; photonic crystals; surface-enhanced Raman spectroscopy

[. Introduction

Surface-enhanced Raman spectroscopy (SERS) has been widely investigated as an
analytical tool for the detection of various biological and chemical molecules with single
molecular sensitivity due to the strong electric fields induced by plasmonic resonances [1],
[2]. Even though an enhancement factor (EF) as large as 104 has been report by comparing
the measured SERS cross-section of a molecule in the hot-spot to a typical Raman scattering
cross-section, controlling the location and density of such hot-spots remains a major
challenge for reliable SERS sensing [3], [4]. Moreover, increasing the average EF of the
whole SERS substrate is even more desirable than obtaining a few extremely strong but very
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rare hot spots, as the former device can increase the detection probability while reducing the
excitation laser power and the integration time for high-throughput optical sensing
applications. It has been theoretically proved and experimentally confirmed that placing
metallic nanoparticles (NPs) near or inside dielectric microcavities can form hybrid
photonic-plasmonic modes [5], [6], which will further increase the quality-factors and the
local electric field. This concept has been successfully applied to SERS sensing by
decorating dielectric ring resonators and photonic crystals with metallic NPs [7]-[9]. In
these hybrid nanostructures, the guided-mode resonances (GMRs) of the photonic crystal
slab efficiently couple to the localized surface plasmons (LSPs) of the metallic
nanostructures, resulting in a higher local electric field to enhance the SERS signals.
However, such artificial photonic crystals require top-down fabrication techniques such as
optical lithography and reactive-ion etching (RIE) [10]. Conventional bottom-up bioprocess,
such as cell cultivation, provides an alternative approach of fabricating nanoscale structure
with low cost and less complexity.

Nature may provide abundant and inexpensive sources for photonic-crystal-like structures.
Diatoms are photosynthetic marine micro-organisms that create their own skeletal shells of
hydrated amorphous silica, called frustules, which possess hierarchical nano-scale photonic
crystal features [11], [12]. Such nano-biosilica is formed by a bottom-up approach at
ambient temperature and pressure when a diatom takes up water soluble silicic acid from the
environment, which is precipitated into amorphous silica within an intracellular nano-
bioreactor. Diatom frustules are low-cost, nanoscale, and hierarchically structured materials
that could potentially revolutionize the fabrication of photonic crystals. Potential
applications of diatoms for the detection of antibodies, solar cells, electroluminescent
display, high surface area battery materials, photoluminescence, and nanoplasmonic
photonic devices have been explored by many researchers [13]-[19]. Our previous work
theoretically and experimentally demonstrated that the photonic-crystal-like structure of a
diatom frustule can provide GMRs in the visible wavelength range [20]. NPs-on-diatom
nanostructures provide enhanced plasmonic resonances at visible wavelengths due to the
intrinsic surface plasmonic resonances of silver (Ag) NPs coupled with the GMRs of diatom
frustules [20]. Such NPs-on-diatom nanostructures with enhanced LSPs are expected to have
a tremendous engineering potential for SERS sensors.

In this paper, we systematically investigate the application of the NPs-on-diatom
nanostructure for SERS sensing. By coating Ag NPs onto diatom frustules using a self-
assembly method, we observe enhanced SERS signals due to the coupling of the LSPs with
the GMRs of the photonic structure of the diatom frustules. Stronger optical scattering was
directly observed from the NPs on a diatom than that on the glass substrate via a high
magnification microscope. SERS detection of Rhodmine 6G (R6G) molecules at resonance
wavelength (532 nm) shows that the NPs-on-diatom structure provides 4-6x improvement
in sensitivity when compared to the NPs-on-glass structure that is confirmed by confocal
SERS mapping. When excited by non-resonance wavelength (785 nm), the NPs-on-diatom
structure provides 9-12x improvement in SERS sensitivity.
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Il. Sample Preparation

A. Diatom Fabrication

Pinnularia sp. is a single-celled marine diatom with an elliptical cell shape. A representative
scanning electron microscopy (SEM) image of the diatoms is presented in Fig. 1(a). The cell
dimensions for this species are ~30 um along the major axis and ~5 pm along the minor axis.
Biogenic silica materials were grown on glass substrates and the organic cell materials were
removed. The details of the cell cultivation of diatom frustules can be found in our previous
work [20]. The structure of a diatom frustule with submicron features is shown in the SEM
image in Fig. 1(b). The diatom frustule consists of two-dimensional arrays of sub-micron
pores with diameters of ~200 nm. The primary pores of the frustule were lined with a thin
layer of biosilica containing several subpores with diameters of 25-50 nm. The nominal
lattice constant of the nanophotonic structure is 340 = 30 nm with refractive index ranging
between 1.43 and 1.48 [12].

B. Silver Self-Assembly to Amine-Functionalized Diatom Biosilica

The Ag NPs solution was prepared by the Lee-Mesel Method [21]. 250 mL of 1 mM silver
nitrate aqueous solution was heated to boiling in an oil bath. Sodium citrate (1%, by weight)
solution of 5 mL was added to the silver nitrate solution as soon as the boiling occurred, and
heating condition was continued for an additional 1 h. The color of the solution turned into
grayish yellow which indicated that the reaction was completed.

The Ag NPs were self-assembled onto a diatom-coated glass substrate modified with
aminopropyltriethoxylsilane (APTES) [22]. First, the substrate was immersed in a RCA
solution (1:1:5 Hy O»/NH4 OH/H, O) for 1 h at 70 °C. The sample was then rinsed with
deionized water and methanol. This pretreatment created abundant hydroxyl groups on the
diatom frustule and the substrate surface. After cleaning, the diatom samples were immersed
in APTES (10%, by weight in methanol) solution for 5 h, followed by rinsing with copious
methanol and deionized water. The APTES was attached to the sample surface by the
hydroxyl groups created from the previous treatment. The sample was immersed into an Ag
colloidal suspension overnight (12 h) and rinsed with deionized water and dried with high-
purity nitrogen

Ag colloids prepared by the Lee-Mesel method yield Ag NPs with a wide range of sizes
(50-150 nm), geometries and aggregation states. NPs of various aggregation states including
isolated NPs, NP dimers, trimers, short chains, and nanorods are distributed on top of the
frustule and substrate respectively, as shown in Fig. 2(a) and (b). It has been studied that the
nanoparticle size and shape are less crucial than the size of interparticle gaps in the SERS
measurement [23]. Previous studies suggest that the enhancement factors for the NPs
significantly depend on the formation of optical hot-spots, where two particles are in a few
nanometers proximity [23], [24], which were randomly formed on diatom frustules and the
glass substrate, as shown in the SEM images. Fig. 2(c) and (d) show the high-magnification
optical microscopy images focused on a diatom frustule and on the glass substrate,
respectively. These images directly compare the optical scattering from the Ag NPs on the
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diatom frustule and the Ag NPs on the flat glass substrate, which suggest that the LSPs are
significantly enhanced by the diatom frustule.

[1l. Results and Discussion

A. SERS Measurement Under Resonance Condition

In order to evaluate the sensitivity of the SERS sensor based on nanobiosilica with self-
assembled Ag NPs, spectra of R6G molecules were collected using the excitation light at
molecular resonance wavelength (532 nm) and nonresonance wavelength (785 nm) on the
NPs-on-diatom and NPs-on-glass samples, respectively. R6G is a strong fluoresce dye
which shows a molecular resonance Raman scattering effect with the excitation wavelength
at 532 nm. In our SERS measurement, R6G molecules in ethanol were drop-coated on the
glass substrate with diatom frustules and then evaporated to dryness. Molecular resonance
SERS microscopy was performed using a Horiba Jobin-Yvon HR800 confocal Raman
spectrometer equipped with a 532 nm diode laser through a notch filter. During the
measurement, the confocal pin-hole size was set at 100 um. A 50% objective lens (NA =
0.75) was used to focus the excitation light to a 2 um spot totally within a single diatom
frustule for each spectrum acquisition. Raman signals were detected by a Synapse charge-
coupled device (CCD) detector. Fig. 3(a) shows the single-point SERS signals measured on
the flat glass substrate and on the diatom frustule, respectively. SERS signals of the NPs-on-
diatom structure show 3.6—6.2x enhancement compared with that on the NPs-on-glass
substrate for major R6G Raman peaks at 614, 1368, 1511, 1578, and 1651 cm™. The
additional enhancement of Raman signals is attributed to the enhanced LSPs due to the
presence of the diatom frustule. R6G Raman spectra have been studied in the concentration
range of 1079 to 10~ M. The Raman band at 1368 cm~ was used to probe the strength of
the SERS of which the intensity were plotted in Fig. 3(b). The Raman signals increase from
1078 M to 107> M after which the Raman intensity decreases at 1074 M. 4.1-6.4x
enhancement factors of the Raman signals between the NPs-on-diatom and the NPs-on-glass
samples were observed throughout the concentration range of 1078 to 107> M, which are
attributed to the GMRs of the diatom frustule. When further increasing the concentration
from 107 to 10™* M, more R6G molecules were attached to the nano-corrugated surface of
the frustule, which resulted in a significant increase of florescence baseline. In this case, the
florescence signals competed with the SERS signals and degraded the SERS intensity.
Therefore, the decreasing of Raman signal intensity was observed after subtracting the
florescence baselines when we increased the R6G molecules to a higher concentration above
1074 M.

The intensity of SERS signals depend on the local R6G concentration, the aggregation states
of the Ag NPs, and the surfaces of diatom frustules. By mapping a large area of the substrate
which includes a diatom frustule as well as some flat glass surface, we are able to investigate
the average effects of these factors on SERS signal intensity. A total of 625 SERS spectra
were acquired within the scanning range of 50 pm x 50 pm that is divided into an
acquisition area of 25 x 25 grids, as shown in Fig. 3(c) and (d). The SERS mapping results
of the intensity of 1368 cm~1 Raman peak exhibit a pattern of increased signal intensity
which correlates with the shape of the diatom frustule that is observed in the corresponding
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optical image. The average measured SERS signal intensity for the NPs-on-diatom area was
1745 + 1275 counts/(mW-s), whereas the average signal intensity of the NPs-on-glass area
was 406 + 393 counts/(mW:-s). The presence of the diatom photonic structures results in an
average SERS-EF of 4.3x compared to that on the flat glass substrate. This SERS mapping
measurement suggests that highly enhanced surface plasmons are localized on the diatom
frustules, achieving a diatom-based SERS sensor that can substantially enhance the SERS
sensitivity. The EF was strongly correlated to the enhanced electric field around the Ag NPs
due to the GMRs of the photonic crystal structure.

In order to verify whether the additional enhancement of Raman signals comes from the
photonic crystal structure of the diatom frustules, we mapped the Raman signals with
respect to the NPs density. Such analysis will rule out the effect of NP density variation on
diatom and glass substrate [25], [26]. SERS mapping signals were collected in a
deterministic acquisition area as shown in a SEM image in Fig. 4(a), from which the NP
density can be accurately obtained. To prepare the sample, the NP solution was diluted by
1:10 with water. Due to the relatively large sizes of the Ag NPs, the NPs were excluded
from the nanopores and were majorly assembled on the surface of the diatom frustules. The
SEM image shows that in the SERS mapping area, Ag NPs were uniformly distributed onto
the diatom and glass substrate with an average density of 7/um2. This conclusion is also
confirmed by the zoomed SEM images as shown in Fig. 2(a) and (b), which show that there
is no statistic difference of the NP density and morphologies between the glass and diatom
substrate. A SERS map of 6 x 6 grids (36 mapping points, grid size: 2 um) for R6G was
acquired. The Raman peak at 1368 cm™! was analyzed to generate the map and the mapping
intensities were normalized by the NP densities in each grid, which are shown in Fig. 4(b).
The diatom photonic crystal structure results in an average SERS EF of 3.8x when
compared to that on the flat glass substrate. In some area, the EF can be as high as 7.2x.
Therefore, it is unequivocal to conclude that the GMR effect of diatom frustules can enhance
the SERS signals.

B. SERS Measurement Under Nonresonance Condition

SERS spectra were recorded using 785 nm excitation wavelength to avoid a complex
interference of molecular resonance Raman scattering effect since the excitation energy of
785 nm is away from the electronic absorption band of R6G, which results in nonresonance
Raman scattering. Due to the fact that the glass substrate displays strong florescence
background under the 785 nm wavelength excitation, diatom frustules in aqueous solution
were drop-coated on non-florescent quartz substrate for the measurement. The diatom
frustules were annealed at 425 °C in air for 1 h in order to improve the adhesion to the
quartz substrate. The fabrication process of self-assembled NPs onto a diatom-coated quartz
substrate is identical to the diatom-coated glass substrate as described in Section Il. Fig. 5(a)
shows the nonresonance SERS spectra under the 785 nm excitation light from a diode laser.
The SERS spectra indicates that the Raman signal intensity is enhanced by 8.7-13.3% on the
diatom frustule compared with the flat quartz substrate for the Raman bands of 776, 1183,
1315, 1368, and 1511 cm~1. The larger additional enhancement factors from diatom
frustules to the R6G Raman signals under nonresonance condition compared with resonance
condition can be explained by the difference between resonance and nonresonance Raman
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scattering by surface plasmons [27]. Resonance Raman process is subjected to quenching
effect, where an additional loss is introduced for the energy stored in coherent oscillations of
molecular dipoles at the excitation wavelengths in the presence of LSP enhancement and
GMR enhancement [27]. Compared with resonance Raman process which limits the
attainable enhancement, such quenching effect is absent in normal nonresonance Raman
scattering.

The intensities of the Raman band at 1368 cm~ were plotted in the concentration ranges
from 1077 M to 1073 M in Fig 5(b). The average enhancement effect to the Raman signals
was observed throughout the concentration range of 10~/ to 10~ M with enhancement
factors of 8.9-12.3x between NPs-on-diatom and NPs-on-quartz. For the SERS mapping
measurement, an area of 15 um x 15 um in Fig. 5(c) was scanned to generate a map in Fig.
5(d). The average measured SERS signal intensity for the NPs-on-diatom area was 33.2 +
21.8 counts/(mW:-s), which shows an average signal enhancement of 9.2x compared to
quartz substrate whereas the average signal intensity of the NPs-on-quartz area was 3.63 +
2.48 counts/(mW:-s). Such EF for nonresonance SERS is more desirable for biosensing
application as fluorescence interference can be avoided compared with resonance SERS.

C. Evaluation of Guided Mode Resonance From Diatom Frustules

Our previous research presented the GMRs from diatom frustules by measuring the
extinction spectrum at visible wavelengths [20], which shows a broad, low-Q resonance that
can be coupled with the plasmonic resonances of Ag NPs. In order to confirm the effective
enhancement at both 532 nm and 785 nm, a broadband white light source with Vis-NIR
(visible to near infrared) output was used as the excitation source. Details of the
experimental setup can be found in Ref [20]. From the extinction spectra as shown in Fig.
6(a), the diatom frustule increases the optical extinction ratio of the NPs by 2x compared to
Ag NPs on the glass substrate from 500 nm to 850 nm wavelength.

The Raman scattering signals of R6G molecules on the diatom and the glass substrate were
also investigated respectively without plasmonic enhancement from NPs in order to confirm
the contribution of GMRs from diatom frustules. Raman signals of 5 mM R6G from the
diatom frustule (black) and glass substrate (red) are plotted in Fig. 6(b). The amplitude of
the Raman signals is very weak, but it still clearly shows that there is 3.9 x enhancement for
the Raman peak at 1368 cm™1 from the diatom frustule compared to that from the glass
substrate. We attribute this enhancement to the GMRs of the diatom frustules.

V. Conclusion

In conclusion, we have demonstrated that the GMRs of diatom frustules can effectively
couple with the LSPs of the Ag NPs, which will increase the average EF of SERS sensors.
An additional EF of the SERS signals of 4-6x was observed for resonance condition when
the molecular concentrations are from 1072 to 10~ M. Under nonresonance condition, the
Raman EF of 9-12x was obtained over the concentrations from 10~/ M to 104 M. Such
NPs-on-diatom SERS substrate will have significant potentials in chemical and biochemical
diagnostics, pathogen detection, and environmental protection.

IEEE J Sel Top Quantum Electron. Author manuscript; available in PMC 2014 October 08.
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Fig. 1.
Representative SEM images of Pinnularia sp. showing (a) an overview of diatom frustules

and (b) nanoscale arrays of primary pores on a frustule with 50-80 nm subpores.
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Fig. 2.
(a) SEM image of Ag NPs on the diatom frustule. (b) SEM image of Ag NPs on the glass

substrate. (c) Optical image of Ag NPs on a diatom frustule with focal plane at the diatom
surface. (d) Optical image of Ag NPs with focal plane on the glass substrate.
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Fig. 3.
(a) SERS spectra of 1 uM R6G coated on Ag NPs-on-diatom (black) and Ag NPs-on-glass

(red). (b) Intensities of Raman band at 1368 cm™1 for different R6G concentrations. (c)
Optical image of the sensing area scanned for SERS enhancement and (d) mapping of
Raman signal intensity at 1368 cm~. During the measurement, the excitation power was set
at 1.2 mW and integration time was 1 s.
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Fig. 4.
(a) SEM image of the acquisition area for SERS mapping. (b) The map of Raman signal

intensity at 1368 cm™! normalized by the NP numbers in each grid showing in the SEM
image. The excitation power was set at 1.2 mW and the integration time was 1 s.
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Fig. 5.

(a;;SERS spectra of 100 UM R6G coated on Ag NPs-on-diatom (black) and Ag NPs-on-
quartz (red), (b) Intensities of Raman band 1368 cm™1 for different R6G concentrations. (c)
Optical image of the area scanned for SERS measurement, and (d) map of Raman signal
intensity at 1368 cm~. During the measurement, the integration time was 60 s and the
grating groove density was set at 300/mm. The excitation power was 2.1 mW.
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(a) Measured extinction spectra of NPs on a diatom frustule (black) and Ag NPs on a glass
substrate (red). (b) Raman spectra of 5 mM R6G on diatom (black) and glass substrate (red).
During the Raman measurement, the excitation power was set at 1.2 mW and integration

time was 5 s.
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