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ABSTRACT

Nature boasts a myriad examples of coloration achieved purely through the
physical interaction of light with nano-scale features also known as biophotonic
nanostructures. From reptiles to insects, birds to flora, structural coloration
has been achieved through a variety of fascinating nano-architectures that
leverage different physics. Beyond structural coloration, these nanostructures
are often truly multifunctional. For instance, biophotonic nanostructures can
also serve as self-cleaning and bactericidal surfaces, gas and thermal sensors,
waveguides and beam splitters. With the growing need for robust and com-
pact biomedical devices, the requirement to embed multiple functionalities
towards sensing, monitoring, diagnostics and therapeutics within a diminutive
device footprint becomes crucial. In this regard, inspiration from the multi-
functionality of biophotonic nanostructures can prove to be greatly beneficial
for medical applications. Consequently, this work attempts to showcase var-
ious examples of the utilization of nanostructures inspired from biophotonic
nanostructures for biomedical applications under various overlapping themes
such as ophthalmic sensors, bioinspired optics and plasmonic biosensing.

This thesis is summarized in two parts. The first part (Chapters 2–4) in-
troduces a proof-of-concept optical intraocular pressure (IOP) sensor implant
and various challenges faced during its in vivo implementation. In Chapter 3,
nanostructures inspired by light-trapping epidermal micro-/nanostructures on
flower petals are proposed and embedded onto the sensor platform to improve
its in vivo optical signal-to-noise ratio and biocompatibility. Chapter 4 covers
nanostructures inspired by biophotonic nanostructures on longtail glasswing
butterfly wings that improve the in vivo angle of acceptance and biocompati-
bility of the sensor.

The second part (Chapters 5 and 6) presents the use of bioinspired nanostruc-
tures in plasmonic biosensors. Chapter 5 discusses an on-chip platform con-
sisting of bioinspired plasmonic nanostructures to detect various nucleic acid
sequences of relevance in the pathogenesis of HIV-1 via plasmon-enhanced flu-
orescence. Chapter 6 describes the employment of bioinspired quasi-ordered
nanostructuring on flexible substrates for broadband surface-enhanced Raman
spectroscopy (SERS). Here, SERS-based biosensing enabled by quasi-ordering
is used to detect uric acid – a biomarker of various pathologies in human tears.
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rabbit. The inset shows slit-lamp illumination in the rabbit’s
eye. (b) A photo of the b-Si sensor implanted inside a rabbit
eye using a flexible silicone strip. (c) Schematic of the modified
slit-lamp readout system used in vivo. (d) A photo of the illu-
minated sensor in the rabbit eye taken using a slit-lamp at 30x
magnification. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
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3.10 Top 30 highest-SNR in vivo spectra (gray curves) selected out
of 600–1800 measurements from (a) the b-Si sensor and (b) Si-
only sensor, captured at one month following the implantation.
Corresponding means: red (b-Si sensor) and blue (Si-only sensor)
curves. (c) Fluctuations of the major peaks during the 10-sec
in vivo measurement. Only the top 30 highest SNR spectra
were selected and plotted. The spectral fluctuation in the peak
locations is within ±1 nm. (d) The corresponding IOP for the
spectrum was 7.3 mmHg and the peak-to-peak fluctuation was
less than 0.4 mmHg. (e) IOP measurements using the b-Si sensor
and a TonoVet. (f) SNRs of the b-Si sensor over three months. . 47

3.11 3D-confocal z-stack images (Zeiss LSM-880 confocal microscope)
of (a) the Si-only sensor and (b) the b-Si sensor harvested more
than six months after implantation (DAPI: purple channel, nu-
cleus; Phalloidin: green channel, F-actin; step size: 2.5 µm; scan
range: 300 µm). 3D reconstruction (Imaris, Bitplane Inc.) show-
ing the spatial distributions of tissues adherent on (c) the Si-only
sensor and (d) the b-Si sensor. The color bar indicates the ver-
tical location of the tissue along the z-axis, with blue indicating
the top of the Si3N4 membrane. . . . . . . . . . . . . . . . . . . . 48

3.12 Immune response comparison that indicates the presence of po-
tential inflammation in the Si-only sensor. The CD62L 488
marker is overlapped with DAPI 405 to ascertain the location
of immune cells. Multiple instances of inflammation were ob-
served in the case of the Si-only sensor (indicated with white
arrows). No inflammation was detected in the b-Si sensor. . . . . 49

4.1 Dependence of the FP cavity resonance profile on the angle of
incidence. The spectrum blue-shifts with increasing angle where
0o corresponds normal incidence. . . . . . . . . . . . . . . . . . . 56

4.2 Challenges faced during in vivo implementation of IOP sensor.
(a) With increasing angle of interrogation/detection, erroneous
shifts in the resonance profile of the sensor are first observed.
When the angle of interrogation/detection becomes larger than
the collection angle of the objective lens of the detector, a loss
of signal is observed. (b) Cell adhesion and proliferation on the
Si3N4 membrane of the device leads to loss of signal. . . . . . . . 57
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4.3 Sensor in vivo performance improvement using bioinspired nanos-
tructures. (a) Enhanced optical properties rendered by multi-
functional bioinspired nanostructures on the Si3N4 membrane
make the sensor more angle-independent and improve the ac-
ceptance angle of the device. (b) The same nanostructures also
mediate the adhesion of host cells, thereby improving the in vivo
lifetime of the device. . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.4 C. faunus butterfly wing characterization. (a) Photo of a C.
faunus butterfly under visible light. The red and blue arrow-
heads indicate the postdiscal and basal areas, respectively. Scale
bar: 1 cm. (b) AFM and statistical analysis of the aspect ratio
(height over base diameter) of nanostructures on the C. faunus
wing. An average aspect ratio of 1.090 ± 0.041 is estimated by
fitting a Gaussian profile. SEM images of the (c) densely packed
postdiscal area (d) and sparsely located basal area dome-shaped
nanostructures. Insets: 2D Fourier transform of the correspond-
ing nanostructures. Scale bars: 1 µm (inset: 2 µm−1). . . . . . . 59

4.5 Comparisons of simulated and experimentally measured total
transmittance spectra of the (a) postdiscal and (b) basal areas.
Simulation results are in accord with the experimental outcomes,
confirming the discussed physics for the transparency observed
in the C. faunus butterfly wings. . . . . . . . . . . . . . . . . . . 61

4.6 Finite-difference time-domain simulations of the near-field scat-
tering profile for (a) the postdiscal area (cell periodicity: 150 nm)
and (b) basal area (cell periodicity: 300 nm) at a wavelength of
420 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
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4.7 C. faunus wing scattering. (a) Measured diffuse and specular
transmittance of the postdiscal area; difference in spectra within
the experimental uncertainty. (b) Measured diffuse and specu-
lar transmittance of the basal area showing a 20% difference in
transmittance and a noticeable scattering property. The forward
scattering of (c) postdiscal and (d) basal areas were recorded for
a range of incident angles varying from -20 to 20o at a wave-
length of 420 nm. The measurements depict different degrees of
the haze effect for the postdiscal (low in haze) and basal (high in
haze) areas. The postdiscal area exhibits specular transmittance
with a low scattering angle of ±3o. Conversely, the basal area
scatters light in a forward direction with a much wider scattering
angle of ±12o. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.8 Selective UV reflection of C. faunus wings. (a) Photos of a C.
faunus butterfly under visible and UV light. The red and blue
arrows indicate the postdiscal and basal areas. (b) The UV sig-
nature of the basal area is clearly visible while the reflection from
the postdiscal area is negligible confirming the violet-colored re-
flectance under UV illumination of the basal area. (c) The UV-
VIS reflection spectra were obtained when soaking the wing in
an index-matching liquid (bromoform, n = 1.57) to cancel out
the structural contribution. In this case, no reflectance was ob-
served under UV illumination from the basal area confirming the
structural origin of this unique UV signature. . . . . . . . . . . . 65

4.9 Fabrication flow of the bio-inspired nanostructured Si3N4-membrane. 66
4.10 3D AFM images of nanostructured Si3N4 templates with aspect-

ratios ranging from 0.15 to 0.90. The aspect-ratio chosen for the
nanostructured Si3N4-membrane and sensor is highlighted in red. 67

4.11 By gradually increasing the aspect ratio (height) of the nanos-
tructures from 0 (i.e. flat membrane) to 0.45 in an FEM simula-
tor using the exact geometry of the fabricated samples, a gradual
increase in the total transmission is observed. . . . . . . . . . . . 68
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4.12 Optimized bioinspired nanostructured free-standing Si3N4-membrane.
(a) SEM image of the nanostructures on the Si3N4-membrane
and corresponding ring-shaped 2D Fourier power spectrum shown
inset. Scale bars: 0.5 µm, inset 1.25 µm−1. (b) 3D AFM im-
age of the nanostructured Si3N4-membrane and nanostructure
aspect ratio of 0.450 ± 0.065 approximated with a Gaussian fit. . 69

4.13 The wetting properties of nanostructured Si3N4 templates with
aspect-ratios ranging from 0.15 to 0.90 (n = 4 measurements).
Unmodified flat Si3N4 (aspect-ratio = 0) is moderately hydrophilic.
Through structuring, the hydrophobicity of nanostructured Si3N4

increased. The aspect-ratio chosen for the nanostructured Si3N4-
membrane and sensor is highlighted in red. . . . . . . . . . . . . 69

4.14 Experimentally obtained angle-resolved total transmittance of
flat Si3N4-membrane showing a transmission peak around 705
nm due to the light interference introduced by the thin membrane
with its peak blue-shifted 30 nm at 40o incident angle due to
the angle-dependent nature of the coherent interference process,
which agrees with analytical thin-film modeling. Experimen-
tally obtained angle-resolved total transmittance of nanostruc-
tured Si3N4-membrane, showing significant reduction in angle-
dependence. The integration of nanostructures on the Si3N4-
membrane broadens the total transmission-peak profile, moves
its center from 705 to 685 nm, and limits the magnitude of the
peak shift to 15 nm at 40o, compared with 30 nm for a flat
Si3N4-membrane. . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
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4.15 Adhesion force characterized using fluorescence-intensity microscopy
for (a) bovine serum albumin and (b) streptavidin on positive
control, flat Si3N4 and nanostructured Si3N4 surfaces. Nanos-
tructured Si3N4 surfaces show significant reduction in albumin
and streptavidin adhesion relative to the control and flat Si3N4

(***P < 0.001, one-way ANOVA with post-hoc Tukey test, error
bars show s.d., n = 12 representative images). (c,d) Nanostruc-
tured Si3N4 templates with different aspect-ratios (0 – 0.90) were
studied. In both cases, a sharp decline in protein adhesion was
observed upon structuring the Si3N4 (aspect-ratio ≥ 0.15). The
protein adhesion on the flat Si3N4 (aspect-ratio = 0) was com-
parable to that of the positive control. The aspect-ratio of 0.45
chosen for use with an IOP-sensing implant is highlighted in red. 72

4.16 In vitro prokaryotic adhesion studies using E. coli. (a) Fluores-
cent micrographs of positive control, flat Si3N4, and nanostruc-
tured Si3N4 surfaces incubated for 4 hours in E. coli cultures
transformed with green fluorescent protein (GFP)-expressing pFl-
uoroGreenTM plasmid. Minimal bacterial adhesion is observed
on the nanostructured Si3N4 surface compared to the flat Si3N4

and control surfaces. Scale bars: 100 µm. (b) The average
E. coli fluorescence intensity observed on the nanostructured
Si3N4 surface was considerably lower than the flat Si3N4 surface
(***P ≤ 0.001, one-way ANOVA with post-hoc Tukey test, s.d.,
n = 5 representative images). Adjustments were made for mul-
tiple comparisons. (c) The number of adherent CFUs of E. Coli
on the nanostructured Si3N4 surface was significantly lower than
that on the flat Si3N4 surface (**P < 0.01, one-way ANOVA with
post-hoc Tukey test, error bars show s.d., n = 3 agar plates). (d)
The nanostructures (circled in red) do not disrupt the shape of
the cells (circled in white) and therefore do not induce physical
lysis as seen in high aspect-ratio structures. Here, antifouling is
achieved through anti-adhesion. Scale bar: 1 µm. . . . . . . . . . 73
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4.17 In vitro eukaryotic adhesion studies using HeLa cells. (a) Fluo-
rescent micrographs of a positive control, flat Si3N4 and nanos-
tructured Si3N4 incubated for 72 h in HeLa cell cultures labeled
with cell-permeable nucleic acid markers Hoechst 405 (upper
panels) and SYTOX Green (lower panels) indicating the anti-
adhesive properties of nanostructured Si3N4. The arrows in the
micrographs indicate dead cells. Scale bars: 100 µm. (b) Adher-
ent HeLa cell density on the nanostructured Si3N4 surface was
significantly lower than on the positive control and the flat Si3N4

surface (***P < 0.001, two-way ANOVA with Bonferroni’s mul-
tiple comparisons test, error bars show s.d., n = 10 representative
images). (c) Statistically similar mortality ratios (measured as
the ratio of the number of dead cells to living cells) displayed by
the control, flat Si3N4, and nanostructured Si3N4 surfaces after
72 hours (P > 0.05, ns: not significant, two-way ANOVA with
Bonferroni’s multiple comparisons test, s.d., n = 8 representa-
tive images). (d) HeLa live cell density was computed over 72
hours at 24-hour intervals using 10 representative fields-of-view
captured through wide-field epifluorescence microscopy. A sharp
reduction in adherent live cell density was observed upon struc-
turing Si3N4 with nanostructures (n = 10 representative images).
(e) HeLa cell viability was quantified as the ratio between the
number of dead to living cells per field-of-view using 10 represen-
tative fields-of-view captured through widefield epifluorescence
microscopy (n = 10 representative images). Higher rates of phys-
ically induced lysis were observed with increased nanostructured
Si3N4 aspect-ratios. The aspect-ratio of 0.45 chosen to imple-
ment the nanostructured Si3N4-membrane for the IOP-sensing
implant is highlighted in red. . . . . . . . . . . . . . . . . . . . . 74
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4.18 Hydrophilicity-mediated protein anti-adhesion. (a) Contact an-
gle vs. time elapsed after plasma treatment: flat Si3N4 surfaces
were plasma-oxidized in order to lower their contact angles to
values comparable to the nanostructured Si3N4 surface (n = 2
measurements). Plasma oxidation produced non-permanent en-
hanced hydrophilicity that dissipates in 24 hours. (b) Bovine
serum albumin (BSA) adhesion measured as a function of fluores-
cence intensity on untreated flat, plasma treated flat Si3N4 and
nanostructured Si3N4 surfaces: in case of protein anti-adhesion,
hydrophilicity plays a greater role than the nanotopology of the
nanostructures (n = 12 representative images). (c) E. coli ad-
hesion measured as a function of fluorescence intensity after 4
hours of incubation (n = 3 representative images). (d) HeLa cell
density measured after 12 hours and 24 hours (n = 5 represen-
tative images). For cells, nanotopology plays a greater role as
indicated by greater adhesion resistance offered by the nanos-
tructured Si3N4 surface over the plasma treated Si3N4 surface of
a similar contact angle. . . . . . . . . . . . . . . . . . . . . . . . . 78

4.19 Bioinspired nanostructured IOP sensor benchtop characteriza-
tion. (a) Resonance shifts of the sensor Fabry–Pérot cavity mea-
sured in reflection as a function of the IOP. (b) Peak shift in the
reflected resonance spectra as a function of incident angles (n
= 3 measurements). Considerably smaller magnitudes of peak
shifts are observed in the nanostructured sensor, indicating its
angle-independent property. (c) Intensity, taken as a measure of
peak-to-valley contrast of the most prominent peak and valley
of the resonance profile and normalized with respect to the mea-
surement taken at a 0o angle of incidence. The nanostructured
sensor displays negligible loss of intensity up to 14o (n = 3 mea-
surements). (d) Pressure drift error induced by increasing the
angle of incidence. The nanostructured sensor displays negligible
pressure drifts even at large angles of incidence (n = 3 measure-
ments). (e) Nanostructured sensor tested from 0–32 mmHg in
a pressure-controlled chamber interfaced with a digital pressure
gauge used as a reference. Error bars show the s.d. about the
mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
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4.20 Bioinspired nanostructured IOP sensor in vivo studies. (a) A
flat-surfaced and a nanostructured sensor were each implanted
in the anterior chamber (indicated by the black arrow) of two
living New Zealand white rabbits for a period of one month.
The flat-surfaced sensor appears hazy compared with the nanos-
tructured sensor due to dense tissue growth on the sensor surface
indicating significant biofouling after one month of implantation.
(b) Spectra with the highest signal-to-noise ratio collected from
continual IOP measurements taken over 60-s intervals with an
integration time of 10 ms per spectrum. The variation in the
position of the resonance spectra that occurred during a single
set of measurements is indicated as ∆λ (n = 95 spectra). (c)
Histograms showing the numbers of spectra at specific ∆λ rel-
ative to the mean wavelength for the flat (s.d. = 1.3 nm) and
nanostructured (s.d. = 0.6 nm) sensors, respectively (n = 95
spectra). (d) Standard deviation of in vivo IOP measurements
made using the flat (s.d. = 0.64 mmHg, n = 95 spectra) and
nanostructured (s.d. = 0.23 mmHg, n = 95 spectra) sensors
compared with a traditional rebound tonometry reading (s.d.
= 1.97 mmHg, n = 12 measurements). (e) Three-channel im-
munofluorescence confocal microscopy image (z-stack) of the flat
Si3N4 sensor after one month of in vivo study. Several signs of
inflammation (shown in red) over the flat Si3N4-membrane of
the sensor have elicited a foreign body reaction by means of a
vast cellular migration process. Healthy tissue growth with a
vast F-actin network is observed over the flat Si3N4-membrane.
(DAPI: cell nucleus marker, blue; phalloidin: cell F-actin marker,
green; and MMP-2: matrix metalloproteinases marker, red.) (f)
Immunofluorescence image of a nanostructured sensor after one
month in vivo study. Considerably reduced tissue adhesion over
the nanostructured Si3N4-membrane (the circular region) indi-
cating the contribution of nanostructures to in vivo antifouling
through anti-adhesion. Scale bars: 100 µm. . . . . . . . . . . . . 84

4.21 Fabrication process flow of the nanostructured IOP sensor. The
top and bottom substrates are separately fabricated and later
assembled together. . . . . . . . . . . . . . . . . . . . . . . . . . . 89
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5.1 Fabrication and characterization of the MIM-MS. (a) Fabrication
of the MIM-MS through a simple three-step biomimetic phase
separation fabrication process. Cross-sectional view is shown as
indicated by the dotted line. (b) Top view SEM image of the
metasurface showing circular/ellipsoidal MIM pillars. Scale: 10
µm. (c) 3D AFM image of a 10 × 10 µm area of the MIM-MS
which shows a high degree of height uniformity. (d) A cross-
sectional SEM image of an individual MIM scatterer with a
clearly visible 5 nm nanogap. Scale: 200 nm. . . . . . . . . . . . 105

5.2 Single MIM structure simulations. (a) A schematic of the MIM
configuration consisting of an Au nanodisk closely coupled with
an Au nanohole separated by an SiO2 nanogap. (b) Scattering
cross section of a single MIM scatterer for different diameters
from 50 nm to 400 nm. The first-order (l = 1) and second-order
(l = 2) gap modes are both radiant. (c) Scattering cross sec-
tions of the second-order (l = 2) and third-order (l = 3) modes
of single MIM scatterers in the VIS-NIR regime. (d) The field
profile of the nanogap shows the presence of a dipolar (l = 1),
quadrupolar (l = 2), and hexapolar (l = 3) anti-bonding bright
gap modes. (e) The ratio of the scattering and absorption com-
ponents of the extinction C scat/C abs for the l = 1 mode of small
MIM scatterers (top) compared with that of the l = 2 mode of
larger MIM scatterers (bottom). (f) The quality factor (black)
and plasmon resonance wavelength (red) for the l = 2 mode of
larger MIM scatterers. . . . . . . . . . . . . . . . . . . . . . . . . 106

5.3 The absorption (dotted black) and scattering (solid red) cross
sections in the Vis-NIR regime of (a) the l = 1 dipolar mode
of smaller MIM structures with diameters from 50 - 80 nm and
(b) the l = 2 quadrupolar mode of larger MIM structures with
diameters from 200 - 500 nm. The ratio of the scattering to
absorption cross section is considerably higher for the l = 2 mode
compared to the l = 1 mode. . . . . . . . . . . . . . . . . . . . . . 107
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5.4 MIM-MS optical simulation and characterization. (a) Stable and
tunable structurally-induced coloration with high chromaticity is
obtained using the biomimetic fabrication technique. (b) MIM-
MS with a mean diameter of 195 nm, 340 nm, and 645 nm re-
sulted in green, yellow, and red structural colors, respectively. (c)
The far-field scattering profile of the three MIM-MS measured
through DF microscopy shows resonance profiles with maximas
at 555 nm, 636 nm, and 732 nm, respectively. (d), (e) 3D FDTD
simulations of a 4 µm x 4 µm array of the MIM-MS matching
the geometry of the three fabricated samples shows a good cor-
relation with the experimentally measured scattering results. . . 108

5.5 Broadband fluorescence enhancement using MIM-MS. (a) A schematic
of the selective streptavidin–biotin detection. (b) Multiplexed
biosensing of streptavidin conjugated with AF555, AF647, AF750,
and AF790 fluorophores. (c) Broadband fluorescence enhance-
ment relative to a glass control for different streptavidin conju-
gates with varying PEG lengths. The numerical enhancement
factor for each case computed through FDTD is plotted as dots. 109

5.6 Experimental verification of suppression of fluorescence quench-
ing. (a) Normalized |E|2 enhancement computed through FDTD
experienced by emitters at various distances from the plasmonic
hotspot of an MIM structure of diameter 340 nm. The diam-
eter corresponds to the mean diameter of the samples used in
this work. Dotted lines correspond to the excitation maxima of
each fluorophore used in the study. NHS ester corresponds to a
distance of 0 nm while (b) PEG 600, PEG 1000, and PEG 2000
correspond to distances of 0, 7, 8.75, and 11 nm, respectively (c)
Fluorescence enhancement factor of Alexa Fluor 647 at various
distances from the plasmonic hotspot of the MIM-MS. Numeri-
cally computed enhancement factors for the same distances are
plotted as dots. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
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5.7 Simulation of the decay rates of different fluorophores. (a) The
radiative (γr, solid), nonradiative (γnr, dashed) and total (γtot,
dotted) decay rates versus wavelength at an emitter distance
of 0 nm from an MIM structure of diameter 340 nm computed
through FDTD. The vertical dotted lines correspond to the emis-
sion maxima of the fluorophores used in the study. The peak
position of γr correlates well with the plasmon resonance wave-
length of the l = 2 mode of the structure. (b) High absorption
for wavelengths less than 500 nm which corresponds to losses
through nonradiative channels is due to high intrinsic material
losses. (c) γr and γnr versus distance for the fluorophores used
in the study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.8 The absorption (dotted black) and scattering (solid red) cross
sections of (a) a 340 nm MIM structure and (b) a 100 nm nan-
odisk with a matching plasmon resonance computed through
FDTD. The resonance of the nanodisk is considerably narrower.
(c) The γr and γnr for the MIM structure and nanodisk at var-
ious distances computed through FDTD. In most cases, the γr
for the MIM structure is orders of magnitude greater than the
nanodisk. (d) The structurally-induced quantum yield η for an
emitter with an intrinsic quantum yield of unity (ηo = 1) for vari-
ous distances computed through FDTD. The nanodisk quenches
the emitter for distances < 10 nm while the MIM structure sup-
presses quenching. . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
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5.9 Practical biosensing using the MIM-MS. (a) A schematic of the
selective nucleic acid sequence detection assay. (b) Multiplexed
detection of 100 bp gag, CD4, and CCR5 sequences on MIM-
MS with detection oligos conjugated with AF555, AF647, and
AF790 compared to glass controls treated with the same con-
ditions. (c) Normalized fluorescence intensity for the 100 bp
CD4 sequence captured at concentrations ranging from 10 pM
- 10 µM. (d) Fluorescence intensity of a ssDNA analogue of the
whole CD4 gene captured and detected at concentrations of 10,
62, and 125 nM. In comparison, the negative control shows neg-
ligible change in fluorescence. (e) Fluorescent micrographs of the
functionalized MIM-MS for the lysate of untransfected (control)
and transfected cell cultures. (f) The sample overexpressing CD4
mRNA displays a 5.4-fold higher average fluorescence intensity
compared to the untransfected control. . . . . . . . . . . . . . . . 114

5.10 The design of capture and detection oligonucleotides using NU-
PACK. The base sequence range indicated in black (gag : bases
1 – 19, CD4 : bases 1 – 20 and CCR5 : bases 1 – 33) and red
(gag : bases 71 – 100, CD4 : bases 36 – 56 and CCR5 : bases 83
– 100) correspond to the location of binding of the capture and
detection oligos respectively. Regions with a high probability of
secondary structure formation were avoided. . . . . . . . . . . . . 115

5.11 Fluorescence micrographs of 100-bp CD4 sequence captured and
detected from a concentration of 10 pM to 10 µM. . . . . . . . . 115

5.12 Normalized fluorescence intensity for the 20-bp CD4 capture
oligo conjugated with AF647. The biosensing of such a small se-
quence is enabled by the suppression of quenching by the quadrupo-
lar mode of the MIM-MS. . . . . . . . . . . . . . . . . . . . . . . 116

5.13 Flow cytometry histogram indicating high expression of CD4
glycoprotein on the surface of transfected Expi293 cells (red) in
comparison to untransfected, but labeled Expi293 cells (green)
and untransfected, unlabeled Expi293 cells (blue). . . . . . . . . 116
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6.1 Fabrication and characterization of the flex-MS. (a) Simple and
scalable three-step fabrication process of the flex-MS. (b) The
fabricated flex-MS sample with (c) quasi-(dis)ordered MIM nanos-
tructures. Insets correspond to the 2D FFT taken to determine
a short-range periodicity of 318±45 nm (left) and a single MIM
nanostructure of diameter 100 nm with the sub-10 nm insulator
nanogap indicated by the white arrow (right). Scale bar: 2 µm.
(d) MIM structure diameter distribution with a Gaussian mean
and SD of 101±49 nm. . . . . . . . . . . . . . . . . . . . . . . . . 131

6.2 Schematic of the different stages of the 3-dimensional phase sep-
aration process. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.3 Single MIM structure simulations. (a) A schematic of a single
MIM nanostructure on the flex-MS platform (b) The coupling
of the Au nanodisk and Au nanohole across the SiO2 nanogap
results in greatly enhanced electric-field environments. (c) The
field profile of the nanogap shows the presence of a vertically po-
larized dipolar mode. (d) The normalized maximum theoretical
enhancement (solid curves) and extinction cross-section (dotted
curves) of a single MIM nanostructure of varying diameter be-
tween 60 – 110 nm with a fixed gap size of 5 nm. . . . . . . . . . 133

6.4 An ensemble with (a) diameter distribution of 98±30 nm and (b)
a short-range ordered periodicity of 319±37 nm was simulated
using FDTD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

6.5 Extinction cross-section of a single MIM nanostructure as a func-
tion of nanogap size. A gap size of 9 nm is optimally tuned to
match the laser wavelength . . . . . . . . . . . . . . . . . . . . . . 134

6.6 Origin of the flex-MS resonance. (a) The | EEo
|2 enhancement from

a single MIM structure of diameter 100 nm and gap 9 nm. Inset
shows the field profile of the single MIM structure. (b) The field-
profile of a periodic distribution of MIM structures (diameter:
100 nm, gap: 9 nm, periodicity: 320 nm) showing no coupling
between adjacent structures. . . . . . . . . . . . . . . . . . . . . . 135
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6.7 An ensemble of (a) periodic MIM nanostructures and (b) those
with pure positional disorder demonstrating an identical narrow-
band effective normalized | EEo

|2 enhancement profile. (c) The ef-
fective normalized | EEo

|2 enhancement profile of a quasi-(dis)ordered
MIM ensemble with both positional and size disorder is broad-
band compared to (a) and (b). The | EEo

|2 enhancement profile
encompasses the excitation and the Raman-shifted wavelengths
(λL, λ1, λ2 and λ3) of relevance in this work. (d) The field-
map spanning the 3.5 x 3.5 µm array at λL, λ1, λ2 and λ3

shows the progressive excitation of first small and then larger
MIM nanostructures with increasing wavelength. (e) The effec-
tive | EEo

|2 enhancement from periodic structures, structures with
positional disorder only and those with both positional and size
disorder. This effective enhancement was numerically computed
as EFωL, ωR. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

6.8 The 3.5 x 3.5 µm flex-MS ensemble simulated on FDTD. Scale
bar: 600 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

6.9 Experimental demonstration of broadband SERS EF. (a) Scat-
tering intensity of the fabricated periodic and quasi-(dis)ordered
array shown as solid lines measured using a micro-spectroscopic
setup operating in DF mode. The simulated scattering profile of
a single MIM structure (gap: 9 nm) which most closely matches
the experimental result is also shown as a dotted line. The SEM
images of the corresponding structures are shown in the inset.
(b) SERS spectra of UA measured at 0.62 mW laser power.
While the periodic MIM array enhances the 640 cm−1 peak con-
siderably, the flex-MS offers a more broadband enhancement of
all three peaks (c) The same analysis is performed for various
laser powers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.10 Verification of the sub-10 nm gap. (a) MIM structures with
an open 9 nm gap where the experimentally observed scatter-
ing cross-section is in agreement with that computed through
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C h a p t e r 1

STRUCTURAL COLORATION AND MULTIFUNCTIONAL
BIOPHOTONIC NANOSTRUCTURES

1.1 Historical perspective

Our understanding of structural colors has truly evolved over the last four
centuries. This has involved various degrees of experimental observations
and conflicting theories that attempted to elucidate the underlying physics
of structural coloration. One of the earliest observations of structural colors
appeared in Micrographia by Hooke in 1665 [1]. Here, through 17th century
microscopy, he described the brilliant colors of peacock and duck feathers that
were miraculously extinguished by a drop of water. He theorized that alternat-
ing layers of thin materials that comprised the feathers and air interacted with
light uniquely, thereby reflecting it. In 1704, Newton in his work Opticks [2],
posited that the iridescent colors of the peacock feathers arose from the thin
transparent parts located within them. The establishment of the electromag-
netic theory by Maxwell in 1873 [3] followed by its experimental observation
by Hertz in 1884 [4] paved the way for quantifying properties of light such
as reflection, refraction, interference and diffraction. As a result, research on
structural coloration progressed at an unprecedented scale which lead to two
conflicting theories. The first theory was that of pigmentary coloration which
was first proposed by Walter in 1895 [5] which attempted to attribute col-
oration in nature to interaction of light with chemical pigments. The second
theory of structural coloration proposed by Rayleigh in 1917 [6] hypothesized
that coloration originated purely from interaction of light with physical topol-
ogy.

1.2 Mechanisms of coloration

Pigmentary colors

Pigmentary colors primarily originate from chemical pigments that absorb a
specific bandwidth of light while reflecting the rest. This form of coloration is
responsible for most of the green, yellow, red, brown and black colors found
on butterfly wings, bird feathers, flower petals and leaves. The absorption
bands of pigments correspond with the energy required by absorbed incident
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photons to excite electrons in pigment molecules to reach higher energy levels.
Figure 1.1 illustrates this concept. In nature, a combination of pigmentary
and structural colors can be found to exist simultaneously.

Figure 1.1: The physical process behind pigmentary coloration. Pigment
molecules absorb incident photons and the energy imparted by this process
excites an electron from the ground state to an excited state. Only incident
photons of energies meeting the band-gap between the excited and ground
states are absorbed leading to selective absorption and coloration.

In nature, a combination of pigmentary and structural colors can be found
to exist simultaneously. For instance, the relative contribution of the two is
elegantly shown in Figure 1.2 [7]. Here, different types of Budgerigar (Melop-
sittacus undulates) feathers were spectroscopically analyzed before (solid lines)
and after (dashed lines) yellow pigment extraction. It is apparent that pigment
concentration has an impact on the relative change of the reflectance profile
indicating that the coloration is due to the interplay between pigments and
surface topology.

Structural colors

Unlike pigments which leverages narrow-band or broad-band absorption of
light to impart coloration, structural coloration is caused by the purely physi-
cal interaction of light with various types of spatial inhomogeneity. Structural
colors are often brilliant and in many cases iridescent as opposed to pigmentary
colors that appear dull and weak regardless of viewing angle. It is generally be-
lieved that structural coloration originates from the five following fundamental
optical processes or a combination of them: (1) thin-film and multilayer in-
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Figure 1.2: Various colored feathers of budgerigars (M. undulates) with their
reflection spectra measured before (solid line) and after (dashed line) yellow
pigment extraction. The difference in coloration before and after extraction
is a function of relative distribution of pigmentary and structurally-mediated
colors. Image reproduced with permission from [7].

terference, (2) anti-reflection, (3) diffraction gratings, (4) light scattering, and
(5) photonic crystals. While, these five categories represent coloration brought
about by different physical mechanisms, geometry and spatial distribution of
photonic nanostructures also influence coloration. In this context, biopho-
tonic nanostructures can be further categorized as: (1) periodic/ordered, (2)
quasi-/short-range ordered, (3) random/disordered.

1.3 Classification of biophotonic nanostructures by distribution

Periodic nanostructures

Periodic nanostructures typically consist of ordered networks of structures
much like a crystalline lattice. Periodicity or order can exist in one-, two-,
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and three-dimensions as in the case of photonic crystals. Nanostructural dis-
tributions in nature are not perfectly ordered. However, they exist over areas
that are infinitely larger than wavelengths of light that they interact with. As
a result, this interaction can be modeled similar to that of perfectly ordered
nanostructures. Examples of 1D periodic nanostructures include Christmas
tree-like nanostructures along the cross-section of ridges on the wings of the
Morpho butterfly (Morpho rhetenor). Nano-holes in an approximate hexag-
onal lattice on the wings of the black butterfly (Pachliopta aristolochiae) are
examples of 2D periodic nanostructures as they have two periodic directions.
These are shown in Figure 1.3.

Figure 1.3: Periodic nanostructures in nature. (a) 1D and (b) 2D periodic
nanostructures on the wings of the Morpho (M. rhetenor) and black (P. aris-
tolochiae) butterflies. Image adapted in part with permission from: [8–10]
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Quasi-ordered nanostructures

This class of nanostructures sits in between periodic and random nanostruc-
tures. A qualitative way of visualizing quasi-ordered or short-range ordered
nanostructures is that while they appear disordered in larger length-scales, a
regular or predictable periodicity exists over shorter length-scales such as be-
tween one or two adjacent nanostructures. Often in nature, this periodicity is
isotropic and can be observed by characteristic ring-like patterns in the Fourier
space. Because of this isotropy in the k-space, colors produced in this fashion
are non-iridescent and do not vary with viewing angle as light effectively in-
teracts with nanostructures with the same periodicity in all directions. Such
nanostructures can produce coherent light scattering as shown in Figure 1.4
[11].

Figure 1.4: Quasi-ordered nanostructures in nature. (a) Pioneering work on
blue avian feather barbs revealed a quasi-ordered nanostructure distribution
with a characteristic ring-like pattern in the Fourier space. (b) The observed
reflectance spectrum of the feather barb is overlaid with the measured 2D
Fourier power spectrum. Image reproduced with permission from: [11].

Random nanostructures

Typically, random nanostructures diffuse all wavelengths equally which leads
to a white coloration. In nature, random distributions often exist in conjunc-
tion with periodic distributions. The interplay bit with coherence brought
about by periodicity and incoherence brought about by randomness results in
broadband omnidirectional optical properties. An example of this in nature is
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the glasswing butterfly (Greta oto) wings which consist of short-range ordered
nanostructures with a random height distribution as shown in Figure 1.5 [12].
This random height distribution broadens effective refractive index neff of the
system (discussed in greater detail in Section 1.4) which is greatly significant
in obtaining omnidirectional broadband anti-reflectivity [12].

Figure 1.5: Random nanostructures in nature. (a, b) Nanostructures on glass-
wing butterfly (G. oto) wings that have a random height distribution spatially.
(c) This randomness smoothens the effective refractive index neff profile which
greatly improves anti-reflectivity. Image reproduced with permission from:
[12].

1.4 Optical processes involved in structural coloration

Thin-film and multilayer interference

Some of the most popular examples of structural colors are attributed to the
reflection, refraction, and transmission of light at the interface of two dielectric
media with different refractive indices n1 and n2. As shown in Figure 1.6, light
incident at this interface at an angle of θ1 with respect to the normal of the
interface is reflected obeying the condition θr = −θ1. The refracted light
propagates into the second medium at an angle of θ2 given by Snell’s law:

n1 sin θ1 = n2 sin θ2. (1.1)

The reflectance and transmittance at each interface depend on the polarization
of light. The two orthogonal linear polarization states in this case are referred
to as p- and s-polarization. P-polarized (transverse magnetic, TM) light has
its electric field vector parallel to the plane of incidence, while s-polarized
(transverse electric, TE) light has its electric field vector perpendicular to the
plane of incidence. The amplitude reflectance and transmittance coefficients
rs, ts, rp, and tp for each case are given by Fresnel’s equations:
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rs =
n1 cos θ1 − n2 cos θ2
n1 cos θ1 + n2 cos θ2

(1.2)

ts =
2n1 cos θ1

n1 cos θ1 + n2 cos θ2
(1.3)

rp =
n1 cos θ2 − n2 cos θ1
n1 cos θ2 + n2 cos θ1

(1.4)

tp =
2n1 cos θ1

n1 cos θ2 + n2 cos θ1
. (1.5)

The resultant reflectance R and transmittance T for different combinations of
light polarizations as well as for unpolarized light are given by:

Rs,p = |rs,p|2 (1.6)

R =
Rs +Rp

2 (1.7)

Ts,p =
n2 cos θ2
n1 cos θ1

|ts,p|2 (1.8)

T =
Ts + Tp

2 . (1.9)

The above equations hold only for pure dielectric media with no absorption.
As a result, due to conservation of energy, R + T = 1.

For a multilayer system or a stack of multiple alternating thin films of re-
fractive index n1 and n2, the same calculation has to be performed at each
interface iteratively. This is illustrated in Figure 1.7. Here, light constructively
interferes if the optical path length differences are an integer multiple of the
wavelength or mλ, where m is a positive integer and λ is the wavelength of
light at which this condition is met. Similarly, light destructively interferes if
the optical path length differences are a half-integer multiple of the wavelength
or (m− 1

2)λ.
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Figure 1.6: Incidence, reflection, and refraction of s- and p-polarized light at an
interface of two media with differing refractive indices n1 and n2. E1, Er, and
E2 represent the electric field vectors of the incident, reflected, and refracted
light, respectively.

Figure 1.7: The phenomenon of multilayer interference occurring over two
alternating thin-film media with differing refractive indices n1 and n2.

The relationship between the optical path length and the conditions for inter-
ference in each case can be obtained in accordance with Snell’s law.

Constructive interference:

mλ = 2 · n1d1 cos θ1 + n2d2 cos θ2; (1.10)
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Destructive interference:

m− 12λ = 2 · n1d1 cos θ1 + n2d2 cos θ2 (1.11)

where d1 and d2 are the thicknesses of the two alternating layers. The effec-
tive reflectance and transmittance for the multilayer system can be computed
through solving the Maxwell’s equations with matching boundary conditions
at each interface followed by the application of the transfer matrix model.
Briefly, the amplitude reflection and transmission coefficients ρ and τ can be
computed at normal incidence as

ρ =
ηo − Y
ηo + Y

(1.12)

τ =
2ηo

ηo + Y
(1.13)

where ηo =
√

εo
µo

is the surface admittance of the incident medium which is
usually free-space with a permittivity and permeability of εo and µo, respec-
tively. Y is the surface admittance of the thin film stack and the substrate
given by

Y =
HT

ET
(1.14)

ET
HT

 = q

j=1

 cos δj i sin δj

yj

iyj sin δj cos δj

×
 1
ysub

 (1.15)

where

– ET and HT are the normalized total tangential electric and magnetic
fields, respectively, at the input surface

– δj = 2πnj − ikj dj

λ is the phase thickness of layer j

– nj−ikj and dj are the complex refractive index and the physical thickness
of the layer j

– yj is the characteristic admittance of layer j
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– q is the number of layers where the qth layer is adjacent to the substrate

– ysub is the characteristic admittance of the substrate.

Finally, the reflectance and transmittance from the stack are given by

R = ρρ∗ =
η1 − Y
η1 + Y

η1 − Y
η1 + Y

∗ (1.16)

T =
4η1<Y

η1 + Y η1 + Y ∗
. (1.17)

At oblique angles of incidence, the effect of polarization must be considered.
The expressions for ρ, τ , R, and T hold when the admittance is replaced by
the tilted admittance yj cos θj for s-polarized light and yjcos θj for p-polarized
light where θj is the angle of incidence at the interface of layer j and j + 1.
Therefore, the reflectance of a multilayer system primarily depends upon the
number of layers, the refractive index contrast of the individual layers, the layer
thickness, and the angle of incidence. Its dependence on angle of incidence
lends to multilayers their metallic, iridescent appearance.

The wings of various species of the Morpho butterfly and fruit of the marble
berry (Pollia condensata) are fantastic examples of naturally occurring bril-
liant iridescent colors brought about by thin-film and multilayer interference.
Figure 1.3 highlights the Christmas tree-like nanostructures along the cross-
section of ridges on the wings of the M. rhetenor butterfly. These nanostruc-
tures form alternating layers of air and chitin in a multilayer stack. Similarly,
as shown in Figure 1.8, the cell walls of the P. condensata fruit form a periodic
multilayer envelope with nanofibrils oriented in a helical stack that gives rise
to polarization-dependent iridescent coloration [13].

Anti-reflection

Anti-reflection is another fascinating consequence of destructive interference in
reflection. Broadband and omnidirectional anti-reflection properties have been
achieved by omnidirectional biophotonic nanostructures. In butterflies, chitin
nanostructures form air-chitin interfaces from which reflection is governed by
Fresnel’s equations (equations 1.2–1.5). Due to the subwavelength nature of
these nanostructures, each interface can be approximated as a thin film with
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Figure 1.8: Multilayer interference in nature. (a) The fruit of the marble berry
(P. condensata). (b) The cell walls of the fruit consist of a multilayer stack.
The arrangement of nanofibrils is indicated by red lines. Image reproduced
with permission from: [13].

an effective refractive index neff using Maxwell-Garnett model or the effective
medium theory [12]

neff
2 = nchitin

2 2
(
1− fair

)
nchitin

2 +
(
1 + 2fair

)
nair

2(
2 + fair

)
nchitin2 +

(
1− fair

)
nair2

(1.18)

where nchitin (nchitin ≈ 1.57 without absorption) and nair (nair = 1) are the
refractive indices of air and chitin respectively while fair = 1 − f chitin is the
volume fraction of air as a function of height z for a given cross section.
For example, as shown in Figure 1.9, the fair for anti-reflective moth eye
nanostructures of height h can be mathematically modeled as [12],

fair = 1−


1 z < 0
π

2
√

3

(
1− z

h

)
0 ≤ z ≤ h.

0 z > h

(1.19)

Due to the variation of fair as a function of z, neff also varies as a refractive
index gradient as a function of z. As a result, infinitesimal variations in neff
between adjacent layers leads to negligible reflection at each interface as per
equations 1.2 and 1.4 since n1 ≈ n2 and θ1 ≈ θ2. A simplified version of this
concept is illustrated in Figure 1.10.

Like moth eye nanostructures, another truly remarkable example of anti-
reflectivity in nature is showcased by the omnidirectional transparency of the
glasswing butterfly (G. oto) wings (Figure 1.11) [15]. This property is ren-
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Figure 1.9: SEM images of the moth eye consisting of hexagonally-packed
anti-reflective nanostructures. Image reproduced with permission from: [14].

Figure 1.10: The phenomenon of anti-reflectivity occurring over a thin-film
stack of media with infinitesimally increasing effective refractive index neff.

dered by subwavelength nanopillars present on both sides of the dorsal and
ventral wing [12].

Diffraction gratings

Diffraction gratings separate different wavelengths of light using periodic struc-
tures either in reflection or transmission. The periodic structures modulate the
amplitude and/or phase of an incident light wave causing an interference in
the output wave that appears as characteristic diffraction patterns. Based on
the Rayleigh-Sommerfeld integral and Fraunhofer approximation, the far-field
diffraction pattern can be obtained from the Fourier transform of the phase
modulation of an incident plane wave assuming the grating periodicity is larger
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Figure 1.11: Anti-reflection in nature. (a) The glasswing butterfly (G. oto)
with transparent anti-reflective wings. (b) Quasi-ordered nanostructures of
random heights on both sides of the dorsal and ventral wing. (c) The wing has
a diffuse reflectance of less than 2%. (d) The reflectance is also omnidirectional.
Image reproduced in part with permission from: [12, 15].

than the wavelength of the light. For a diffraction grating of periodicity a, the
diffraction pattern corresponds to discrete directions of light propagation also
referred to as orders. The generalized diffraction equation for a reflective grat-
ing can be written as

asin θm + sin θi = mλ m = 0,±1,±2 . . . (1.20)

where θi and θm are the incident and diffracted angles, m is the order, and λ
is the wavelength at which the diffraction condition is met. This is illustrated
in Figure 1.12. From the above relationship, it is apparent that the 0th order
corresponds to purely specular reflection or θm = −θi and contains no diffrac-
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tion pattern due to its λ independence. Due to their dependence on θi, colors
from diffraction gratings are also iridescent in nature.

Figure 1.12: Schematic of a reflective grating with periodicity a. The different
diffraction modes m with corresponding diffracted angles are shown.

Examples of diffraction grating-based iridescent coloration can be observed
on various hibiscus and tulip flowers. For example, Hibiscus trionum flowers
typically have white petals with an iridescent pigmented patch at the base.
The base, which is another example of colors rendered by a combination of
pigments and structures appear blue, green, and yellow depending upon the
incident angle [16]. This is shown in Figures 1.13a–c. Similar grating structures
are also clearly observable on Tulipa kolpakowskiana. However, unlike the H.
trionum whose iridescence is visible to the human eye, the same is only evident
in T. kolpakowskiana when the pigmentary and structural colors are separated
[16]. This could be attributed to the relative pigment concentrations. Figures
1.13d–g show images of an epoxy cast of the H. trionum with striations slightly
larger than the wavelength of visible light much like those seen on compact
discs (CDs) [16].

Light scattering

Light scattering is another important source of structural coloration. Light
scattering by particles considerably smaller than the wavelength of light is
called Rayleigh scattering. Rayleigh scattering, whose intensity I ∝ λ−4 has
a strong wavelength dependence, is an omnidirectional and incoherent pro-
cess. In other words, the scattering intensity is uniform in all directions and
scattered light originating from individual scatterers do not interfere. This is
because the particles being considerably smaller than the wavelength of light
(d ≤ λ

10) generate negligible phase differences. For example, the origin of the



15

Figure 1.13: Diffraction in nature. (a-c) Diffraction gratings observable on the
base of the H. trionum flowers. (d, f) A cast made from T. kolpakowskiana
flowers reveals a grating structure much like those on (e, g) compact discs. (h)
The iridescence of coloration from the grating structures on T. kolpakowskiana
casts is clearly observable as reflectivity from the surface is angle-dependent.
(i) The zeroth, first, and second order modes from the cast gratings is shown.
The zeroth order mode is purely specular and wavelength-independent. Image
reproduced with permission from: [16].

blue sky is explained by Rayleigh scattering as blue light due to its shorter
wavelength is scattered considerably more through this phenomenon. When
the size of the particle or scatterer is comparable or larger than the wavelength
of light, the regime of Mie scattering becomes prominent. This form of scat-
tering is directional in that particles scatter light forward considerably more
than in the backward direction. This is because owing to the larger sizes of the
particles, light is scattered primarily by reflection, refraction, and diffraction.
As the particle sizes become larger than the wavelength of light, the scattered
light is only weakly dependent on the wavelength. Like Rayleigh scattering,
the Mie scattering model is also typically incoherent because individual Mie
scatterers in a system are spatially incoherent or randomly distributed.

In nature, however, coherent scattering is what predominantly occurs due to
a certain order or spatial periodicity among individual scatterers. Due to a
periodic spatial variation in refractive index, predictable phase relationships
among light waves scattered by different scatterers occur, thereby reinforcing
a limited set of wavelengths. Unlike incoherent scattering, coherent scatter-
ing from periodic structures can produce iridescent colors. In this regard,
multilayer interference, diffraction, and Bragg scattering are all examples of
iridescent coherent scattering.

Research over the last decade has revealed a new class of quasi-ordered nanos-
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tructures that can produce non-iridescent or angle-invariant coloration through
coherent scattering alone [17]. This form of ordering is covered in greater detail
in Chapters 4 and 6.

A classic example of such coherent scattering in nature is found on the violet
and blue feather barbs of many birds [18]. Previously confused with incoherent
Rayleigh or Tyndall scattering, recent work has conclusively shown that this
form of coloration is brought about by coherent scattering due to quasi-ordered
vacuoles in spongy keratin located in the medullary layers of bird feathers [18].
This is shown in Figure 1.14 for scarlet macaw (Ara macao) blue feather barbs.

Figure 1.14: Scattering in nature. (a-b) The blue feather barbs of the A.
macao. (c) Quasi-ordered vacuoles in the spongy keratin located in the
medullary layers of the feather barbs coherently scatter violet and blue light
to produce non-iridescent coloration. Image reproduced with permission from:
[18].

Photonic crystals

Photonic crystals are formed by periodic or quasi-ordered structures composed
of two or more media with different refractive indices. As shown in Figure 1.15,
photonic crystals can exist in one-, two-, and three-dimensions [19, 20]. From
Figure 1.15, it is also clear that multilayer interference stacks and diffraction
gratings are examples of one-dimensional photonic crystals. Similarly, the light
scattering vacuoles in spongy keratin located on bird feather barbs is an exam-
ple of quasi-ordered three-dimensional photonic crystals. The main property
of photonic crystals is their band-gap. Their optical structure mediates the
motion of photons similar to how ionic lattices affect electrons. Akin to semi-
conductors which possess band-gaps or energy barriers between the top of the
valence band and the bottom of the conduction band, which is essentially a
forbidden zone for electrons due to a lack of electronic states, photonic crystal
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band-gaps act as forbidden zones for photons of certain wavelengths. It is this
band-gap property that lends coloration for photonic crystal structures.

Figure 1.15: Illustrations of 1-, 2- and 3-D photonic crystal structures. Image
reproduced with permission from: [20].

In nature, examples of tunable photonic crystal structures that result in active
color modulation exist. This can be achieved through alterations in the phys-
ical geometry of the structures. The skin of the panther chameleon (Furcifer
pardalis), which can modulate its skin color from blue or green to yellow or
orange, contains iridophore cells with guanine crystals of differing size, shapes,
and orientation [21]. As shown in Figure 1.16, this architecture is analogous
to a periodic two-dimensional photonic crystal. It was observed that the dis-
tance between guanine crystals or the periodicity of the photonic crystal was
on average 30% smaller in the resting state where the skin appears blue or
green compared to the excited state where the skin appears yellow or orange
[21].

1.5 Objectives and outline

Beyond structural coloration, biophotonic nanostructures are truly multifunc-
tional [22, 23]. A rich body of literature has documented the utilization of
such nanostructures as self-cleaning surfaces [24], bactericidal surfaces [25],
gas sensors [26], thermal sensors [27], waveguides and beam splitters [28], and
solar cells [29], to name a few. Figure 1.17 summarizes some of this work.
With the ever-increasing need for robust biomedical devices to support vari-
ous bodily functions, the requirement to incorporate multiple functionalities
within sensing packages with small footprints becomes incumbent [23]. In this
regard, the multifunctionality of biophotonic nanostructures may prove to be
of great benefit for various biomedical applications such as in vivo sensing,
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Figure 1.16: Photonic crystals in nature. (a) The panther chameleon (F.
pardalis) that can change its skin color from green to orange when transitioning
from a relaxed to an excited state. (b) 2-D periodic photonic crystal structures
found on the skin. The periodicity of these structures is altered between
the relaxed (left) and excited (right) states. (c) Measured reflectivity of the
skin during the transition. Image reproduced with permission granted under
Creative Commons CC BY License from: [21].

imaging, and stimulation. While various efforts have demonstrated engineered
analogs of biophotonic nanostructures mimicking the functionalities of their
natural counterparts, the use of such synthetic nanostructures in biomedicine
remains largely unexplored.

The objective of this work is to therefore present various instances of the ef-
fective utilization of multifunctional nanostructures inspired from biophotonic
nanostructures for medical applications. Figure 1.18 summarizes the conflu-
ence of various research themes presented here.

In the introductory chapter presented so far, various biophotonic nanostruc-
tures are broadly categorized, their multifunctionality beyond structural col-
oration is described, and a need for bioinspired multifunctional nanostructures
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Figure 1.17: Multifunctionality of biophotonic nanostructures. (a) Wings of
the Morpho sulkowskyi butterfly used for vapor sensing. Image reproduced
with permission from: [26]. (b) Bactericidal activity of Psaltoda claripennis
wings. Image reproduced with permission from: [25]. (c) Doped M. sulkowskyi
scales used for infrared imaging. Image reproduced with permission from: [27].
(d) Self-cleaning properties of Morpho aega wings. Image reproduced with
permission from: [24].

in biomedicine is motivated. Chapter 2 introduces glaucoma and a proof-
of-concept passive optically-driven intraocular pressure (IOP) sensor implant.
Chapters 3 and 4 present challenges faced during in vivo implementation of the
IOP implant and how bioinspired nanostructures mitigated those challenges.
Specifically, Chapter 3 covers the engineering, characterization, and in vivo
testing of synthetic nanostructures embedded onto the IOP sensor platform
inspired by light-trapping epidermal micro-/nanostructures on flower petals.
These nanostructures improve the optical signal-to-noise ratio (SNR) of the
device by absorbing background bias and also improve the in vivo biophysical
properties of the device. Chapter 4 first deals with the in-depth study of the



20

Figure 1.18: The objective of this work is to present various instances of
the utilization biophotonic nanostructures for biomedical sensing applications.
The research themes covered here broadly span three categories – ophthalmic
sensors, plasmonic biosensing, and bioinspired optics.

optical and biophysical properties of longtail glasswing butterfly (Chorinea
faunus) wings. Next, a subset of these properties are incorporated onto the
IOP sensor platform to enhance the in vivo angle of acceptance and biocom-
patibility, thereby greatly improving usability and longevity. Chapters 5 and 6
present optical on-chip diagnostics platforms consisting of bioinspired tunable
plasmonic nanostructures fabricated through a simple and scalable biomimetic
technique. In Chapter 5, we discuss how these nanostructures enable the rapid
multiplexed sensing of various nucleic acid sequences such as oligonucleotides,
single-stranded DNA (ssDNA), and messenger RNA (mRNA) from the lysate
of live cell cultures. Here, the underlying physics that enables broadband
enhancement of optical signal from on-chip-bound low-concentration nucleic
acid bio-analytes is elucidated through rigorous simulations and experimen-
tation following which a useful application of the platform is demonstrated.
Chapter 6 presents a flexible variant of similar bioinspired nanostructures used
for label-free near-infrared (NIR) surface-enhanced Raman scattering (SERS)
biosensing of uric acid from whole human tears. Here, the beneficial effect
of bioinspired quasi-order (discussed in Section 1.3) towards broadband SERS
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enhancement is covered. Finally, Chapter 7 offers concluding remarks and
presents the future outlook of this research.
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C h a p t e r 2

GLAUCOMA AND INTRAOCULAR PRESSURE SENSING

2.1 Introduction to glaucoma

Today, glaucoma is a leading cause of irreversible blindness [1, 2]. Around 70
million people world-wide suffer from glaucoma [1]. It is estimated that over
3 million Americans have glaucoma, but have not been formally diagnosed
[3]. Glaucoma is an umbrella term for a variety of related ocular pathologies.
There are two major types of glaucoma – primary open-angle and angle-closure
(or closed-angle) glaucoma.

Primary open-angle is the most common type of glaucoma and is chronic in
nature. Normally, the eye produces a fluid called the aqueous humor which
originates from the ciliary body. It then travels through the posterior chamber
(the region between the iris and the lens), through the pupil into the anterior
chamber (the region between the iris and the cornea). It is then drained out
through a mesh-like network called the trabecular meshwork. The aqueous hu-
mor largely consists of water (98% water) with amino acids and electrolytes.
The aqueous humor has various functions, chief amongst which are (1) main-
taining the intraocular pressure (IOP) or the hydrostatic pressure inside the
eye and (2) providing nutrition for the avascular regions of the eye such as
the posterior cornea, trabecular meshwork, lens, and anterior vitreous. In
a diseased state, the aqueous humor drainage pathway is either partially or
completely blocked leading to fluid build-up within the eye. This, in turn,
elevates the IOP which leads to damage of the optic nerve fibers located at
the back of the eye. Initial symptoms include tunnel vision which could lead
to permanent visual loss if the progression of the disease is inadequately moni-
tored. Angle-closure is an acute form of glaucoma where the iridocorneal angle
is significantly narrowed by the iris which leads to blockage of the drainage
pathway. The mechanism of the disease progression in both cases is shown in
Figure 2.1.

Barring some sub-categories of glaucoma, a major risk factor associated with
the disease in general is elevation in IOP [5]. It is posited that both nocturnal
and diurnal spikes in IOP are a major contributing factor towards the damage
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Figure 2.1: The mechanism of the disease progression in primary open-angle
and angle-closure glaucoma [4].

of the optic nerve fiber. Furthermore, IOP can also be influenced by patient
activity, diet, and other factors that are not well understood [6–9]. Therefore,
the monitoring of IOP in an accurate and high-throughput fashion becomes
crucial to not only better understand the progression of glaucoma, but to also
inform the timely administration of IOP lowering treatment modalities.

2.2 Current IOP measurement techniques

As shown in Figure 2.2, current gold-standard techniques for IOP measure-
ment include Goldmann, air-puff, rebound, and dynamic contour tonometry,
amongst others. However, they are indirect measurement techniques that are
heavily influenced by factors such as the corneal biomechanics [10]. They are
also typically bulky and expensive pieces of equipment that require trained
staff such as technicians to operate [11]. As a result, patient IOP ‘snapshots’
are recorded a few times annually during visits to the clinic. These mea-
surements are extremely inadequate due to the fact that IOP varies at much
shorter time-scales such as hours and days. Both wearable and implantable
solutions for continual monitoring of IOP have been developed with technolo-
gies such as SENSIMED Triggerfish® [12] and Implandata EYEMATE® [13]
being notable examples. These approaches are based on RF systems that tele-
metrically power and communicate with the devices. They are limited by very
short readout distances and cannot be arbitrarily miniaturized due to the de-
pendence of interrogation and readout signals on distances and size [14, 15].
As a result, in vivo measurements have only been obtained by large RF-based
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devices that are 0.5 – 1 cm in diameter [16–18]. Furthermore, the practical use
of such technology is limited by the need for sophisticated detection systems
such as vector-network analyzers (VNAs) [19].

Figure 2.2: Current IOP measurement solutions. (a) Different types of tonom-
etry routinely used in clinics for IOP measurements [20–22]. (b) Notable IOP
sensors include contact lens-based devices such as the Triggerfish® and im-
plants such as the EYEMATE® [12, 13].

2.3 IOP implant

Working principle

To enable accurate high-throughput and real-time IOP monitoring, this sec-
tion reports the development of a highly-miniaturized (sub-mm) IOP sensor
implant. The sensor is passive (i.e. requires no battery for operation), in-
terrogated and read out purely through broadband near-infrared (NIR) light.
It consists of two parts: (1) a deformable silicon nitride (Si3N4) membrane
that is suspended over (2) a reflective silicon (Si) mirror. The two parts are
separated by a carefully engineered microscale recess and are sealed together
to form a Fabry-Perot (FP) cavity or an optical resonator. Under ambient
pressure changes, the membrane deforms, thereby changing the gap-size of the
FP cavity. This change in gap-size induces a wavelength-shift in the optical
resonance of the cavity which is in turn used to discern the ambient pressure
change. A schematic of the device working principle is shown in Figure 2.3.



27

Figure 2.3: IOP sensor implant working principle. (a) Schematic of the IOP
sensor implant. (b,c) Implant working principle. Change from a pressure state
of P low to P high changes the FP cavity gap-size from Lo to Lf which blue-shifts
its optical resonance.

The FP cavity operates on the principle of interference which is described in
Section 1.4. Similar to equation 1.10, the optical path difference or phase-shift
undergone by light interacting with the cavity is an integer multiple of λ,

φ =
2πd
λ

(2.1)

where d is the gap-size. The intensity of the transmitted light Iout as a function
of the incident light I in can be written as [23]

Iout = I in
1−R2

1−R2 + 4R sinφ (2.2)

where R is the reflectivity of the membrane and mirror surfaces (assumed to
be the same in this relationship). The transmittance T from the cavity can
be expressed as T = Iout

Iin
.

Two standard performance parameters of FP cavities are typically tuned: (1)
the full-width-at-half-maximum (FWHM or γ) and (2) the free spectral range
(FSR). The FWHM essentially measures the bandwidth of the signal at half
the intensity while the FSR is peak-to-peak distance. Another parameter that
is often reported is the finesse which is simply FSR

γ . These parameters are
illustrated in Figure 2.4a. By altering the R and d of the cavity, the γ and
FSR can be altered. Figure 2.4b shows the theoretical resonance profile of
cavities with R of 0.1, 0.5, and 0.9 for a fixed d of 10 µm. Similarly, Figure
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2.4c shows the profile of cavities with d of 2.5 µm, 5 µm, and 10 µm for a fixed
R of 0.1.

Figure 2.4: FP cavity parameters. (a) Typical parameters to consider when
designing FP cavities. Dependence of the theoretical resonance profile on (b)
surface reflectance R and (c) cavity gap-size d.

Device fabrication

The device is batch-fabricated through traditional IC fabrication processes
at a wafer-scale. The fabrication process flow is illustrated in Figure 2.5.
The membrane and mirror substrates are fabricated separately and are then
brought together using a chip-to-chip bonding technique using UV-curable
medical grade epoxy. The process flow for each of the two parts is as follows:

Top substrate (or membrane):

T1. Starting with a double-side polished 300 µm-thick Si wafer, a 2 µm ther-
mal oxide (SiO2), and a 400 nm low pressure chemical vapor deposition
(LPCVD) Si3N4 layers are deposited on both sides.

T2. A combination of reactive ion etching (RIE) and buffered oxide etch
(BOE) is conducted on the top-side of the wafer to strip away the Si3N4

and SiO2 thin-films respectively. Following this, a photolithography step
and a 300 nm-thick Al2O3 hard mask E-beam evaporation step is carried
out.

T3. Deep reactive ion etching (DRIE) is performed to punch through the
bulk of the wafer to reach the back-side SiO2 layer.

T4. The back-side SiO2 layer as well as the hard mask is removed with a
single BOE step.
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T5. A back-side alignment, photolithography and RIE step is performed to
etch Si3N4 selectively and release individual membrane chips that are
between 600 – 800 µm in diameter.

Bottom substrate (or mirror):

B1. Start with a double-side polished 300 µm-thick Si wafer.

B2. Top-side photolithography is performed and a pseudo Bosch (p-Bosch)
process is carried out to etch shallow trenches on the order of 5 – 10 µm
on the top-side of the wafer. These trenches define the gap-size of the
FP cavity.

B3. A second alignment, photolithography and hard mask evaporation step
(300 nm Al2O3) are performed.

B4. DRIE is performed to punch through the bulk of the wafer to punch out
individual mirror chips that are between 600 – 800 µm in diameter.

B5. BOE is performed to remove the hard mask.

Benchtop characterization

Seminal work on the sensor implant was carried out by Lee et al. [24]. The
sensor is detected using a custom-built NIR microscope as shown in Figure
2.6a. A 20x objective (Plan, Apo, Infinity Corrected, Long Working Distance,
Mitutotyo, Kawasaki, Japan) with a numerical aperture (NA) of 0.42 was
used to image and focus on the Si3N4 membrane. The image of the sensor was
captured using a USB camera (STC-MB133USB, Sentech Co., Atsugi, Japan).
A micrometer-precision XYZ-stage (PT3, Thorlabs Inc., Newton, NJ, USA)
is used to adjust the field of view. The interrogating light is delivered from
a broadband light source (OSL1 High-Intensity Fiber Light Source, Thorlabs
Inc., Newton, NJ, USA) through a polarizer, a dichroic beam splitter (pass:
NIR; reflect: VIS), a quarter wave plate, the microscope objective, and finally
to the sensor. The reflection from the sensor is collected through the same
optical path and relayed to an off-the-shelf, commercially available mini VIS-
NIR spectrometer (Maya 2000 Pro, 780 nm-1200 nm, resolution of 0.22 nm,
Ocean Optics, Dunedin, FL, USA). Readout is performed at a distance of 3-5
cm.
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Figure 2.5: Fabrication process flow of the IOP sensor implant.

Sensor characterization is performed in a controlled pressure chamber as shown
in Figure 2.6a which is essentially a water column and a programmable syringe
pump (NE 1000, ABC Scientific, CA, USA). The system is also integrated with
a digital reference pressure gauge (1210 Pressure Sensor, TE Connectivity
Ltd., Schaffhausen, Switzerland). The pressure is ramped from 0 to 40 mmHg
in steps of 0.05 or 0.1 mmHg and the corresponding spectra captured from
each pressure state is mapped against the reference pressure gauge to develop
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characteristic curves from each sensor as shown in Figure 2.6b and c [24].

Figure 2.6: IOP sensor implant benchtop characterization. (a) The custom-
built NIR microscope setup used to interrogate and readout from the IOP
sensor implant. (b) A characteristic set of spectra captured from the sensor
when induced to a pressure ramp from 0 to 40 mmHg. The peak locations of
each spectrum is captured using a MATLAB script. (c) The peak locations
are tracked with the reference pressure gauge to obtain characteristic curves
for each sensor. Image reproduced with permission granted under Creative
Commons Attribution 4.0 International License from: [24].

Implantation and in vivo demonstration

For all in vivo work, New Zealand White rabbits (females 2.5-3.2 kg in weight)
are used. Two modes of implantation are considered. The first method re-
ported by Lee et al. delivers the IOP sensor implant mounted on an intraocular
lens (IOL) [24]. The second method delivers the sensor mounted on silicone
haptics. The latter being the one primarily used for this work is discussed
here. For implantation, following pre-surgical preparation and sedation, a 2.8-
mm corneal incision is made and ophthalmic viscosurgical device (OVD) is
injected into the anterior chamber. The sensor with silicone haptics is folded
onto itself and introduced into the anterior chamber through the corneal in-
cision. The haptics were allowed to unfold spontaneously and positioned into
the iridocorneal angles for fixation. The OVD is then removed by irrigation,
and a 10-0 suture is placed to close the incision as needed. Cefazolin antibi-
otic is applied sub-conjunctivally and a neomyxin / dexamethasone ointment
is applied to the eye. The rabbit is then removed from anesthesia and allowed
to revive before being returned to the housing area.
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Preliminary in vivo work showed great promise in monitoring IOP in a high-
throughput fashion with a sampling rate of 10 Hz as shown in Figure 2.7e. The
device displayed an average in vivo IOP error that was within the 2-mmHg
error range of rebound tonometry (TonoVet, Icare, Vanda, Finland) measure-
ments taken concurrently. IOP spikes induced artificially by intravitreal in-
jections were effectively tracked by the device as shown in 2.7f. Furthermore,
long-term monitoring of IOP over 4.5 months was also reported [24].

Figure 2.7: Implantation method (a,b) using IOLs and (c,d) silicone haptics.
(e) A series of spectra obtained over 2 seconds at a sampling rate of 10 Hz. (f)
Tracking of artificial IOP spikes induced by an intravitreal injection in conjunc-
tion with measurements taken using rebound tonometry. (g) IOP snapshots
taken over 4.5 months in good agreement with rebound tonometry. Image
reproduced with permission granted under Creative Commons Attribution 4.0
International License from: [24].
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C h a p t e r 3

MULTIFUNCTIONAL BLACK-SILICON FOR IOP SENSING

This chapter was adapted from:

J. O. Lee*, V. Narasimhan*, J. Du, B. Ndjamen, D. Sretavan and H.
Choo (2017). “Biocompatible multifunctional black-silicon for implantable
intraocular pressure sensor.” In: Advanced Healthcare Materials
6.4, pp. 1601356-1–1601356-7. doi: 10.1002/adhm.201601356. [*co-
first authors]

Abstract

Burgeoning research on implantable medical microdevices has been
actively driving the development of multifunctional biomaterials to
improve device performance and reliability. Black-silicon (b-Si) or
nanograss, a textured silicon (Si) surface with micro- and nanoscale
high aspect-ratio topologies, is known to possess highly useful sur-
face properties and has been used in a myriad of applications such
as in light-absorbing antireflection layers in photovoltaics and surface-
enhanced Raman scattering, bonding layers in microelectromechanical
systems, liquid-guiding layers in microfluidics, and bioinspired/mimetic
functional surfaces. In this work, we demonstrated the use of b-Si as
an antireflection and antibiofouling layer on an optically probed im-
plantable intraocular pressure (IOP) sensor and significantly improved
its optical performance and long-term in vivo biocompatibility and re-
liability. The b-Si enabled IOP monitoring at 12 cm on fully awake
rabbits, the largest readout distance reported to our knowledge, and
demonstrated remarkable antifouling properties analogous to biological
nanostructures found in nature, preventing encapsulating tissue growth
on the implant. To our knowledge, this is the first in vivo demonstrated
use of b-Si as a multifunctional biomaterial on an implantable medical
sensor.
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3.1 Introduction

Continual monitoring of in vivo IOP was successfully shown using developed
implant reported in Chapter 2. Detection was performed using a custom-built
NIR microscopy setup [1]. However, as shown in Figure 3.1a, this required
sedation of the animal under study as well as fixation of the animal eye for
consistent readouts. Furthermore, the performance of the detection setup
was limited by a short readout distance of 2–3 cm. A more practical IOP-
sensing approach demands for the adaptation of easy-to-use readout systems
such as the slit-lamp which is a ubiquitous ophthalmic microscope. Routinely
used in ocular inspections, the slit-lamp is used by clinicians to examine both
the anterior and posterior segments of the eye. By adapting the slit-lamp as
the detector for the IOP sensor, the device can be made more accessible to
clinicians. Furthermore, the slit-lamp can be operated at much longer readout
distances than the custom-built NIR microscope on un-anesthesized animals.
However, with increase in readout distance, the field-of-view is also expanded
which inevitably increases background noise detection. The noise reflected
from the cornea, lens, iris, or aqueous humor is not significant because of their
low reflectivities, about 3% or smaller [2]. However, the inactive region of
the sensor is a highly reflective Si surface and is coaxially aligned with the
detector (Figure 1b), generating strong background noise and degrading the
signal-to-noise ratio (SNR) of the sensor [3].

Figure 3.1: IOP sensor implant detection techniques. (a) Previous in vivo IOP
measurements using the custom-built NIR microscope required sedation of the
animal and was limited by short readout distances. (b) Using the slit-lamp
as a detector for the device would require no sedation and offer large readout
distances.

Plant surfaces such as leaves and petals posses micro-/nanostructures on their
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epidermal cell that are not only anti-reflective in nature, but they also redirect
and trap incoming light [4, 5]. These effects lead to strong absorption effects
that are utilized by plants in low-light environments to enhance and sustain
metabolic processes such as photosynthesis. Such light-trapping properties
have been employed in useful applications. For instance, as shown in Figure
3.2, structures replicated from the Rosa ‘El Toro’ flower were used as effective
light harvesting elements for photovoltaics [6].

Figure 3.2: Light-trapping micro-/nanostructures in plants. (a) The reflection
at an incident angle = 80o of various leaf and petal replicas at a wavelength
of 560 nm. The reflection observed lowers with increasing aspect ratio. Ad-
ditionally, the reflection from the petal of the Rosa ‘El Toro’ flower is below
10%. (b) Top-view SEM image of the light trapping microstructures on the
Rosa ‘El Toro’ petal. Image reproduced with permission from: [6].

In this Chapter, similar light-trapping micro-/nanostructures are directly grown
on the highly reflective Si surface on the inactive region of the IOP sensor.
These structures are dubbed black-silicon (b-Si) or nanograss. B-Si is known
to possess highly useful surface properties and has been used in a myriad of
applications such as in light-absorbing antireflection layers in photovoltaics
and surface-enhanced Raman scattering [7, 8], bonding layers in microelec-
tromechanical systems [9], liquid-guiding layers in microfluidics [10, 11], and
bioinspired/mimetic functional surfaces [12].

In order to suppress the background noise, antireflective b-Si was integrated
on the inactive region of the sensor as shown in Figure 3.3. The b-Si effectively
scatters incoming light and significantly increases its absorption. This enabled
IOP monitoring at 12 cm on fully awake rabbits using the slit-lamp as a
detector. Furthermore, the b-Si demonstrated antifouling properties thereby
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preventing encapsulating tissue growth on the implant. To date, this is the
first in vivo demonstrated use of b-Si as a multifunctional biomaterial on an
implantable medical sensor.

Figure 3.3: Background noise suppression on IOP sensor by b-Si. (a) Si-only
sensor consisting of an active core cavity and a reflective peripheral inactive
region. Reflection arises from both the cavity (shown in blue) and the Si
(shown in red). b) A sensor with integrated b-Si on the inactive hollow disk.
Only the reflection from the core cavity is captured. The inset is an SEM
image of the b-Si grown on the inactive region.

3.2 B-Si growth and integration

A room-temperature wafer-scale b-Si process was developed using a mixed-
mode plasma etch, which did not require an expensive cryogenic setup or a
time-consuming cooling process (Figure 3.4) [13]. Specific process parame-
ters are reported in the Methods Section 3.6. As shown in Figure 3.4b and
c, by varying the process conditions, b-Si nanostructures were successfully
optimized to obtain the antireflection properties in the wavelength range of
interest. Much like in Figure 3.2, increasing the process duration increases the
aspect-ratio of the b-Si nanostructures thereby lowering the relative reflectiv-
ity. Integrating the b-Si on the inactive region lowered reflectivity down to
10% of a polished Si surface and produced 3.5% absolute reflectivity.

The b-Si growth was then seamlessly integrated with the existing IOP sensor
fabrication process as shown in Figures 3.5 and 3.6.

The integration ensured that the existing IOP sensor fabrication process flow
as reported in Section 2.3 remained largely the same with some changes intro-
duced to the membrane fabrication. The mirror fabrication and chip-to-chip
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Figure 3.4: B-Si process development. (a) Wafer-scale b-Si process performed
on 6 in. wafers (insets: SEM images taken at 45o; scale: 20 µm). (b) Relative
reflectivity of b-Si surface versus the wavelength range of interest for five dif-
ferent process durations (5-point measurements). The inset shows a zoomed-in
image of the error bars for 28 and 35 min process times. Increasing process
times increase aspect-ratios and lower reflectivity. (c) Wavelength-averaged
relative reflectivity versus process time.

bonding step remained the same as before. The new b-Si integrated membrane
fabrication process flow is detailed below:

B-Si integrated top substrate (or membrane):

T1. Starting with a double side polished 300 µm-thick Si wafer, a 2 µm ther-
mal oxide (SiO2) and a 400 nm low pressure chemical vapor deposition
(LPCVD) Si3N4 layers are deposited on both sides.

T2. A combination of reactive ion etching (RIE) and buffered oxide etch
(BOE) is conducted on the top-side of the wafer to strip away the Si3N4

and SiO2 thin-films, respectively. Following this, a photolithography step
and a 300 nm-thick Al2O3 hard mask E-beam evaporation step is carried
out.
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Figure 3.5: B-Si IOP sensor integration. (a) B-Si-textured inactive region on
the top and a Si mirror on the bottom. (b) SEM image of the b-Si-textured
inactive region. Scale bar: 50 µm. Inset: magnified SEM image of the b-Si
surface. Scale: 2 µm. (c) A photograph of an assembled IOP sensor with the
b-Si-integrated inactive region.

T3. Deep reactive ion etching (DRIE) is performed to punch through the
bulk of the wafer to reach the back-side SiO2 layer.

T4. Unlike the original IOP fabrication process, SiO2 layer in this case is only
partially removed by the BOE step while the hard mask is completely
removed. This is because the SiO2 will act as a protective layer over the
Si3N4 during the subsequent b-Si growth step.

T5. Wafer-scale b-Si growth process is performed. The process specifications
are detailed in the Methods Section 3.6.

T6. A second BOE is performed to remove any remaining SiO2.

T7. A back-side alignment, photolithography and RIE step is performed to
etch Si3N4 selectively and release individual b-Si integrated membrane
chips that are between 600–800 µm in diameter.
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Figure 3.6: B-Si integrated IOP sensor fabrication process flow.

3.3 B-Si integrated IOP sensor characterization

To characterize the performance of the b-Si integrated IOP sensor, IOP sensing
performance of b-Si-integrated and Si-only IOP sensors with identical dimen-
sions were examined using the custom-built NIR microscope and a slit-lamp
(Figure 3.7a). First, signals were captured from the 600 µm-wide active core
cavities of the sensors, excluding the inactive regions, using a microscope (20x
objective) at a readout distance of 3 cm. The resonance spectra from the two
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sensors were almost identical and of good quality (Figure 3.7b). The outer
envelope of the captured spectrum is determined by the black-body radiation
of the tungsten light source, NIR filters in the detector, and the thickness of
Si3N4 membrane, while higher frequency peaks and valleys inside the envelop
are determined by the optical cavity with an air gap between the Si3N4 mem-
brane and the Si substrate. Next, when the slit-lamp was used as the detector
for the two sensors, the increased field-of-view (2 × 2 mm2) included the active
core cavity of the sensors and the surrounding inactive region. While the qual-
ity of resonance spectra captured from the b-Si sensor was hardly influenced
by the inclusion of the surrounding regions, the SNR of the resonance spec-
tra captured from the Si-only sensor decreased by 71%, below 10 dB, due to
the highly reflective inactive region of the sensor (Figure 3.7c). The slit-lamp
used for this purpose is shown in Figure 3.7d. A mini-spectrometer and a
CCD camera were connected onto the two slit-lamp expansion ports allowing
spectra to be captured at 12 cm.

Next, using the pressure-controlled test chamber reported previously in Sec-
tion 2.3 (range: 0–40 mmHg, step size: 0.5 mmHg) interfaced with a dig-
ital pressure gauge and applying the slit-lamp measurement conditions, the
IOP measurement accuracy was determined. When compared to the digital
pressure gauge, measurements using the Si-only sensor showed considerable
fluctuations (Figure 3.8a): the root-mean-square error (RMSE) and the peak-
to-peak fluctuation were 1.96 and 8 mmHg, respectively (Figure 3.8b). In con-
trast, measurements using the b-Si sensor exhibited an RMSE of 0.58 mmHg
and peak-to-peak variation less than ±2 mmHg over the entire pressure range
(Figure 3.8c and d), which would satisfy the clinically accepted error range of
±2 mmHg [14].

3.4 B-Si integrated IOP sensor in vivo demonstration

For in vivo tests using the modified slit-lamp as the readout system as shown in
Figures 3.9a and 3.9c, each sensor was individually mounted on a thin, flexible
silicone strip and implanted into the anterior chambers of two New Zealand
rabbits (Figures 3.9b and 3.9d). All IOP measurements were performed on
fully awake rabbits.

For each IOP measurement, the top 30 highest SNR spectra from a set of con-
tinuously captured 600–1800 spectra (measurement time: 1–3 min, resolution
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Figure 3.7: B-Si and Si-only IOP sensor characterization. (a) Fabricated Si-
only (top) and b-Si (bottom) sensors. (b) Spectral measurements using the
custom-built NIR microscope with a 20x objective lens (field-of-view: 800 ×
800 µm2; working distance: 3 cm). (c) Spectral measurements using a slit-
lamp (field-of-view: 2 × 2 mm2; working distance: 12 cm). (d) Photograph of
a slit-lamp readout setup with a spectrometer and a CCD camera connected
to the slit-lamp expansion ports.

bandwidth: 10 Hz) were averaged to improve accuracy. The resonance spectra
of the b-Si sensor shown in Figure 3.10a fluctuated less than ±1 nm (Figures
3.10c and d), and the corresponding IOP was 7.3 mmHg. In contrast, it was
impossible to identify peak-and-valley locations from the resonance spectra
of the Si-only sensor and calculate the IOP (Figure 3.10b). For reference,
b-Si sensor measurements were compared with those made using tonometry
(TonoVet, ±2 mmHg accuracy) for three months (Figure 3.10e). The IOP
measurements using the b-Si sensor generally paralleled the tonometer read-
outs, however the average standard deviation of the b-Si-sensor measurements
was much smaller, 0.48 mmHg versus 1.45 mmHg for the tonometer measure-
ments. In addition, the b-Si sensor showed no sign of performance degradation,
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Figure 3.8: B-Si and Si-only IOP sensor characterization. (a) IOP measure-
ments using the Si-only sensor. (b) Readout-error distribution of the Si sensor.
(c) IOP measurements using the b-Si sensor. (d) Readout-error distribution
of the b-Si sensor.

constantly maintaining an SNR over 10 dB for three months (Figure 3.10f).

To investigate the extent of surface fouling and its influence on the sensor
reliability, Si-only and b-Si IOP sensors that had been implanted for more
than six months were harvested. Confocal immunofluorescence microscopy
was performed on the sensors to determine cell and tissue viability at the time
of extraction. The amount of F-actin present in the cytoskeleton of eukaryotes
was used as an indicator of cellular processes and health, and provided evidence
to predict cell and tissue encapsulation of the implant [15]. The extracted
sensors were counterstained using DAPI 405 (cell nucleus marker), Phalloidin
555 (cell F-actin marker), and CD62L 488 (L-selectin inflammation marker)
and scanned from the surface of the inactive region down to the top of the
Si3N4 membrane along the z-axis (step: 2.5 µm, scan range: 300 µm, Zeiss
LSM 880, 10x EPI objective).

Figure 3.11 presents the results of the z-stack imaging performed on the Si-
only and b-Si sensors, respectively, and illustrates the extent of tissue growth.
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Figure 3.9: B-Si IOP sensor in vivo implantation. (a) Photograph of the slit-
lamp being used for in vivo IOP measurements on an awake rabbit. The inset
shows slit-lamp illumination in the rabbit’s eye. (b) A photo of the b-Si sensor
implanted inside a rabbit eye using a flexible silicone strip. (c) Schematic of the
modified slit-lamp readout system used in vivo. (d) A photo of the illuminated
sensor in the rabbit eye taken using a slit-lamp at 30x magnification.

On the Si-only sensor, the cells extended from the inactive region onto the
active (Si3N4 membrane surface) region, covering about 62% of the active
area, and contained large F-actin filaments, which implied the adherent cells
were growing healthily at the time of extraction. This is highly undesirable
because dense tissue growth would ultimately block the optical pathway of the
sensor and alter its mechanical properties. In addition, imaging with CD62L
488 indicated several instances of inflammation within a tight cluster of cells
covering the Si3N4 membrane (Figure 3.12).

In contrast, the b-Si sensor showed almost no sign of tissue growth or dis-
cernible onset of encapsulation. Only 5% of the active region was covered
by tissue and some nonspecific binding of fluorophores were seen on the b-Si
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Figure 3.10: Top 30 highest-SNR in vivo spectra (gray curves) selected out
of 600–1800 measurements from (a) the b-Si sensor and (b) Si-only sensor,
captured at one month following the implantation. Corresponding means:
red (b-Si sensor) and blue (Si-only sensor) curves. (c) Fluctuations of the
major peaks during the 10-sec in vivo measurement. Only the top 30 highest
SNR spectra were selected and plotted. The spectral fluctuation in the peak
locations is within ±1 nm. (d) The corresponding IOP for the spectrum was
7.3 mmHg and the peak-to-peak fluctuation was less than 0.4 mmHg. (e)
IOP measurements using the b-Si sensor and a TonoVet. (f) SNRs of the b-Si
sensor over three months.

surface in the form of a partial ring. The surface-area ratio of Phalloidin 555
to DAPI 405 was 3.3 for the b-Si sensor, approximately four times smaller
than the Si-only sensor (13.3). This indicates that most of the cells on the
b-Si sensor were unhealthy and F-actin deficient, experiencing depolymeriza-
tion whereby filamentous F-actin disassociates into its globular G-actin form
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Figure 3.11: 3D-confocal z-stack images (Zeiss LSM-880 confocal microscope)
of (a) the Si-only sensor and (b) the b-Si sensor harvested more than six
months after implantation (DAPI: purple channel, nucleus; Phalloidin: green
channel, F-actin; step size: 2.5 µm; scan range: 300 µm). 3D reconstruction
(Imaris, Bitplane Inc.) showing the spatial distributions of tissues adherent
on (c) the Si-only sensor and (d) the b-Si sensor. The color bar indicates the
vertical location of the tissue along the z-axis, with blue indicating the top of
the Si3N4 membrane.

[16, 17]. This leads to degeneration and thus deters any further growth or
encapsulation.

The highly nonuniform surface of b-Si is postulated to prevent cell adhesion
and therefore inhibit tissue-encapsulation of the implant. Furthermore, no in-
stances of inflammation were observed on the b-Si sensor (Figure 3.12), which
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Figure 3.12: Immune response comparison that indicates the presence of poten-
tial inflammation in the Si-only sensor. The CD62L 488 marker is overlapped
with DAPI 405 to ascertain the location of immune cells. Multiple instances
of inflammation were observed in the case of the Si-only sensor (indicated with
white arrows). No inflammation was detected in the b-Si sensor.

correlates with the recent findings indicating the biocompatibility of b-Si sur-
faces in the presence of eukaryotes [18]. Further studies are required to better
understand the biophysical interaction of b-Si within the ocular environment
and its antifouling properties for implant applications in general.

3.5 Conclusion

To conclude, using b-Si as a multifunctional material on an IOP-sensing medi-
cal implant significantly improved the sensor performance and reliability. The
b-Si was fabricated using a newly developed room-temperature process, which
seamlessly integrated with the fabrication steps of the implantable IOP sen-
sors. The antireflective properties of b-Si reduced the background noise of the
sensor and allowed adaption of a slit-lamp, the most commonly used clinical
ophthalmic microscope, as a readout system during in vivo IOP monitoring.
B-Si effectively suppressed tissue growth on the surface of the implant over
a six-month period, promising significantly improved long-term reliability of
the implant. The demonstrated improvement in both performance and relia-
bility enabled in vivo studies on fully awake rabbits for six months, providing
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positive indications of the possibility of realizing our IOP-sensing approach
for everyday use. Further miniaturization of the sensor and improvement of
the sensor-securing mechanism inside the eye will greatly simplify the inser-
tion procedure and enhance patient comfort. Furthermore, additional studies
will be conducted in the future to elucidate the underlying mechanisms of the
presented work and the long-term effect of b-Si inside the eye, which will ulti-
mately allow us to demonstrate the full potential of b-Si as a multifunctional
biomaterial for medical implants.

3.6 Materials and methods

B-Si fabrication at room temperature

A reactive-ion-etching process (Oxford Instruments System 100 ICP 380) was
used to fabricate the wafer-scale b-Si surface. The process chamber was main-
tained at 20oC, while the flow rates of SF6 and O2 gas were set at 47 and
44 sccm, respectively. The etching process was conducted in multiple steps
to tune the reflectivity (Figure 3.4a). Integration of the b-Si process into the
IOP-sensor fabrication is shown in Figure 3.6.

Characterization of the b-Si IOP sensor

Two measurement setups were used: (1) a custom-built NIR optical microscope
equipped with a CCD camera (ThorLabs), a broadband light source (Ocean
Optics HL-2000), and a spectrometer (Ocean Optics Maya2000 Pro-NIR); and
(2) a slit-lamp integrated with a CCD (Thorlabs) and a spectrometer (Ocean
Optics Maya2000 Pro-NIR) using two of the slit-lamp’s expansion ports. For
slit-lamp measurements, the spectra were collected using the built-in tungsten
bulb and optics (L1, L2, and a beam splitter, wherein L2 is configurable to
four different magnifications (5x, 8x, 10x, and 30x), Figure 3.9c).

To calculate IOPs, an in-house-developed program was used to identify and
convert the locations of the peaks and valleys in a captured spectrum into
the corresponding size of the cavity gap and external pressure [19]. The ref-
erence pressures inside the test chamber were obtained using a commercial
digital pressure gauge (1210 Pressure Sensor, TE Connectivity Ltd.) with
±0.1 mmHg accuracy.
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Continuous in vivo IOP monitoring in un-anesthetized rabbits

Surgical procedures detailed in Section 2.3 were followed. Briefly, each IOP
sensor was mounted on a 200 µm wide and 2.5 mm long flexible I-shaped
silicone strip and inserted into the anterior chamber of the rabbit eye through
a 2 mm corneal incision. The sensor mounted strip was positioned over the
iris and the crystal lens and secured against the inner walls of the cornea.

In vivo measurements were performed using a modified slit-lamp. Using the
built-in eye piece or the CCD camera, the sensor was located by setting L2
at its lowest magnification. The optical alignment between the sensor and
the detection system was easily accomplished using the built-in transnational
stage of the slit-lamp (4 degrees of freedom, 3 transnational, and 1 rotational).
The L2 magnification was then increased to 30x and the active region of the
sensor occupied ≈ 9.6% of the field-of-view. A single spectrum required 100
ms to capture.

Sensor retrieval and staining

Upon retrieval, the sensors were rinsed in sterile 1x PBS/0.02% NaN3. They
were then incubated in 4% PFA for at least 30 min at room temperature
(RT) overnight (O/N) or longer at 4oC. Next, a quenching step was performed
where the sensors were rinsed in sterile 1x PBS three times gently shaken
for 5 mins each time. The sensors were then incubated in freshly prepared
1xPBS/0.02% NaN3/50 mM NH4Cl (quenching buffer) for 10 min at RT. The
sensors were then rinsed in sterile 1x PBS/0.02% NaN3 three times gently
shaken for 5 mins each time. Next, a blocking step was performed where the
sensors were incubated in 1x PBS/0.02% NaN3/2% BSA/0.25% TritonX100
(blocking buffer) at 4oC with gentle shaking O/N. Next, the sensors were
stained by incubating them in 1 mL blocking buffer/DAPI 405 1:2000/CD62L
488 1:500/Phalloidin 555 1:1000 (staining reagent) at RT with shaking for 1 hr.
They were then incubated in the staining reagent at 4oC O/N. The sensors
were then prepared for imaging by first being transferred into the blocking
buffer. Next, they were washed in the blocking buffer three times followed by
incubating in blocking buffer at 4oC O/N. Finally, the sensors were rinsed in
sterile 1x PBS/0.02% NaN3 three times gently shaken for 5 mins each time
and were soaked in the same reagent for imaging.
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Confocal immunofluorescence microscopy and analyses

Surface area measurements (DAPI 405 and Phalloidin 555) and inflammatory
response (CD62L 488) were determined over the core cavity regions of the sen-
sors using ImageJ, an open-source image-processing program. Inflammatory
response assessment was conducted by studying the overlap between DAPI
405 and CD62L 488.
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Abstract

Numerous living organisms possess biophotonic nanostructures that pro-
vide coloration and other diverse functions for survival. While such
structures have been actively studied and replicated in the laboratory,
it remains unclear whether they can be used for biomedical applica-
tions. Here, we show a transparent photonic nanostructure inspired by
the longtail glasswing butterfly (Chorinea faunus) and demonstrate its
use in intraocular pressure (IOP) sensors in vivo. We exploit the phase
separation between two immiscible polymers (poly(methyl methacry-
late) and polystyrene) to form nanostructured features on top of a Si3N4

substrate. The membrane thus formed shows good angle-independent
white-light transmission, strong hydrophilicity and anti-biofouling prop-
erties, which prevent adhesion of proteins, bacteria and eukaryotic cells.
We then developed a microscale implantable IOP sensor using our pho-
tonic membrane as an optomechanical sensing element. Finally, we per-
formed in vivo testing on New Zealand white rabbits, which showed that
our device reduces the mean IOP measurement variation compared with
conventional rebound tonometry without signs of inflammation.

4.1 Introduction

This chapter presents further engineering efforts on the IOP sensor implant
platform to greatly improve in vivo performance. Two specific improvements
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to the platform are discussed here, the first of which is optical. As described
in Section 2.3, the FP-based IOP sensor works on the principle of interference
which is an angle-dependent property (see Section 1.4). In other words, the
signal from the FP cavity changes as a function of incident angle. When
light incidence occurs at an oblique angle α , 0 (α = 0 at normal incidence),
the equation for the resonance profile (equation 2.2) can be rewritten with d =
hcosα−sin2 α where h is the gap-size [1]. As a result, changes in incident angle
change the optical path length traversed by light within the cavity, thereby
generating shifts in the resonance profile. This is shown in Figure 4.1.

Figure 4.1: Dependence of the FP cavity resonance profile on the angle of in-
cidence. The spectrum blue-shifts with increasing angle where 0o corresponds
normal incidence.

Since shifts in resonance of the FP-based sensor is the mode of detection used
to discern changes in ambient IOP, in vivo performance of the device was often
hindered by sensor/detector optical alignment issues. Not only were erroneous
pressures detected as a result of undesirable resonance-shifts due to changes in
sensor/detector alignment, but also loss in signal due to limitations imposed
by the numerical aperture (NA) of the collection optics of the detector. In
other words, beyond a certain sensor/detector angle, the maximum acceptance
angle of the detector is exceeded which results in loss of signal. These issues
are illustrated in Figure 4.2a.
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The second issue observed during in vivo work was that of biofouling. Of-
ten due to acute inflammation post surgery, the active regions of the device,
specifically the Si3N4 membrane of the device would be fouled. Tissue, being
scattering in nature, occludes the optical pathway of light being used to in-
terrogate and readout from the device leading to loss of signal and reduced in
vivo longevity. This issue is illustrated in Figure 4.2b.

Figure 4.2: Challenges faced during in vivo implementation of IOP sensor.
(a) With increasing angle of interrogation/detection, erroneous shifts in the
resonance profile of the sensor are first observed. When the angle of interro-
gation/detection becomes larger than the collection angle of the objective lens
of the detector, a loss of signal is observed. (b) Cell adhesion and proliferation
on the Si3N4 membrane of the device leads to loss of signal.

In this chapter, inspiration is sought from the multifunctional biophotonic
nanostructures found on the transparent wings of the longtail glasswing butter-
fly (C. faunus) to advance the versatility of the IOP sensor implant whose prac-
tical use is limited by the angle dependency of sensing and readout processes as
well as short- and long-term biofouling. The surface and optical properties of
the short-range-ordered nanostructures found on C. faunus wings are charac-
terized in detail, which could overcome the aforementioned shortcomings of the
IOP sensor. The study reveals that C. faunus relies on relatively moderate-
aspect-ratio (aspect ratio ≈ 1) chitin nanostructures to produce (1) trans-
parency that is a unique combination of wavelength-selective anti-reflection
and angle-independent transmission resulting from isotropic Mie scattering,
and (2) antifouling properties through disruption of cellular growth similar to
that observed on high-aspect-ratio (aspect ratio > 1) structures found in na-
ture [2, 3]. Drawing inspiration from the C. faunus nanostructures, low-aspect-
ratio (aspect ratio < 1) bioinspired nanostructures were created on freestand-
ing Si3N4-membranes using a highly scalable phase-separation-based polymer-
assembly process. Unlike previous high-aspect-ratio bio-inspired nanostruc-
tures replicating anti-reflection [2–4], the pseudo-periodic arrangement and
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dimensions of nanostructures were engineered to control isotropic scattering
and enhance omnidirectional optical transmission, which could benefit sensing
and readout processes of the IOP sensor. In addition, improving on the anti-
biofouling properties of high- and moderate-aspect-ratio nanostructures that
typically rely on physical cell lysis [2, 3, 5], low-aspect-ratio nanostructures
were engineered to generate strong nanostructure-mediated hydrophilicity and
an anti-adhesion barrier for proteins and cellular fouling without inducing cell
lysis and inflammation. These enhancements are illustrated in Figure 4.3.

Figure 4.3: Sensor in vivo performance improvement using bioinspired nanos-
tructures. (a) Enhanced optical properties rendered by multifunctional bioin-
spired nanostructures on the Si3N4 membrane make the sensor more angle-
independent and improve the acceptance angle of the device. (b) The same
nanostructures also mediate the adhesion of host cells, thereby improving the
in vivo lifetime of the device.

4.2 Multifunctional nanostructures of C. faunus

Wing characterization

The C. faunus (Figure 4.4a) butterfly belongs to the Riodinidae family found
in South America. C. faunus wings are distinct from most other transparent
wings in nature [4, 6, 7]. They have a rare combination of two transparent
regions that transmit light differently: basal transparent areas close to the
thorax (indicated by a blue arrow in Figure 4.4a); and postdiscal transparent
areas further away from the thorax (red arrow in Figure 4.4a) of both the
forewing and hindwing. High-resolution atomic force microscopy (AFM) and
scanning electron microscopy (SEM) of the postdiscal transparent area reveals
dome-shaped nanopillars with moderate aspect ratios (1.090 ± 0.041; Figures
4.4b and c) compared with other natural transparent wings with higher aspect
ratios (> 1) [2, 6, 8]. Interestingly, the basal transparent area is composed
of similarly shaped nanostructures at a lower density (Figure 4.4d). Two-
dimensional fast Fourier transforms (2D-FFT) of the SEM images showed
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ring-shaped distributions (insets of Figures 4.4c and d), which confirmed their
short-range-ordered arrangements [6, 9]. The finite diameters of the rings in
k-space quantified the average periods of the nanostructures as 140–180 nm
and 200–300 nm for the postdiscal and basal areas, respectively.

Figure 4.4: C. faunus butterfly wing characterization. (a) Photo of a C. faunus
butterfly under visible light. The red and blue arrowheads indicate the post-
discal and basal areas, respectively. Scale bar: 1 cm. (b) AFM and statistical
analysis of the aspect ratio (height over base diameter) of nanostructures on
the C. faunus wing. An average aspect ratio of 1.090 ± 0.041 is estimated by
fitting a Gaussian profile. SEM images of the (c) densely packed postdiscal
area (d) and sparsely located basal area dome-shaped nanostructures. Insets:
2D Fourier transform of the corresponding nanostructures. Scale bars: 1 µm
(inset: 2 µm−1).

Wing optical properties

The zone-dependent variation in average interstructural periods on the C.
faunus wing plays an important role in the extent of light scattering on
the wing. The postdiscal area with an average period below 200 nm re-
mains scattering-free and anti-reflective in the visible–near-infrared (VIS–NIR)
regime. The transparency of the postdiscal area can be well-explained by
effective medium theory and a transfer matrix model similar to other anti-
reflective subwavelength nanostructures found in nature considering the low
absorption of chitin [6, 10]. The subwavelength nanodome-shaped structures
of the postdiscal area induces a refractive index with a linear gradient from
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1 for air to 1.56 [11] for the chitin membrane, and effectively reduces sur-
face reflection [6, 10]. Nanodome-shaped structures of the postdiscal area are
hexagonally arranged and hence, a hexagonal unit cell was considered with
an area of Ahex =

√
3

2 d
2 where d is the center-to-center distance between ad-

jacent nanodomes. The radius of the nanodome at height z was provided
by r

(
z
)
= r0

√
1− z

h , where h is the height of the nanodomes, and r0 is the
base radius that is equal to d

2 . Consequently, the postdiscal nanodome area at
height z is given by APD
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z
)
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(4.1)

which is identical to equation 1.19. The base of the nanodomes was defined
to include the origin of the z-axis at its center. The remaining fraction of
air is given by fair = 1 − fPD. After determining the volume fraction, the
effective refractive index can be calculated for any z using the well-known
Maxwell-Garnett model. Then, the optical admittance and the corresponding
reflection (R) and transmission (T ) spectra of the stacked thin layers can be
calculated using a characteristic matrix method [10].

The basal area with an average period exceeding 200 nm comparable to light
wavelengths shows forward narrow-angle scattering due to more sparsely lo-
cated, moderate-aspect-ratio, low-index nanostructures [12, 13]. In other words,
the transparency occurs due to non-resonant forward Mie scattering from low
index chitin (nchitin = 1.56) nanostructures that can be calculated by rigorously
solving the Maxwell’s equations [12, 13].

In order to compare the simulated transmission spectra of postdiscal and basal
areas with experimental spectra, the membrane absorption and light reflec-
tions from its backside were considered assuming the wing membrane was
surrounded by nanostructures on both sides. Considering the thickness of
the wing membrane l (500 nm) and absorption coefficient α = 4πκλ where
κ = 0.008± 0.001, the extinction coefficient considered here for the chitin, the
final transmittance (TF ) can be calculated by [6]
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TF =
T 2e−αl

1−R2e−2αl . (4.2)

The simulated transmission spectra of both postdiscal and basal areas are
plotted in Figure 4.5 along with the experimental outcomes, showing good
agreement.

Figure 4.5: Comparisons of simulated and experimentally measured total
transmittance spectra of the (a) postdiscal and (b) basal areas. Simulation
results are in accord with the experimental outcomes, confirming the discussed
physics for the transparency observed in the C. faunus butterfly wings.

To selectively characterize the scattering behavior of the basal area, FDTD
simulations performed on both groups of nanostructures at a wavelength of
420 nm produced matching results that confirmed the scattering mechanism
of the basal area (Figure 4.6). Though the same structural height and diameter
for both groups were used in the simulations, the nanostructures with a 150 nm
period (similar to the postdiscal area) did not alter the transmitted field (Fig-
ure 4.6a), whereas nanostructures with a 300 nm period (similar to the basal
area) showed forward scattering of the transmitted light (Figure 4.6b). The
scattering phenomenon of the basal region is moreover confirmed by the dif-
ference observed between the specular transmittance and total transmittance
in the VIS–NIR range shown in Figures 4.7a and b.

To further analyze the transmissive scattering properties of both areas, angle-
resolved scattering spectroscopy was performed in the VIS range varying both
the incident and detection angles (Figures 4.7c and d). Having almost identical
specular and diffuse transmissions in the VIS–NIR range (Figure 4.7a), the
postdiscal area exhibited specular transmittance with a low scattering angle of
±3o (Figure 4.7c). Contrastingly, the basal area scattered light in the forward
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Figure 4.6: Finite-difference time-domain simulations of the near-field scatter-
ing profile for (a) the postdiscal area (cell periodicity: 150 nm) and (b) basal
area (cell periodicity: 300 nm) at a wavelength of 420 nm.

direction with scattering angles up to ±12o and showed negligible changes
with incident angle variation, demonstrating its potentially very useful angle-
independent scattering property (Figure 4.7d). This scattering property could
ameliorate the difficulty of detecting optical signals at wide angles, a commonly
observed challenge among many light-based devices [14] such as implantable
IOP sensors [15].

The angle-independent scattering properties of the basal area as found in
Figure 4.7d are directly correlated to the isotropic spatial frequency of the
short-range-ordered nanostructures. For example, if we consider light with an
incident wave vector ki being scattered to a wave vector ks, the difference be-
tween ki and ks can be provided by the spatial frequency kb of the structure,
i.e. ks − ki = kb [9]. Due to the isotropic nature of the spatial frequency kb

(see the FFT inset in Figure 4.4d), the ks − ki will remain the same irrespec-
tive of the incident angle, thereby improving the angle-independent scattering
properties.
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Figure 4.7: C. faunus wing scattering. (a) Measured diffuse and specular
transmittance of the postdiscal area; difference in spectra within the experi-
mental uncertainty. (b) Measured diffuse and specular transmittance of the
basal area showing a 20% difference in transmittance and a noticeable scatter-
ing property. The forward scattering of (c) postdiscal and (d) basal areas were
recorded for a range of incident angles varying from -20 to 20o at a wavelength
of 420 nm. The measurements depict different degrees of the haze effect for
the postdiscal (low in haze) and basal (high in haze) areas. The postdiscal
area exhibits specular transmittance with a low scattering angle of ±3o. Con-
versely, the basal area scatters light in a forward direction with a much wider
scattering angle of ±12o.

Biological significance

To elucidate the biological significance of the dual nano-structural basis for
transparency of the C. faunus wing, the wings were illuminated under ul-
traviolet (UV) light and corresponding images were captured using a camera
(Figure 4.8a). No UV signature in the postdiscal areas was observed, whereas
the basal areas showed violet-coloured reflectance under UV illumination (Fig-
ure 4.8a). The short-range-ordered nanostructures with subwavelength periods
in the postdiscal areas exhibited minimal scattering and high transparency in
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the UV-VIS light. However, similar nanostructures in the basal areas with
larger inter-structural spacing comparable to the light wavelength generated
backscattering in the UV range. The short-range order of the nanostructures
in the spatial arrangement introduces a phase correlation in the backscattered
light, leading to a coherent reflection peak in the UV regime as shown in Fig-
ure 4.8b. The characteristic length scale of the nanostructures generates such
strong backward scattering of light within a narrow frequency range [16]. In
general, for any wave vector of k > kb

2 , short-range structural order introduces
a phase correlation of light scattered by adjacent particles [17]. kb ranges be-
tween 0.021 nm−1 and 0.032 nm−1 in the 2D FFT calculation of the basal area
and hence kb

2 corresponds to the frequencies in the blue spectrum. Therefore,
a coherent backscattered peak should appear in the frequencies higher than
the blue spectrum, i. e. in the UV regime, which agrees with the experimental
outcome.

Butterflies are known to use the UV regime as a key spectral range for mating
signals [18–20], and the nanostructures with larger spacing in the basal area
may play an important role in this regard. The UV signature with a peak at
a wavelength of 345 nm is confirmed by the optical spectra shown in Figure
4.8b of the basal area. The total reflection of postdiscal area is remarkably low
over the whole UV–VIS regime. In order to confirm that the UV reflection of
the basal area is structure-based, we removed the structural effect by soaking
the wing in bromoform (nbromoform = 1.57) to match the refractive index of
the inter-structural space to that of the nanostructures. After soaking, we
repeated the reflection measurement and observed no reflection from the basal
region confirming the structural origin of the reflection property (Figure 4.8c).

4.3 Development of bio-inspired nanostructured membranes

Membrane fabrication

Inspired by the nanostructures on the basal area of C. faunus wings, we imple-
mented short-range-ordered nanostructures on Si3N4-membranes (Figure 4.9)
by utilizing a highly scalable bottom-up fabrication process based on polymer
phase separation [21]. Si3N4 was chosen for its ease of fabrication on Si and
proven performance as an optically transparent and mechanically robust free-
standing membrane in microdevices as well as for its intrinsic hydrophilicity,
which is crucial to the antifouling property of the nanostructures as discussed
in more detail later [22, 23].
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Figure 4.8: Selective UV reflection of C. faunus wings. (a) Photos of a C.
faunus butterfly under visible and UV light. The red and blue arrows indi-
cate the postdiscal and basal areas. (b) The UV signature of the basal area
is clearly visible while the reflection from the postdiscal area is negligible con-
firming the violet-colored reflectance under UV illumination of the basal area.
(c) The UV-VIS reflection spectra were obtained when soaking the wing in
an index-matching liquid (bromoform, n = 1.57) to cancel out the structural
contribution. In this case, no reflectance was observed under UV illumina-
tion from the basal area confirming the structural origin of this unique UV
signature.

The membrane was fabricated as follows:

1. Spin-coating of a blend solution of PMMA and PS in MEK on Si3N4/SiO2/
Si/SiO2/Si3N4 wafer.

2. Phase separation of the polymers.

3. Selective development of the PS.



66

4. Al2O3 hard mask formation using evaporation and lift-off processes.

5. Nanopillar-pattern transfer onto Si3N4 using plasma etch.

6. Release of the nanostructured Si3N4-membrane using backside optical
lithography and reactive ion etching.

Figure 4.9: Fabrication flow of the bio-inspired nanostructured Si3N4-
membrane.

Aspect-ratio optimization of the nanostructures

We created disk-shaped nanostructures with aspect ratios ranging from 0.15 to
0.90 and performed parametric studies to determine optical and anti-biofouling
properties (Figure 4.10).

An antifouling approach relying on physical lysis may damage tissues and cells
that come in contact with the implant, which may not be suitable for some
medical uses. The aspect-ratio of the nanostructures was kept below 1 to rely
on the hydrophilicity of the nanostructured Si3N4 surfaces to promote antifoul-
ing through anti-adhesion instead of through physical lysis. A literature survey
on this phenomenon (summarized in Table 4.1) reveals that the aspect-ratio
of 1 or greater will cause physically induced lysis on both naturally occurring
and synthetic nanostructured surfaces.

With this background in mind, the nanostructure topography was optimized
to an average aspect-ratio of 0.45 and a flat disk-shaped top. This aspect-ratio
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Figure 4.10: 3D AFM images of nanostructured Si3N4 templates with aspect-
ratios ranging from 0.15 to 0.90. The aspect-ratio chosen for the nanostruc-
tured Si3N4-membrane and sensor is highlighted in red.

was chosen because there was no significant statistical difference in the anti-
adhesion properties between nanostructured Si3N4 surfaces with an aspect-
ratio of 0.45 and those with an aspect-ratio ranging from 0.45 to 0.9 (see
Section 4.3: Biophysical properties of the nanostructures).

Furthermore, optical simulations indicate that increasing the aspect-ratio broad-
ens the resonance peak of the nanostructured Si3N4 (Figure 4.11). The flat
Si3N4-membrane produces a ballistic (specular) transmission peak due to the
phase delay introduced by the thin membrane that causes light interference.
The integration of nanostructures on the Si3N4-membrane broadens the total
transmission-peak profile due to the combination of ballistic (due to the thin
membrane) and scattered transmission (due to the nanostructures) [30].

Optimized bioinspired nanostructures

The SEM image of the nanostructured Si3N4-membrane is shown in Figure
4.12. The 2D fast Fourier transform of the SEM image shown in the inset
indicates a short-range order with a mean period of 445 ± 60 nm, similar to
the periodicity of the basal area.

The contact angle on the surface of the nanostructured Si3N4-membrane was
17o, suggesting an increase in hydrophilicity compared to 38o measured on flat
Si3N4 without nanostructures (Figure 4.13).

We characterized the optical properties of the nanostructured Si3N4-membrane
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Surface Wetting Properties Cell Type Tested Incubation TimeStructure

Type
Material/
Species

Aspect
Ratio Surface

Type
Contact
Angle (o) Prokaryotes Eukaryotes Prokaryotes Eukaryotes Comments

Silicon
Nitride 0.15 - 0.9 Hydrophilic 22 - 13 E. coli HeLa

cells 4 hrs 1, 2,
3 days

Sharp drop in prokaryote and
eukaryote adhesion with

structuring *.

PMMA 1.53 Hydrophobic 114 P.
aeruginosa

C2C12
myoblasts 4, 8 hrs 7 days Fair bactericidal activity. However,

eukaryotes killed [3].

PDMS - Hydrophilic 66 E. coli,
S. aureus

Human
fibroblasts 1, 2 days 4 hrs Considerable bactericidal activity.

Proliferation of eukaryotes [24].

Synthetic PMMA 1.39 - 3.0 Hydrophilic - E. coli - 3, 18,
24 hrs -

Adhesion density similar for all
samples tested. Bactericidal activity
increased with aspect ratio [25].

Titanium 3.0 - 4.0 Hydrophilic 41.4 E. coli,
S. aureus

HMSC,
PBMC 1, 3 hrs 2 days

Bactericidal activity shown only
against gram-negative E. coli.

Additionally, proliferation of HMSC
and PBMC observed [26].

Black
Silicon 7.14 - 10.0 Hydrophobic 95.65

P.
aeruginosa,
S. aureus,
B. subtilis

COS-7
3, 18,
24, 30
hrs

1, 3,
7 days

Considerable bactericidal activity
[2, 27]. Proliferation of

eukaryotes [27].

A.
spectabile 0.88 Hydrophobic 95.65 P.

fluorescens - 30 min - Minimal bactericidal activity.
No eukaryotes tested [28].

C. faunus 1 Hydrophobic 85.16,
105.42 E. coli HeLa

cells 4 hrs 1, 2,
3 days

Cell lysis and minimal
cell adhesion in prokaryotes

and eukaryotes *.

C. aguila 1.15 Hydrophobic 113.2 P.
fluorescens - 30 min - Minimal bactericidal activity.

No eukaryotes tested [28].

Natural M.
intermedia 1.55 Hydrophobic 135.5 P.

fluorescens - 30 min - Considerable bactericidal activity.
No eukaryotes tested [28].

P.
claripennis 2.0 - 3.33 Super-

hydrophobic 147 - 172 P.
aeruginosa - 1 hr -

Extensively studied. Considerable
bactericidal activity. No eukaryotes

tested [8, 29].

D.
bipunctata 2.67 - 8.0 Super-

hydrophobic 153

P.
aeruginosa,
S. aureus,
B. subtilis

-
3, 18,
24, 30
hrs

- Considerable bactericidal activity.
No eukaryotes tested [2].

Table 4.1: Summary of the literature survey on biophysical properties of
synthetic and naturally occurring nanopillars. Butterfly species and materials
discussed or utilized in this work are highlighted and marked as * in the
comments section.

Figure 4.11: By gradually increasing the aspect ratio (height) of the nanos-
tructures from 0 (i.e. flat membrane) to 0.45 in an FEM simulator using
the exact geometry of the fabricated samples, a gradual increase in the total
transmission is observed.
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Figure 4.12: Optimized bioinspired nanostructured free-standing Si3N4-
membrane. (a) SEM image of the nanostructures on the Si3N4-membrane
and corresponding ring-shaped 2D Fourier power spectrum shown inset. Scale
bars: 0.5 µm, inset 1.25 µm−1. (b) 3D AFM image of the nanostructured
Si3N4-membrane and nanostructure aspect ratio of 0.450 ± 0.065 approxi-
mated with a Gaussian fit.

Figure 4.13: The wetting properties of nanostructured Si3N4 templates with
aspect-ratios ranging from 0.15 to 0.90 (n = 4 measurements). Unmodified flat
Si3N4 (aspect-ratio = 0) is moderately hydrophilic. Through structuring, the
hydrophobicity of nanostructured Si3N4 increased. The aspect-ratio chosen
for the nanostructured Si3N4-membrane and sensor is highlighted in red.

using angle-resolved transmission spectroscopy in the VIS–NIR range and
compared the results to a flat Si3N4-membrane without nanostructures (Fig-
ure 4.14). Using the nanostructures, the angle independence of the Si3N4-
membrane transmission was improved by 50%. 3D simulation of the fabricated
structures further confirms the improved angle independent transmittance.
This angle-independent transmission results from the isotropic nature of the
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forward scattering property caused by the short-range-ordered nanostructures,
which is independent of the incident angle (Figure 4.7d). As the total trans-
mission is a combination of ballistic (specular) transmission through the thin
membrane and scattered transmission caused by the nanostructures [30], the
angle-independent property of the scattered component decreases the overall
angle dependence of the total transmission.

Figure 4.14: Experimentally obtained angle-resolved total transmittance of
flat Si3N4-membrane showing a transmission peak around 705 nm due to the
light interference introduced by the thin membrane with its peak blue-shifted
30 nm at 40o incident angle due to the angle-dependent nature of the coherent
interference process, which agrees with analytical thin-film modeling. Experi-
mentally obtained angle-resolved total transmittance of nanostructured Si3N4-
membrane, showing significant reduction in angle-dependence. The integration
of nanostructures on the Si3N4-membrane broadens the total transmission-
peak profile, moves its center from 705 to 685 nm, and limits the magnitude
of the peak shift to 15 nm at 40o, compared with 30 nm for a flat Si3N4-
membrane.

Biophysical properties of the nanostructures

In vitro testing compared the adhesion of representative proteins, prokary-
otes and eukaryotes on nanostructured and flat Si3N4 surfaces with lysine-
coated glass slides as positive controls. Flat Si3N4 is moderately hydrophilic
(contact angle: 35–40o) and known to vigorously promote cell adhesion and
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proliferation due to increased adsorption of proteins when compared to more
hydrophilic surfaces (contact angle: < 20o) [31, 32]. Hence, we further in-
creased the hydrophilicity of the Si3N4 surface by varying the aspect ratios
of the nanostructures from 0.15 to 0.90 and systematically controlled surface
hydrophilicity (Figure 4.13). Once strong hydrophilicity is achieved (contact
angle: < 20o), a nanostructure-mediated aqueous barrier forms on the surface
and limits protein adsorption and cell adhesion to provide an anti-adhesion
property (Figures 4.15c,d and 4.17d,e) [33–35].

We initially investigated the surface adhesion of two representative proteins:
fluorescent-labeled bovine serum albumin for its cardinal role in blood–material
interactions [36] and high non-specific binding affinity to the surfaces of bioma-
terials [37]; and streptavidin for its specific binding affinity to Si3N4 surfaces
[38]. Fluorescence intensity-based quantification of the adhesion force (Figure
4.15) demonstrated adhesion on flat Si3N4 surfaces was three and two times
greater than nanostructured Si3N4 surfaces for albumin and streptavidin, re-
spectively.

We then quantified bacterial adhesion using Escherichia coli transformed with
the green fluorescent protein (Figure 4.16a). In addition to being a popular
prokaryotic model, E. coli was chosen for its pathogenic potential to cause
Gram-negative and often antibiotic-resistant infections on and around im-
plants [39, 40]. Bacteria on each surface were quantified through a measure of
fluorescence-intensity measurements (Figure 4.16b) and colony-forming units
(CFU) (Figure 4.16c). Both results indicated significantly lower bacterial ad-
hesion on the nanostructured surface compared to flat Si3N4. Additionally, the
SEM image of individual bacterial cells on the nanostructured surface shows
no disruption to their shape, indicating no physical lysis (Figure 4.16d).

The HeLa cell line was chosen as a representative eukaryote for its proven
robustness, aggressive growth rate and adherent nature, which prompts its
frequent usage in adhesion and cytotoxicity assays [41, 42]. After 72 h, the
adherent cell density on the flat Si3N4 was eight times greater than that on
the nanostructured Si3N4 surface (Figures 4.17a, b). Next, a mortality ratio,
the number of dead cells to the number of living cells, was computed for each
surface every 24 h over a 72-h period. The difference in the mortality ratios
of the two surfaces after 72 h was not statistically significant (Figure 4.17c),
which suggested the nanostructured surfaces inhibited eukaryote adhesion and
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Figure 4.15: Adhesion force characterized using fluorescence-intensity mi-
croscopy for (a) bovine serum albumin and (b) streptavidin on positive control,
flat Si3N4 and nanostructured Si3N4 surfaces. Nanostructured Si3N4 surfaces
show significant reduction in albumin and streptavidin adhesion relative to the
control and flat Si3N4 (***P < 0.001, one-way ANOVA with post-hoc Tukey
test, error bars show s.d., n = 12 representative images). (c,d) Nanostructured
Si3N4 templates with different aspect-ratios (0 – 0.90) were studied. In both
cases, a sharp decline in protein adhesion was observed upon structuring the
Si3N4 (aspect-ratio ≥ 0.15). The protein adhesion on the flat Si3N4 (aspect-
ratio = 0) was comparable to that of the positive control. The aspect-ratio of
0.45 chosen for use with an IOP-sensing implant is highlighted in red.

proliferation without inducing cell death.

These results highlight the advantage of the anti-biofouling approach based on
strong hydrophilicity and anti-adhesion properties. High- or moderate-aspect-
ratio nanostructures either with tapered sharp tips or dome-shaped tips as
in C. faunus display potent geometry-dependent bactericidal properties that
induce large stresses and deformation on cell walls regardless of their surface
chemical composition [29] and actively promote autogenous lysis when placed
in contact with mammalian cells [43]. Such anti-biofouling approaches rely-
ing on physical lysis could undesirably damage tissues surrounding implants
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Figure 4.16: In vitro prokaryotic adhesion studies using E. coli. (a) Fluorescent
micrographs of positive control, flat Si3N4, and nanostructured Si3N4 surfaces
incubated for 4 hours in E. coli cultures transformed with green fluorescent
protein (GFP)-expressing pFluoroGreenTM plasmid. Minimal bacterial ad-
hesion is observed on the nanostructured Si3N4 surface compared to the flat
Si3N4 and control surfaces. Scale bars: 100 µm. (b) The average E. coli
fluorescence intensity observed on the nanostructured Si3N4 surface was con-
siderably lower than the flat Si3N4 surface (***P ≤ 0.001, one-way ANOVA
with post-hoc Tukey test, s.d., n = 5 representative images). Adjustments
were made for multiple comparisons. (c) The number of adherent CFUs of E.
Coli on the nanostructured Si3N4 surface was significantly lower than that on
the flat Si3N4 surface (**P < 0.01, one-way ANOVA with post-hoc Tukey test,
error bars show s.d., n = 3 agar plates). d) The nanostructures (circled in red)
do not disrupt the shape of the cells (circled in white) and therefore do not
induce physical lysis as seen in high aspect-ratio structures. Here, antifouling
is achieved through anti-adhesion. Scale bar: 1 µm.

and elicit inflammation. Table 4.1 shows that physical lysis occurs on ei-
ther natural or synthetic nanostructured surfaces if the aspect ratio of the
nanostructures is one or greater. Hence, by keeping the aspect ratio of the
nanostructures at 0.45, the anti-adhesion property was leveraged to prevent
biofouling without causing any physical lysis. Additionally, the hydrophilic-



74

Figure 4.17: In vitro eukaryotic adhesion studies using HeLa cells. (a) Fluo-
rescent micrographs of a positive control, flat Si3N4 and nanostructured Si3N4
incubated for 72 h in HeLa cell cultures labeled with cell-permeable nucleic
acid markers Hoechst 405 (upper panels) and SYTOX Green (lower panels)
indicating the anti-adhesive properties of nanostructured Si3N4. The arrows
in the micrographs indicate dead cells. Scale bars: 100 µm. (b) Adherent
HeLa cell density on the nanostructured Si3N4 surface was significantly lower
than on the positive control and the flat Si3N4 surface (***P < 0.001, two-
way ANOVA with Bonferroni’s multiple comparisons test, error bars show
s.d., n = 10 representative images). (c) Statistically similar mortality ratios
(measured as the ratio of the number of dead cells to living cells) displayed
by the control, flat Si3N4, and nanostructured Si3N4 surfaces after 72 hours
(P > 0.05, ns: not significant, two-way ANOVA with Bonferroni’s multiple
comparisons test, s.d., n = 8 representative images). (d) HeLa live cell den-
sity was computed over 72 hours at 24-hour intervals using 10 representative
fields-of-view captured through wide-field epifluorescence microscopy. A sharp
reduction in adherent live cell density was observed upon structuring Si3N4
with nanostructures (n = 10 representative images). (e) HeLa cell viability
was quantified as the ratio between the number of dead to living cells per
field-of-view using 10 representative fields-of-view captured through widefield
epifluorescence microscopy (n = 10 representative images). Higher rates of
physically induced lysis were observed with increased nanostructured Si3N4
aspect-ratios. The aspect-ratio of 0.45 chosen to implement the nanostruc-
tured Si3N4-membrane for the IOP-sensing implant is highlighted in red.
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ity of the nanostructured surface originates from surface topology, which may
provide better long-term reliability over chemical-treatment methods.

Antifouling properties explained

We describe in this section our findings on the improved biocompatibility of the
nanostructures: the nanostructures resist protein adhesion as well as prokary-
otic and mammalian eukaryotic biofouling due to the surface hydrophilicity
and nanostructured topology. To reach our conclusion, we have performed
extensive literature study on the mechanisms behind the adhesion of plasma
proteins, prokaryotes, and eukaryotes on the surface of implanted biomateri-
als; and also carried out a comprehensive set of experimental measurements
and theoretical analysis performed on the nanostructured surfaces.

The adsorption behavior of a protein onto a surface is a complex process,
which is influenced by the nature of the protein as well as the properties
of the surface, and it may involve several steps such as protein association-
disassociation, change in conformation, denaturation, and charge interaction
between neighboring proteins [44–46]. As a result, there is a huge variation
among underlying antibiofouling mechanisms and resulting outcomes of sur-
faces that have been proposed to control biofouling [47–49]. In the case of the
nanostructured Si3N4 surface presented in this manuscript, our results indicate
that the high degree of wettability (or hydrophilicity) acts in concert with the
nanostructured surface topology to produce improved biocompatibility. We
discuss this behavior of the substrate by considering energy barriers in the
following paragraphs.

Let us consider attachment of a protein to a surface first. The reaction can be
represented as

PL + SL↔ PS (4.3)

where protein molecules in an aqueous media or liquid (PL) are interacting
with a surface submerged in liquid (SL) and leading to adsorption of protein
molecules on the surface represented as PS. The effective free energy change for
this reaction can be represented as ∆GPS , which is dependent on the interfacial
free energies of protein-liquid (γPL), protein-surface (γPS), and surface-liquid
(γSL) [50]. This can be shown as [51]
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∆GPS = γPS −
(
γPL + γSL

)
. (4.4)

For improved biocompatibility and reduced adsorption, the net energy change
for the process should be positive, i.e. ∆GPS > 0, and a higher value of
∆GPS would imply an unstable protein-surface interaction or a higher resis-
tance to biofouling due to easy detachment. The interfacial free energies are
dependent on the interactions between (1) the substrate surface and the liquid
media (governed by the wettability of the surface); (2) the protein molecules
and the liquid media (governed by the structure and distribution of hydropho-
bic/hydrophilic residues on the proteins); and (3) the protein molecules and
the surface (dependent on both of the above factors). Normally proteins hide
their hydrophobic residues away from water while their charged, polar amino-
acid side-chains are exposed to water [52, 53]. As a result, charges on the
proteins will also influence protein-protein interactions, which can lead to an
aggregation of proteins in solution.

Noticeably hydrophilic surfaces such as nanostructures improve the affiliation
between the surface and water molecules by lowering ∆GSL, which is favorable
for improved biocompatibility. If the protein has a higher degree of hydropho-
bic residues or behavior, ∆GPS will be higher, which is favorable, but ∆GPL
will also be higher, which is unfavorable. Decrease in hydrophobicity of the
protein will result in both lowering the ∆GPS (unfavorable) and ∆GPL (favor-
able). Changes in protein conformation during the surface adsorption process
can also occur [44, 45], changing the interfacial free energy (∆GPS).

The surface-energy analysis indicates that in the case of the nanostructured
Si3N4 surface, the increased hydrophilicity of the substrate also increases the
energy barrier for protein adsorption on the surface. That is to say, there is a
larger energy barrier to the replacement of water molecules in contact with the
nanostructured Si3N4 surface (measured contact angle: 17o) with proteins as
compared to a mildly hydrophilic surface such as flat Si3N4 (measured contact
angle: 38o). However, it is important to keep in mind that the degree of
resistance to protein adsorption also depends on factors such as the structure,
sequence, and nature of resultant charges on the protein molecules.

Previously, hydrophilic surfaces, which effectively bind water molecules and
prevent protein adsorption, have been utilized for improved biocompatibility
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such as immobilized PEG-based films [54, 55] and self-assembled monolayers
(SAMs) [56, 57]. However, the protein resistance of these surfaces decay over
time due to factors such as auto-oxidation resulting in the formation of more
nonpolar and less hydrophilic functional groups such as aldehydes and ethers
[58]. Additionally, these surfaces are susceptible to physical defects and there-
fore are not suitable for long-term usage [33, 59]. The noticeable hydrophilicity
of the nanostructured Si3N4 surface results from the physical topology of the
surface and is expected to show much better long-term reliability than chem-
ical coatings.

To isolate the contribution from the improved hydrophilicity to the deterrence
of protein adhesion, we plasma-treated flat Si3N4 surfaces (Figure 4.18a) and
compared them with non-treated flat Si3N4 surfaces. Decrease in protein ad-
sorption as a function of increasing surface wettability becomes evident when
comparing the results obtained for plasma treated and non-plasma treated
substrates, as shown in Figure 4.18b. After 2 hours of incubation, the extent
of protein adhesion on the plasma-treated Si3N4 and nanostructured Si3N4 sur-
faces are almost the same. This could be attributed to the dominance of the
antifouling contribution from the hydrophilicity as the length-scale of the nan-
otopology of the nanostructured Si3N4 surface is over an order of magnitude
greater than the size of proteins, implying that the nanoscale geometry effect is
possibly negligible. However, after 24 hours, the nanostructured Si3N4 surface
displays the lowest contact angle and the greatest resistance to protein adsorp-
tion while the non-permanent plasma-treated surface loses its hydrophilicity
and its contact angle returns to a value close to that of a non-treated flat Si3N4

surface (Figure 4.18a).

When considering the case of cellular adhesion to surfaces, we can consider
the following reaction:

CL + SL↔ CS (4.5)

where cells in an aqueous media or liquid (CL) are interacting with a surface
submerged in liquid (SL) and leading to adsorption of cellular molecules on
the surface represented as CS. The free energy change can be expressed as

∆GCS = γCS −
(
γCL + γSL

)
. (4.6)
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Figure 4.18: Hydrophilicity-mediated protein anti-adhesion. (a) Contact an-
gle vs. time elapsed after plasma treatment: flat Si3N4 surfaces were plasma-
oxidized in order to lower their contact angles to values comparable to the
nanostructured Si3N4 surface (n = 2 measurements). Plasma oxidation pro-
duced non-permanent enhanced hydrophilicity that dissipates in 24 hours. (b)
Bovine serum albumin (BSA) adhesion measured as a function of fluorescence
intensity on untreated flat, plasma treated flat Si3N4 and nanostructured Si3N4
surfaces: in case of protein anti-adhesion, hydrophilicity plays a greater role
than the nanotopology of the nanostructures (n = 12 representative images).
(c) E. coli adhesion measured as a function of fluorescence intensity after 4
hours of incubation (n = 3 representative images). (d) HeLa cell density mea-
sured after 12 hours and 24 hours (n = 5 representative images). For cells,
nanotopology plays a greater role as indicated by greater adhesion resistance
offered by the nanostructured Si3N4 surface over the plasma treated Si3N4
surface of a similar contact angle.

The effect of surface wettability on the free energies in this case is also very
similar to that of proteins. Improved hydrophilicity of the surface implies
that γSL will be lower, which increases the barrier for displacement of water
molecules on the surface by cells and is favorable for improving biocompatibil-
ity. The degree of improvement will once again be dependent on the other two
terms (γCS and γCL), which are dependent on the nature of charges on the
cells and their apparent hydrophilicity or hydrophobicity (discussed in further
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detail by Liu et al.) [51]. Indeed, it has been shown that increase in surface hy-
drophobicity (contact angle change from 15o to 100o) correlated directly with
increase in surface adsorption of bacteria, algal spores, and eukaryotic cells
[31, 32, 60, 61]. Our results (Figure 4.18c,d) show that there is a significant
decrease in cellular adhesion upon increasing the hydrophilicity of flat Si3N4

surfaces through plasma oxidation, which agrees with the surface wettability
model.

The second important contribution towards improved biocompatibility for the
nanostructured Si3N4 surface originates from the nanostructured surface topol-
ogy. Being in the same length-scale or more typically an order of magnitude
smaller than cells, nanotopology plays a greater role in biofouling resistance
against bacteria and mammalian cells (Figures 4.18c, d). Various reports
have claimed that structured surfaces reduce biofouling as compared to flat
substrates [49, 60, 61]. Two primary cases can be considered when cells are
interacting with patterned substrates. The first case is when cells can elon-
gate to increase their interaction with the surface and fill the gaps between
nanostructures [62]. This cellular elongation directly leads to an increase in
surface tension along the cell membrane and has been modeled by Pogodin
et al. assuming a planar piece of membrane [29]. The increase in interfacial
surface energy is described by [29]

∆γCS =
εη0dσ

1 + αr (4.7)

where η0 represents the surface density of adsorption sites on the membrane;
ε represents energy gained per unit of adsorption site; αr represents the local
degree of cell membrane stretching at point r ; and dσ is the elemental surface
area. The integration is performed over the total contact area between the cell
membrane and the nanostructured surface. For high-aspect-ratio structures
such as the nanopillars (diameter 160 nm, height 200 nm) described by Pogodin
et al., stretching of the membrane can eventually lead to rupture and cell lysis.
For low-aspect-ratio nanostructures with an average diameter of 345 nm and
height of 150 nm, our experimental results have not shown any signs of cell
lysis (Figures 4.16d and 4.17c-e), indicating that while membrane elongation
is likely increasing γCS in equation 4.6 and improving biocompatibility of the
substrate, cell membranes are not rupturing.
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The second possible case occurs when the cell membrane does not elongate to
fill the gaps in the nanopatterned substrate. It has been shown that this situa-
tion leads to a reduction in adhesion points between the substrate and cells [63],
leading to poor adhesion of cells on patterned surfaces as compared to a flat
surface and consequently easier detachment. Therefore, nanotopology-driven
outcomes such as membrane deformation or reduction in adhesion points con-
tribute towards destabilizing the interaction between the cell membrane and
substrate, improving resistance to cellular adsorption. Our results demonstrate
that nanostructured Si3N4 surface shows a drastic decrease in both prokary-
otic and mammalian cellular adhesion as compared to a flat substrate (with
or without plasma treatment) due to the increased contribution from the nan-
otopology (Figures 4.18c, d). This is evident from the fact that greater cell
adhesion resistance is offered by the nanostructured Si3N4 surface over the
plasma-treated Si3N4 surface of a similar contact angle.

To summarize, based on evidences found in literatures and results obtained
from our experiments, we have analyzed the underlying mechanism that pro-
duced the much improved biocompatibility of the nanostructured substrate:
it is the combination of (a) much-improved, nanopattern-based, hydrophilic-
ity that increases the energy barrier for protein and cellular adhesion on the
substrate; and (b) nanostructured surface topology, which reduces the energy
barrier for detachment of cells from the surface and destabilizes cellular adhe-
sion to the substrate.

4.4 Use of nanostructures in intraocular pressure sensing

To demonstrate a medical application for multifunctional nanostructures, we
used the nanostructured Si3N4-membrane as an opto-mechanical sensing ele-
ment in a microscale implantable IOP sensor (previously described in Chapter
2), which is a hermetically sealed, pressure-sensitive, Fabry–Pérot resonator.
A flat-surfaced or nanostructured flexible Si3N4-membrane forms the top sur-
face of the Fabry–Pérot resonator and a mirror-like rigid Si forms the bottom
surface. The sensor is optimized in the NIR range for minimum absorption in
tissue and water. If the ambient pressure or IOP changes, the membrane will
deflect accordingly, and the resulting shift in the resonance wavelength will be
captured remotely in reflection (Figures 2.3, 2.6 and 4.19a).
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Optical characterization of the bioinspired nanostructured IOP sen-
sor

To study the dependence on readout angle, we compared the measurements
from a nanostructured and a flat-surfaced IOP sensor at 1 atm (Figures 4.19b-
d). The flat-surfaced sensor produced a maximum resonance shift of 16 nm
at an incident angle of 12o (Figure 4.19b). By contrast, the nanostructured
sensor produced shifts of 2 nm at 12o and 5 nm at 30o. Decay in the in-
tensity of reflected resonance was also measured as a function of the incident
angle (Figure 4.19c). For the flat-surfaced sensor, the intensity decayed to
zero when the incident angle reached 12o while the signal from the nanostruc-
tured sensor remained detectable until 30o. The IOP measurement error of
the flat-surfaced sensor reached 4.59 mmHg at 12o (Figure 4.19d), which is
approximately 46% of the physiological IOP range observed in humans (10–20
mmHg) and exceeds the ±1.2 mmHg error range of existing clinical tonome-
ters (http://www. icaretonometer.com/, http://www.reichert.com/). On the
other hand, the IOP-measurement error of the nanostructured sensor was 0.07
and 0.92 mmHg at 12o and 28o, respectively. These results highlight the wide-
angle performance of the nanostructured sensor. The nanostructured sensor
showed excellent linearity (correlation factor: ∼1.00) over the clinical range of
interest from 0 to 32 mmHg when tested in a pressure-controlled chamber in-
terfaced with a digital pressure gauge (Figure 4.19e). The maximum readout
error was 0.26 mmHg, approximately four times lower than that of the flat
surfaced sensor (1 mmHg).

In vivo performance of the bioinspired nanostructured IOP sensor

A nanostructured and a flat-surfaced sensor were implanted individually in-
side the anterior chambers of two New Zealand white rabbits to investigate
in vivo optical performance and biocompatibility (Figure 4.20a). To exam-
ine the stability of sensor measurements, the shift ∆λ of the most prominent
peak in each spectrum of the set was computed with respect to the mean of
the set (Figure 4.20b). The s.d. of ∆λ of the nanostructured sensor was 0.6
nm as opposed to 1.3 nm observed for the flat-surfaced sensor (Figure 4.20c).
Additionally, the s.d. of IOP measurements produced using the nanostruc-
tured sensor was 0.23 mmHg as opposed to 0.64 and 1.97 mmHg calculated
from measurements concurrently obtained using the flat-surfaced sensor and
tonometry, respectively (Figure 4.20d). The angle independence enhanced
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Figure 4.19: Bioinspired nanostructured IOP sensor benchtop characteriza-
tion. (a) Resonance shifts of the sensor Fabry–Pérot cavity measured in re-
flection as a function of the IOP. (b) Peak shift in the reflected resonance
spectra as a function of incident angles (n = 3 measurements). Considerably
smaller magnitudes of peak shifts are observed in the nanostructured sensor,
indicating its angle-independent property. (c) Intensity, taken as a measure
of peak-to-valley contrast of the most prominent peak and valley of the res-
onance profile and normalized with respect to the measurement taken at a
0o angle of incidence. The nanostructured sensor displays negligible loss of
intensity up to 14o (n = 3 measurements). (d) Pressure drift error induced by
increasing the angle of incidence. The nanostructured sensor displays negli-
gible pressure drifts even at large angles of incidence (n = 3 measurements).
(e) Nanostructured sensor tested from 0–32 mmHg in a pressure-controlled
chamber interfaced with a digital pressure gauge used as a reference. Error
bars show the s.d. about the mean.

by the nanostructure integration improved the stability and accuracy of the
optical measurements against potential error sources such as respiratory move-
ments, subtle eye motions, and detector misalignment. Furthermore, indirect
IOP measurement techniques, such as tonometry, are influenced by various
factors such as corneal thickness, curvature and biomechanics and are in gen-
eral more error-prone compared with direct IOP measurement techniques such
as implantable sensors [15, 64].

Both sensors were retrieved after one month of implantation to quantify cell
growth on the surface and to assess biocompatibility. We used confocal fluores-
cence microscopy to determine the extent of tissue growth and cellular viability
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at the time of retrieval. DAPI was used to localize all constituent cells while
phalloidin, which selectively binds to actin, was used as an indicator of cellular
processes and health [65]. Additionally, matrix metalloproteinases-2 (MMP-2)
was used as an indicator of inflammation for its role in various inflammatory
and repair processes [66].

Figures 4.20e, f show top views of the z-stacked multi-channel immunofluores-
cence images of the flat-surfaced and the nanostructured sensors, respectively.
Approximately 59% of the flat-surfaced sensor was covered by tissue, and the
presence of a vast filamentous F-actin network (Figure 4.20e, in green) indi-
cates healthy tissue growth at the time of extraction. Additionally, MMP-2
(Figure 4.20e, in red) was observed over the membrane of the flat-surfaced
sensor, which could have triggered the extensive cell migration towards this
region. In comparison, approximately 5% of the nanostructured surface was
covered by tissue, which was a 12-fold improvement over the flat-surfaced
sensor, and there was no detectable MMP-2 signal, suggesting the cell sig-
nalling and migration patterns present on the flat-surfaced sensor were absent
on the nanostructured sensor. This indicates no inflammation occurred post-
implantation and highlights the promising role of the nanostructures towards
significantly improving in vivo biocompatibility of medical implants.

4.5 Conclusion

Inspired by the short-range-ordered nanostructures found on the wings of the
transparent longtail glasswing butterfly (C. faunus), we engineered biopho-
tonic nanostructures optimized for use in medical implants. By tuning key
physical dimensions of the nanostructures, we engineered structurally induced
scattering that expands optical readout angle and improves antifouling with
suppressed inflammation suitable for IOP-sensing implants. In glaucoma, ac-
curate IOP monitoring is the only mainstay of disease diagnosis and man-
agement [64], and optical sensing approaches for IOP monitoring have been
promising in terms of miniaturization, energy efficiency, and frequency of mon-
itoring [15]; however, they also require improvement in readout angle and
biocompatibility for practical use. Integration of the nanostructures on an
IOP-sensing implant significantly expanded its detection range while reducing
threefold the mean in vivo IOP error. Further, the nanostructures effectively
suppressed biofouling and inflammation 12-fold, resulting in a highly practi-
cal implant for long-term IOP monitoring. Further development of our bio-
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Figure 4.20: Bioinspired nanostructured IOP sensor in vivo studies. (a) A
flat-surfaced and a nanostructured sensor were each implanted in the ante-
rior chamber (indicated by the black arrow) of two living New Zealand white
rabbits for a period of one month. The flat-surfaced sensor appears hazy com-
pared with the nanostructured sensor due to dense tissue growth on the sensor
surface indicating significant biofouling after one month of implantation. (b)
Spectra with the highest signal-to-noise ratio collected from continual IOP
measurements taken over 60-s intervals with an integration time of 10 ms per
spectrum. The variation in the position of the resonance spectra that occurred
during a single set of measurements is indicated as ∆λ (n = 95 spectra). (c)
Histograms showing the numbers of spectra at specific ∆λ relative to the mean
wavelength for the flat (s.d. = 1.3 nm) and nanostructured (s.d. = 0.6 nm)
sensors, respectively (n = 95 spectra). (d) Standard deviation of in vivo IOP
measurements made using the flat (s.d. = 0.64 mmHg, n = 95 spectra) and
nanostructured (s.d. = 0.23 mmHg, n = 95 spectra) sensors compared with a
traditional rebound tonometry reading (s.d. = 1.97 mmHg, n = 12 measure-
ments). (e) Three-channel immunofluorescence confocal microscopy image (z-
stack) of the flat Si3N4 sensor after one month of in vivo study. Several signs
of inflammation (shown in red) over the flat Si3N4-membrane of the sensor
have elicited a foreign body reaction by means of a vast cellular migration
process. Healthy tissue growth with a vast F-actin network is observed over
the flat Si3N4-membrane. (DAPI: cell nucleus marker, blue; phalloidin: cell F-
actin marker, green; and MMP-2: matrix metalloproteinases marker, red.) (f)
Immunofluorescence image of a nanostructured sensor after one month in vivo
study. Considerably reduced tissue adhesion over the nanostructured Si3N4-
membrane (the circular region) indicating the contribution of nanostructures
to in vivo antifouling through anti-adhesion. Scale bars: 100 µm.
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inspired work, including continuous IOP monitoring using mobile devices with
integration of features such as memory-based tracking, will improve glaucoma
treatment outcomes and lower the risk of visual impairment and blindness.
With these promising results, we envisage that numerous medical technolo-
gies and devices will benefit greatly from the multifunctionality of biophotonic
nanostructures.

4.6 Materials and methods

High-resolution imaging

Dried wings of C. faunus were coated with a 15 nm gold layer (Lesker Labline
E-beam Evaporator, Kurt J. Lesker Company, USA) before examination by
scanning electron microscopy (SEM) (FEI Nova 200 NanoLab Dualbeam,
USA) operated at 5 kV.

Topographical analysis

ImageJ (https://imagej.nih.gov/ij/), a public domain and Java-based image
processing program tool, was used to perform the statistical analysis of the
nanostructure size on the wing membrane and fabricated the nanostructured
Si3N4 samples. The images were turned into binary black and white images
under a specific threshold value. Subsequently, the diameters and areas of the
nanostructures were computed. The 2-D Fourier power spectra were obtained
from SEM images and calculated with a fast Fourier transform algorithm in
MATLAB.

Optical simulations

The thin film simulations of flat Si3N4-membrane and the postdiscal area were
calculated analytically using MATLAB [6]. The developed multilayer thin-
film calculator is based on matching the boundary conditions for Maxwell’s
equations. Calculations were first done for individual polarizations and by
taking the average afterwards to consider the unpolarized light (TE + TM2)
condition.

The optical properties of the basal area nanostructures were numerically simu-
lated with the 2D finite-difference time-domain software (Lumerical Solutions
Inc., Canada). The transmittance of the nanostructured membrane were nu-
merically simulated with the 3D finite element method (FEM) (COMSOL
Multiphysics, USA). In order to simulate exact optical properties of the fabri-
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cated nanostructured samples, the measured 3D patterning profile was directly
imported by SEM in the simulated model. Periodic boundary conditions in
the lateral directions (x and y) were applied for the calculations. An incoming
plane wave impinging the structures under normal and oblique incidence was
used and all calculations were performed with a spatial resolution of 5 nm. In
the simulation process, the boundary conditions of the electromagnetic fields
in the vertical (z) direction were set on the perfect matching layer (PML) for
the model. The total transmittance was calculated for individual geometries
for unpolarized light (TE + TM2) at normal and oblique incident angles by
integrating the near-zone scattered power (Poynting vector) over a surface
before the bottom PML and afterward normalizing with incident intensity.

Optical spectroscopic analysis

Specular transmission and scattering spectra of the C. faunus wings were mea-
sured using a custom-built optical goniometric setup. A stabilized Tungsten-
Halogen light source (SLS201, ThorLabs, USA) was collimated to form a 500
µm wide parallel incident beam that illuminates the sample at a fixed angle.
The specular transmission and forward scattered light was detected at fixed
and different angles, respectively, with an angular resolution of 2o and coupled
into an optical fiber connected to the spectrometer (Flame, Ocean Optics,
USA). All measurements were recorded with an unpolarized light.

The diffuse transmittance measurements were performed using a custom-built
motorized integrating-sphere apparatus with a monochromator coupled tun-
able (λ = 450-900 nm) supercontinuum laser (Fianium) and a Si photodetec-
tor. All measurements were recorded with unpolarized light. The samples were
placed in the middle of the integrating sphere using a vise-type center-mount
and the sample holder was rotated around the vertical axis for angle-resolved
measurements. Transmission measurements were normalized to that of the
uncovered area of the underlying glass slide.

Phase-separation through polymer blends and nanostructure tex-
turing

Poly (methyl methacrylate) (PMMA, Mw = 9.59 kg/mol, Polymer Standards
Service GmbH, Germany) and polystyrene (PS, Mw = 19.1 kg/mol, Polymer
Standards Service GmbH, Germany) were dissolved in methyl ethyl ketone
(MEK, Sigma-Aldrich Co. LLC, USA) with a mass ratio of 65% and 35%.
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The concentration of the solutions was kept fixed to 25 mg/ml. Solutions were
spin-coated on the substrates with a speed of 3500 rpm and acceleration of
2000 rpm/s for 30 seconds. Relative humidity was maintained between 40%
and 50% during the spin-coating. The de-mixing of the blend components out
of the smooth surface occurred during spin-coating itself due to the difference
in relative solubilities of PS and PMMA in MEK [21]. When the sample begins
to spin, water condensation begins at humidity levels above 35%. A layer of
water-rich solution is formed at the air solution interface due to the difference
in evaporation rate between water and MEK. Water starts to condense from
the air into the solution because of the evaporation of MEK, which decreases
the temperature on top below the dew point. Because of the high water
concentration, a 3-dimensional phase separation occurs between PS/MEK and
PMMA/MEK/water. The PS molecules start to precipitate before they reach
the middle of the solvent. With the further evaporation of MEK, the PS/MEK,
and PMMA/MEK/water phases reach the same height and when the film is
completely dried, a purely lateral morphology is formed and the PS islands
end with an ellipsoidal shape. The samples were then rinsed in cyclohexane
for 2 minutes and dried in a stream of N2 to remove the PS islands. Using the
PMMA layer as a template, a 30 nm Al2O3 hard masking layer was deposited
via e-beam evaporation (CHA Industries Mark 40). After lift-off, the Si3N4

was textured through RIE (Oxford PlasmaLab 100 ICP380) resulting in the
nanostructured surface.

Nanostructured membrane and sensor fabrication

The fabrication process flow of the nanostructured membrane and IOP sensor
is provided in Figure 4.21. The sensor consists of two parts (top and bottom)
that were individually batch-fabricated and bonded together using a medical
grade epoxy to produce a hermetically sealed miniaturized Fabry-Perot (FP)
cavity. (T1) The top substrate fabrication begins with 2 µm-thick silicon
dioxide (SiO2) and 400 nm thick silicon nitride (Si3N4) layers deposited on the
top and bottom surfaces of a double-side polished (DSP) Si wafer (thickness:
300 µm) using thermal oxidation and low pressure chemical vapor deposition
(LPCVD), respectively. (T2) The Si3N4 and SiO2 layers on the top surface
of the wafer were completely removed using reactive ion etching (RIE) (Plas-
malab System 100 RIE/ICP, Oxford Instruments, Inc.) and buffered oxide
etch (BOE). Next, a 300 nm-thick aluminum oxide (Al2O3) layer was de-
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posited using an e-beam evaporator (FC-1800 E-Beam Evaporator, Temescal)
and patterned the surface using photolithography and BOE. (T3) Using the
patterned Al2O3 layer as a hard mask, the wafer was etched using a Bosch
process (Plasmalab System 100 RIE/ICP, Oxford Instruments, Inc.) down to
the SiO2 etch stop at the bottom surface of the wafer. (T4) The SiO2 layer was
removed through BOE to create freestanding Si3N4-membranes. The phase-
separation process described in the previous section was used to structure the
Si3N4-membrane. (T5) Individual nanostructured membranes were released
from the substrate through photolithography and RIE from the backside. (B1)
The bottom substrate fabrication begins with a double-side-polished Si wafer
(thickness: 300 µm). (B2) Using a photoresist mask, a precisely controlled 4
µm recess was created through RIE to generate the FP cavity gap. (B3) Next,
a 300 nm-thick aluminum oxide (Al2O3) layer was deposited using an e-beam
evaporator, and then patterned. (B4) Using a single Bosch process, concentric
shallow trenches and a deep trench were etched. The shallow trenches were
created to serve as reservoirs during the epoxy bonding process to prevent any
of the adhesive from overflowing into the FP cavity. The deep trenches were
created for the easy separation of bottom chips (bottom parts of the sensors)
from the wafer. (B5) The Al2O3 masking layer was removed in BOE. Finally,
a medical grade epoxy was applied along the sides of the top nanostructured
membrane chip and the bottom chip to create a hermetically sealed FP sensor
implant.

Nanostructured sensor characterization

The sensors were placed on a tilt stage, which allows for variation of the inci-
dent angle, and were probed by a 20x objective lens interfaced with an NIR
light source (HL-2000, Ocean Optics), a mini-spectrometer (Maya200 Pro),
Ocean Optics), and a CCD camera (Thorlabs, Inc). For linearity measure-
ments, the sensors were placed in a custom-build pressure-controlled chamber.
The hydrostatic pressure was between 0 to 30 mmHg and increased at steps
of 0.2 mmHg. The output from the sensors were referenced against a dig-
ital pressure gauge (1210 Pressure Sensor, TE Connectivity Ltd.) with an
accuracy of ±0.5%. An in-house IOP detection algorithm on MATLAB was
used to rapidly calculate the IOP based on the peak locations of the captured
reflection spectra.
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Figure 4.21: Fabrication process flow of the nanostructured IOP sensor. The
top and bottom substrates are separately fabricated and later assembled to-
gether.

Protein adhesion assay

Fluorescently labeled bovine serum albumin (BSA) (A13100, Thermo Fisher
Scientific Inc., Waltham, MA, USA) protein with molecular weight of 66 kDa
and streptavidin (S21375, Thermo Fisher Scientific Inc., Waltham, MA, USA)
were used for the protein adsorption studies of the control, flat Si3N4, and
nanostructured Si3N4 samples with different aspect-ratio. The BSA and strep-
tavidin were dissolved separately in phosphate buffered saline (PBS, 10 mM,
pH 7.4) to a concentration of 2 mM. The substrates were rinsed with PBS to
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rehydrate the surfaces. All the sample substrates were then immersed in both
protein solutions separately and were incubated at 4oC for 24 h. The sam-
ples were then removed from the protein solutions, gently washed three times
with PBS, and rinsed once with deionized water to remove the PBS salt. Sur-
face protein adsorption was imaged using a Hamamatsu ORCA-Flash4.0 V2
Digital CMOS camera on a Nikon Eclipse 80i fluorescence microscope with a
10x objective. ImageJ (https://imagej.nih.gov/ij/) was used to quantify the
protein adsorption data on 12 different imaging areas from each sample. All
images were converted into binary images with a fixed threshold to enable
sample comparison.

Prokaryote adhesion assay

A culture of chemically competent E. coli was transformed with the green fluo-
rescent protein (GFP) expressing and ampicillin-resistant plasmid pFluoroGre-
enTM (Edvotek) followed by plating on selective agar for overnight (O/N) incu-
bation at 37oC. The bacteria were then inoculated in fresh lysogeny broth (LB)
with 100 µg/mL ampicillin and isopropyl-β-D-thiogalactopyranoside (IPTG)
and incubated O/N at 37oC under gentle shaking (250 rpm). Upon recovery,
the bacteria were diluted in fresh LB to an OD600 – 0.25. Two sets of auto-
claved substrates consisting of a positive control, a flat Si3N4, and a nanostruc-
tured Si3N4 were incubated with 2 mL of the bacterial culture. The sets were
used for fluorescence imaging and colony-forming unit (CFU) counts. After
4-hour incubation under gentle shaking (100 rpm), the substrates were washed
with 1x PBS and placed in a sonication bath for 15 minutes. The substrates
for fluorescence intensity measurements were analyzed using a wide-field epi-
fluorescence microscope (10x objective, Leica DMI 600, Leica AG). For CFU
counts, a 10−5 serial dilution was performed for the control and flat Si3N4

while a 10−4 serial dilution was performed for the nanostructured Si3N4.

Eukaryote adhesion assay

Three sets of autoclaved substrates consisting of a positive control, flat Si3N4,
and nanostructured Si3N4 were incubated in complete Dulbecco’s modified
Eagle’s medium (DMEM) (10% fetal bovine serum (FBS) and 1% 100x peni-
cillin/streptomycin) at 37oC and 5% CO2 for 30 minutes. The medium was
then aspirated followed by re-addition of fresh complete DMEM. HeLa cells
at a fixed concentration of 250,000 mL−1 were seeded on each substrate and
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measurements were collected at 24-hour time point measurements, three in
total. At each 24-hour time point, one set of substrates were incubated in a
staining reagent consisting of fresh complete FluoroBrite DMEM (10% FBS,
1% 100x penicillin/streptomycin, 1:1000 Hoechst 33342, and 1:1000 SYTOX
green) at 37oC and 5% CO2 for 15 minutes. Hoechst 33342 (excitation/e-
mission 350/461 nm) and SYTOX Green (excitation/emission 554/567
nm) probes were used to stain the nuclei of adherent HeLa cells on the sur-
faces under test for live imaging. Hoechst 33342 is nonspecific of either dead
or live cells and provides an estimate of total adherent cell density, whereas
SYTOX Green is impermeant into live cells and functions as an indicator of
cell death. The co-localization of the two nucleic acid markers was used to as-
certain viability ratios (dead/live) for each surface. For the total adherent cell
density measurement, 10 representative fields-of-view were obtained through
wide-field epifluorescence microscopy (10x objective, 2 mm diameter of field
area, Leica AG) by scanning a fixed 2 cm x 2 cm substrate of each surface.
Using a fixed field area and the representative images, an average adherent cell
density (count/mm2) was obtained for each surface. An estimate of viability
was computed as an average ratio of number of dead cells and live cells per
field-of-view taken over 10 representative fields-of-view. The co-localization of
the two labels yielded the number of dead cells per representative field-of-view.
The number of live cells was obtained by subtracting the number of dead cells
from the total cell count tagged by Hoechst 33342 alone. The ImageJ/FIJI
software (NIH) was used to perform all required measurements.

In vivo IOP measurements

The sensors, mounted on silicone haptics, were folded and inserted into the
anterior chamber through a 2.8-mm corneal incision. Upon spontaneous un-
folding, the haptics were positioned into the iridocorneal angles. A custom-
built hand-held detection system was used for the in vivo IOP measure-
ments from the nanostructured IOP sensor. The system was interfaced with
a high-resolution NIR mini-spectrometer (Maya200 Pro, Ocean Optics) and a
portable Tungsten halogen light source (HL-2000, Ocean Optics). To obtain a
single IOP measurement, spectra were captured for a 60-seconds period with
an integration time of 10 ms per spectrum, resulting in 6000 spectra. Many of
these measurements are influenced by naturally induced respiratory and sub-
tle eye motions of the rabbits, which cause the angle of incidence to deviate
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from normal and increase readout errors. Hence, 100 representative reflection
spectra with the highest signal-to-noise ratio (SNR) were chosen out of 6000
spectra and used to calculate the IOP. An in-house IOP detection algorithm
on MATLAB was used to rapidly calculate the IOP based on the peak loca-
tions of the captured reflection spectra. Rebound tonometry was performed
using a handheld off-the-shelf system (TonoVet, Icare, Finland).

Confocal immunofluorescence microscopy sample preparation

Once harvested, the sensors were rinsed in 1x PBS with 0.02% NaN3 and
incubated in 4% paraformaldehyde (PFA) for 30 minutes at room temperature
(RT) followed by O/N incubation at 4oC. Then, the sensors were rinsed in 1x
PBS with 0.02% NaN3 followed by incubation in freshly prepared quenching
buffer (1x PBS with 0.02% NaN3 and 50 mM NH4Cl) for 15 minutes at RT.
Following quenching, the sensors were rinsed again in 1x PBS with 0.02%
NaN3. The sensors were then incubated in blocking buffer (1x PBS with
0.02% NaN3, 2% BSA and 0.25% TritonTM X-100) O/N at RT with gentle
shaking (20 rpm). For staining, the sensors were incubated in 1 mL staining
reagent containing blocking buffer with 1:1000 DAPI 405 (cell nucleus marker),
1:500 Phalloidin 488 (cell F-actin marker), and 1:500 MMP-2 594 (matrix
metalloproteinases marker)) O/N at RT with gentle shaking (20 rpm) followed
by 37oC for 1 hour. Following staining, the sensors were washed in blocking
buffer several times followed by incubation O/N at RT with gentle shaking (20
rpm). All confocal imaging was performed with the sensors fully immersed in
blocking buffer to retain the morphology of the tissue.

Confocal immunofluorescence microscopy and analyses

Imaging for in vivo biocompatibility analysis was performed using a laser scan-
ning confocal microscope (LSM 880 with Airyscan, Carl Zeiss AG). Z-stack
images (step size: 2.5 µm, range: 500 µm) were captured using a 25x EPI
objective with immersion oil, and controlled by Zeiss ZEN 2.1 software. A 2x2
tiling with 10% overlap section of each sensor field of view was captured and
then stitched together using an imaging software (Zeiss ZEN, Carl Zeiss AG).
All subsequent image analyses were performed with ImageJ/FIJI software.
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C h a p t e r 5

BIOINSPIRED NANOSTRUCTURES FOR
PLASMON-ENHANCED FLUORESCENCE

This chapter was adapted from:

V. Narasimhan, R. H. Siddique, M. Hoffmann, S. Kumar and H. Choo
(2019). “Enhanced broadband fluorescence detection of nucleic acids
using multipolar gap-plasmons on biomimetic Au metasurfaces.” In:
Nanoscale 11.29, pp. 13750–13757. doi: 10.1039/C9NR03178B.

Abstract

Recent studies on metal–insulator–metal-based plasmonic antennas have
shown that emitters could couple with higher-order gap-plasmon modes
in sub-10-nm gaps to overcome quenching. However, these gaps are
often physically inaccessible for functionalization and are not scalably
manufacturable. Here, using a simple biomimetic batch-fabrication, a
plasmonic metasurface is created consisting of closely-coupled nanodisks
and nanoholes in a metal–insulator–metal arrangement. The quadrupo-
lar mode of this system exhibits strong broadband resonance in the
visible-near-infrared regime with minimal absorptive losses and effec-
tively suppresses quenching, making it highly suitable for broadband
plasmon-enhanced fluorescence. Functionalizing the accessible insula-
tor nanogap, analytes are selectively immobilized onto the plasmonic
hotspot enabling highly-localized detection. Sensing the streptavidin-
biotin complex, a 91-, 288-, 403-, and 501-fold fluorescence enhancement
is observed for Alexa Fluor 555, 647, 750, and 790, respectively. Finally,
the detection of single-stranded DNA (gag, CD4 and CCR5 ) analogues
of genes studied in the pathogenesis of HIV-1 between 10 pM–10 µM con-
centrations and then CD4 mRNA in the lysate of transiently-transfected
cells with a 5.4-fold increase in fluorescence intensity relative to an un-
transfected control is demonstrated. This outcome promises the use of
biomimetic Au metasurfaces as platforms for robust detection of low-
abundance nucleic acids.
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5.1 Introduction

Optical field-enhancing plasmonic environments that influence the decay life-
times of quantum emitters were first proposed theoretically by Purcell [1] and
demonstrated experimentally in various efforts [2, 3]. Through sub-wavelength
light confinement, plasmonic nanostructures greatly increase the intensity of
localized electromagnetic fields, thereby enhancing excitation characteristics of
emitters proximal to them [4]. However, emitters within 10 nm from the nanos-
tructures couple to non-radiative, dark higher-order plasmonic modes, and the
energy is dissipated through non-radiative channels that lead to rapid quench-
ing of the far-field emission [5, 6]. Recent research of plasmonic nanogaps has
revealed that emitters can effectively couple with hybridized higher-order gap-
plasmon modes to overcome quenching effects [7–9] Modes that are otherwise
dark in isolated nanostructures such as nanoparticles become highly radia-
tive in plasmonic nanogaps [9] Furthermore, increased electric field lifetimes
and reduced radiative losses supported by higher-order plasmonic modes can
greatly benefit applications such as plasmon-enhanced fluorescence [10]. How-
ever, while recent literature has demonstrated nano-architectures capable of
overcoming quenching, their use in applications such as multiplexed biosensing
remains largely unexplored. This could be attributed to diminutive surface ar-
eas of the hotspots or physical inaccessibility of nanogaps for functionalization
as well as challenges involved in reliably reproducing nanoscale gaps, especially
in large scale, batch fabrication [11].

In this work, using a simple three-step biomimetic fabrication process, we
have created a highly scalable plasmonic metasurface (MS) consisting of a
short-range ordered array of closely coupled gold (Au) nanodisks on nanoholes
separated by a 5 nm silica (SiO2) nanogap with a large accessible hotspot sur-
face area for biosensing. This metal-insulator-metal metasurface (MIM-MS)
configuration whose geometry can be tuned by adjusting process parameters
was found to efficiently scatter from the visible to the near-infrared (VIS-NIR)
range. Furthermore, the SiO2 nanogap can be selectively functionalized to bind
molecules of interest presenting an advantage over conventional Au nanostruc-
tures [12]. Our in-depth study of an individual MIM scatterer reveals that
the higher-order quadrupolar mode (l = 2) of this architecture is radiant, and
emitters can effectively couple into this mode, resulting in enhanced quantum
emissions. Furthermore, we have experimentally verified the suppression of
quenching and broadband fluorescence enhancement of the l = 2 mode res-
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onance in the VIS-NIR regime for quantum emitters within 10 nm from the
nanogap, and consequently, the broad resonance profile of the l = 2 mode reso-
nance can support plasmon-enhanced fluorescence when compared to isolated
nanostructures favoring multiplexed biosensing using different fluorophores on
the same platform.

In our experiments, we have utilized oligonucleotide-based biosensing that is
now of great interest [13, 14] These single-stranded DNA (ssDNA) or RNA are
often less than 5 nm in size when folded, and they can be placed within the
regime of strong quenching [15]. By suppressing quenching, we demonstrate
robust biosensing of nucleic acid sequences of various sizes at concentrations
comparable to the resolution of commercial RNA quantitation assays [16].
Through fluorescent hybridization, ssDNA analogues of the human immun-
odeficiency virus type 1 (HIV-1) receptor genes CD4 and CCR5, as well as
the HIV-1 gene gag, were detected. Finally, the CD4 mRNA was detected
in the lysate of transiently-transfected cells demonstrating the versatility and
specificity of the MIM-MS as a quantitative biosensor.

5.2 MIM-MS fabrication

The MIM-MS was fabricated using a simple three-step process, as illustrated
in Figure 5.1a. The first step involves a biomimetic phase-separation technique
analogous to the processes that form biophotonic nanostructures on the wings
and scales of birds and insects [17]. It has been posited that in nature, these
nanostructures are self-assembled through a phase separation of biopolymers
in the amphiphilic phospholipid bilayer of scale cells, followed by chitin depo-
sition in the extracellular space [17]. Here, we rely on the phase separation of
a synthetic polymer blend of polystyrene (PS) and polymethyl methacrylate
(PMMA) co-dissolved in methyl ethyl ketone (MEK) under spin-coating [18–
20]. Due to differences in polarity and solubility of PS and PMMA along with
varying evaporation rates of MEK and water, under specific humidity con-
ditions, the PS/ PMMA/MEK system undergoes a lateral phase separation
which results in densely packed circular islands of PS in a matrix of PMMA.
Next, through selective dissolution of PMMA in acetic acid, we create iso-
lated pillars of PS. Finally, we directionally evaporated SiO2 and Au to form
the plasmonic MIM-MS as shown in the scanning electron microscopy (SEM)
image in Figure 5.1b. The atomic force microscopy (AFM) profiling of the
surface reveals a highly uniform structural height (Figure 5.1c). Furthermore,
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we were able to achieve MIM nanogaps of 5 nm through this simple and highly
scalable process (Figure 5.1d).

5.3 Single MIM structure simulation

To better elucidate the resonance profile of the MIM-MS, we simulated the
scattering response of a single MIM structure. A schematic of the structure
is shown in Figure 5.2a. As explained by mode hybridization theory, strong
coupling between the two metal layers (in this case a disk and hole) with
a sandwiched insulator in-between them results in strong field confinement
that leads to strong scattering in the far-field (Figure 5.2a) [21]. First, to
determine the gap-plasmon modes of the single MIM structure, we performed
three-dimensional (3D) finite-difference-time-domain (FDTD) simulations to
obtain the scattering cross section in the VIS-NIR regime between 500–2500
nm. By varying the diameter of structure, we observe the origination of the
first-order (l = 1) and subsequently, the second-order (l = 2) gap-mode as
seen in Figure 5.2b. The l = 1 mode for larger structures (diameter: 200–500
nm) is in the mid-IR and is therefore inaccessible for most fluorescence-based
applications. However, being in the VIS-NIR regime, the l = 2 mode could
potentially be utilized for fluorescence enhancement. Further analysis of the
structure’s scattering profile in the VIS-NIR regime between 300–800 nm is
shown in Figure 5.2c. The field profiles of the three gap-modes as shown in
Figure 5.2d indicate that l = 1, 2, and 3 corresponding to longitudinal dipolar,
quadrupolar, and hexapolar anti-bonding bright modes, respectively.

The resonance profile of the l = 2 mode is broader for larger MIM structures
compared to the l = 1 mode for smaller structures. The full width at half
maximum (FWHM) of the l = 2 mode for the 300 nm (FWHM ≈ 96 nm), 400
nm (FWHM ≈ 157 nm), and 500 nm (FWHM ≈ 197 nm) structures were 1.5,
2.4, and 3 times, respectively, that of the l = 1 mode for the 100 nm structure
(FWHM ≈ 66 nm). Additionally, smaller structures display considerably more
absorption than scattering (Figure 5.3) [22, 23]. However, a large scattering
cross-section is desirable for applications based on light-scattering microscopy
such as plasmon-enhanced fluorescence-based biosensing [24]. Figure 5.2e com-
pares the ratio of the scattering and absorption components of the extinction
(C scat/C abs) for the l = 1 mode of smaller MIM structures with the l = 2 mode
of larger MIM structures for fluorophores used in this work. The C scat/C abs

ratio is an order of magnitude larger in the case of the latter. However, as
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Figure 5.1: Fabrication and characterization of the MIM-MS. (a) Fabrication
of the MIM-MS through a simple three-step biomimetic phase separation fab-
rication process. Cross-sectional view is shown as indicated by the dotted line.
(b) Top view SEM image of the metasurface showing circular/ellipsoidal MIM
pillars. Scale: 10 µm. (c) 3D AFM image of a 10 × 10 µm area of the MIM-MS
which shows a high degree of height uniformity. (d) A cross-sectional SEM
image of an individual MIM scatterer with a clearly visible 5 nm nanogap.
Scale: 200 nm.
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Figure 5.2: Single MIM structure simulations. (a) A schematic of the
MIM configuration consisting of an Au nanodisk closely coupled with an Au
nanohole separated by an SiO2 nanogap. (b) Scattering cross section of a
single MIM scatterer for different diameters from 50 nm to 400 nm. The
first-order (l = 1) and second-order (l = 2) gap modes are both radiant. (c)
Scattering cross sections of the second-order (l = 2) and third-order (l = 3)
modes of single MIM scatterers in the VIS-NIR regime. (d) The field profile
of the nanogap shows the presence of a dipolar (l = 1), quadrupolar (l = 2),
and hexapolar (l = 3) anti-bonding bright gap modes. (e) The ratio of the
scattering and absorption components of the extinction C scat/C abs for the l =
1 mode of small MIM scatterers (top) compared with that of the l = 2 mode of
larger MIM scatterers (bottom). (f) The quality factor (black) and plasmon
resonance wavelength (red) for the l = 2 mode of larger MIM scatterers.

shown in Figure 5.2f, increasing the MIM structure diameter also lowers the
quality factor of the plasmon resonance. Therefore, using a geometry that
is between 200–400 nm in diameter would be optimal for plasmon-enhanced
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fluorescence as it supports broadband resonance with a high C scat/C abs ratio
without sacrificing on the quality factor.

Figure 5.3: The absorption (dotted black) and scattering (solid red) cross
sections in the Vis-NIR regime of (a) the l = 1 dipolar mode of smaller MIM
structures with diameters from 50 - 80 nm and (b) the l = 2 quadrupolar mode
of larger MIM structures with diameters from 200 - 500 nm. The ratio of the
scattering to absorption cross section is considerably higher for the l = 2 mode
compared to the l = 1 mode.

5.4 MIM-MS optical simulation and characterization

By varying the relative mass ratios of the PS and PMMA, we realized MIM-
MS of structurally-induced varying coloration with a high chromaticity. Green,
orange, and red surfaces were generated (Figure 5.4a) by controlling the aver-
age size of the MIM scatterers in the distribution with mean diameters being
195 nm, 340 nm, and 645 nm, respectively (Figure 5.4b). Using an opti-
cal micro-spectroscopic setup in dark-field (DF) mode, the scattering spectral
response of each of the three plasmonic metasurfaces was obtained. Match-
ing their macroscopic appearance, the metasurfaces displayed scattering res-
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onances with maximas at 555 nm, 636 nm, and 792 nm as shown in Figure
5.4c.

3D FDTD simulations were performed on a 4 µm by 4 µm spatial array of MIM
scatterers matching the size and spatial periodicity of the fabricated samples
(Figure 5.4d). The FDTD simulation results confirm similar resonance profiles
as the DF measurements indicating the presence of highly-radiant higher order
modes that scatter strongly to the far-field (Figure 5.4e).

Figure 5.4: MIM-MS optical simulation and characterization. (a) Stable and
tunable structurally-induced coloration with high chromaticity is obtained us-
ing the biomimetic fabrication technique. (b) MIM-MS with a mean diameter
of 195 nm, 340 nm, and 645 nm resulted in green, yellow, and red structural
colors, respectively. (c) The far-field scattering profile of the three MIM-MS
measured through DF microscopy shows resonance profiles with maximas at
555 nm, 636 nm, and 732 nm, respectively. (d), (e) 3D FDTD simulations
of a 4 µm x 4 µm array of the MIM-MS matching the geometry of the three
fabricated samples shows a good correlation with the experimentally measured
scattering results.

Leveraging the tunable quadrupolar resonant mode of the MIM-MS, we ex-
perimentally demonstrate broadband multiplexed fluorescence enhancement
by sensing the streptavidin-biotin complex. We chose the geometry with a
mean diameter of 340 nm (orange sample as shown in Figure 5.4) due to its
broadband scattering response centered at 636 nm, making it ideal for the
550–850 nm wavelength range. The MIM-MS were designed with SiO2 as the
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insulator layer as it can be easily functionalized with a silane (–SH) group to
bind with analytes of interest at the plasmonic hotspot.

The streptavidin–biotin complex plays a crucial role in numerous laboratory
methods for the detection of low-concentration proteins and nucleic acids [25].
For instance, streptavidin conjugates bind strongly to biotinylated probes such
as secondary antibodies to improve the signals from molecules expressed in low
concentrations in whole samples [26]. By further enhancing the signal from
the conjugated reporters through broadband plasmon-enhanced fluorescence,
the detection limit of analytes at low concentrations can be greatly improved.

First, we functionalized the metasurface with silane-polyethylene glycol-biotin
(SH-PEG-biotin) and detected different fluorescent conjugates of the protein
streptavidin. The fluorescent conjugates used were Alexa Fluor 555 (AF555,
excitation (ex)/emission (em) – 555/580 nm), Alexa Fluor 647 (AF647, ex/em
– 650/665 nm), Alexa Fluor 750 (AF750, ex/em – 749/775 nm), and Alexa
Fluor 790 (AF790, ex/em – 784/814 nm). The schematic of the experiment
is shown in Figure 5.5a. The plasmon-enhanced fluorescence from a multi-
plexed assay consisting of all the aforementioned streptavidin conjugates is
shown in Figure 5.5b. The ring-shaped distribution corresponding to plas-
monic hotspots of individual MIM scatterers is clearly visible.

Figure 5.5: Broadband fluorescence enhancement using MIM-MS. (a) A
schematic of the selective streptavidin–biotin detection. (b) Multiplexed
biosensing of streptavidin conjugated with AF555, AF647, AF750, and AF790
fluorophores. (c) Broadband fluorescence enhancement relative to a glass con-
trol for different streptavidin conjugates with varying PEG lengths. The nu-
merical enhancement factor for each case computed through FDTD is plotted
as dots.
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Next, by varying the PEG molecular weight from 600 Da – 2000 Da, we ad-
justed the chain length and consequently the distance of the fluorophores from
the hotspot between 7 nm – 11 nm [27]. The distance was estimated by sum-
ming the chain length of the PEG and the size of a streptavidin tetramer [28].
We then measured the fluorescence intensity for each sample and normalized
it relative to a control glass sample prepared under the same conditions. As
the PEG length was shortened, the observed fluorescence enhancement for
each fluorophore relative to the corresponding control increased (Figure 5.5c).
In all cases, a fixed concentration of the silane-PEG-biotin and streptavidin
were used. For PEG 600, enhancement factors of 91-, 288-, 403-, and 501-fold
were observed for AF555, AF647, AF750, and AF790, respectively. To further
test the suppression of quenching, we directly bound AF647 to the SiO2 layer
(i.e. emitter distance ≈ 0 nm). This was achieved through silanization of
the SiO2 layer with (3-aminopropyl)triethoxysilane (APTES) and subsequent
labeling of the free primary amine (–NH2) end with the N-hydroxysuccinimide
(NHS) ester of AF647. An enhancement factor of 586-fold was obtained in this
case, indicating strong suppression of quenching. All the experimental results
were in good agreement with enhancement factors that were numerically com-
puted using FDTD (Figures 5.5c and 5.6). We also modeled the radiative and
nonradiative decay rates associated with quantum emitters placed at various
distances from a single MIM scatterer (Figure 5.7) and compared them with
those of an isolated nanostructure (Figure 5.8). The first-order dipolar mode
of the isolated nanostructure quenches the emitter as it moves closer to the
structure while the MIM scatterer effectively suppresses quenching.

5.5 Plasmon-enhanced fluorescence-based biosensing

To demonstrate the utility of the MIM-MS as a biosensor, we targeted the
detection of the HIV-1 gag, CD4, and CCR5 genes popularly studied in the
pathogenesis of HIV-1. They encode the Gag, CD4, and CCR5 proteins re-
spectively. Gag is a structural polyprotein that is essential for virion assembly
as it forms the capsid that encapsulates the viral genome HIV-1 [30]. Gag
is routinely used as a marker for the detection of HIV-1-infected cells [31]
and the quantification of HIV-1 virion production [32]. CD4 is primarily ex-
pressed on CD4+ T-lymphocytes and functions as co-receptor to the T-cell
receptor during antigen presentation [33]. CCR5 is a G-protein-coupled recep-
tor (GPCR) found on the surface of various immune cells, including T lym-
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Figure 5.6: Experimental verification of suppression of fluorescence quenching.
(a) Normalized |E|2 enhancement computed through FDTD experienced by
emitters at various distances from the plasmonic hotspot of an MIM structure
of diameter 340 nm. The diameter corresponds to the mean diameter of the
samples used in this work. Dotted lines correspond to the excitation maxima
of each fluorophore used in the study. NHS ester corresponds to a distance of
0 nm while (b) PEG 600, PEG 1000, and PEG 2000 correspond to distances
of 0, 7, 8.75, and 11 nm, respectively [27] (c) Fluorescence enhancement factor
of Alexa Fluor 647 at various distances from the plasmonic hotspot of the
MIM-MS. Numerically computed enhancement factors for the same distances
are plotted as dots.

phocytes, macrophages, and dendritic cells [33]. HIV-1 predominantly infects
CD4+ T-lymphocytes through interactions with CD4 and a co-receptor, which
during early infection is almost exclusively CCR5 [34]. Therefore, a threshold
level of CD4 and CCR5 receptors is required to support the infection [35, 36].
While CD4 is abundantly expressed on CD4+ T-cells, its expression fluctuates
on macrophages [37] and CD34+ hematopoietic stem cells [38] making them
also potentially susceptible to HIV-1 infection. Moreover, CCR5 expression
is highly variable on different subsets of immune cells and depends on the
cell maturation state [35]. Consequently, studying the expression of HIV-1
gag, CD4, and CCR5 in parallel through selective capture and quantification
could provide important information about the interplay of HIV-1 receptor
expression levels and susceptibility to infection.

To selectively immobilize and detect the gag, CD4, and CCR5 nucleic acids
on the MIM-MS, we utilized DNA/RNA hybridization reactions in a sandwich
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Figure 5.7: Simulation of the decay rates of different fluorophores. (a) The
radiative (γr, solid), nonradiative (γnr, dashed) and total (γtot, dotted) decay
rates versus wavelength at an emitter distance of 0 nm from an MIM struc-
ture of diameter 340 nm computed through FDTD. The vertical dotted lines
correspond to the emission maxima of the fluorophores used in the study. The
peak position of γr correlates well with the plasmon resonance wavelength of
the l = 2 mode of the structure. (b) High absorption for wavelengths less
than 500 nm which corresponds to losses through nonradiative channels is due
to high intrinsic material losses [29]. (c) γr and γnr versus distance for the
fluorophores used in the study.

assay format. The target nucleic acid would first be immobilized on the plas-
monic hotspot by means of a capture oligonucleotide, and then detected with
a fluorescently-labeled detection oligonucleotide (Figure 5.9a). To test the
sandwich assay, we selected the first 100 base pairs (bp) of the coding strand
in the target complementary DNA (cDNA) sequences. Then, using a nucleic
acid analysis software (NUPACK) to avoid secondary structure formations,
we selected the binding sites for the complementary capture and detection oli-
gos (Figure 5.10) [39]. Following hybridization, the detection oligo conjugated
with AF555 (gag), AF647 (CD4 ), and AF750 (CCR5 ) at the 5’-end is bound
to the target sequence. Figure 5.9b shows multiplexed detection of gag, CD4,
and CCR5 100 bp ssDNA sequences at a concentration of 100 nM.

For the remainder of the study, the CD4 gene was chosen as a representative to
study the MIM-MS biosensing specificity in more detail. Figures 5.9c and 5.11
show capture and detection of the CD4 100 bp ssDNA from a concentration of
10 pM to 10 µM. Overcoming quenching, we also demonstrate the sensing of
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Figure 5.8: The absorption (dotted black) and scattering (solid red) cross
sections of (a) a 340 nm MIM structure and (b) a 100 nm nanodisk with a
matching plasmon resonance computed through FDTD. The resonance of the
nanodisk is considerably narrower. (c) The γr and γnr for the MIM structure
and nanodisk at various distances computed through FDTD. In most cases,
the γr for the MIM structure is orders of magnitude greater than the nanodisk.
(d) The structurally-induced quantum yield η for an emitter with an intrinsic
quantum yield of unity (ηo = 1) for various distances computed through FDTD.
The nanodisk quenches the emitter for distances < 10 nm while the MIM
structure suppresses quenching.

just the detection oligo (20 bp) at concentrations as low as 10 pM (Figure 5.12).
Next, an ssDNA analogue of the fulllength CD4 cDNA coding strand (1377
bp) was generated through a two-step PCR protocol and diluted to working
concentrations of 10, 60, and 125 nM in a hybridization buffer. To demonstrate
sequence capture specificity, chimeric CCR5-CD4 ssDNA molecules containing
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Figure 5.9: Practical biosensing using the MIM-MS. (a) A schematic of the se-
lective nucleic acid sequence detection assay. (b) Multiplexed detection of 100
bp gag, CD4, and CCR5 sequences on MIM-MS with detection oligos conju-
gated with AF555, AF647, and AF790 compared to glass controls treated with
the same conditions. (c) Normalized fluorescence intensity for the 100 bp CD4
sequence captured at concentrations ranging from 10 pM - 10 µM. (d) Fluo-
rescence intensity of a ssDNA analogue of the whole CD4 gene captured and
detected at concentrations of 10, 62, and 125 nM. In comparison, the negative
control shows negligible change in fluorescence. (e) Fluorescent micrographs
of the functionalized MIM-MS for the lysate of untransfected (control) and
transfected cell cultures. (f) The sample overexpressing CD4 mRNA displays
a 5.4-fold higher average fluorescence intensity compared to the untransfected
control.

bases 1–56 of the CCR5 cDNA and bases 57–1377 of the CD4 cDNA were used
as a control. This particular region of the CD4 cDNA was replaced because the
capture and detection oligos were designed to bind to bases 1–20 and 36–56,
respectively (Figure 5.10). While the fluorescence intensity from the MIM-
MS containing the CCR5-CD4 ssDNA control remained comparable to the



115

Figure 5.10: The design of capture and detection oligonucleotides using NU-
PACK [39]. The base sequence range indicated in black (gag : bases 1 – 19,
CD4 : bases 1 – 20 and CCR5 : bases 1 – 33) and red (gag : bases 71 – 100,
CD4 : bases 36 – 56 and CCR5 : bases 83 – 100) correspond to the location of
binding of the capture and detection oligos respectively. Regions with a high
probability of secondary structure formation were avoided.

background signal for all three concentrations, the intensity for the full-length
CD4 ssDNA samples scaled by 1.9- and 2.6-fold for 60 and 125 nM compared
to 10 nM (Figure 5.9d). This indicates high specificity and scalability of the
sandwich assay using the MIM-MS towards the detection of full-length nucleic
acid molecules.

Figure 5.11: Fluorescence micrographs of 100-bp CD4 sequence captured and
detected from a concentration of 10 pM to 10 µM.

Finally, we tested if our MIM-MS sandwich assay protocol could specifically
detect CD4 mRNA molecules in total RNA samples derived from Expi293
cells. Total RNA was isolated from the lysate of Expi293 control cells and
cells transiently transfected to overexpress CD4. Initially, cell surface ex-
pression levels of the CD4 protein were verified using flow cytometry (Figure
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Figure 5.12: Normalized fluorescence intensity for the 20-bp CD4 capture oligo
conjugated with AF647. The biosensing of such a small sequence is enabled
by the suppression of quenching by the quadrupolar mode of the MIM-MS.

5.13). Although mRNA only represents a small fraction of total RNA [40], and
thousands of genes are expressed simultaneously in mammalian cells [41], the
MIM-MS sandwich assay was able to specifically detect full-length CD4 mRNA
molecules in the total RNA sample of the transfected cells. Compared to the
control cells, the sample derived from the transfected cells displayed a 5.4-fold
increase in fluorescence (Figures 5.9e and f). In a similar fashion, multiple
genes of varying concentrations could be simultaneously isolated, detected,
and quantified using this approach, making it a highly versatile platform for
studying nucleic acids.

Figure 5.13: Flow cytometry histogram indicating high expression of CD4
glycoprotein on the surface of transfected Expi293 cells (red) in comparison to
untransfected, but labeled Expi293 cells (green) and untransfected, unlabeled
Expi293 cells (blue).
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5.6 Conclusion

In summary, using a three-step biomimetic fabrication process, we have de-
veloped a highly scalable MIM-MS that consists of a dense array of closely-
coupled Au nanodisks and nanoholes separated by 5 nm SiO2 nanogaps. The
higher-order quadrupolar gap mode of this configuration is highly radiant
in the VIS-NIR regime, displays negligible absorptive losses, and suppresses
quenching, making it highly suitable for supporting plasmon-enhanced fluores-
cence. The nanogaps can be engineered to have sufficiently large usable surface
areas which can be physically accessed and functionalized for biosensing ap-
plications. Utilizing these benefits, we conducted the multiplexed, substrate-
enhanced biosensing of proteins (streptavidin–biotin complex) and nucleic acid
sequences (gag, CD4 and CCR5 ) of varying sizes (and therefore varying prox-
imity to the plasmonic hotspot) and demonstrated the versatility of the MIM-
MS in a practical application.

5.7 Materials and methods

Biomimetic phase-separation through polymer blends

Poly(methyl methacrylate) (PMMA, Mw = 9590, Polymer Standards Service
GmbH, Germany) and polystyrene (PS, Mw = 19100, Polymer Standards Ser-
vice GmbH, Germany) were dissolved in methyl ethyl ketone (MEK, Sigma-
Aldrich, USA) with mass ratios of 75%:25%, 65%:35%, and 55%:45% to fabri-
cate the three samples with mean diameters of 195 nm, 340 nm, and 645 nm,
respectively. The solution concentrations were 20 mg mL−1. Solutions were
spin-coated at a spin-speed of 3500 rpm and acceleration of 2000 rpm s−1 for
30 s. Relative humidity was maintained between 40–50% during the spincoat-
ing. The de-mixing of the blend components occurs during spin coating due to
the difference in relative solubility of PS and PMMA in MEK [18, 19]. First,
water condensation begins at humidity levels above 35% forming a water-rich
layer at the air/solution interface due to the difference in evaporation rate
between water and MEK. Water starts to condense from the air into the so-
lution because of the evaporation of MEK decreasing the temperature on the
top below the dew point. Due to the high water concentration, a 3D phase
separation occurs between PS/MEK and PMMA/MEK/water. Upon drying,
a purely lateral morphology is formed with ellipsoidal PS islands in a PMMA
matrix. The samples were then rinsed in acetic acid for 2 min and dried in a
stream of N2 to remove the PMMA matrix leaving behind the PS islands.
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High-resolution imaging and statistical analysis of the MIM-MS

High-resolution SEM imaging was performed on the MIM-MS samples using a
Nova 200 Nanolab Dualbeam microscope (FEI, USA) at 5 kV while AFM imag-
ing was performed using a Bruker Dimension ICON AFM (Bruker, Germany)
using a 100 µm long monolithic silicon cantilever (BudgetSensors) under am-
bient laboratory conditions using tapping mode with a resonance frequency of
about 350 kHz. ImageJ (National Institutes of Health, USA), a public-domain
and Java-based image processing tool was used for the statistical analysis of
the MIM-MS surface. Every pixel in the acquired SEM images were converted
to black or white based on a thresholding condition that was obtained by cal-
culating the mean intensity value of all pixels of the image. Following this, the
diameter distribution of the MIM scatterers was determined.

Optical simulations of the MIM-MS

Optical simulations of a single MIM scatterer as well as the MIM-MS as a whole
were performed using a 3D finite-difference time-domain software (Lumerical
Solutions, Canada). A combination of periodic and perfect matching layer
(PML) boundary conditions along with a total-field scattered-field (TFSF)
source was used. The absorption cross section was obtained in the total field
region inside the TFSF source while the scattering cross section was obtained
in the scattered field region outside the TFSF source. For the quantum yield
simulations, a dipole source was placed at various distances from the plasmonic
hotspot. The radiative and total decay rates were measured as a function of
the amount of radiation leaving the system and the total power injected by
the dipole source respectively. These measurements were made by means of
a transmission box placed around the structure and the dipole source. The
quantum yield q of the emitter in the presence of the MIM scatterer was
then computed as q = γr

γr+γnr+γabs
where γr and γnr are the radiative and

non-radiative decay rates while γabs corresponds to absorptive losses. Finally,
the enhancement factor was computed as EF = q

qo
× |E|2
|Eo|2 where qo is the

intrinsic quantum yield of the fluorophore and |E|2
|Eo|2 is the normalized electric-

field enhancement at the location of the emitter due to the MIM scatterer.

Optical spectroscopic analysis of the MIM-MS

A customized optical microscope operating in dark-field (DF) mode was used
for the micro-spectroscopic investigation of the fabricated MIM-MS samples. A
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halogen lamp was used as a light source using a 100x objective with a numerical
aperture of NA = 0.90. The scattered light was collected in a confocal config-
uration and analyzed using a spectrometer (AvaSpec-ULS2048x64-USB2). A
400 µm core optical fiber was used to obtain a spatial resolution of 20 µm to
characterize the scattering of the MIM-MS.

Streptavidin–biotin complex assay preparation

Lyophilized SH-PEG-biotin of varying PEG lengths (Nanocs, Inc., USA) were
dissolved in 90% ethanol at concentrations greater than 10 mg mL−1. Then,
the solution was added to the MIM-MS and glass slide control surfaces for
a 2 h incubation at room temperature (RT). The samples were then washed
in deionized (DI) water for 30 min. Streptavidin conjugates (ThermoFisher
Scientific, USA) at a working concentration of 0.5 mg mL−1 in phosphate-
buffered saline (PBS) were added to the MIM-MS surface for a 1 h incubation
at RT. Following this, the samples were washed again in DI water for 30 min
and prepared for imaging.

NHS ester assay preparation

First, the MIM-MS and glass slide control samples were incubated for 1 h in 4%
APTES (Sigma-Aldrich, USA) dissolved in acetone. After washing in acetone,
the NHS ester of AF647 (ThermoFisher Scientific, USA) at a concentration
of 2 mg mL−1 in dimethyl sulfoxide (Sigma-Aldrich, USA) was added to the
substrate for 3 h. Following this, the samples were washed in DI water for 30
min and prepared for imaging.

SsDNA and mRNA hybridization

The capture oligo was bound to the MIM-MS through the crosslinking of two
primary -NH2 groups. The capture oligo was designed with an -NH2 group
at the 3’-end. The SiO2 insulator layer of the MIM-MS was functionalized
with APTES. The two primary –NH2 groups on the APTES functionaliza-
tion and the capture oligo are linked by means of a water soluble crosslinker
(bis(sulfosuccinimidyl)suberate) (BS3). Once the capture oligo was bound to
the SiO2 layer, the ssDNA/mRNA target molecules diluted to the working
concentration in a hybridization buffer (Molecular Technologies, USA) were
dispensed on the substrate. First, the MIM-MS samples were incubated for
1 h in 4% APTES (Sigma-Aldrich, USA) dissolved in acetone. After washing
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in acetone, BS3 (Sigma-Aldrich, USA) dissolved at a 50x molar excess to the
capture oligo concentration in a coupling buffer (100 mM sodium phosphate,
0.15 M sodium chloride, pH 7.2) was added to the MIM-MS samples for 15
min. Next, the capture oligo (Integrated DNA Technologies, Inc., USA) di-
luted to a working concentration of 20 µM in a folding buffer (137 mM sodium
chloride, 2.7 mM potassium chloride, 8 mM sodium phosphate dibasic, 2 mM
potassium phosphate monobasic, pH 7.5) was added to the MIM-MS samples
for 1 h. After washing in folding buffer, the target sequence (100 bp sequence
purchased from Integrated DNA Technologies/full-length CD4 ssDNA synthe-
sized through PCR/ CD4 mRNA from total RNA in lysate) in a probe hy-
bridization buffer (Molecular Technologies, USA) was added to the MIM-MS.
Hybridization buffer with 10% formamide was used for the 100 bp and full-
length sequence while 15% formamide was used for the mRNA. The samples
were incubated overnight (O/N) at 37 oC and 45 oC for the 100 bp/full-length
sequence and the mRNA, respectively. Following washing with a probe wash
buffer (Molecular Technologies, USA), the detection oligo (Integrated DNA
Technologies, Inc., USA) diluted to a working concentration of 10 µM in hy-
bridization buffer with 10% or 15% formamide depending upon the target
sequence was added to the MIM-MS. The samples were then incubated O/N
at 37 oC or 45 oC. Finally, excess detection probes were removed with wash
buffer.

CD4 ssDNA synthesis

Full-length CD4 ssDNA was generated by a two-step PCR protocol. For the
first reaction, full-length CD4 double-stranded cDNA (Accession NM_000616.4,
NCBI) was amplified from the lentiviral plasmid Phage2-CMV-CD4 using CD4
Fwd 5’-ATGAACCGGGGAGTCCCTTTTAG-3’ and CD4 Rev 5’-TCAAATG-
GGGCTACATGTCTTCTG-3’ primers. The CD4 cDNA product was puri-
fied by DNA agarose gel electrophoresis and was used as template for the
second PCR reaction to generate CD4 ssDNA. For this reaction, only the
CD4 Fwd primer was used to generate ssDNA copies of the coding strand
of CD4. The final product was purified using a PCR purification kit (Qia-
gen, Germany) and subsequently concentrated using NanoSep centrifugal de-
vices (Pall, USA). For chimeric CCR5-CD4 ssDNA molecules, nucleotides 1-
56 of CD4 were replaced with nucleotides 1-56 of CCR5. CCR5-CD4 ssDNA
was generated with the above protocol using the CCR5-CD4 Fwd primer 5’-
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ATGGATTATCAAGTGTCAAGTCCAATCTATGACATCAATTATTATAC-
ATCGGAGCCCCCAGCAGCCACTCAGG-3’ for the second PCR reaction.

Total RNA extraction from Expi293 cells

Expi293 cells (ThermoFisher Scientific, USA) were transiently transfected with
the Phage2-CMV-CD4 plasmid using the transfection reagent ExpiFectamine
(ThermoFisher Scientific, USA) in accordance with the manufacturer’s guide-
lines. The cells were incubated at 37 oC and 5% CO2 under shaking conditions
at 470 rpm. Control and transfected cells were harvested after 48 h incubation
and centrifuged at 400g for 10 min. The supernatants were removed and the
pellets were re-suspended in 10 mL TRIzol (ThermoFisher Scientific, USA) to
lyse the cells. Total RNA was isolated from the cell lysate using Direct-zol
RNA extraction kits (Zymo Research, USA) and concentrated using NanoSep
centrifugal devices (Pall, USA).

CD4 quantification by flow cytometry

CD4 expression on transiently-transfected Expi293 cells was detected by flow
cytometry (MACSQuant Analyzer 10, Miltenyi Biotec, Germany). Cells were
stained using an APC-conjugated anti-CD4 antibody (Cat. no. MHCD0405,
ThermoFisher Scientific, USA, 1:100 dilution) in PBS containing 2% fetal
bovine serum (FBS) for 30 min at RT and washed twice before analysis.

Fluorescence microscopy and image processing

All fluorescence imaging was conducted using a Leica DMI 600 wide field mi-
croscope (Leica Camera AG, Germany) with a 100x objective (NA = 1.40,
immersion medium - oil). For imaging AF555 and AF647, a Lumencor SPEC-
TRA X (Lumencor, Inc., USA) illumination system was used while for AF750
and AF790, a separate LED for Cy7 excitation (ThorLabs, USA) was used.
ImageJ was used to obtain the fluorescence enhancement factors. Selecting
individual MIM scatterers from each image, the mean fluorescence intensity
from a region of interest (ROI) spanning the 2D area of the ringshaped hotspot
was computed. Using the same ROI area, the mean fluorescence from corre-
sponding glass slide controls were obtained. Background signal was obtained
using respective substrates with no added fluorophores and was subtracted
from the images during fluorescence intensity analysis.
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C h a p t e r 6

BIOINSPIRED NANOSTRUCTURES FOR
SURFACE-ENHANCED RAMAN SPECTROSCOPY

This chapter was adapted from:

V. Narasimhan, R. H. Siddique, H. Park, and H. Choo (2020). “Bioin-
spired disordered flexible metasurfaces for human tear analysis using
broadband surface-enhanced Raman scattering.” In: ACS Omega 5.22,
pp. 12915–12922. doi: 10.1021/acsomega.0c00677.

Abstract

Flexible surface-enhanced Raman spectroscopy (SERS) has received
attention as a means to move SERS-based broadband biosensing
from bench to bedside. However, traditional flexible periodic nano-
arrangements with sharp plasmonic resonances or their random coun-
terparts with spatially varying uncontrollable enhancements are not re-
liable for practical broadband biosensing. Here, we report bioinspired
quasi-(dis)ordered nanostructures presenting a broadband yet tunable
application-specific SERS enhancement profile. Using simple, scal-
able biomimetic fabrication, we create a flexible metasurface (flex-MS)
of quasi-(dis)ordered metal-insulator-metal (MIM) nanostructures with
spectrally variable, yet spatially controlled electromagnetic hotspots.
The MIM is designed to simultaneously localize electromagnetic signal
and block background Raman signals from the underlying polymeric sub-
strate – an inherent problem of flexible SERS. We elucidate the effect
of quasi-(dis)ordering on broadband tunable SERS enhancement and
employ the flex-MS in a practical broadband SERS demonstration to
detect human tear uric acid within its physiological concentration range
(25 – 150 µM). The performance of the flex-MS towards non-invasively
detecting whole human tear uric acid levels ex vivo is in good agreement
with a commercial enzyme-based assay.
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6.1 Introduction

Surface-enhanced Raman scattering (SERS) has shown great promise as a
technique for molecular fingerprinting due to its high sensitivity and selectiv-
ity along with its inherent simplicity [1–3]. In particular, SERS from flexible
substrates has received great attention recently owing to its advantages over
rigid substrates [4–6]. For instance, flexible SERS can be used on irregular
surfaces for in situ biosensing thereby overcoming complex analyte extraction
strategies and other sample preparation steps required while using conven-
tional rigid substrates. However, the adoption of flexible SERS as a point-
of-care diagnostic tool has been limited by a number of factors [6]. Firstly,
most structures used for this application are designed either with periodic ar-
rangements due to their highly predictable plasmonic resonances [7, 8] or with
random arrangements due to their ease of fabrication [9, 10]. However, periodic
structures with narrowband resonance profiles are not tunable for multiplex-
ing [6–8]. Multiplexed in situ SERS for instance would require a broadband
and tunable plasmonic resonance profile to provide uniform enhancement of
various Raman modes occurring at greatly differing vibrational energy states
[11–13]. In the same vein, random structures do not guarantee repeatable
SERS performance for a given bandwidth due to spatially varying enhance-
ments that are not tunable [14]. Secondly, flexible SERS platforms are usually
made of polymers that generate a considerable Raman background signal [6].
Finally, challenges in obtaining reproducible signal can also be attributed to
the difficulty in homogeneously, scalably and cost-effectively manufacturing
SERS active sites or hotspots [15]. These issues necessitate the requirement
for flexible SERS approaches with spatially uniform broadband, yet tunable
plasmonic resonances that are scalably and reliably manufacturable.

Inspiration can be sought from nature which boasts a plethora of biophotonic
nanostructures possessing quasi-(dis)order or controlled disorder where both
structural dimensions and periodicity follow unique distributions [16, 17]. Such
an amalgamation of short-range order (i.e. periodicity) with long-range disor-
der (i.e. randomization) along with variations in structure size leads to a host
of useful omnidirectional broadband, yet tunable optical properties [18–20]. In
this work, using a simple biomimetic fabrication process, we realize a highly
scalable and flexible plasmonic metasurface-based (flex-MS) SERS platform.
The flex-MS consists of a dense quasi-(dis)ordered ensemble of gold (Au) nan-
odisks on nanoholes separated by a sub-10 nm silicon dioxide (SiO2) nanogap
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in a metal-insulator-metal (MIM) configuration. The entire configuration is
created at a wafer-scale over a 400 µm-thick silicone elastomer (PDMS) layer.
The MIM is designed not only for light confinement and field enhancement,
but is also responsible for blocking the Raman background signal from the
underlying PDMS. The fabrication approach which is spin-coating-based al-
lows for a short-range-ordered Gaussian-distribution of MIM nanostructure
diameters resulting in a broadband, yet tunable plasmonic resonance and cor-
responding | EEo

|2 enhancement factor (EF ). Through rigorous numerical sim-
ulations and comparative experimentation, we isolate the contributions of the
bioinspired short-range periodicity (i.e. positional disorder) and the diameter
distribution (i.e. size disorder) towards SERS EF. As a practical broadband
SERS demonstration of the flex-MS, we perform the label-free detection of
human tear uric acid (UA) towards the diagnosis various chronic pathologies.
Our platform effectively tracks prominent peaks of UA at large Raman-shifts
within its physiological concentration range (25 – 150 µM) in human tears.
Finally, we show that the performance of the flex-MS in detecting UA levels in
whole human tear samples from different subjects is in good agreement with
a commercial enzyme-based assay.

6.2 Flex-MS fabrication and characterization

The flex-MS was fabricated using a simple process consisting of three steps,
as shown in Figure 6.1a. On spin-coated PDMS thin-films, the first step
involves a biomimetic technique that relies on nanostructuring through the
lateral phase-separation of two synthetic polymers – polystyrene (PS) and
polymethyl methacrylate (PMMA) co-dissolved in methyl ethyl ketone (MEK)
[20, 21]. This approach is analogous to the formation of quasi-(dis)ordered bio-
photonic nanostructures on the wings and scales of birds and insects [22]. The
lateral phase-separation of PS and PMMA occurs under spin-coating which
results in densely-packed quasi-(dis)ordered distribution of circular hydropho-
bic PS islands in a matrix of hydrophilic PMMA (Figure 6.2). Furthermore,
through the control of various parameters such as the spin-speed, relative hu-
midity, polymer weight ratios, and molecular weights, the average diameter
and short-range periodicity of the PS islands can be effectively tuned [23, 24].
Next, through selective dissolution of PMMA in acetic acid which leaves be-
hind a nanopillar mask of PS, SiO2 is directionally deposited through E-beam
evaporation. Finally, Au of an appropriate thickness is directionally evap-
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orated over the SiO2 nanopillars to create a scalable flex-MS with uniform
sub-10 nm-thick MIM nanogaps. A photograph and SEM image of the flex-
MS are shown in Figures 6.1b and c. A 2D fast Fourier transform (FFT)
of the top view SEM image as shown in the inset of Figure 6.1c reveals a
ring-shape distribution in the spatial domain that is characteristic of quasi-
(dis)order in nature [16, 17, 20]. The average short-range isotropic periodicity
in this case is 318±45 nm. Additionally, the second inset in Fig. 1c shows a
high-magnification SEM image of a single MIM structure confirming the sub-
10 nm hotspot. Additionally, we have verified the existence of the sub-10 nm
gap in our prior work [24]. Figure 6.1d shows a distribution of MIM structure
diameters which can be estimated by a Gaussian profile fit with a mean and
standard deviation (SD) of 101±49 nm.

6.3 Single MIM structure simulation

The aforementioned dimensions were chosen through rigorous finite-difference
time-domain (FDTD) simulations. First, as shown in Figure 6.3a, a single
MIM structure with a 5 nm insulator gap was simulated to obtain the ex-
tinction profile and electric-field distribution. The plasmonic behaviors of the
two metal layers (Au nanohole and Au nanodisk) couple with each other lead-
ing to strong electric-field confinement at the MIM junction [24]. This effect
has been demonstrated for different MIM combinations towards broadband
SERS applications [25, 26]. Additionally, we have previously demonstrated
the use of similar MIM structures with higher-order plasmonic gap modes to-
wards plasmon-enhanced fluorescent detection of nucleic acids and suppression
of fluorescence quenching [24]. A modal analysis reveals that in the Vis-NIR
regime, this coupling results in the formation of a dipolar mode polarized along
the MIM junction (Figure 6.3b). This in turn produces a very tunable and
large extinction cross-section and a corresponding localized |E|2 enhancement.
Figure 6.3c presents the maximum normalized | EEo

|2 enhancement numerically
obtained for single MIM structures ranging from 60 – 110 nm in diameter with
a 5 nm gap. However, like most ordered plasmonic structures used for SERS,
this mode is fairly narrowband.

6.4 Flex-MS ensemble simulation

To quantify the impact of quasi-(dis)ordering on the | EEo
|2 enhancement, we

generated an ensemble of quasi-(dis)ordered MIM structures to simulate their
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Figure 6.1: Fabrication and characterization of the flex-MS. (a) Simple and
scalable three-step fabrication process of the flex-MS. (b) The fabricated flex-
MS sample with (c) quasi-(dis)ordered MIM nanostructures. Insets correspond
to the 2D FFT taken to determine a short-range periodicity of 318±45 nm
(left) and a single MIM nanostructure of diameter 100 nm with the sub-10 nm
insulator nanogap indicated by the white arrow (right). Scale bar: 2 µm. (d)
MIM structure diameter distribution with a Gaussian mean and SD of 101±49
nm.

optical properties. Two aspects were studied: 1) short-range periodicity (i.e.
positional disorder) and 2) diameter distribution (i.e. size disorder). Here, the
diameters of the structures were made to obey a Gaussian distribution as with
the flex-MS (diameter: 98±30 nm) with short-range periodicity (319±37 nm)
(Figure 6.4).

To isolate the individual contributions of 1) and 2), periodic structures (diam-
eter: 100 nm, periodicity: 320 nm) and short-range-ordered structures of the
same diameter (diameter: 100 nm) were considered. For the three categories
of structures, an insulator gap of 9 nm was chosen to tune the resonance close
to the laser wavelength (λL = 785 nm) (Figure 6.5). The effective normal-
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Figure 6.2: Schematic of the different stages of the 3-dimensional phase sepa-
ration process.

ized | EEo
|2 enhancement in each case (averaged over 4000 individual hotspots)

was computed not only at the laser wavelength (λL = 785 nm), but also the
Raman-shifted wavelengths of relevance (λ1, λ2, and λ3 = 827 nm, 861 nm,
and 902 nm) for this work.

For periodic structures, the resonance profile is predictably governed by the
collective out-of-plane resonance of individual MIM structures that dominate
any weaker in-plane lattice effects [27]. This is evidenced by the fact that
the periodic array resonance position and mode-shape is identical to that of a
single MIM structure (diameter: 100 nm, gap: 9 nm) (Figures 6.6 and 6.7a).
Next, quasi-(dis)ordered structures with the same diameter (i.e. positional dis-
order) were studied. The effect of pure positional disorder retains the collective
out-of-plane resonance of individual MIM structures marked by the same res-
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Figure 6.3: Single MIM structure simulations. (a) A schematic of a single MIM
nanostructure on the flex-MS platform (b) The coupling of the Au nanodisk
and Au nanohole across the SiO2 nanogap results in greatly enhanced electric-
field environments. (c) The field profile of the nanogap shows the presence of
a vertically polarized dipolar mode. (d) The normalized maximum theoretical
enhancement (solid curves) and extinction cross-section (dotted curves) of a
single MIM nanostructure of varying diameter between 60 – 110 nm with a
fixed gap size of 5 nm.

Figure 6.4: An ensemble with (a) diameter distribution of 98±30 nm and (g)
a short-range ordered periodicity of 319±37 nm was simulated using FDTD

onance position and intensity as that of the periodic array given the same
number of averaged hotspots (Figure 6.7b). In other words, for a periodicity
that is large enough to ensure either weak or no coupling between adjacent
nanostructures, the effect of short-range order (i.e. pure positional disorder)
is negligible [28, 29]. Finally, the introduction of a Gaussian distribution of
diameters along with the short-range order (i.e. size and positional disorder)
produces a considerably more broadband | EEo

|2 enhancement compared to the
periodic structures as shown in Figure 6.7c due to the resonance of subsets of
MIM structures of a given diameter (Figures 6.7d and 6.8) [28]. The band-
width of the | EEo

|2 enhancement of size-disordered structures (∼ 219 nm) was
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Figure 6.5: Extinction cross-section of a single MIM nanostructure as a func-
tion of nanogap size. A gap size of 9 nm is optimally tuned to match the laser
wavelength

3.4 times larger than that of the periodic structures (∼ 65 nm). The fractal,
yet controllable nature of the MIM ensemble with size and positional disor-
der produces a broadband | EEo

|2 enhancement that encompasses λL and λ1−3.
While the periodic structures and those with pure positional disorder provide
a high effective enhancement at λL (i.e. | EEo

|2λL
) of 3358 and 3430, respec-

tively, their enhancements at λ1−3 is considerably lower (periodic: | EEo
|2λ1
≈

1210, | EEo
|2λ2
≈ 563 and | EEo

|2λ3
≈ 285; pure positional disorder: | EEo

|2λ1
≈ 1252,

| EEo
|2λ2
≈ 585 and | EEo

|2λ3
≈ 292). In comparison, the introduction of size disor-

der provides a more uniform enhancement with | EEo
|2λL
≈ 1992, | EEo

|2λ1
≈ 1748,

| EEo
|2λ2
≈ 1305 and | EEo

|2λ3
≈ 921.

The origin of this broadband effect can be of great benefit to SERS. As per
the frequently-used |E|4-approximation, SERS enhancement factor (EF ) is
typically expressed as,

EF
(
ωL, rm

)
=

∣∣∣∣∣Eloc
(
ωL, rm

)
Einc

(
ωL, rm

) ∣∣∣∣∣
4

(6.1)

where Eloc
(
ωL, rm

)
and Einc

(
ωL, rm

)
are the localized and incident electric-

fields at the laser excitation frequency of ωL for a Raman dipole at position
rm [30]. Here, a significant contribution from the radiative enhancement M rad

is overlooked in favor of electric-field enhancement M loc [30–33]. M rad mea-
sures the enhancement of the power radiated by a dipole in the presence of a
plasmonic nanostructure. Factoring in this contribution, the EF can be more
precisely expressed as [30],
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Figure 6.6: Origin of the flex-MS resonance. (a) The | EEo
|2 enhancement from

a single MIM structure of diameter 100 nm and gap 9 nm. Inset shows the
field profile of the single MIM structure. (b) The field-profile of a periodic
distribution of MIM structures (diameter: 100 nm, gap: 9 nm, periodicity:
320 nm) showing no coupling between adjacent structures.

EF
(
ωL, ωR, rm

)
=Mloc

(
ωL, rm

)
Mrad

(
ωR, rm

)
=

∣∣∣∣∣Eloc
(
ωL, rm

)
Einc

(
ωL, rm

) ∣∣∣∣∣
2 ∣∣∣∣∣Eloc

(
ωR, rm

)
Einc

(
ωR, rm

) ∣∣∣∣∣
2 (6.2)

where ωR is the Stokes-shifted Raman scattering frequency. The |E|4-approxim-
ation assumes that ωR ≈ ωL and as a result, M loc ≈ M rad. While this ap-
proximation is accurate for ωL in the blue and green regime, it is inaccurate
in the red and NIR regime particularly within the fingerprint region (500 –
1500 cm−1) [32, 34]. This is because for a given vibrational mode, the differ-
ence between the vibrational and excitation energies becomes more significant
for lower energy excitations. In principle, for NIR-based SERS, broadband
EF s are greatly desirable as they better account for M rad [32]. Based on
our ensemble simulations, the effective EF

(
ωL, ω1−3

)
for the periodic struc-

tures (EF
(
ωL, ω1

)
≈ 4.06e+06, EF

(
ωL, ω2

)
≈ 1.89e+06, and EF

(
ωL, ω3

)
≈

0.96e+06) and those with purely positional disorder (EF
(
ωL, ω1

)
≈ 4.29e+06,

EF
(
ωL, ω2

)
≈ 2.01e+06, and EF

(
ωL, ω3

)
≈ 1.00e+06) are evidently lower for

ω2 and ω3 than structures with size and positional disorder (EF
(
ωL, ω1

)
≈

3.48e+06, EF
(
ωL, ω2

)
≈ 2.60e+06, and EF

(
ωL, ω3

)
≈ 1.84e+06) (Figure

6.7e).
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Figure 6.7: An ensemble of (a) periodic MIM nanostructures and (b) those
with pure positional disorder demonstrating an identical narrowband effective
normalized | EEo

|2 enhancement profile. (c) The effective normalized | EEo
|2 en-

hancement profile of a quasi-(dis)ordered MIM ensemble with both positional
and size disorder is broadband compared to (a) and (b). The | EEo

|2 enhance-
ment profile encompasses the excitation and the Raman-shifted wavelengths
(λL, λ1, λ2 and λ3) of relevance in this work. (d) The field-map spanning the
3.5 x 3.5 µm array at λL, λ1, λ2 and λ3 shows the progressive excitation of
first small and then larger MIM nanostructures with increasing wavelength.
(e) The effective | EEo

|2 enhancement from periodic structures, structures with
positional disorder only and those with both positional and size disorder. This
effective enhancement was numerically computed as EF

(
ωL, ωR

)
.

Figure 6.8: The 3.5 x 3.5 µm flex-MS ensemble simulated on FDTD. Scale
bar: 600 nm.

6.5 Experimental demonstration of broadband SERS EF

The effect of bioinspired quasi-(dis)order was then experimentally verified by
comparing the optical properties of the flex-MS with periodic MIM structures
(diameter: 100 nm, periodicity: 320 nm, gap: 9 nm) fabricated via E-beam
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lithography. Using a micro-spectroscopic setup in dark-field (DF) mode, the
scattering cross-section of the two metasurfaces were measured in the NIR
regime. This revealed the considerably more broadband scattering profile of
the flex-MS compared to the periodic array (Figure 6.9a). Furthermore, the
existence of the 9 nm gap was verified through simulation (Figure 6.10). The
SERS performance of the two sets of structures was compared by detecting
UA – a SERS-active molecule with prominent peaks at 640 cm−1, 1134 cm−1,
and 1645 cm−1 which originate from skeletal ring and C–N bond deformations
[35]. When excited with a 785 nm laser, these peaks appear at 827 nm, 861
nm, and 902 nm, respectively (i.e. ωL , ωR). For the same UA concentration
in DI water (150 µM) and three different laser powers (0.32 mW, 0.62 mW,
and 1.12 mW), the three peaks under consideration were uniformly enhanced
by the flex-MS compared to the periodic MIM structures (Figures 6.9b and c).
The 640 cm−1 peak was enhanced more significantly by the periodic structures
compared to the flex-MS as this peak lies closest to ωL where the sharp plas-
monic resonance of the former is tuned. However, 1134 cm−1 and 1645 cm−1

peaks that were located further away from ωL were enhanced more significantly
by the flex-MS due to its broadband enhancement profile. This property is
particularly useful for sensing with low power. In our case for instance, when
using a power of 0.32 mW, the 1134 cm−1 and 1645 cm−1 peaks were enhanced
3.1- and 5.7-fold by the flex-MS compared to the periodic structures. Finally,
the background suppression property of the flex-MS was also verified through
comparative experimentation (Figure 6.11).

6.6 Broadband SERS-based biosensing

Finally, the broadband enhancement of the flex-MS platform was used to de-
tect various concentrations of UA. Hyperuricemia (i.e. elevated levels of blood
UA) has been identified as a biomarker of various diseases such as gout or
gouty arthritis [36], diabetes [37], Parkinson’s disease [38], renal disease [39],
and cardiovascular disease [40], to name a few. While continual monitoring
of UA in blood is hindered by the invasive nature of blood collection and
sampling, human tears which are considerably less invasive to assay thereby
proving to be an interesting alternative [41]. Tears are also far less complex in
constituents compared to blood and have large average concentrations of UA
(68±46 µM) [10]. Furthermore, a clear correlation between blood and tear
UA levels has been established [10]. As a result, assaying tear UA levels non-
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Figure 6.9: Experimental demonstration of broadband SERS EF. (a) Scatter-
ing intensity of the fabricated periodic and quasi-(dis)ordered array shown as
solid lines measured using a micro-spectroscopic setup operating in DF mode.
The simulated scattering profile of a single MIM structure (gap: 9 nm) which
most closely matches the experimental result is also shown as a dotted line.
The SEM images of the corresponding structures are shown in the inset. (b)
SERS spectra of UA measured at 0.62 mW laser power. While the periodic
MIM array enhances the 640 cm−1 peak considerably, the flex-MS offers a more
broadband enhancement of all three peaks (c) The same analysis is performed
for various laser powers.

invasively and in a label-free fashion via flexible SERS holds great promise.
Using the flex-MS, we first tracked the 640 cm−1, 1134 cm−1, and 1645 cm−1

peaks for UA concentrations ranging from 25 – 150 µM in phosphate-buffered
saline (PBS) (Figures 6.12a-c). Next, to better simulate the SERS profile of
UA in whole tears, we prepared various concentrations of UA between 25 –
150 µM in an artificial tear buffer which consisted of various prominent tear
proteins such as lysozyme, lactoferrin, albumin, and immunoglobulins, as well
as electrolytes that maintain tear osmolarity such as Na+, K+, Cl+, and HCO−3
(see Methods Section 6.8: Artificial tear buffer preparation for additional de-
tails). As a practical demonstration of broadband SERS enhancement, the 640
cm−1, 1134 cm−1, and 1645 cm−1 peaks were tracked with excellent linearity
being observed as shown in Figure 6.12d. These measurements from an artifi-
cial tear buffer were used as a characteristic curve to map measurements taken
for whole tears. Finally, we analyzed the performance of the flex-MS towards
the detection of UA levels in whole tears. Here, we tested pooled tears from
eight different samples obtained from healthy subjects. As a comparison, the
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Figure 6.10: Verification of the sub-10 nm gap. (a) MIM structures with an
open 9 nm gap where the experimentally observed scattering cross-section is in
agreement with that computed through FDTD. The scattering peak is tuned
close to the laser excitation wavelength λL of 785 nm. (b) The same structures
with a covered nanogap demonstrating a resonance in the visible regime.

Figure 6.11: Effective suppression of background signal from the underlying
polymer substrate by the flex-MS. In comparison, the SERS spectra of 150
µM uric acid on the flex-MS is shown.

same measurement was made using a commercial colorimetric enzyme-based
assay. The average concentration from the flex-MS for the 640 −1, 1134 −1,
and 1645 −1 peaks (66 µM, 67 µM, and 67 µM, respectively) was in good agree-
ment with that from the enzyme-based assay (76 µM) which demonstrates the
potential of the flex-MS as an effective label-free SERS diagnostic platform
(Figure 6.12e).



140

Figure 6.12: Practical biosensing using the flex-MS. (a) Peaks of UA at 640
cm−1, 1134 cm−1, and 1645 cm−1 tracked between 25 – 150 µM in PBS. (b)
SERS surface mapping (UA concentration: 150 µM) over a 150 x 150 µm area
at 640 cm−1, 1134 cm−1, and 1645 cm−1 showing spatial uniformity. Scale
bars: 20 µm. (c) Normalized intensity of each peak shows excellent linearity.
(d) The 640 cm−1, 1134 cm−1, and 1645 cm−1 peaks tracked between 25 – 150
µM in artificial tear buffer. (e) The SERS performance of the flex-MS using
all three peaks is compared for pooled whole tears consisting of 8 individual
tear samples with a commercial enzyme-based assay. The two results are in
good agreement.

6.7 Conclusion

In summary, using a simple biomimetic fabrication process, we have developed
a cost-effective, scalable and flexible plasmonic metasurface-based platform for
label-free SERS. The flex-MS consists of a dense ensemble of closely-coupled
Au nanodisks and Au nanoholes separated by sub-10 nm SiO2 nanogaps in
an MIM arrangement all on flexible PDMS thin films. The MIM provides a
very tunable and large extinction cross-section and a corresponding localized
|E|2 enhancement. When considering an ensemble of such MIM structures
exhibiting controlled disorder, the resonance profile of the entire system be-
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comes broadband, thereby enabling the uniform enhancement of not just the
excitation wavelength (λL), but also large Stokes-shifted Raman scattering
wavelengths (λR , λL). Finally, using flex-MS as a broadband diagnostic
platform, we demonstrate the label-free detection of UA in both artificial tear
buffer as well as whole human tear samples. Additionally, we compare the
performance of the flex-MS with a commercial UA measurement assay and
show that they are in good agreement. As a result, we envisage that through
broadband SERS enhancement, the flex-MS can prove to be a reliable and
scalable label-free diagnostic platform for a variety of SERS-active molecules.

6.8 Materials and methods

Biomimetic flex-MS fabrication

First, a 400 µm-thick PDMS layer (Sylgard 184 elastomer base mixed with
curing agent in a ratio of 10:1, Dow Chemical Co., USA) was spin-coated on a
4 inch Si wafer and cured at 65oC for 12 hours. Next, poly(methyl methacry-
late) (PMMA, Mw = 5090, Polymer Standards Service GmbH, Germany) and
polystyrene (PS, Mw = 3250, Polymer Standards Service GmbH, Germany)
were co-dissolved in methyl ethyl ketone (MEK, Sigma-Aldrich, USA) with
mass ratios of 70%:30%. The solution concentrations were 20 mg mL−1. After
exposing the PDMS substrate to O2 plasma for 5 mins, the polymer blend
solutions were spin-coated at a spin-speed of 3500 rpm and acceleration of
2000 rpm s−1 for 30 s. Relative humidity was maintained between 40–50%
during the spin-coating. As shown in Figure 6.2, the de-mixing of the blend
components occurs during spin-coating due to the difference in relative solu-
bility of PS and PMMA in MEK. First, water condensation begins at humidity
levels above 35% forming a water-rich layer at the air/solution interface due
to the difference in evaporation rate between water and MEK. Water starts
to condense from the air into the solution because of the evaporation of MEK
decreasing the temperature on the top below the dew point. Due to the high
water concentration, a 3D phase separation occurs between PS/MEK and PM-
MA/MEK/water. Upon drying, a purely lateral morphology was formed with
ellipsoidal PS islands in a PMMA matrix. The samples were then rinsed in
acetic acid for 60 s and dried in a stream of N2 to remove the PMMA matrix
leaving behind the PS islands. The resulting PS nanopillar mask then served
as a template for the E-beam evaporation of a 100±0.5 nm-thick SiO2 layer
(CHA MK40 E-Beam Evaporation, CHA Industries, USA). Next, a 91±1.1
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nm-thick Au layer was deposited (CHA MK40 E-Beam Evaporation, CHA
Industries, USA) over the SiO2 to generate the MIM layer with ≈ 9±1.6 nm
gap. Finally, the PDMS film was peeled off the Si wafer and served as a SERS
substrate for biosensing experiments.

Periodic MIM array fabrication

PMMA950 A4 (MicroChem, USA) E-beam resist was spin-coated at 1500 rpm
for 60 s onto an Si substrate cleaned with acetone and isopropyl alcohol prior to
spin-coating. The sample was then exposed at a dosage of 800 µC cm−2 (Raith
EBPG 5200, Raith Nanofabrication, Germany). Following exposure, develop-
ment was carried out using a 1:1 ratio of IPA:MIBK for 1 min. Next, SiO2 was
directionally deposited via E-beam evaporation (CHA MK40 E-Beam Evapo-
ration, CHA Industries, USA) after which lift-off was performed in Remover
PG leaving behind SiO2 nanopillars. Finally, Au of an appropriate thickness
was deposited (CHA MK40 E-Beam Evaporation, CHA Industries, USA) over
the SiO2 to generate the MIM layer.

High-resolution imaging and statistical analyses of the flex-MS

SEM imaging was performed on the flex-MS using a Nova 200 Novalab Dual-
beam microscope (FEI, USA) at 10 kV. ImageJ (National Institutes of Health,
USA), a Java-based public-domain image processing tool was used to obtain
the diameter distribution of the nanostructures. Every pixel in the acquired
SEM images were converted to black or white based on a thresholding con-
dition that was obtained by calculating the mean intensity value of all pixels
of the image. Following this, the diameter distribution of the MIM scatterers
was determined. Finally, the FFT analysis to determine short-range periodic-
ity was performed using MATLAB (MathWorks, USA).

Optical simulations of the flex-MS

Optical simulations of a single MIM nanostructure as well as the quasi-ordered/-
periodic ensemble as a whole were performed using a 3D finite-difference time-
domain software (Lumerical Solutions, Canada). A combination of periodic
and perfect matching layer (PML) boundary conditions along with a plane
wave source was used. The absorption cross section was obtained in the total
field region inside the source while the scattering cross-section was obtained in
the scattered field region outside the source. The influence of the nanogap was
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studied as shown in Figure 6.10. The | EEo
|2 enhancement was obtained by plac-

ing a frequency-domain field monitor at the MIM junction spanning the entire
MIM nanostructure or the ensemble, respectively. The field-maps as well as the
effective | EEo

|2 enhancement (averaged over 4000 individual hotspots or mesh
cells) in the case of the ensemble were calculated using MATLAB (MathWorks,
USA).

Spectroscopic analyses

An optical microscope operating in dark-field (DF) mode was used for the
micro-spectroscopic investigation of the fabricated flex-MS and periodic MIM
array samples. A halogen lamp was used as a light source using a 50x objective.
The scattered light was collected in a confocal configuration and analyzed using
a spectrometer (AvaSpec-ULS2048x64-USB2). A 400 µm core optical fiber was
used to obtain a spatial resolution of 20 µm to characterize the scattering of
the samples.

SERS measurements

All SERS measurements were performed by incubating a 30 µL droplet of
reagent on the flex-MS for 30 min. Following this, the drop was dislodged
from the sample surface using a stream of N2. The sample was then measured
dry using a Raman microscope (inVia, Renishaw, United Kingdom) with a
50x objective lens. A 785 nm laser operated at 0.32, 0.62, or 1.12 mW for a
duration of 60 s was used to take the measurements.

Artificial tear buffer preparation

Artificial tear buffer was prepared using previously reported methods [10, 42].
Briefly, electrolytes K+, HCO−3 , Na+, and Cl− were added to DI water at con-
centrations of 24 mM, 24 mM, 130 mM, and 130 mM, respectively. Following
this, representative tear proteins such as lysozyme, lactoferrin, albumin, and
IgG were added at concentrations of 2 mg mL−1, 2 mg mL−1, 0.02 mg mL−1

and 3 µg mL−1, respectively.

Whole tear assay

Eight individual tear samples were collected from healthy subjects and pooled
for the experiment. For a comparative study, a commercial enzyme-based
colorimetric uric acid detection kit (Sigma-Aldrich, USA) was used. The assay
was performed following the manufacturer’s protocol.
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C h a p t e r 7

CONCLUSION AND FUTURE DIRECTION

This thesis documents various examples of the effective utilization of mul-
tifunctional nanostructures inspired by biophotonic counterparts for medical
applications. More specifically, the first half of the work is dedicated towards
multifunctional bioinspired nanostructures for an implantable technology while
the second half discusses their use in plasmonic biosensing.

7.1 Bioinspired nanostructures for optical implants

Chapters 2 – 4 describe a highly-miniaturized MEMS-based passive intraocular
pressure (IOP) sensor implant along with various issues faced during implant
design and in vivo implementation. These issues pertain to optical stability
and background bias generation, novel detector integration, and biocompat-
ibility. Through the incorporation of multifunctional bioinspired nanostruc-
tures to different aspects of the sensor’s layout, the aforementioned issues are
mitigated. In Chapter 3, the integration of black-silicon (b-Si) nanostructures
inspired by light-trapping flower petal epidermal micro-/nanostructures onto
the IOP sensor platform is covered. These nanostructures produce an abso-
lute NIR reflectivity as low as 3.5%, improving the optical signal-to-noise ratio
(SNR) of the device resulting in a 3.4-fold reduction in IOP readout error mea-
sured on bench. This enables in vivo monitoring of IOP using a slit-lamp (a
ubiquitous ophthalmic microscope) as a detector at a large readout distance
of 12 cm thereby increasing the clinical viability of this technology. Further-
more, through confocal immunofluorescence microscopy, the integration of the
b-Si nanostrutures is shown to greatly improve sensor biocompatibility after 6
months. Figure 7.1 presents an illustrative summary of Chapter 3.

Next, in Chapter 4, nanostructures inspired by the omnidirectional light-
scattering nanostructures on Chorinea faunus butterfly wings are integrated
onto the freestanding silicon nitride (Si3N4) membrane of the IOP sensor.
These nanostructures improve the optical acceptance angle of the sensor by
3-fold on bench. Furthermore, they reduce the angle-dependent IOP error of
the device from 4.59 mmHg to 0.07 mmHg at an oblique incident angle of 12o.
In various in vitro tests, the nanostructures inhibit the adhesion and prolif-
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Figure 7.1: Illustrative summary of Chapter 3.

eration of representative proteins, bacteria and eukaryotic cells. Finally, in a
month-long successful in vivo study, they improve the optical stability of the
sensor by lowering the IOP error by 3-fold compared to the previous gener-
ation of devices. This enables the use of a custom-built portable hand-held
IOP detector paving the way for future point-of-care self-monitoring applica-
tions. After the study, the harvested sensor when examined through confocal
immunofluorescence microscopy, demonstrated considerable improvement in



151

biocompatibility over the previous generation of devices. Figure 7.2 presents
an illustrative summary of Chapter 4.

Figure 7.2: Illustrative summary of Chapter 4.

7.2 Bioinspired nanostructures for plasmonic biosensors

Chapters 5 and 6 describe the development of bioinspired metal-insulator-
metal (MIM) metasurfaces for two different plasmonic biosensing applications
– plasmon-enhanced fluorescence and surface-enhanced Raman spectroscopy
(SERS), respectively. In both cases, the metasurface is fabricated through
a simple and highly scalable biomimetic fabrication process. In Chapter 5,
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the higher-order quadrupolar mode of MIM metasurface (MIM-MS) exhibits
strong broadband resonance in the visible-near-infrared regime with minimal
absorptive losses. Furthermore, it effectively suppresses quenching, making it
highly suitable for broadband plasmon-enhanced fluorescence. Through simple
functionalization, the effects of fluorescence enhancement and the suppression
of quenching are demonstrated by sensing the streptavidin-biotin complex.
Here, a 91-, 288-, 403-, and 501-fold fluorescence enhancement is observed for
Alexa Fluor 555, 647, 750, and 790, respectively. Finally, the multiplexed
detection of single-stranded DNA (gag, CD4 and CCR5 ) analogues of genes
studied in the pathogenesis of HIV-1 between 10 pM–10 µM concentrations and
then CD4 mRNA in the lysate of transiently-transfected cells with a 5.4-fold
increase in fluorescence intensity relative to an untransfected control is demon-
strated. As a result, the utilization of this bioinspired MIM-MS promises to
be a versatile technique for the multiplexed detection of various nucleic acid
sequences at low concentrations using plasmon-enhanced fluorescence. Figure
7.3 presents an illustrative summary of Chapter 5.

Finally, Chapter 6 discusses the utilization of flexible versions of the MIM
metasurface (flex-MS) for label-free broadband SERS biosensing. By leverag-
ing nature-inspired structural size and positional disorder, broadband SERS
enhancement factors (EF s) are engineered. This enables the uniform enhance-
ment of various Raman peaks of Raman-active biomolecules specifically for
NIR-SERS where energy differences between the vibrational modes and the
excitation tend to be significant. The origins of broadband SERS EF due to
size and positional disorder is explained through rigorous FDTD simulations
following which, an experimental verification of the same is conducted through
the broadband SERS detection of uric acid (UA). More specifically, through
comparative experimentation, the 1134 cm−1 and 1645 cm−1 peaks of UA
are shown to be enhanced 3.1- and 5.7-fold at a low laser power of 0.32 mW
by the flex-MS compared to traditional substrates with periodically-arranged
nanostructures. The flex-MS is then employed as a SERS biosensor to detect
UA label-free in whole human tears within a physiologically relevant concen-
tration range (25–150 µM). The approach is in good agreement with results
taken concurrently from traditional enzyme-based assays for UA. Figure 7.4
presents an illustrative summary of Chapter 6.
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Figure 7.3: Illustrative summary of Chapter 5.

7.3 Future direction

Within the scope of this work, potential future directions could involve the
simultaneous incorporation of various multifunctional bioinspired nanostruc-
tures on the same medical platform. For instance, as shown in Figure 7.5,
an ophthalmic implant package can contain: 1) a Fabry-Pérot-based IOP sen-
sor integrated with light trapping b-Si nanostructures and omnidirectionally-
scattering nanostructures on the Si3N4 membrane and 2) a plasmonic biosen-
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Figure 7.4: Illustrative summary of Chapter 6.

sor with quasi-(dis)ordered MIM nanostructures. Furthermore, given advance-
ments in fields such as internet of things (IoT), particularly in healthcare tech-
nology, smartphones with onboard photonic modules like near-infrared (NIR)
and Raman spectrometers, light-emitting diodes (LEDs) and optical filters
can be used for detection/monitoring purposes. Therefore, a medical plat-
form with multi-parametric sensing/monitoring capabilities for point-of-care
self-monitoring purposes can be envisaged through bioinspired nanostructure
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Figure 7.5: Possible future direction of this work. An ophthalmic implant
package containing an IOP sensor implant integrated with light trapping b-Si
nanostructures and omnidirectionally-scattering Si3N4 membrane nanostruc-
tures as well as a plasmonic biosensor with quasi-(dis)ordered MIM nanostruc-
tures can be envisioned. Detection is performed using a smartphone.

integration.

In closing, nature offers a boundless reservoir of blueprints for multifunctional
nanostructure design and fabrication. The utilization of nanostructures in-
spired from nature in biomedicine is certainly a nascent field making the scope
of possibilities and applications in this space limitless. As a result, such an
approach can plausibly lead to multifunctional next-generation solutions to
highly complex interdisciplinary medical problems.
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