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ABSTRACT: Development of highly sensitive molecular sensors
is of immense current interest for biomedical diagnosis. Although
the possibility of single molecule detection through plasmonic
sensors based on surface enhanced Raman scattering (SERS) has
been demonstrated, the practical application of such devices is
hindered due their complex fabrication strategies and inhomoge-
neous Raman signal response. Here we present a simple biological
method for large scale fabrication of plasmonic microtubes using
selective nonpathogenic fungi as living templates. The biologically
fabricated microstructures can be used as SERS substrates for the
detection of organic molecules with signal enhancement factors as
high as 1 × 1010, exploiting their rugged, highly porous surfaces
with intense hot spots. Although they are structurally not as perfect
as those of chemically or physically fabricated plasmonic SERS
substrates, their morphological/geometrical inhomogeneity introduces only about a one order fluctuation of SERS
enhancement factor along their lengths. The plasmonic microstructures have great potential for the fabrication of cheap,
efficient, and highly sensitive gold-based biosensors for the detection and monitoring of organic molecules.
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■ INTRODUCTION

With the progress of plasmonics, specifically the advancements
in techniques for fabricating size- and shape-controlled
plasmonic nanostructures, the sensitivity of molecular
detection has improved substantially in recent times.1−8 The
most sensitive technique known for detecting organic
molecules is surface-enhanced Raman scattering (SERS),9 for
which self-assembled plasmonic nanostructures are frequently
utilized as substrates or supports for analyte molecules. A
chemically or physically engineered assembly of plasmonic
nanostructures produces inhomogeneous electric field distri-
bution, concentrating the electric field at “hot spots”, usually
located at interparticle spaces. On excitation in resonance or
close to the frequency of surface plasmon (SP) of the
assembled plasmonic nanostructures, the high electric field
(near-electric field) enhances the Raman signals of analytes
physically or chemically attached to the substrate.10 In fact, the
sensitivity of a molecular sensor depends both on the quality of
SERS substrate and the nature of the adsorbed analyte,11 apart
from the nature (wavelength and intensity) of excitation used
for generating the Raman signal.12 Although a substantial
progress has been made on the optimization of the latter two

parameters, fabrication of efficient substrates to generate
optimum SERS signal is an area that needs further attention
for the development of efficient SERS-based molecular sensors.
Controlled fabrication of homogeneous SERS substrates on a
large scale is indispensable to fulfill the envisioned merits of
such devices and their practical applications.
Among the frequently used physical and chemical

techniques such as electron beam lithography and nanotransfer
printing,13,14 chemically coordinated self-assembly or surface
immobilization,15,16 template-assisted assembly,17,18 etc., phys-
ical and template-assisted electrochemical techniques can
produce plasmonic SERS substrates with signal enhancement
factors (EFs)18,19 as high as 1 × 107. On the other hand, using
chemical or chemically coordinated techniques, SERS
substrates could be fabricated with EFs high enough for
single-molecule detection.20 Although plasmonic substrates
with excellent SERS performance could be fabricated using the
selective physical and chemical techniques mentioned above,
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most of them involve complicated, expensive, and non-
environmentally friendly processes.21,22

On the other hand, several self-assembled plasmonic nano-
and microstructures have been fabricated through biological
routes,23−31 although they have rarely been tested as SERS
substrates. Among the few reports of using biotemplated
plasmonic structures in SERS, the most significant one is the
fabrication of Au microspheres using bacterial spores by Yang
et al.,32 achieving SERS signal EF as high as 1 × 1011.
Considering the fabrication complexity of SERS substrates
through conventional physical and chemical processes, bio-
logical techniques seem to be one of the most promising ones
because of their simplicity, cost effectiveness, and environ-
mentally benign natures.
Here we report a simple, green technique for the fabrication

of Au microtubes, utilizing living nonpathogenic tubular fungi
such as Trichoderma asperellum (T. asperellum) and Aspergillus
sydowii (A. sydowii). We demonstrate that these rugged gold
microtubes are excellent SERS substrates, which can be used to
detect organic molecules dissolved in water in concentrations
as low as 1 × 10−9 M. The porous plasmonic microtubes
manifest a SERS enhancement factor as high as 1 × 1010, with
only one order of variation along their lengths, indicating their
good Raman response homogeneity.

■ METHODS
Synthesis of Au Nanoparticles Using D-Glucose as Reducing

and Stabilizing Agent. Au nanoparticles (NPs) were synthesized in
deionized (DI) water (ρ > 18.2 MΩ.cm), using chloroauric acid
(HAuCl4·3H2O, Sigma-Aldrich) as gold precursor, and D (dextro)-
glucose (C6H12O6, Omnichem) as reducing and stabilizing agent.
Briefly, 30 mg of D-glucose (DG) was dissolved in 15 mL of DI water
and then 0.5 mL of aqueous solution of gold ions (5 mM) was added.
Finally, the pH of the solution was adjusted to 8.0 using a reference
buffer solution of pH 10 (HNa2O4P, Sigma-Aldrich). The reduction
of Au3+ ions and formation of gold nanoparticles were monitored
recording the absorption spectra of the reaction mixture at different
intervals, utilizing a SHIMADZU UV3100PC double beam
spectrophotometer. A drop of colloid sample was dispersed over
carbon-coated Cu grid for observations in scanning electron
microscope SEM, ZEISS Auriga 3916) and transmission electron
microscope (JEOL 2010F).
Inoculation of Fungi in Colloidal Gold Solution and

Separation of the Gold-Coated Hyphae. Trichoderma asperelum
(T. asperelum) and Aspergillus sydowii (A. sydowii) spores were
inoculated in 5 mL of the previously prepared colloidal Au solution
and stored in dark at room temperature. The growth of fungi in the
colloidal solution was noted after 8 days. After 12 days, a part of the
grown mycelium was taken out, redispersed in water, and washed by
repeated centrifugation (8 times at 1000 rpm for 5 min). The gold-
coated hybrid structures were dispersed over glass and/or silicon
substrates, and dried at room temperature for optical microscopic
(ZEISS) and scanning electron microscopic (SEM, ZEISS Auriga
3916) observations.
Extraction of Organic Material from Hybrid Structures. The

gold nanoparticle incorporated hybrid structures were placed over Si
substrates simply by tweezer picking from their water dispersion. After
drying in air (about 6 h, at room temperature), they were subjected to
thermal treatment for removing the organic materials (including DG)
from the hybrid structures. For this purpose, the samples were placed
inside of an enclosed tubular Carbolite furnace, and heated to 400 °C
under Ar flow (130 mL/min). On reaching this temperature, the Ar
flow was stopped, and the temperature of the furnace was raised
further to 520 °C (at 3 °C/min heating rate) under oxygen (130 mL/
min) and argon (130 mL/min) gas mixture flow. After maintaining
the sample temperature at 520 °C for 3 h, the furnace was cooled
down to room temperature naturally. While the first step of thermal

treatment was performed to transform the organic substances present
in the hybrid to carbon through thermal pyrolysis, the second step
was performed to eliminate most of the carbon from the gold
microstructures through oxidation (C + O2 = CO2↑).

Micro-Raman and SERS Study of Au Microtubes. A HORIBA
Jobin Yvon HR800 microRaman system fitted with a charged couple
device was used to record the Raman and SERS signals of selected
analytes such as methylene blue (MB), rhodamine 6G (R6G), methyl
orange (MO), and D-glucose (DG). The 632.8 nm line of a He−Ne
laser was used for sample excitation. For Raman and SERS study, one
drop (50 μL) of the aqueous analyte solution (15.6 μM concentration
of MB, 10.5 μM concentration of R6G, 15.3 μM concentration of
MO, and 25 mM concentration of DG) was dispersed over the Si
substrate containing Au microtubes. For recording Raman and SERS
signals, the exciting laser beam (He−Ne laser, λ = 632.8 nm, ∼50.0
μm spot size) was focused on the analyte droplet lying over bare Si
substrate and gold microstructure over Si substrate, respectively.

Calculation of the SERS Signal Enhancement Factor. The
SERS signal amplification, or enhancement factor (EF) was calculated
following the procedure reported earlier,33−35 utilizing the relation:

I N
I N

EF SERS RAMAN

RAMAN SERS
=

where ISERS and IRAMAN are the intensities of the same Raman band in
the SERS and normal Raman spectrum, respectively. While NSERS is
the number of molecules adsorbed over the SERS substrate under
excitation (under the exciting laser spot), NRAMAN is the number of
analyte molecules participated in normal Raman scattering. The
parameters defining NSERS and NRAMAN are discussed in section S2 of
the Supporting Information, along with the details of the EF
calculation.

FDTD Calculations. Optical response and near-field enhance-
ments in porous gold microtubes were calculated using the FDTD
method, as implemented in the free software package MEEP.36 In this
method, Maxwell equations are solved by a second-order approx-
imation. The space was divided into a discrete grid, the Yee grid,37

and the evolution of the electric and magnetic fields was followed
using discrete time steps. A schematic representation of the geometry
used for the calculation is shown in Figure S7. A rough tubular
structure of 1.0 μm diameter and 150 nm thickness was formed using
a large number (n) of randomly distributed small Au spheres of 20−
25 nm diameters. The numbers of Au particles considered for the
construction microstructures were 5000 and 15 000, which corre-
spond to filling fractions (ratio between the volume occupied by the
spheres (Au NPs) and the total volume of the microtubes) of 0.5 and
0.9, respectively. The morphology of the final microstructures was
very similar to that of the microstructures obtained by biotemplating
in the present work. Because the constructed microtubes have high
aspect ratios, we considered only their 1.0 μm sections for applying
periodic boundary conditions in the direction parallel to the tube axis
(i.e., an infinitely long cylinder). An infinite space was simulated in the
other two spatial axes by applying perfectly matched layers. The
dimensions of the constructed microtubes were intentionally kept
smaller than the dimensions of the experimentally obtained
microtubes to improve the speed of the calculations. The results
obtained from calculation are considered accurate and representative
because the intensity of the “hot spots” is controlled by the surface
roughness of the tubular structures rather than their diameter.
Simulations were performed for the polarizations parallel and
perpendicular to the tube axis. In all calculations, we used a spatial
resolution of ∼10 nm.

■ RESULTS AND DISCUSSION

Utilizing nonpathogenic filamentous fungi such as T.
asperellum and A. sydowii as living templates, we synthesized
gold microtubes of diameters in-between 2.0 and 4.0 μm, and
several micrometres in length. The fabrication process involved
the incorporation of prefabricated Au nanoparticles (NPs) into
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the cell walls of the fungi and careful elimination of biological
templates. First, Au nanoparticles of about 20 nm average size
were fabricated using D-glucose (DG) both as reducing and
stabilizing agent (Figure 1).
T. asperellum and A. sydowii spores were inoculated in the

colloidal gold solution. In about 8 days, fungal hyphae were
grown in Au colloid solution (Figure 2). Figure 3a−c shows

typical optical microscopy images of T. asperellum hyphae
grown in aqueous DG solutions. As can be seen from Figure
3b, c, the fungal hyphae grown in Au colloid become dark, due
to the adhesion of Au NPs on their cell walls. Uniform
coverage of fungal hyphae by the Au NPs could be further
verified from the scanning electron microscopy (SEM) image
and elemental mapping of the Au NP-covered hyphae
presented in Figure 3d.
The tubular hyphae of the filamentous fungi used as

templates consist of cell walls of 80−400 nm thickness, plasma
membrane of about 10 nm thickness, and cytoplasm. The
plasma membrane, located beneath the cell wall, protects the

cytoplasm and controls the transport of nutrients. The cell
wall, which is in direct contact with the surrounding medium,
provides protection and mechanical strength along with
flexibility to the hypha. It composed predominantly of
polysaccharides such as chitin, mannans, glucans, and
transiting proteins. Chitin forms the inner layer of the cell
wall with a quasi-ordered (fibrillary) structure, whereas
mannans, glucans, and transiting proteins form the outer
amorphous layer (Figure 4a).39,40 The outer layer of the cell
wall contains pores of a few nanometers in diameter.
Depending on the growth phase of the fungi and the vegetative
stress, the diameter of these pores can vary from 30 to 200
nm.41,42 The colloidal gold NPs in random motion introduce
into these pores of fungus cell wall and get attached to it
through intermolecular hydrogen bonding between the OH
groups of nanoparticle-bonded glucose molecules and OH
groups of polysaccharides (chitin, glucans, and mannans) of
the cell wall as demonstrated in Figure S2. The processes
involved in the attachment and assembly of Au NPs over the
cell wall of fungal hyphae are presented schematically in Figure
4.
After collecting the Au nanoparticle-covered hyphae from

their growth solution (Figure 2) and washing in water, they
were subjected to a two-step thermal treatment process under
controlled ambient; first to transform all the organic substances
(including the biotemplate and DG) to carbon, and then to
eliminate a major portion of the formed carbon and partial
fusion of Au NPs to form Au microtubes. During the heat
treatment of the hybrid (organic−inorganic; Au NP assembled
fungal hyphae) structures, apat from removing the organic
substances, a partial fusion of Au NPs occurred, which helped
them to interconnect and fabricate porous Au microtubes. As
can be noticed from the SEM micrographs provided in Figure

Figure 1. Typical (a) SEM and (b) TEM micrographs of Au nanoparticles fabricated by DG reduction of Au3+ ions. The inset in b shows the
absorption spectrum of the colloidal gold nanoparticles and their size distribution histogram. The mechanism of (c) gold ion (Au3+) reduction and
(d) formation of glucose stabilized gold nanoparticles. Reduction of gold ion (Au3+) occurs through the electron transfer from oxygen atom of the
aldehyde group of DG to gold ions, oxidizing DG and producing D-gluconic acid. The OH groups of the D-gluconic acid get attached to the surface
of Au NPs through electrostatic interaction, providing their stability.38 The black, red, and white spheres in d are the C, O, and H atoms,
respectively.

Figure 2. Schematic illustration of the inoculation of fungus spores in
the Au colloid medium and growth of fungus. The growth of fungus
was observed after 8 days of inoculation. The DG in the colloidal
medium acts as nutrient for the growth of fungus.
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5, the Au NPs are not completely fused/melted, and the Au
microstructures have porous, corrugated surfaces. While the
two-step annealing process used in the present work is pretty

simple and easy to implement, the process of fabrication of Au
microtubes through this annealing process is fully reproducible.
The gold microtubes thermally extracted from the organic

templates are shown in Figure 5a−f. As can be seen in the
images of Figure 5, the microstructures exhibit porous and
corrugated surface, which make them ideal for utilization as
SERS substrates. The formed microstructures of 8−60 μm
length have an average wall thickness of about 180 nm, and
diameter of 2−4 μm. Although the length of the fungi hyphae
used as biotemplate can extend over tens of centimeters, the
obtained gold microtubes are relatively shorter as the Au NP-
coated hyphae were broken during the sonication process used
during their cleaning (before thermal treatment). The tubular
form of the obtained microstructures indicates the Au NPs
(∼20 nm average size) do not pass through the semipermeable
cytoplasm membrane of the fungal hyphae.
Aqueous solutions containing methylene blue (MB),

rhodamine 6G (R6G), methyl orange (MO), and D-glucose
(DG) of concentrations 15.6, 10.5, and 15.3 μM and 25 mM,
respectively, were used for SERS tests. Raman spectra were
recorded by exposing the laser beam on the analyte droplet
placed over the plasmoic microstructure and outside (i.e., over
the Si substrate). The analyte solution droplet placed over the
gold microtube was not dried before the measurements.
Although several procedures have been adapted by the
researchers for recording SERS spectra of analytes, the
procedure we followed in this work is the one reported by
Yang et al.8

When a drop of each of these aqueous solutions was placed
on a bare silicon substrate, no detectable signal was observed
apart from the transverse optical (TO) phonon mode of silicon
on exciting with a He−Ne laser (λ = 632.8 nm, 10 mW, 1.0
mm spot size) (Figure 6a). On the other hand, when a drop of
each of these solutions was placed on single Au microtube,
SERS signals of the analyte molecules were obtained at high

Figure 3. Typical optical microscopic images of T. asperellum hyphae grown in (a) aqueous DG solution (without Au NPs), and in (b, c) Au NP
containing colloid medium (after 12 days of inoculation). Typical SEM image of a nanoparticle-attached T. asperellum hypha and EDS elemental
Au mapping at its selected region (marked by yellow square) are presented in (d) showing the uniform attachment of Au NPs at the surface of
fungal hyphae.

Figure 4. Schematic presentation of Au nanoparticle self-assembly
process in hypha cell wall: (a) The porous cell wall composed of
mannans, glucans, chitin and transiting proteins;34 (b) introduction of
Au NPs into cell wall pores and attachment through intermolecular
hydrogen bonding; (c) attachment and agglomeration of Au NPs with
the cell wall, leading to their assembly over the cell wall of the fungus
hyphae.
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intensities (about a thousand times more intense than those
recorded without Au microtubes) (Figure 6b).
Figure 7 shows the normal Raman and SERS spectra of each

of the used analytes. As can be noted, the SERS responses of
MB and R6G are much higher than of MO and DG molecules.
In the case of R6G molecule, the normal Raman cross-section
is larger than those of the MB, MO, and DG molecules.
However, in the case of the MB molecule, as its absorption
wavelength (around 650 nm) is close to the laser excitation
wavelength,43 i.e., close to the resonance, intensity of the SERS
signal was higher. On the other hand, DG molecules revealed

the lowest SERS response because of their smallest Raman
cross-section. Although the SERS signal intensity is about
12 000 times higher than the Raman signal for R6G molecules,
it is about 3000 times higher for DG molecules.
Because of the relaxation of selection rules,44 all the analyte

molecules revealed a large number of vibrational modes
(Figure S3 and Tables S2, S3, S4, and S5). Most of the SERS
signals of the analytes were shifted from their reported normal
Raman peak positions, indicating that they are chemisorbed on
the surface of the Au microtubes.45

Figure 5. (a−f) Typical SEM images of tubular Au microstructure obtained after removing organic template. The porous and corrugated nature of
the microstructure surface formed by interconnected Au NPs can be perceived from the amplified images presented in c and e. (g, h) Elemental
mapping over a section of an Au microtube, showing uniform distribution of Au and carbon. (i) Schematic illustration of the steps utilized for the
(1) attachment and assembly of colloidal Au NPs (golden spheres) over hyphae cell wall (porous mesh in gray), (2) agglomeration of Au NPs over
the cell wall of the hypha, and (3) Au microtube formed by interconnected Au NPs after removing organic template.
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SERS spectra of the analyte solutions over a gold microtube
revealed characteristic bands associated with the vibrational
modes of analyte molecules (Supporting Information Section
3). Raman spectra of the analyte molecules measured by
dispersing their solutions over silicon wafer (without gold
microstructures) revealed mainly the characteristic 520 cm−1

band associated with the fundamental TO mode of bulk silicon
at Γ-point. Raman and SERS signals of (e) R6G and (f) MO
solutions acquired at different positions (inset optical images)
of the tubular Au microstructures revealed higher SERS signal

at the denser parts of the microstructures. However, maximum
variation of SERS signal intensity along the microstructure
length was only 1 order of magnitude.
For the calculation of average SERS enhancement factors

(EFs), the ISERS/IRAMAN ratios for MB, R6G, MO, and DG
were estimated considering their most prominent Raman
signals located at 1626, 1362, 1552, and 1514 cm−1,
respectively. The bands were fitted to Lorentzian distribution
curves, and the areas under the curves were considered as their
intensities. For the calculation of NNR/NSERS ratio, parameters
such as laser spot size, analyte concentration, laser-penetration
depth, substrate surface area, drop-volume of the analyte,
density, and molecular mass of the analyte molecules were
considered. Details of the EF calculation is supplied in the
Supporting Information (Section S2). SERS enhancement
factors calculated for the MB, R6G, MO, and DG analytes
were 1.19 × 1010, 8.89 × 109, 7.84 × 109, and 5.47 × 106,
respectively. As can be noted, the highest EF was attained for
MB and the lowest for DG. As has been discussed earlier, the
drastic (four-order) difference between the EFs of MB and DG
is due to the differences in their normal Raman cross-sections
and the proximity of the excitation (laser beam) wavelength to
the corresponding Raman signals of MB. The high EF values
obtained for the analytes indicate the presence of intense local
electric field (hot spots) at the surface of microstructures. Most
of the estimated EF values are well above the single-molecule
detection limit, which is ∼1 × 107 for Plasmonic SERS
substrates.46−5053 Although higher SERS enhancement factors
have been reported for plasmonic nanostructures self-
assembled over analyte layers in the literature,51 the substrates
are analyte specific.
In comparison to the Au microtubes fabricated using T.

asperellum, Au microtubes obtained using A. sydowii as
template were of slightly smaller diameters (1.5−3.0 μm, not
presented). However, the SERS responses of the latter
microtubes were seen to be very similar (not presented) to
the former microtubes (fabricated using T. asperellum) for all
the analytes tested in the present study.
As the homogeneity of plasmonic substrates is one of the

principal impediments and a mejor issue for utilizing them in
SERS based molecular detection, we studied the SERS
response of a few of the fabricated Au microtubes along
their lengths, which revealed only 1 order of variation in SERS
intensity. Moreover, contrary to the conventional SERS
substrates, we do not need to assemble these Au microtubes
for utilization as SERS substrate. In fact, each of the Au
microtubes of the present study can work as individual SERS
substrate.
To verify the SERS response homogeneity of the Au

microtubes, we recorded the SERS signals at the denser
(higher Au density) and of the sparser (low Au density)
regions of the microstructures for all the tested analytes. As can
be noticed from Figure 7e, f, the tubular Au microstructures
reveal higher SERS signal at the denser parts than the sparser
parts. However, the maximum variation in SERS signal
intensity recorded along the microstructure length was only
1 order of magnitude, which probably occurred because of the
variation in local electric field intensity because the assembly of
the Au NPs along the microstructures is not homogeneous
(Figures S4 and S5). Although an exact calculation of EF
considering the variations of adsorbed analyte molecules is
almost impossible, the observed one-order EF variation along
the microstructures indicates their consistent signal response,

Figure 6. Schematic presentation of the measurements performed for
recording the normal Raman and SERS spectra of the analytes: (a)
analytes located over the bare silicon substrate revealing the TO band
of the Si substrate; (b) analytes located over the Au microstructure
producing SERS signals.

Figure 7. Characteristic Raman (line 1, red color) and SERS (lines 2
and 3, in green and blue color, repectively) spectra of target
molecules: (a) MB (15.6 μm), (b) R6G (10.5 μm), (c) MO (15.3
μm), and (d) DG (25 mM).
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making them promising for applications such as SERS-based
biosensors.
To test the detection sensitivity of the plasmonic micro-

tubes, we recorded SERS spectra of MB (the analyte with
highest estimated EF) solutions of different concentrations
over a single Au microtube. In fact, the procedure was repeated
over 4 different microtubes to estimate the average SERS
response of the Au microtubes for different MB concen-
trations. As can be seen from Figure S6, the variation of SERS
signal (average) intensity for a wide concentration range (0.01
to 3.12 μM) of MB is almost linear. The minimum detectable
concentration was 10 nM.
To highlight the effect of compactness of the Au NPs on the

SERS response of the microtubes, we performed electro-
magnetic calculations using the finite-deference time-domain
(FDTD) method as implemented in the free software MEEP
(Figure S7).36 In particular, we explored the dependence of the
near-field intensity as the function of surface roughness of the
microtube, excitation conditions (polarization of light) and
exciting wavelength. Near-field enhancements calculated for
some selected structures are presented in Figures 8a−d. As can
be seen, remarkable field enhancement can be obtained for

both sparse (filling fraction = 0.5) and dense (filling fraction =
0.9) microtubes, far larger than the field enhancement (|E|4/|
E0|

4 ≈ 16, blue horizontal dashed line in Figure 8e) produced
in a perfect microtube (filling fraction = 1). It is interesting to
note that the field enhancement in such porous microtubes is
expanded through a wider spectral range. The wide band near-
field effect can be followed in Figure 8e, where the field
enhancement is plotted as a function of excitation wavelength
for the two considered microstructures. As can be noted, field
enhancement for the microtube with filling fraction 0.5 is
spanned over 850−1050 nm, with maximum located around
870 nm. For the microstructure with filling fraction 0.9, the
field enhancement spanned over 600−750 nm, with a
maximum located around 660 nm. From the theoretical results
presented in Figure 8, it seems the Au microtubes fabricated by
our fungal hyphae template method closely resemble the
characteristics of the microtubules with filling fraction 0.9. The
field enhancement over wide spectral range makes these
microstructures efficient SERS substrates for a wide range of
excitation wavelengths.
Although the enhancement of Raman signal by plasmonic

substrates is generally governed through near-field enhance-
ment around plasmonic NPs, the position and intensity of
SERS signals depend on the nature of bonding of analyte
molecules with substrate.52,53 Spectral shifts observed for the
Raman signals of our tested analytes indicate that apart from
the electromagnetic effects on the analyte molecules
physisorbed over Au surface, chemical effects are also active.
Presence of carbon impregnated into the Au microtubes is
believed to induce chemisorption of analyte molecules at their
surface.53

■ CONCLUSIONS

The results obtained in this study demonstrate that it is
possible to fabricate tubular Au microstructures with a porous
and corrugated surface in large quantities (a few thousand in a
single synthesis process) using nonpathogenic filamentous
fungi such as T. asperellum and S. sydowii as organic templates
and an organic reducer such as DG. Controlling the conditions
of thermal annealing, it is possible to incorporate (impregnate)
carbon nanoparticles into the porous wall of Au microtubes.
The presence of carbon in the microstructures increases their
SERS enhancement ability through chemisorption of analyte
molecules. The high SERS enhancement ability and only one
order variation of EF along their length make these Au
microstructures promising material for developing highly
sensitive molecular sensors at low cost. Moreover, the Au
microtubes can be fabricated by completely green processing
techniques.
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Figure 8. Transversal near-field color maps for two different gold
microtubes with filling fractions of (a b) 0.5 and (c, d) 0.9. For all
cases, a plane wave is propagating from left to right with polarization
either (a, c) parallel or (b,d) perpendicular to the axis of the
microtube. The wavelength of the incident bean is 870 nm, and 680
nm for the filling fraction of 0.5 and 0.9, respectively. (e) Maximum
field enhancement as a function of wavelength for two gold
microtubes with filling fractions of 0.5 and 0.9. Field enhancement
for a perfect microtube is shown as blue horizontal dashed lines for
reference.
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