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1. Introduction

Assaying using protein binding is a powerful analyti-
cal tool that has found a wide range of applications
across many market sectors. These include clinical di-

agnostics, pharmaceuticals, forensic and environmen-
tal evaluation and biochemical studies [1–3]. Ad-
vances in biochemistry biosensing processes have
made assaying common place; for example, home
pregnancy, blood glucose, and allergy testing kits are
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We show that naturally occurring chitinous nanostruc-
tures found on the wings of the Graphium butterfly can
be used as substrates for surface-enhanced Raman scat-
tering when coated with a thin film of gold or silver.
The substrates were found to exhibit excellent biocom-
patibility and sensitivity, making them ideal for protein
assaying. An assay using avidin/biotin binding showed
that the substrates could be used to quantify protein
binding directly from changes in the surface-enhanced
Raman scattering (SERS) spectra and were sensitive
over a concentration range comparable with a typical
enzyme-linked immunosorbent assays (ELISA) assay. A
biomimetic version of the wing nanostructures produced
using a highly reproducible, large-scale fabrication pro-
cess, yielded comparable enhancement factors and bio-
compatibility. The excellent biocompatibility of the
wings and biomimetic substrates is unparalleled by other
lithographically produced substrates, and this could pave
the way for widespread application of ultrasensitive
SERS-based bioassays.

Butterfly wing to biotin assay: a schematic diagram illus-
trating avidin conjugation to silvered butterfly wings, to-
gether with the subsequent SERS biotin assay data.
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all based upon antibody assay technology. In spite of
this progress, there are still significant requirements
for improvements to current assay methods used
in industry. The demand for improved sensitivity,
throughput, specificity, and cost efficiency in industry
constantly drive advances in assay technology.

Many different approaches have been successfully
exploited for the detection of protein-binding events,
such as: scintillation counting, fluorescence, absorp-
tion, electrochemistry, chemiluminescence, Rayleigh
scattering and Raman scattering [1, 4]. Among these,
fluorescence has been the most widely used readout
method for industrial application, frequently in en-
zyme-linked immunosorbent assays (ELISA) [4],
since high sensitivity is critical for the immunoassay
detection. However, fluorescence-based readouts
rely upon an extraneous fluorescent label that can al-
ter binding interaction and can be unreliable when
assaying in the presence of autofluorescent or scat-
tering compounds [5].

Surface-enhanced Raman scattering (or SERS)
was first discovered by Fleischmann et al. in 1974 [6]
and has emerged as a powerful analytical tool. SERS
is an extension of standard Raman scattering, a vi-
brational spectroscopic technique that provides de-
tailed structural information about an analyte at the
molecular level. Recently, several reports have de-
monstrated the potential of surface-enhanced Ra-
man scattering (SERS) as a label-free readout for
monitoring protein-binding events [1, 2, 7].

SERS combines Raman scattering with the excit-
ing properties of metallic nanostructures to achieve a
very significant amplification of the Raman signal: as
high as 14 orders of magnitude having been reported
[8]. The Raman signal of molecules adsorbed onto a
‘SERS-active’ metallic structure is enhanced by the
localized concentrated electromagnetic fields, often
referred to as ‘hot-spots’, due to the excitation of sur-
face plasmons on the metal surface [9]. Initial SERS
work utilized chemical roughening of metal surfaces
of electrodes [6, 10, 11] and metallic colloidal conju-
gates [11–14], but these were found to exhibit poor
reproducibility. Recent progress in nanoscience has
led to highly reproducible techniques for fabricating
complex nanostructures for SERS. These techniques
include use of electron-beam lithography, chemical
etching, colloid immobilization, annealing of metal-
ion-implanted silicon, and nanosphere lithography
[15–19]. They are, however, generally prohibitively
expensive, complex and ultimately unsuitable to mass
production. Since the substrates nanostructures are
too delicate to withstand cleaning, they are only suita-
ble for single use. For these reasons, cheaper, faster
and more reproducible manufacturing processes are
required.

The potential for low detection limits and higher
sensitivities available with SERS have been exploited
in recent biological assay research [20–22], but this

has been limited by the substrates available for aqu-
eous experiments. Many available SERS substrates
require the analyte to be deposited and dried prior to
scanning. This is unsuitable for most biological ana-
lytes, such as proteins, since the process of desiccation
alters their configuration and hence their Raman
spectrum [23]. Drop-coated deposition has been
claimed to produce normal Raman spectra of pro-
teins analogous to those obtained from aqueous pro-
teins [24] by providing a “natural” environment.
However, because protein structure is strongly de-
pendent upon the hydration of the molecule, it is es-
sential that aqueous conditions are maintained in or-
der to perform rigorous investigation of biological
proteins. Protein-binding systems involve complex in-
teractions that require optimal protein structure for
binding to occur. Variation in pH, hydration and tem-
perature can have an adverse effect on protein struc-
ture, thus preventing binding events that can lead to a
dramatic reduction in the detection threshold [3].

SERS assays using proteins have historically re-
quired highly complex systems with multiple interac-
tions to produce a detectable event [1, 2], usually
with colloidal noble-metal particles or a SERS che-
mical label providing the means of detecting binding
events. These assays can provide high sensitivity to
low levels of analyte in solution, but the interaction
of metal colloids and chemical SERS marker mole-
cules has the potential to adversely affect the biolo-
gical molecules of interest. Intricate multiple-stage
assays are undesirable for complex biological sys-
tems, where assays are required to be highly robust
if they are to be of use. More cutting-edge assays
have used dielectric-core metal-coated nanoshells
bioconjugated to antibodies [1, 25–27]. These assays
produce excellent sensitivity combined with low le-
vels of undesired biological interaction between the
label and the analyte. However, with the nanoshells
free in solution, SERS spectra can be difficult to re-
produce unless the analyte is spun down using cen-
trifugation or immobilized in some manner; these
processes can be damaging to some biological sam-
ples.

Scientists in a broad variety of fields continue to
exploit various forms of nanostructures inspired by
Nature [28]. Naturally occurring nanostructures that
have evolved for functions involving visual appear-
ance have been the subject of a remarkable surge in
research interest [29–33]. This has built upon a range
of somewhat earlier studies [34, 35]. Numerous in-
sects, birds and plants exhibit a wide array of com-
plex periodic and quasi-periodic ultrastructure. Their
nanostructures can contribute to many biological
functions: highly unsaturated color appearances for
short- or long-range conspecific communication [36,
37]; angle-independent color [38] and specular or
diffuse broadband appearances [39] for specialized
camouflage; linearly [36] or circularly polarized re-
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flection [40] for high-level communication, represent
a few of these. A recent investigation into the optical
properties of cicada wings found that the “quasiper-
iodic” nanostructured anti-reflective coating on the
chitinous wing surfaces provided an excellent SERS
substrate, with enhancement factors of approxi-
mately 106 [41].

Avidin and biotin provide a model protein-bind-
ing system analogous to antibody/antigen binding,
and are chosen for use in many immunoassays be-
cause they are well characterized, have high specifi-
city and an almost unparalleled binding strength
[42–44]. In this study, we demonstrate that conical
cuticular nanostructures found on the metallicized
surface of the Graphium weiskei butterfly (Figure 1)
display ideal properties for avidin/biotin assaying
using SERS. They exhibit excellent biocompatibility
due to the possibility for optimal hydration condi-
tions. We show that synthetic replicas of these na-
nostructures can be produced by a simple applica-
tion of reactive ion etching, a process that is
adaptable, tunable and suitable for economical
large-scale fabrication. These biomimetically con-
ceived substrates exhibit equally sensitive surface en-
hancement and biocompatibility to the wing sub-
strates.

2. Experimental

The SERS enhancement factors were ascertained
using self-assembled thiophenol monolayers as a
well-defined model system. The biocompatibility of

the butterfly wing substrates was demonstrated by
obtaining SERS spectra of avidin glycoproteins
bound to the functionalized metal surface whilst un-
der aqueous buffer. To show the potential applica-
tion of these substrates for detection of low concen-
trations of analyte, a reproducible wet binding assay
was undertaken with varying concentrations of bio-
tin in solution. Biotin and avidin were chosen as a
model system as they have similar environmental re-
quirements to other assay proteins, are well charac-
terized and are widely used in biomedical research
because of their very low dissociation constant (KD

� 10�5 M). Normal hydrated avidin and avidin/biotin
Raman spectra were obtained for comparison with
SERS spectra.

2.1 Preparation of natural nanostructures

Male G. weiskei butterflies were purchased from
World Wide Butterflies Ltd (wwb.co.uk). The spe-
cific wing areas of G. weiskei butterflies exhibiting
conical nanostructures (see Figures 1 and 2) were
dissected and cut into 2 � 2 mm sections that were
attached to standard glass microscope slides using
Norland Optical Adhesive (Cranbury, USA). All
glassware was cleaned with aqua regia (concentrated
hydrochloric acid mixed with concentrated nitric acid
in a 3 : 1 ratio), rinsed exhaustively with nanopure
water (PURITE, Oxford, UK) and subsequently
rinsed with absolute ethanol and dried prior to use.

The adhesive was cured using a UV spot curing
system (Novacure, USA) and kept in an incubator at
50 �C overnight to facilitate covalent bonding be-
tween the glass and the adhesive. A continuous film
of either gold or silver (99.999% purity, GMBH)
was then thermally evaporated over the wing surface
at 10�6 mBar using a custom-built resistance-heated
vacuum thermal evaporator, at deposition rates of
between 1 nm s�1 and 0.5 nm s�1. The thickness of
the metal films and the deposition rates were moni-
tored using a quartz microbalance crystal, and were
later verified using atomic force microscopy (Ntegra

Figure 1 (online colour at: www.biophotonics-journal.org)
G. weiskei butterfly wings and scanning electron micro-
scope (SEM) micrographs of their detailed nanostructure
at different magnifications.

Figure 2 SEM micrographs of the G. weiskei nano-cone ar-
rays (A) and the biomimetic substrate (B), with nano-cone
heights of 524 nm peak-to-peak distances of 390 nm.
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NT-MDT, Russia). Various metal thicknesses were
investigated, ranging from 10–100 nm.

2.2 Fabrication of biomimetic nanostructures

Biomimetic nanostructured surfaces were prepared
using the procedure previously reported by Weekes
et al. [45]. Briefly, glass substrates were spin coating
with a 1.5 mm thick layer of PMMA that was then
annealed at 180 �C. An hexagonally ordered mono-
layer of 390 nm diameter polystyrene microspheres
was then applied and used as a mask for reactive-ion
etching (RIE). Reactive ion etching was applied for
8 min in an oxygen plasma produced by a 15 W RF
source at a base pressure of oxygen of 50 mTorr.
The process left a regular array of nanoscale pillars
as shown in Figure 2, with the total height of the pil-
lars equal to the sum of thickness of the PMMA
layer and the height of the remaining spheres after
etching (�0.5 mm). The width of the pillars was meas-
ured as 0.3 mm. Substrates were then metallicized
using the procedure described in the previous sec-
tion.

2.3 Imaging and spectroscopy

The butterfly wing regions were investigated by
scanning electron microscopy (SEM) using a Hitachi
S-3200N SEM. Prior to SEM, the samples were sput-
tered with 5 nm of chromium (for 3 min at 1 kV and
150 mTorr) in a Cressington sputter coater (208
HR). Raman spectra were acquired using a Re-
nishaw RM1000 Raman microscope (RENISHAW,
Wooton-Under-Edge, UK) equipped with a 1200-
line/mm grating providing a spectral resolution of
1 cm�1, a diode laser providing excitation at 785 nm
with up to 300 mW power, and a 40� microscope
objective lens was used to focus light onto the sub-
strate. The system was calibrated using the Raman
band of a silicon wafer at 520 cm�1. Spectral data
was acquired using Renishaw v.1.2 WiRE software.

2.4 Thiophenol monolayers

The enhancement factors of the various substrates
were quantified and compared using thiophenol.
Thiophenol forms a highly repeatable and well-de-
fined self-assembled monolayer with a well-charac-
terized Raman and SERS spectra [46]. Monolayers
were prepared using a modified version of the pro-
cedure described by Briand et al. [47]. Immediately
after silver/gold deposition, the samples were im-

mersed in absolute ethanol for 1 min, followed by
immersion in an ethanolic solution of 10 mM thio-
phenol for 10 min. After formation of a thiophenol
monolayer, the samples were rinsed in ethanol and
allowed to dry under nitrogen before Raman analy-
sis using a laser power of 3 mW. Enhancement fac-
tors were calculated using the ratio of SERS counts
per molecule to that of the spontaneous Raman
counts acquired from bulk thiophenol [41]. Raman
spectra of the bare metal substrates were taken to
determine the affect chitin/PMMA could have on
the subsequent experiments.

2.5 Normal Raman spectra

Normal Raman spectra were obtained using solu-
tions of avidin and avidin bound to biotin deposited
onto quartz cavity slides. Spectra of these solutions
were taken using 150 mW laser power.

2.6 Bioconjugation for model “immunoassay”
system

A model immunoassay was performed by conjugat-
ing avidin onto the metallicized wing surfaces and
using the SERS spectra to detect biotin binding as a
function of biotin concentration. The metal-coated
substrates were modified with self-assembled mono-
layers of a molecular linker (3-mercaptopropanoic
acid – MPA); the substrates were immersed in an
ethanolic solution of 0.02 M MPA for 2 h.

The MPA layer was activated using a solution of
2 mM ethyl dimethylaminopropyl carbodiimide
(EDC) and 5 mM n-hydroxy succinimide (NHS) in
2-(N-morpholino) ethanesulfonic acid (MES) buffer
solution (20 mM MES, 0.1 M NaCl, pH 5). The car-
boxylate groups of the MPA react with NHS in the
presence of EDC to form NHS-esters that can then
react with amine groups of proteins. After 15 min of
activation, the metallicized samples were rinsed in
phosphate buffered saline (PBS) at pH 7.50 mL ali-
quots of avidin solution (Sigma Aldrich) at 10 mg/
mL in PBS at pH 7 were deposited onto each silv-
ered wing section, and left to incubate for 30 min at
4 �C.

After incubation, the samples were rinsed in PBS
pH 7 and immersed in a quenching solution of 1 M
ethanolamine in PBS for 30 min at 4 �C to deactivate
any unreacted NHS-esters. Following immersion in
the quenching solution, the silvered samples were
rinsed in PBS pH 7. Aliquots of biotin solutions over
a range of concentrations were then added and al-
lowed to bind for 20 min at 4 �C. The samples were
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then rinsed in Millipore water (PURITE, Oxford,
UK) and the active area kept hydrated under a dro-
plet of PBS to prevent the proteins from denaturing.

The optimum laser power was determined by a
laser power study: powers up to 100 mW caused no
photodamage to the sample, so this was set as the
maximum allowed laser power.

3. Results and discussion

3.1 Determining the enhancement factors

From spectra of the bare metal substrates it was de-
termined that the chitin/PMMA contribution was
negligible. This is because the surface-enhancement
field decays evanescently with distance; the metal de-
posited upon the substrates was sufficiently thick that
the chitin/PMMA SERS signal was overwhelmed by
that from the metals upper surface.

To determine enhancement factors, the number
of Raman counts per molecule in the SERS spec-
trum of the substrates was estimated by assuming
that the thiophenol monolayer was at maximum den-
sity. The maximum coverage of alkanethiols on ther-
mally evaporated gold substrates has been shown to
be 21%; 2.5 � 1014 molecules/cm2 � 0.1 � 1014 mole-
cules [48]. Assuming 100% metal coverage, this pro-
vides a conservative estimate for the enhancement
factor, since the maximum density of monolayers of
alkanethiols typically take 1–2 h to form. The area
of the substrate illuminated by the objective was cal-
culated from the Airy disc diameter; hence the num-
ber of thiophenol molecules in the focal area was es-
timated as 6.0 � 106 � 1.3 � 104.

For the Raman spectrum of neat thiophenol (Fig-
ure 3), the number of Raman counts per molecule
was estimated in a similar manner; the confocal sam-
ple volume of the microscope objective, calculated
from the diameter of the Airy disc over the axial re-
sponse arising from a pinhole of size 10 micrometers,
was found to be 1.13 � 10�2 � 7.94 � 10�5 picolitres.
For neat thiophenol, this corresponds to 6.6 � 1010

� 4.8 � 108 molecules.
For the SERS spectra of the thiophenol mono-

layers (Figure 3), peak assignments of the most pro-
minent Raman bands were made based on Refs.
[49, 50] as follows; 1574 cm�1 (C–C stretching);
1072 cm�1 (inplane C–C–C stretch and C–S stretch-
ing); 1022 cm�1 (out-of-plane C–H stretching);
999 cm�1 (out-of-plane C–C–C stretch); 630 cm�1

(out-of-plane C–C–C and C–S stretching). Enhance-
ment factors were calculated using the peak heights
at 999 cm�1 of the monolayers compared with the
nonenhanced 1001 cm�1 peak of thiophenol in solu-
tion.

When corrected for acquisition times and any
variations in laser powers used, the maximum en-
hancement factors for the metallicized G. weiskei
wing surfaces were found to be 1.9 � 106 � 5.8 �
104 for gold, and 1.6 � 107� 1.8 � 105 for silver. For
the biomimetic substrates, the maximum enhance-
ment factors were 1.1 � 106� 5.1 � 104 for gold
and 1.4 � 107� 1.7 � 105 for silver. We found that
the optimum enhancement factors for silver and gold
occurred at different thicknesses (70 nm and 90 nm,
respectively). This is because their different dielectric
functions led to different surface plasmon properties,
a fact that has been exploited to tune core-shell na-
noparticles to preferentially absorb light at specific
wavelengths [1, 26, 27].

Figure 3 SERS spectra of a thiophenol monolayer on a butterfly wing coated with 70 nm silver (left) and an un-enhanced
Raman spectrum of neat thiophenol in solution (right).
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3.2 Bioconjugation

The MPA molecule binds to metal surfaces via a
covalent bond from the sulfur group. If the concentra-
tion of MPA molecules on a metal surface is high, the
molecules tend to orient themselves in a trans-config-
uration, whereas if the concentration is low, the MPA
molecules will have a higher instance of gauche-con-
figuration. These conformational changes result in
distinctive changes in their SERS spectra, which can
be seen in Figure 4. In the gauche-configuration, the
protein-binding site of the MPA molecule is less ac-
cessible than those in the trans-configuration; the op-
timal MPA deposition time was determined by per-
forming depositions for a range of times and
comparing the ratios of the gauche and trans peaks
(at 654 cm�1 and 735 cm�1, respectively) [51–53].
Upon activation of the MPA monolayer, the carboxyl
band at 900 cm�1 shifts to 928 cm�1, indicating that
the carboxyl group has become dissociated.

3.3 Normal spectra

The most prominent peaks in the hydrated avidin
Raman spectrum (see Figure 5) were tentatively as-
signed to phenylalanine (1001 cm�1, 1030 cm�1),
tryptophan (759 cm�1, 875 cm�1, 930 cm�1, 960 cm�1,
1001 cm�1, 1357 cm�1, 1546 cm�1 and 1580 cm�1),
tyrosine (827 cm�1, 852 cm�1), C–C stretching
(930 cm�1), COO symmetric stretching (1400 cm�1).
The amide I and amide III regions were located at
1665 cm�1 and 1237 cm�1, respectively. Each avidin
peak lay within 6 cm�1 of the same peak assignments

for the lyophilated avidin spectrum reported by Fag-
nano at al. [44]. A 6 cm�1 discrepancy is reasonable
given the conformational changes that can occur be-
tween hydrated and lyophilised proteins, combined
with the 2–3 cm�1 limit of resolution of the system.

It was found that upon binding to biotin, the
960 cm�1 tryptophan peak increased relative to the
1001 cm�1 phenylalanine peak (see Figure 5), as re-
ported by Fagnano et al. [44]. Since the avidin bind-
ing site contains the amino acids phenylalanine, ala-
nine, asparagine and tryptophan [54], the 960 cm�1

tryptophan peak and the 1001 cm�1 phenylalanine
peak were chosen as binding indicator peaks for in-
vestigation in the SERS assay. The amide I and
amide III bands did not change significantly upon
addition of biotin.

3.4 SERS assay

Once avidin molecules were bound to an MPA
monolayer, SERS spectra were acquired over the re-
gion of interest (see Figure 6). These spectra showed
weak contributions from MPA at 654 cm�1, 735 cm�1

and 925 cm�1. The following peaks corresponded
with those identified in the normal spectrum of avi-
din: 833 cm�1 and 848 cm�1 (tyrosine), 925 cm�1 (C–C
stretching/MPA carboxyl group), 1001 cm�1 and
1028 cm�1 (phenylalanine), 1237 cm�1 (amide III)
and 1394 cm�1 (COO symmetric stretching). Several
peaks were identified that did not correspond with
the normal spectrum of avidin, most likely due to
the different selection rules for SERS. These were
tentatively assigned using the SERS spectra of indi-
vidual amino acids reported by Stewart and Freder-

Figure 4 SERS spectra of MPA a) prior to activation with
EDC/NHS, b) after activation.

Figure 5 Normal Raman spectra for avidin (a) and avidin-
biotin (b).
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icks [55]: 1494 cm�1 (tryptophan), 1332 cm�1 and
1289 cm�1 (glutamine).

Upon addition of biotin, the two peaks in the avi-
din-biotin complex spectra that were indicative of
the complex formation were found to be 975 cm�1

and 1000 cm�1. Given that the Raman peaks of indi-
vidual amino acids may be expected to shift with sur-
face enhancement, we assigned the 975 cm�1 avidin
SERS peak to tryptophan and the 1000 cm�1 avidin
SERS peak to phenylalanine.

It was found that the 1000 cm�1 peak decreased
in strength relative to the 975 cm�1 peak with in-
creasing biotin concentration as illustrated in Fig-
ure 7. This attribute was exploited to perform a bio-
tin assay (see Figure 8). The log plot of the assay
gave a linear response over a range of 0.5–1000 nM
(equivalent to 0.12 ng/mL – 0.24 mg/mL) solutions

of biotin suspended in buffer solution. The limit of
detection of this assay was 0.2 nM (49 pg/mL).

4. Discussion

We have demonstrated that butterfly wing nanos-
tructures can provide an excellent SERS substrate
for use with protein assaying without the need for
desiccating the sample – a major advantage over
other nanostructures surfaces used as SERS sub-
strates. The entire avidin/biotin assay took no more
than 4 h from surface conjugation to SERS scan-
ning, which is comparable to some of the more ra-
pid ELISA assays commercially available. The vo-
lume of analyte used was very small (only 30 mL),
which would be an advantage for applications in
areas such as forensics where it is often impractical
or impossible to perform assays on large volumes
of analyte.

One of the main advantages of our SERS assay
was the large range of analyte concentrations that
could be used (0.12 ng/mL–0.24 mg/mL) without the
need for dilution of the analyte, as illustrated in Fig-
ure 8. Until now, SERS assays have been effective
over typical analyte concentration ranges spanning
only one to two orders or magnitude [1, 2, 21, 22,
27], while ELISA assays have been made with effec-
tive concentration ranges of pg/ml to ng/mL [4]. Our
assay technique has bridged the gap between SERS
and ELISA assays, potentially paving the way for
commercially viable SERS substrates for undertak-
ing assays of wet biological samples. Since SERS

Figure 6 SERS spectra of avidin bound to gold-coated
wing (b) and the avidin-biotin complex bound to gold-
coated wing (a).

Figure 7 (online colour at: www.biophotonics-journal.org)
A comparison of the different SERS spectra obtained dur-
ing the biotin assay (the concentration of biotin added is
given for each spectrum). The peak at 975 cm�1 was found
to increase relative to the peak at 1000 cm�1 with increas-
ing biotin concentration.

Figure 8 (online colour at: www.biophotonics-journal.org)
Ratios of the heights of the peaks at 975 cm�1 (peak 1)
and 1000 cm�1 (peak 2) in the SERS spectra of the avidin-
biotin complex for gold-coated butterfly wings for a range
of concentrations of biotin in buffer solution.
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provides detailed structural and chemical informa-
tion about assay analytes, with effective concentra-
tion detection ranges as large as those used in ELI-
SA, SERS could become a much more effective
immunoassay choice.

In order to demonstrate the potential for mimick-
ing the conical nanostructures of the butterfly wings
for commercial applications, a simple reactive-ion-
etching technique was employed. Since the wing na-
nostructure exhibited quasiperiodicity and a range of
cone sizes and orientations, an exact duplicate of this
structure was beyond the scope of this technique.
Nonetheless, the biomimetic substrates showed ex-
cellent SERS enhancement factors (1.1 � 106 with a
90 nm coating of gold and 1.4 � 107 for a 70 nm
coating of silver). Preliminary biocompatibility ex-
periments showed that these substrates exhibit the
remarkable property of enabling SERS signals to be
obtained when the scanning area is submerged un-
der a droplet of buffer solution.

Future experiments will focus on combining these
biomimetic substrate production techniques with na-
notransfer printing methods in order to speed up
production times and reduce costs, for use with bio-
logical applications.

5. Conclusion

We have shown that naturally occurring nanostruc-
tures and their biomimetic analogues produced ex-
cellent SERS substrates when coated with gold or
silver. The butterfly wing substrates used for a wet
biotin assay were found to be sensitive over a con-
centration range comparable with ELISA. The excel-
lent biocompatibility of the wings and biomimetic
substrates is unparalleled by other lithographically
produced substrates, and this could pave the way for
widespread application of ultrasensitive SERS-based
bioassays.
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