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Versatile Fabrication of Intact Three-Dimensional Metallic Butterfly
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Yongwen Tan, Jiajun Gu,* Xining Zang, Wei Xu, Kaicheng Shi, Linhua Xu, and Di Zhang*

Three-dimensional (3D) metallic microstructures with well-
controlled hierarchical morphologies down to the sub-micro-
meter scale have attracted considerable attention.!! These
structures have broad applications owing to their unique
optical,”! electronic,® magnetic,” thermal,™ and cataly-
tic®? properties, which can be modulated by their intrinsic
microstructures. Such structures, however, are quite difficult
to prepare by traditional methods. One promising route to
create these metallic structures is direct replication from
hierarchical structures of various natural species. Metals have
been physically deposited onto biological structures to
fabricate metallic structures through physical vapor deposi-
tion (PVD).”) However, the line-of-sight nature of PVD
prevented a complete replication of the biotemplates’ original
3D morphologies.”! Some groups elegantly converted natural
inorganic structures such as diatom frustules into metals (Ag,
Au, Pd) using wet-chemical processes,* but many natural
species with functional structures are composed of organic
materials. Versatile synthesis of metallic structures using
organic-based natural species’ intact, 3D, and hierarchical
sub-micrometer morphologies as templates is thus needed.
Herein we present a versatile route (selective surface
functionalization and subsequent electroless deposition) to
generate metallic replicas of the intact 3D organic butterfly
(Euploea mulciber) wing scales. This method can replicate the
original chitin-based scales’ morphology in at least seven
important metals, including cobalt, nickel, copper, palladium,
silver, platinum, and gold (Figure 1 and Figure 2). Signifi-
cantly, using the synthetic Au scale as a surface-enhanced
Raman scattering (SERS) substrate, the detectable analyte
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Figure 1. SEM element mapping images of seven metallic wing-scale
replicas. All of the metallic replicas were imaged under high vacuum
without metal sputtering that was needed for original nonconductive
butterfly scale samples. Silicon signals originate from the Si wafer
substrate, and slight oxidation occurs for the Co and Ni replicas (in
the Supporting Information it is also mentioned that Cu is slightly
oxidized). Au NPs as catalysts could not be identified in the replicas
(except for the Au scale) owing to their small numbers in comparison
with grains in the continuous deposited metal layers. Pseudo colors
based on mapping data were generated directly using the software
Microanalysis Suite (18d + SPS, Oxford Instruments Inca). Scale bar:
50 um.

concentration (Rhodamine 6G, 10~*M) can be one order of
magnitude lower than using commercial substrates (Klarite).
To our knowledge, this work is the first demonstration of the
conversion of intact hierarchical 3D butterfly structures on a
sub-micrometer level into metallic replicas. It should be noted
that butterflies belong to the order Lepidoptera (Latin word
for “scaly wing”, including butterflies and moths) that
comprises an estimated 174250 species.”] A given species
usually has more than one type of wing scale,”” and such huge
morphological diversity offers a vast structure pool for
biotemplate selection (e.g., photonic crystal design).” In
addition, chitin, the main component of butterfly wing scales,
is one of the richest natural macromolecular compounds.
Therefore, this approach can be extended to replicate other
chitin-based biostructures, including fungi cell walls, exoskel-
etons of insects®**land arthropods (e.g., crabs and lobsters),*!
radulas of mollusks (e.g., snails), and beaks of cephalopods
(e.g., squids® and octopuses).

The fabrication route described herein consists of three
steps (see Scheme S1 in the Supporting Information): 1) func-
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Figure 2. SEM images of a) an original wing scale, b) Co, c) Ni, d) Cu,
e) Pd, f) Ag, g) Pt, and h) Au replicas. Scale main ridges, struts, and
ribs are marked in (a). Insets show morphologies with higher
magnification. Arrows in (b—h) denote the rib tips of the metallic
replicas. Scale bars: 500, 250 nm (insets).

tionalization of a chitin-based surface with Au nanoparticles
(NPs), 2)standard electroless deposition of one of seven
metals onto the scales at modest temperatures, and 3) selec-
tive removal of the original chitin-based biotemplates. Steps
(1) and (3) are identical for all seven metallic replicas, thus
suggesting the versatility of this route. Figure 1 shows a
scanning electron element mapping image of seven synthe-
sized metallic scales manually manipulated and arranged
together on a silicon wafer. Detailed energy-dispersive X-ray
spectrometry (EDS) results for each replica verify the
successful conversion of the chemical composition, which is
confirmed by X-ray diffraction (XRD) analysis as well (see
Figure S1 in the Supporting Information). As revealed by the
XRD results, the average grain size is different for various
metal samples. It ranges from approximately 4 nm (Ni) to
20 nm (Ag) depending on the metal, promising the replication
of wing scales’ subtle morphologies down to the sub-micro-
meter scale. Slight oxidation could be identified in the
samples of Co, Ni, and Cu (XRD results, Figure S1 in the
Supporting Information) because of their small grain size and
exposure to air.

To evaluate the conformity between original butterfly
scales and the final metallic replicas, the morphologies of
metallic scales are compared with their original counterpart in
Figure 2 (higher magnification) and Figure S2 in the Support-
ing Information (lower magnification). Like many other
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butterflies and moths,® the original scale of E. mulciber with
hierarchical morphology usually contains three levels of
periodicity. The largest size of approximately 700 nm is
defined by the space between two adjacent main ridges
(Figure 2a), while a smaller one (ca. 380 nm) describes the
distance between struts™¥ (top view). Much finer structures
(ribs™) can be identified on the individual ridges, with a
period of approximately 100 nm. Because of the individual
differences of single scales, these values could vary slightly.
Through this wet-chemical synthesis route, all these perio-
dicities were topologically replicated (Figure 2b-h) for all the
metallic replicas owing to their small grain size, and the
capability of metal ions to get into the blind corners of
intricate biological structures. The gap distances decrease
somewhat because of the metal coating thickness. The layer
thickness is approximately 20-50 nm for main ridges and
struts, resulting in shrinkage of approximately 6-14 % and 11—
26 % for the spaces between main ridges and between struts,
respectively. These dimensions can be further tuned by
modifying the deposition conditions, which will affect the
metallic replicas’ properties (e.g., surface enhancement of
Raman signals, which will be reported elsewhere). Using an
SEM stage tilt (45° against the length direction of main
ridges), the layer thickness for ribs is roughly estimated to be
20-30 nm, which causes 40-60% shrinkage in the space
between ribs, as viewed parallel to the bisecting plane
between main ridge walls and the substrate surface. More
precise dimensional measurement of the replicas’ rib period,
which is based on cross-section samples prepared using
focused ion beam milling, is currently underway. Lower-
magnification images (x 10000, Figure S2 in the Supporting
Information) reveal homogeneous metal deposition over a
large-scale surface area.

The metallic replicas were further manually broken under
an optical stereomicroscope with a needle for the observation
of their internal structures (Figure 3). The 3D structures from
original scales® are well-maintained. As described by many
previous studies,’®”! the scale struts actually consist of vertical
and horizontal struts, which support and connect the main
ridges. A close-up view of the structures (right column,
Figure 3) shows that some parts of the replicas are hollow,
owing to the removal of the original chitin-based organisms.

In generating replicas from biotemplates, calcination has
been used frequently to fabricate oxide replicas.”’ Unlike
grains of oxides and inorganic ternary compounds, metal
particles have higher surface energies and tend to coarsen
easily at high temperatures. Such coarsening makes the
calcination process unsuitable to convert biotemplates with
sub-micrometer morphologies into metals.”! In comparison,
electroless deposition is a reliable method for insulating-
surface metallization. Although a direct electroless deposi-
tion of metal coatings onto organic surfaces is quite difficult, it
has been successfully used to apply Ag,°**! Ay, Cu, 1% and
Nill'*<l coatings to pattern polymers through surface-func-
tionalization processes. Metals such as Aul'® and Pd'! and
compounds such as SnCL"* have been successfully utilized
to activate the polymer surface before deposition. However,
natural butterfly wing scales are actually composites com-
posed of chitin and a small amount of protein with lots of OH,
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Figure 3. Cross-section SEM images of a) Co, b) Nji, ¢) Cu, d) Pd,

e) Ag, f) Pt, and g) Au replicas, respectively. Scale main ridges, struts
(vertical and horizontal), and ribs are marked in (a). Scale bars: 2 um
(left column), 250 nm (right column).

NHCOCH;, and NH, groups.'?l To achieve uniform and
complete metal coatings at a sub-micrometer level on the
surface of these composites with hierarchical 3D morpholo-
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gies, we used ethanediamine (EDA), containing two amino
groups, to aminate the scale surface first (Scheme S1 in the
Supporting Information). One amino group of EDA would
bind with an OH group on the chitin-based surface by
nucleophilic attack, leaving the other in complex with
Au "% Ay nanoparticles (NPs) were subsequently formed
at the aminated scale surface by sodium borohydride
(NaBH,) reduction of the coordinated Au', which acted as
catalyst for the subsequent electroless metal deposition. A
detailed analysis of the functionalization process based on
infrared absorption spectra is provided in the Supporting
Information (Figure S3).

Continuous replication was achieved through further
deposition of Ag, Au, Co, Cu, Ni, Pd, and Pt in corresponding
solutions onto the functionalized scale surfaces by standard
electroless deposition processes. Detailed plating solutions
and reaction conditions are listed in Table S1 in the Support-
ing Information.'%"*131 All of these deposition processes
were carried out at room temperature (except Pt, at 50°C), to
suppress the coarsening of the metallic microstructures
induced by their high surface energies. After the electroless
deposition on the bioorganic surfaces, the chitin-based wing
scales were finally removed using H;PO, (see Figure S4 in the
Supporting Information).* The metallic butterfly wing scales
were thus fabricated.

Although many applications (e.g. in catalysis and magnet-
ism) of these unique metallic scales are still under study at
present, we demonstrate herein how these mass-producible
metallic structures can substantially enhance Raman signals
of the analyte on them with a detection sensitivity one order
of magnitude higher and at a cost one order of magnitude
lower than their commercial counterpart (see Figure 4 and
Figure S5 in the Supporting Information). Surface-enhanced
Raman scattering (SERS) has been attracting increasing
interest since the 1970s owing to its ability to increase the
intensity of Raman signals that are usually weakly scattered
and thus has broad applications in chemistry, the life sciences,
and physics.'"'*) This phenomenon originates from the
roughened surface of a metal substrate, which generates
highly localized surface plasmon resonance and in turn yields
a significant Raman signal enhancement.'! Although the
mechanism of SERS has not yet been totally understood,
SERS substrates as consumables with super sensitivity,
excellent reproducibility, and low cost are highly anticipated.
Much evidence has indicated that 3D noble-metal super-
structures help enhance the SERS by electromagnetic am-
plification controlled by sub-micrometer structures.'®¢! Gar-
rett et al. physically deposited Au onto butterfly wing surfaces
(referred to hereafter as physical scales) to fabricate SERS
substrates.* However, the drawbacks of PVD as mentioned
above would inhibit a full utilization of original biotemplates’
3D morphologies. In comparison, using the unique metallic
structures (or “chemical scales”) synthesized with the chem-
ical approach reported herein as SERS substrates, the
detectable lower limit of analyte concentration can surpris-
ingly decrease by even one order of magnitude (Rhodami-
ne 6G, 107m), as compared with commercial substrates
(107M, Klarite, Renishaw Diagnostics), and with studies
published very recently.'®** Moreover, the lowest detectable

www.angewandte.org

Chemie

8309


http://www.angewandte.org

Communications

8310

a)

b
e~

12001300 1400 1500 1600 1700 1200 1300 1400 1500 1600 1700
Av/em™ — Aviem —

c) d)
I 2500 cps

1000 cps

|

e

1200 1300 1400 1500 1600 1700
Av/iom —5

1200 1300 1400 1500 1600 1700
Aviem' —5

11000 cps [ 500 cps

|

1200 1300 1400 1500 1600 1700
Av/ecm” —

11649

\an!

12001300 1400 1500 1600 1700
Aviem —

107'°M, 1649 cm™', RSD=5.2%

1200 1400 1600 00 15 20 25 30
Avfem™ —5 Spectrum No. —>—
Figure 4. a—f) Comparison of Raman signals from R6G on three Au
SERS diagnostic substrates. R6G concentrations: a) 10°°m; b) 1078 m;
c) 107"m; d) 107" m; e) 1072 m; f) 107" M. Data from top to bottom
in each diagram were collected on Au butterfly scales chemically
synthesized in this work (chemical scales), commercial SERS substrate
(Klarite), and Au scales prepared by simple physical deposition
(physical scales). The original scales were chosen from the blue ones
on E. mulciber's dorsal wing surface. Note that the diagnostic
sensitivity of chemical scales is one order and four orders of
magnitude higher than the commercial Klarite substrates and physical
scales, respectively. g) Raman signals (R6G, 107" m) obtained at thirty
different spots from ten Au chemical scales. Note that the concen-
tration chosen here for reproducibility evaluation is one order of
magnitude lower than the one reported in very recent work
(1072 m)."® h) Intensity variation of the peak at 1649 cm™' in (g).

R6G concentration on chemical scales drastically decreases
by four orders of magnitude as compared with the use of Au
scales that were prepared by simple physical deposition
(physical scales).”¥ Although there is currently no direct
experimental evidence demonstrating that the chemical scales
can be directly used in single-molecule detection, we have
roughly estimated the number of molecules within the
detected area using a method presented in reference [16a].
We applied R6G solution (1 mL, 10 *m in ethanol, ca. 6 x
10’ R6G molecules) onto the chemical scale surface for
detection. The liquid drops finally spread out with a diameter
of approximately 1 cm, while the cross section of the laser
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beam used for Raman detection was approximately 2 um in
diameter. Supposing that these 6 x 10’ R6G molecules were
adsorbed evenly onto the 1 cm? area,* the molecular signals
collected for Raman measurement were thus from less than
ten molecules. Moreover, in Figure 4g,h, we measured
Raman signals at thirty randomly chosen spots from ten
chemical scales to evaluate the reproducibility. The relative
standard deviation (RSD) is 5.2%, which is comparable
ol or even better than!'*! those reported in very recent
studies. Detailed analyses on how various scale morphologies
(from different butterfly species) can affect the localized
surface plasmon resonance are currently underway and may
help further enhance the Raman signals of analytes by aiding
selection of proper types of scales as biotemplates for
replication.

To demonstrate how the structures synthesized herein can
be mass-manufactured for Raman measurement, we present
the Raman spectra acquired on a whole Au wing of F.
Mulciber as SERS substrate (Figure S5 in the Supporting
Information). Again, the R6G solution of 107"M is detect-
able. Since the cost of the Au wing that is tailored into 4 x
4 mm? is about one order of magnitude cheaper (ca. $2.50,
providing more than 10000 single scales) than a consumable
commercial substrate (Klarite, 4 x4 mm?), and the Au wings
(scales) can be prepared within thirteen hours without the
removal of original chitin in an ordinary laboratory for
Raman detection, the approach reported herein can make
ultrasensitive Raman analysis (near-single-molecule detec-
tion) with excellent reproducibility a routine diagnostic
method for chemists, life scientists, and physicists.

In conclusion, we have developed a versatile approach to
prepare intact 3D metallic replicas (Ag, Au, Co, Cu, Ni, Pd,
and Pt) down to sub-micrometer level of butterfly wing scales.
Through selective surface functionalization and standard
electroless deposition, a homogeneous and morphology-
preserving replication of original scales’ intricate 3D micro-
structures is achieved. It should be noted that the scales’ full
3D hierarchical structures are intact, especially after the
removal of the biotemplates. Significantly, using the novel Au
butterfly wings (or scales) with these superstructures as SERS
substrates, a detectable lower limit of R6G concentration that
is one order of magnitude lower than with the commercial
counterpart has been achieved. This work provides a general
strategy for replicating chitin-based structures with fine and
hierarchical 3D morphologies using a wide variety of metals
with magnetic, optical, catalytic, electronic, and thermal
applications. A portal to intact 3D metallic Lepidopterans
(butterflies and moths), which contains approximately 174250
species and even more types of wing scales, is now open.

Experimental Section

The detailed synthesis route is provided in the Supporting Informa-
tion. Scanning electron microscopy was carried out using a field-
emission SEM instrument (Quanta 250 from FEI, 20 kV) equipped
with EDS analysis capability (Oxford Instruments, 80 mm? detector).
X-ray diffraction measurements were conducted using a D/max-2550
instrument (Cuy,) from Rigaku Corporation. Scales (ca. 0.5 g) were
scratched off from the metal-coated wings and were treated with
H;PO, for the XRD measurement. Infrared absorption spectra were
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recorded using a Perkin-Elmer Spectrum 100 instrument with
samples ground to powders and compressed into KBr pellets.

To evaluate the SERS efficiency of Au chemical scales, R6G
solution (1 mL) in ethyl alcohol (107°~10~"* M, respectively) was drop-
evaporated in ten 0.1 mL portions onto the substrates, which were
then dried under ambient conditions before tests. Raman measure-
ments were then conducted under a Renishaw inVia Raman micro-
scope operated with an Arion laser (514.5 nm). The laser had a power
of 2mW at the sample surface, with 2 um in beam diameter. The
integration time was 10 s. The reproducibility evaluation was carried
out at thirty randomly chosen spots from ten Au chemical scales.
Commercial Klarite substrates were purchased from Renishaw
Diagnostics. To prepare physical scales, Au was physically deposited
onto the wing scale surface (4 min with a deposition rate of
20 nmmin~!, the optimized synthesis condition as reported in
Ref. [3d]) using a Hitachi Ion Sputter Coater (E-1045). Raman
signals of R6G on Klarite substrates and on physical scales were
acquired under the same experimental conditions as on chemical
scales for comparison.
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