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F
luorescence-based detection is one of
the most popular sensing techniques
employed in the areas of biotechnol-

ogy and life sciences. Therefore, enhance-
ment of the fluorescence intensity that can
be achieved from fluorophores is highly
important for improving their sensitivity
and achieving lower detection limits. Metal-
enhanced fluorescence (MEF) is an optical
phenomenon induced by the localized sur-
face plasmon resonance (LSPR) of metal
nanostructures. Because of its great poten-
tial, it has received considerable attention in
many different research areas.1�4 Excitation
enhancements and increases in the radiative
decay rate of fluorophores can be achieved by

the generation of highly confined local electric
fields that are induced by the LSPR, leading to
dramatically improved fluorescence intensi-
ties.1�5 In addition, the LSPR effects cause a
decrease in the excited-state lifetime and
thus an increase in the photostability of the
fluorophores.6�8 Therefore, theMEF phenom-
enon has a great potential to be exploited for
highly sensitivebioanalytical applications such
as DNA sensing,9�15 RNA sensing,16 immuno-
assays,17,18 and fluorescence-based imag-
ing.19�21 On the other hand, the fluores-
cence of fluorophores located close to metal
surfaces could be quenched by energy and/
or electron transfer from their excited
state.22�24 It has been reported that the
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ABSTRACT Ordered arrays of copper nanostructures were fabri-

cated and modified with porphyrin molecules in order to evaluate

fluorescence enhancement due to the localized surface plasmon

resonance. The nanostructures were prepared by thermally deposit-

ing copper on the upper hemispheres of two-dimensional silica

colloidal crystals. The wavelength at which the surface plasmon

resonance of the nanostructures was generated was tuned to a longer

wavelength than the interband transition region of copper

(>590 nm) by controlling the diameter of the underlying silica

particles. Immobilization of porphyrin monolayers onto the nanostructures was achieved via self-assembly of 16-mercaptohexadecanoic acid, which also

suppressed the oxidation of the copper surface. Themaximum fluorescence enhancement of porphyrin by a factor of 89.2 was achieved as compared with that

on a planar Cu plate (CuP) due to the generation of the surface plasmon resonance. Furthermore, it was found that while the fluorescence from the porphyrin

was quenched within the interband transition region, it was efficiently enhanced at longer wavelengths. It was demonstrated that the enhancement induced

by the proximity of the fluorophore to the nanostructures was enough to overcome the highly efficient quenching effects of themetal. From these results, it is

speculated that the surface plasmon resonance of copper has tremendous potential for practical use as high functional plasmonic sensor and devices.

KEYWORDS: localized surface plasmon resonance . copper nanostructures . fluorescence . metal-enhanced fluorescence .
quenching . pophyrin . interband transition
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magnitude of the fluorescence enhancement and
quenching is mainly dependent on the distance be-
tween the fluorophores and the surface of metal
nanostructures at nanometer level. They have different
nonlinear distance dependences. Typically, if the dis-
tance between them is <5 nm, the fluorescence is
efficiently quenched.25�28 In contrast, at larger dis-
tances (7�20 nm), efficient enhancement could be
achieved.25�31 These unique spatial optical properties
provide further possibilities for use in the development
of novel highly sensitive biological sensors.9,12

To date, the metallic species used for the fabrication
of MEF-responsive plasmonic nanostructures have
been limited to Au and Ag. The relatively high cost of
these materials imposes a major obstacle for the
practical use of plasmonic sensing devices. In contrast,
Cu is significantly cheaper than both of thesemetals, in
addition to being easy to recycle. Therefore, the reali-
zation of MEF based on the LSPR of Cu nanostructures
has a tremendous potential for practical use.
Despite the great promise of Cu nanoparticles or

nanostructures for MEF-based applications, there have
been few reports regarding its use.32 While normal
spherical Cu nanoparticles generate LSPR at around
580 nm,33�36 electronic interband transitions from the
valence band to the Fermi level in Cu occur at a
wavelength below approximately 590 nm.37�41 There-
fore, overlap between the LSPR and the interband
transition leads to damping of LSPR of the Cu nano-
particles,40,41 and as a result, fluorescence from the
close-proximity fluorophores would be significantly
quenched.Geddes etal. reported thatfluorescence from
acridine orange, which emits at approximately 520 nm,
was effectively enhanced when located close to Cu
nanostructures fabricated by thermal deposition.32 In
another report, it was shown that the emission from
CdSe/ZnS quantum dots, which emit around 585 nm,
was drastically quenched when they were located near
Cu nanospheres.42 In addition, the occurrence of quench-
ing of fluorescence from cyanine dyes located close to
Cu nanoparticles has been reported.43 In these previous
studies, the excitation and fluorescence wavelengths of
fluorophores used were within the interband transition
regionofCu, so it is highlypossible that local electricfields
based on Cu nanostructures were not effectively utilized
because of LSPR damping. One approach to avoiding
such LSPR damping is to shift the generatingwavelength
of Cu LSPR from the interband transition region.
There have been some recent reports on successful

shifting of the LSPR to a longer wavelength region
(>590 nm) by controlling the shape of the Cu nano-
particles dispersed in solution phase.38,39,44 However, it
is difficult to remove the Cu oxide layers, which would
greatly influence the optical responses of copper
nanoparticles in the system consisting of the Cu nano-
particles dispersed in solutions.38 On the other hand,
when a nanostructured solid surface is used, the Cu

oxide layers can be easily removed by immersion in
glacial acetic acid for ca. 20 s.45�47 It has also been
shown that the immobilization of self-assembled mono-
layers (SAMs) consisting of long chain alkanethiol mol-
ecules onto the Cu surface can effectively suppress oxide
formation.48�50 There have been a limited number of
reported examples of Cunanostructured substrateswith a
LSPRwavelength longer than the interband transition.41,47

For example, VanDuyne et al. reported that Cu nanoprism
arrays fabricated by nanosphere lithography showed a
LSPR peak around 710 nm.47 Because of the potential of
MEF-responsive plasmonic surfaces for various biological
sensing applications, further investigation into their fabri-
cation and resultingpropertieswouldbe extremely useful.
In this study, we report the effective enhancement and

quenching of the fluorescence from dye molecules lo-
cated close to plasmonic unoxidized pure Cu nanostruc-
tures with a precisely controlled LSPR at a longer wave-
length than that of the interband transition. Utilization of
unoxidized Cu nanostructures is expected to facilitate the
evaluation of the LSPR phenomenon and the substrate
properties. This study provides a new insight into theMEF
properties of plasmonic nanostructures composed of this
low-cost metallic species, and so is highly useful for the
practical application of plasmonic sensing devices.

RESULTS AND DISCUSSION

The porphyrin molecule used as a fluorescent probe
in this study is known to exhibit prominent excitation
peaks at around 420 nm (Soret band) and 520, 550, 600,
and 650 nm (Q-band), and fluorescence peaks at
around 650 and 710 nm (Figure 1). Therefore, these
characteristic optical properties allow us to investigate
the fluorescence properties throughout the Cu interband
transition and surrounding regions in detail. It has been
found that the use of the ordered metal half-shell arrays

Figure 1. (a) Absorption and (b) fluorescence (λex = 415 nm)
spectra of porphyrin molecules (5,10,15,20-tetra(4-carbo-
xyphenyl)porphyrin) in an ethanol solution. The purple-
shaded area indicates the wavelength region where the
interband transition of Cu metal occurs.
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pioneered by Van Duyne's group,51 where Au and Ag are
deposited on the surface of two-dimensional (2D) colloi-
dal crystals, enables precise tuning of the LSPR wave-
length from the visible to near-infrared region by
changing the diameter of the underlying colloidal crystal
particles.52�54 Therefore, it is expected that the LSPR
wavelengthofCuhalf-shell (CuHS) arrays couldbe shifted
away from the interband transition region.

Characterization of CuHS Arrays. Figure 2 shows a sche-
matic of the fabrication of the CuHS arrays and the
subsequent immobilization of the fluorescence probe,
5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin (TCPP),
onto the Cu surfaces. Full details of the experimental
protocol can be found in the Materials and Methods
section. The colloidal butanol solutions of silica with

four different diameters were synthesized using the
Stöber method (average diameters: 130( 4, 355( 10,
462 ( 10, and 534 ( 11 nm).55 These were added to a
dish of pure H2O, where they self-assembled on the
surface of the liquid. The particles were then transferred
to the surfaceof a cleanglass platebyplacing it in contact
with the H2O, resulting in the formation of 2D colloidal
crystals of silica.56 After annealing them at 500 �C for 1 h,
morphological evaluation of the particle layers was per-
formed using scanning electron microscopy (SEM). As
shown in Figure S1 (Supporting Information), it was
confirmed that all of the different sizes of silica particles
formed well-organized 2D close-packed hexagonal ar-
rays, and that the periodic structures were present over
the entire glass surface.

Figure 2. Schematic showing the fabrication of the CuHS arrays with immobilized TCPP fluorescence probe.
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As shown in Figure S2 (Supporting Information), the
extinction spectra of the silica colloidal crystals with
diameters of 355, 462, and 534 nm showed clear
diffraction peaks (stop bands) at around 415, 540,
and 630 nm, respectively. These can be explained by
Bragg's diffraction law (λmax = 2d sin θ: d; pore distance,
λmax; wavelength of extinction peak),57 suggesting the
formation of a high-quality subwavelength structural
periodicity. In contrast, no clear peaks were observed
for the colloidal crystals of 130 nm silica particles
(Figure S2, Supporting Information). This is because
the stop band of these crystals is expected to appear at
approximately 150 nm according to Bragg's law, and
therefore the band may be generated below the
spectral region probed. In addition, it was confirmed
that the peak intensity and wavelength position of the
extinction peak were the same for any position on
the glass surface, for the samples with 355, 462, and
534 nm diameter particles; this indicates the presence
of a uniform array over the entire surface.

In order to fabricate the CuHS arrays, Cu (thickness:
50 nm) were thermally deposited onto the surface of
the 2D silica colloidal crystals with the four different
diameters 130, 355, 462, and 534 nm, denoted as
CuHS(130), CuHS(355), CuHS(462), and CuHS(534), re-
spectively (Figure 2, step 2). In order to increase the
adhesion between the Cu thin film and the silica sur-
face, a monolayer of 3-mercaptopropyltriethoxysilane
(MPTS) was immobilized on the silica surface via a
silane coupling reaction prior to the deposition process
(Figure 2, step 1).58 The resulting CuHS arrays were
found to have excellent morphological stability to
the solutions used for subsequent immobilization of
the fluorescent probe. SEM images of the prepared
CuHS samples are shown in Figure 3. For all of the CuHS
arrays, the formation of relatively smooth Cu films
on the surfaces of the upper hemispheres of the silica
particles can be observed over the entire substrate.
These results demonstrate that high-quality CuHS
arrays with morphological stability were formed over
an area as large as 5 cm2.

In order to evaluate the quantity of light that is
absorbed by CuHS(462) after transferring from the
deposition chamber to the atmosphere (A = 1� T� R),
both transmittance T(λ) and reflection R(λ) were
measured (Figure 4).52,53 The resultant spectroscopic
properties were similar to those of silver half-shell
arrays in a previous report.59 Typically, a prominent
transmission peak ascribed to extraordinary optical
transmission was observed at around 590 nm. And
a strong absorption peak was exhibited at around
680 nm, which is consistent with the minimum of the
reflectance spectrum. Furthermore, this peak is
not observed in the spectra of the smooth Cu films.
Thus, the observed absorption band can be attribu-
ted to the excitation of strongly localized surface
plasmon.59

Surface Analysis of TCPP-Modified CuHS Arrays. The sur-
face of metallic copper is prone to oxidation upon
exposure to ambient conditions, resulting in the for-
mation of a layer consisting mainly of Cu2O, with CuO
as a minor component.47,60,61 In order to evaluate the
surface composition of the arrays, X-ray photoelectron
spectroscopy (XPS) was carried out using a monochro-
matized Mg KR (1253.6 eV) X-ray source. As shown in
Figure 5(A), the XPS survey spectrum for the surface of

Figure 3. SEM images: top view of (a) CuHS(130), (c) CuHS-
(355), (e) CuHS(462), and (g) CuHS(534); and cross-sectional
view of (b) CuHS(130), (d) CuHS(355), (f) CuHS(462), and (h)
CuHS(534).

Figure 4. (a) Transmittance, (b) reflectance, and (c) inferred
absorption spectra of CuHS(462).
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CuHS(462) (a) exhibits a Cu 2p doublet (Cu 2p1/2 and Cu
2p3/2) at 952 and 932 eV, a Cu 3s peak at 123 eV, and a
Cu 3p peak at 77 eV. In addition, an Auger Cu LMM
triplet was observed at 335, 415, and 486 eV. The O 1s
peak that is observed at 531 eV may be attributed to
oxidation of Cu and adventitious contamination from
the atmosphere. The presence of C 1s peak at 284 eV
can also be attributed to contamination. For quantita-
tive evaluation of the oxidation state of the surface of
the arrays, high-resolution spectra were acquired for
the 928�936 eV (Figure 5(B)) and 330�346 eV regions
(Figure 5(C)). In the 928�936 eV region, a single peak
derived from Cu 2p3/2 is seen at 932.2 eV. If CuO were
present on the sample surface, an additional peak due
to the Cu 2p3/2 of CuO should be present at around
934 eV.62,63 The absence of such a peak suggests that
there was no CuO on the surface of the array. However,
it is not clear whether the peak at around 932 eV is due
to metallic Cu or Cu2O, as the binding energies of the
Cu 2p3/2 peaks derived from these two species are very
similar.62,63 Hence, the peak can be assigned to metal-
lic Cu, Cu2O, or a combination of the two. After con-
firming the absence of CuO, the presence of Cu2O was
verified from the LMM Auger spectrum.63 From spec-
trum (a) in Figure 5(C), it can be concluded that both
metallic Cu (335.1 eV) and Cu2O (337.2 eV) were
present on the surfaces. It has been reported that the
presence of Cu2O on Cu surfaces strongly affects the
LSPR properties (intensity and wavelength location) of
Cu nanostructures.46,47 In order to investigate the
precise LSPR properties of the pure CuHS arrays, the
Cu2O was removed by immersing the substrates in
glacial acetic acid. Previous reports have demonstrated
that this can effectively remove Cu oxides by the

following reactions, without affecting the metallic Cu:
CuOþ 2CH3COOHf Cu(CH3COO)2þH2O and Cu2Oþ
4CH3COOH f 2Cu(CH3COO)2 þ H2O þ H2.

47 In the
narrow spectrum ((b) in Figure 5(C)) for the CuHS(462)
after immersion in glacial acetic acid for 40 s, the peak
from Cu2O has almost disappeared, with a concurrent
increase in the peak for metallic Cu. In addition, it was
confirmed that the cupric acetate formed by the treat-
ment with glacial acetic acid did not remain on the Cu
surfaces because the Cu 2p3/2 peak from cupric acetate
was not observed from XPS measurement after the
treatment. These results suggest that CuHS arrays
consisting of high purity metallic Cu were successfully
fabricated via simple treatment with glacial acetic acid.
From the absorption spectra (Figure 6), a blue shift in
the LSPR peak wavelength of the arrays was observed
from 690 to 675 nm after immersing in acetic acid. This
peak shift was likely caused by the removal of the Cu2O
thin layers, as previously reported.46,47 Meanwhile, we
confirmed that removal of the Cu2O did not substan-
tially affect the structural geometry of the CuHS arrays
by the SEM observation.

In this study, TCPP fluorescent probe molecules
were immobilized on the surface of the CuHS arrays
by a combination of self-assembly and a surface
sol�gel process (Figure 2, step 3).64 First, SAMs of 16-
mercaptohexadecanoic acid (MHA) were formed on
the surfaces of the CuHS arrays. Previous reports have
demonstrated that the progress of Cu oxidation can be
dramatically suppressed by coating with protective
layers consisting of long alkanethiols.48�50 For the
CuHS arrays fabricated in the present study, it was
confirmed from the LMM Auger spectra that the Cu
surfacewithout theMHA SAMoxidized rapidly over the

Figure 5. XPS spectra: (A) survey spectra of the surface of CuHS(462) (a) before and (b) after immersing in glacial acetic acid,
and (c) after immobilization of TCPPby surface sol�gel process. (B) Cu 2p3/2 narrow spectrumof CuHS(462). (C) Cu LMMAuger
narrow spectra of CuHS(462) (a) before and (b) after immersing in glacial acetic acid, and (c) after immobilization of TCPP.
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course of 1 h, whereas the SAM-modified surface was
protected from oxidation for at least 3 h (Figure S3,
Supporting Information). Immobilization of TCPP was
subsequently achieved using a surface sol�gel process
via the formation of titanium oxide linking layers to
form the TCPP-modifiedCuHS samples (TCPP/CuHS).64�67

The LMM Auger spectrum from the obtained TCPP/CuHS
shows that very little oxidation of the Cu surface occurred
during theTCPP immobilizationprocess ((c) inFigure5(C)).
These results demonstrate the successful fabrication of
hybrids composed of a fluorescent probe molecule and
highly pure Cu nanostructures, without any oxide layer.

LSPR Properties and Fluorescence Enhancement of TCPP/CuHS
Arrays. The LSPR properties of each of the fabricated
TCPP/CuHS arrays were next investigated. A CuP mod-
ified with TCPP molecules was also prepared in the
same manner as for the TCPP/CuHS arrays as a control
substrate (TCPP/CuP). Absorption spectra for the TCPP/
CuHS and TCPP/CuP are shown in Figure 7. The spec-
trum for TCPP/CuP shows a very broad band below
around 590 nm derived from electronic interband
transitions from the valence band to the Fermi level
of metallic Cu.38,39 For TCPP/CuHS(130), only a weak
absorption peak at 575 nm can be observed. It is
known that the LSPR from Cu nanospheres occurred
at around 580 nm33�36 and overlaps with the inter-
band transition bands.32,37�41 As a result, the inter-
band transitions can efficiently damp the LSPR through
dephasing of the optical polarization associated with
the electron oscillation.38�41 Therefore, the results
acquired here suggest that the LSPR generated on
TCPP/CuHS(130) was damped by the effect of the
interband transitions. In contrast, the spectrum from
TCPP/CuHS(355) shows a prominent LSPR absorption
peak at 630 nm; the peaks become red-shifted to
longer wavelength regions as the diameter of the
underlying silica particles increased (TCPP/CuHS(462):
675 nm, TCPP/CuHS(534): 715 nm). Therefore, these
results suggest that the LSPR properties of the

TCPP/CuHS are qualitatively similar to those of Au
and Ag half-shell arrays.52,53 The present results de-
monstrate that the wavelength at which LSPR is gen-
erated was successfully shifted to a longer wavelength
region than that of the Cu interband transition
(<590 nm); precise tuning of the LSPR wavelength is
possible by varying the size of the underlying silica
particles.

The number of TCPP molecules immobilized on
each substrate was experimentally estimated, as de-
scribed in theMaterials andMethods. The coverages of
TCPP on CuHS(130, 355, 462, and 534) and CuP were
calculated to be 2.39 � 10�10, 2.41 � 10�10, 2.39 �
10�10, 2.24 � 10�10, and 1.87 � 10�10 mol/cm2 (flat
exposed area), respectively. Assuming that Cu was
deposited on the upper hemispheres of the 2D silica
colloidal crystals, as observed in the SEM images
(Figure 3), the total exposed area of the Cu thin films
of the CuHS was calculated to be ca. 1.6 times larger
than the exposed flat surface area (CuP). Therefore, the
number of TCPP molecules immobilized on the CuHS
should also be ca. 1.6 times larger than that on the CuP.
The ratio of the number of TCPP on the CuHS to that on
the CuPwas found experimentally to be 1.2�1.3, which
is somewhat lower than the calculated estimation. This
may be due to a decrease in the area exposed because
of points of contact between adjoining silica particles.
Assuming that the area of a TCPP molecule with parallel
packing on the Cu surface is 1.5 nm2, the theoretical full
coverage was calculated to be 8.6� 10�11 mol/cm2 (flat
exposed area).68 On the other hand, if one assumes
0.4nmthickness for theplaneof TCPPwithperpendicular
packing, the full coverage is calculated to be 3.0� 10�10

mol/cm2 (flat exposed area).68 These results imply that
TCPP molecules were immobilized via the surface

Figure 6. Absorption spectra (A(λ) = 1 � T(λ) � R(λ)) of
CuHS(462) (a) before and (b) after immersing in glacial acetic
acid.

Figure 7. Absorption spectra (A(λ) = 1 � T(λ) � R(λ)) of (a)
TCPP/CuP, (b) TCPP/CuHS(130), (c) TCPP/CuHS(355), (d)
TCPP/CuHS(462), and (e) TCPP/CuHS(534). The purple-
shaded area indicates the wavelength region where the
interband transition of Cu metal occurs.
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sol�gel method formed an almost monolayer structure
on the Cu surface, with the porphyrin ring adopting a
tilted or random-tilted configuration at various angles to
the Cu surface.

Fluorescence excitation spectra of the TCPP/CuHS
and TCPP/CuP samples were measured at λem = 715 nm.
The spectra were corrected for the differences in the
estimated number of immobilized TCPP molecules on
the surfaces. In order to remove the light scatter-
ing effect of the Cu substrates, the spectra of the CuHS
and CuP before modification with TCPP were sub-
tracted. The obtained spectra are shown in Figure
8(A). The fluorescence peaks derived from the radiative

process of excited TCPP were observed at around 420,
520, 555, 600, and 650 nm. It appears that longer
excitation wavelengths afforded more pronounced
fluorescence. In order to verify these results, the en-
hancement factor (EF) of the fluorescence intensity of
the five peaks for each TCPP/CuHS was plotted against
that for TCPP/CuP (Figure 8(B)), and the numerical EF
values are shown in Table 1. It can be seen in Figure 8(B)
that while the fluorescence intensity of the three peaks
(420, 520, and 555 nm) in the shorter wavelength
region that overlaps with the interband transition
bands of Cu did not vary significantlywith the diameter
of the underlying silica nanospheres, the intensities of
the peaks at 600 and 650 nm, which are above the
interband transition bands, changed drastically. For
the peak at 420 nm, while the fluorescence intensity
of TCPP/CuHS(130) was found to be almost the same as
for TCPP/CuP, those of TCPP/CuHS(355, 462, and 534)
were slightly enhanced (Table 1). It has been reported
that the fluorescence enhancement from fluorophores
located near to metal nanostructures is attributable to
two contributions:1�5 (1) excitation enhancement
due to strong local electric fields associated with the
excitation of LSPR, and (2) increase in the radiative
decay rate from a surface plasmon resonance-coupled
excited state of the fluorophore.1�5 Therefore, the
fluorescence enhancement is very sensitive to the
degree of spectral overlap between the LSPR bands
and the excitation and the emission wavelengths of
the fluorophore.53,69 The observed emission wave-
length (λem = 715 nm) in this measurement overlaps
with the LSPR bands from TCPP/CuHS(355, 462, and
534). Thus, fluorescence enhancement could occur
because of an increase in the radiative decay rate of
excited TCPP, but the actual EF values were only
moderate when excited at 420, 520, and 555 nm, as
all three excitation wavelengths are located in the
wavelength region of the interband transition of Cu.
On the other hand, for all samples but TCPP/CuHS(130),
the EF values at 600 nm, which is a moderately longer
wavelength than the interband transition band, were
extremely larger than those at 420, 520, and 555 nm.
Furthermore, the EF values at the even longer wave-
length of 650 nm became even larger, with a maxi-
mum value of 89.2 achieved for the TCPP/CuHS(462).

Figure 8. (A) Fluorescence excitation spectra (λem = 715nm)
of (a) TCPP/CuP, (b) TCPP/CuHS(130), (c) TCPP/CuHS(355),
(d) TCPP/CuHS(462), and (e) TCPP/CuHS(534). (B) plots of EF
of fluorescence intensity from (b) TCPP/CuHS(130), (c) TCPP/
CuHS(355), (d) TCPP/CuHS(462), and (e) TCPP/CuHS(534)
against that of TCPP/CuP at 420, 520, 555, 600, and
650 nm, together with the LSPR peak position of each
sample (dashed line), (b) TCPP/CuHS(130), (c) TCPP/CuHS-
(355), (d) TCPP/CuHS(462), and (e) TCPP/CuHS(534). The
purple-shaded area indicates the wavelength region where
the interband transition of Cu metal occurs. Average values
obtained from three different samples are plotted, and the
standard deviation is indicated with an error bar.

TABLE 1. Detailed Values of EF Calculated from Figure 8(B)

enhancement factor

fluorescence peak wavelength

(nm)

TCPP/

CuHS(130)

TCPP/

CuHS(355)

TCPP/

CuHS(462)

TCPP/

CuHS(534)

420 0.8 1.9 1.9 1.9
420 1.4 3.4 3.6 3.2
555 2.2 5.3 5.1 4.3
600 7.4 23.6 26.8 14.3
650 13.7 69.3 89.2 37.2
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The order of the EF values at this wavelength was
TCPP/CuHS(462) > TCPP/CuHS(355) > TCPP/CuHS(534)
> TCPP/CuHS(130). There are two possible reasons why
the EF value for TCPP/CuHS(130) was lowest for both
excitation wavelengths of 600 and 650 nm. First, the
LSPR band (peak position: red dashed line (b) in
Figure 8(B)) only barely overlapswithboth theexcitation
wavelength (650 nm) and fluorescence wavelength
(715 nm), and therefore, there was less induction of an
enhancement in excitation and emission from the TCPP
immobilized on theCuHS(130). Second, excitationof the
LSPR from the TCPP/CuHS(130) was efficiently damped
by the significant overlapping between the LSPR band
and the interband transitionofCu (Figure 7(b)).40 For the
TCPP/CuHS(462), on the other hand, LSPR damping was
inhibited by tuning the LSPR peak wavelength to
achieve a value above the interband transition. In addi-
tion, the LSPR band overlappedwith both the excitation
and the fluorescence wavelengths (green dashed line
(d) in Figure 8(B)). Thus, the excitation and the emission
processes from TCPP immobilized on CuHS(462) were
effectively enhanced, resulting in the generation of
considerably higher fluorescence intensity. While the
TCPP/CuHS(355 and 534) also showed LSPR peaks
above the interband transition (blue (c) and purple (e)
dashed lines in Figure 8(B), respectively), the LSPR bands
did not efficiently overlap with the excitation and/or
emissionwavelengths. As such, reduction in the spectral
overlap couldmoderately decrease the EF, compared to
that of the TCPP/CuHS(462).

It has been reported that the gold half-shell arrays
generate strong electric fields (hot sites) at the gap
between the two adjacent particles.70 In order to probe
the relevance to our system, finite difference time
domain (FDTD) calculations were carried out for CuHS-
(d) (d = 355, 462, 534 nm) to estimate electric field
distributions at the hot sites. The detailed calculation
models are shown in the Supporting Information. Figure 9
shows the typical electric field distribution on the surface
of CuHS(462) under the irradiation of 650 nm incident
light. The electric field enhancement factors at hot sites of
CuHS(d) were 840 (d = 355 nm), 1100 (d = 462 nm) and
680 (d = 534 nm) at 650 nm, respectively. Therefore, the
order of enhancement factor with respect to the diameter
of the silica particles agreedwith experimentally observed
order of fluorescence enhancement. From these results,
we have demonstrated that prominent generation of Cu
LSPR that is not affected by the interband transition can
efficiently enhance the fluorescence of fluorophores lo-
cated close to Cu nanostructures. The calculated field
enhancement factors are quite different from the experi-
mental results because only the fluorescence from TCPP
immobilized within the hot site regions was effectively
enhanced.

Fluorescence Quenching and Enhancement of TCPP on CuHS
Arrays. Metal surfaces are also known to be strong
quenchers of molecular excited states.22�24,28,42,43

Thus, the practical usefulness of fluorescence enhance-
ment of fluorophores based on the LSPR effects is
dependent on the results of competition between
the enhancement and the quenching effects. In order
to verify the competition between enhancement and
quenching for the Cu LSPR, the fluorescence excitation
spectra of TCPP/CuHS(462), TCPP/CuP, and TCPP im-
mobilized on a glass surface via the surface sol�gel
process (denoted as TCPP/Glass) were compared. The
TCPP/Glass acted as a control sample as it is free of the
enhancement andquenching effect of themetal. It was
prepared by attaching the Ti(OBu)4 species to hydroxyl
groups present on a glass substrate (see Materials and
Methods section) and then attaching the TCPP in the
sameway as for the TCPP/CuHS. All of the fluorescence
excitation spectra (Figure 10(A)) were corrected for the
differences in the number of modified TCPPmolecules.
The EF values of the fluorescence signals from
TCPP/CuHS(462) and TCPP/CuP were plotted against
those from TCPP/Glass at the five fluorescence peaks
(Figure 10(B)). The fluorescence for TCPP immobilized
on CuP at all of the five wavelengths was drastically

Figure 9. Electric field distribution of CuHS(462) irradiated
by y-polarized incident light of 650-nm wavelength.
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quenched down to 1/28�1/13 in comparison to the
TCPP/Glass. The quenching rate constant is determined
by the dielectric losses in the metal. According to the
Dulkeith et al., quenching rate constant of the fluoro-
phore is around 108�109 s�1 ongoldnanoparticles.22 As
the imaginary parts of the dielectric functionof gold and
copper around 600�750 nm are similar to each other
(see Figure S4, Supporting Information),37 the quench-
ing rate constant by CuHS should be approximately on
the same order as that by gold nanoparticles. The
fluorescence quantum yield is described as kfl/(kfl þkq),
where kfl and kq are the rate constants for fluorescence
and quenching. The average fluorescence lifetime (1/kfl)
of TCPP immobilized on the glass plate was measured
to be 3.5 ns using light emitting diode (LED) light
source of 405 nm excitation wavelength, which gives
kq = 3.4�7.7 � 109 s�1. Therefore, the fluorescence
quenching ratio by CuP is reasonably accounted for by
the effects of dielectric losses by Cu. For the TCPP/
CuHS(462), although not to the same extent as for the

TCPP/CuP, the fluorescence signals at 420, 520, and
550 nm were also quenched down to 1/7�1/3. How-
ever, at 650 nm, which is within the LSPR band, the EF
value reached 3.2. The fluorescence intensity from
fluorophores immobilized on the plasmonic metal
nanostructures is largely dependent on the distance
between the fluorophores and metal surfaces.25�31 The
thickness ofMHA SAMs can beestimated to bebetween
2.0 and 2.5 nmas previously reported.71,72 The thickness
of the linking layer is estimated to be approximately
0.36 nm (see Supporting Information), and therefore,
thedistancebetween TCPPmolecules andCu surfaces is
calculated to be less than 3 nm. The estimated distance
corroborates the result of efficientquenchingof TCPPby
CuHS (<600 nm) as well as by CuP (the whole wave-
length range). Typically, energy transfer from photoex-
cited TCPP to Cu surfaces efficiently occur over such a
small distance, leading to the fluorescencequenchingof
TCPP.28,73,74 Nonetheless, a significant enhancement of
fluorescence of porphyrins was observed in our system
in the wavelength range that the plasmonic effect of
CuHS was present (>600 nm), which would not have
been observed if the porphyrin molecules were at-
tached directly on the Cu surface. This result suggests
that the MHA SAMs and the linking layers act as an
effective spacer layer.

Generality and Usability of CuHS Arrays as Metal-Enhanced
Fluorescence Platforms. From these results described
above, we demonstrated that the Cu LSPR generated
in the wavelength region longer than the interband
transition on CuHS arrays can enhance the fluores-
cence from TCPP molecules. Furthermore, we tried to
enhance the fluorescence from another fluorophore to
verify generality and usability of CuHS arrays as metal-
enhanced fluorescence platforms. Indocyanine green
(ICG) molecule (the chemical structure is shown in
Figure 11(A)) is a commercially available near-infrared
(NIR) fluorescent molecule and is used extensively as a
fluorescent marker in clinical imaging.75 However, the
fluorescence quantum yield is very low (ca. 1.2%),76

and therefore, enhancement of its fluorescence inten-
sity is very important in clinical applications. Previous
reports demonstrated that the LSPR from the noble
metal nanostructures such as gold nanoshells and
triangular silver nanoplates enhanced the fluorescence
intensity of ICG.31,77,78 In this study, we demonstrate
that the fluorescence from ICG is enhanced also by the
Cu LSPR from CuHS arrays.

It is well-known that ICG exhibits an excitation peak
around 780 nm and a fluorescence peak around
815 nm as shown in Figure 11(B) (inset). In order to
produce the Cu LSPR at the NIR wavelength region, we
fabricated CuHS arrays based on the 2D colloidal
crystals of 585 ( 10 nm silica particles, which is larger
than those used for porphyrin described above
(denoted as CuHS(585), the SEM images are shown in
the Supporting Information). After the MHA SAM was

Figure 10. (A) Fluorescence excitation spectra (λem = 715 nm)
from (a) TCPP/CuP, (b) TCPP/CuHS(462), and (c) TCPP/Glass. (B)
Plots of EF of fluorescence intensity of (a) TCPP/CuP and (b)
TCPP/CuHS(462) against that of TCPP/Glass at 420, 520, 555,
600, and 650 nm. The purple-shaded area indicates the
wavelength regionwhere the interband transition of Cumetal
occurs. Average values obtained from three different samples
are plotted, and the standard deviation is indicated with an
error bar.
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formed on the CuHS(585), poly(ethylene imine) (PEI)
was modified on the surface to produce the positively
charged surface. The thickness of the modified PEI was
estimated to be less than 1 nm as reported previously.79

Finally, ICG molecules were immobilized on the surfaces
of the CuHS(585) (denoted as ICG/CuHS(585)) utilizing
electrostatic interaction between the positively charged
surface and the negatively charged ICG. Similarly, ICG
moleculeswere immobilizedon the surfaces of aCuPand
a glass plate as control substrates (denoted as ICG/CuP
and ICG/Glass, respectively. Full details of the experimen-
tal protocol can be found in the Materials and Methods
section).

As shown in Figure 11(B), the LSPR from ICG/CuHS-
(585) was generated at around 785 nm, which overlaps
with both the excitation and fluorescencewavelengths
of ICG. Therefore, it is expected that the excitation
enhancement and the increase in the radiative decay
rate of the excited ICG occur by the effect of Cu LSPR,
leading the fluorescence enhancement of ICG. The
fluorescence spectra (λex = 760 nm) for ICG/CuHS(585),
ICG/CuP, and ICG/Glass are shown in Figure 11(C).
The spectra were corrected for the differences in the
estimated number of immobilized ICG molecules on
the surfaces. While ICG molecules on the glass surface
showed a weak fluorescence signal, those on the CuP
showedno signals by the quenching effect of Cumetal.
On the other hand, it is noteworthy that the fluores-
cence intensity from ICG on the CuHS(585) was dras-
tically enhanced up to 28 times compared with those
on the glass surface. These results strongly suggest that
the plasmonic CuHS arrays are very useful as metal-
enhanced fluorescence platforms.

It has been reported that Au and Ag nanostructures
lead to the fluorescence enhancement of 1.4 to tens of
times25,29�31,80�84 and 3�1000 times,26,27,85�90 re-
spectively, depending on various factors including
the structural morphology, the optical properties of
fluorophores, the distance between nanostructure
surfaces and fluorophores, and the relations between
the LSPR wavelength and the excitation/emission wa-
velength of the fluorophore, and so on. The EFs
obtained in this study lie within the ranges of varia-
tion for Au LSPR. More important, Cu is considerably
cheaper than Au and Ag and easy to recycle. In
addition, the surface oxidation can be easily prevented
by simple surface modification such as immobilization
of alkanethiol SAMs. Therefore, we have demonstrated
that the Cu LSPR has tremendous potential for the
practical use of MEF-based highly sensitive optical
sensors.

CONCLUSIONS

We have demonstrated that the development of an
ordered array of highly pure Cu nanostructures can
produce significant LSPR by changing the wavelength
at which it is generated to longer wavelengths away
from the interband transition region. Furthermore, we
have shown that the local electric fields due to the LSPR
generation drastically enhanced the fluorescence sig-
nals from a porphyrin derivative above the internal
transition region. The enhancement effects were able
to overcome the highly efficient quenching intrinsic
to metallic Cu. As controlling the distance between
metal nanostructures and fluorescent molecules to
tens of nanometers can efficiently suppress the
quenching effect, it is expected that insertion of inter-
layers with an appropriate thickness could lead to
further enhancement in fluorescence signals on the
plasmonic Cu nanostructures. Thus, these results will

Figure 11. (A) Chemical structure of indocyanine green
(ICG). (B) Absorption spectra of ICG/CuHS(585) and inset:
(a) absorption spectrum and (b) fluorescence spectrum
(λex = 760 nm) of an ICG solution. (C) Fluorescence spectra
(λex = 760 nm) of (a) ICG/CuP, (b) ICG/CuHS(585), and (c)
ICG/Glass.
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lead to the development of plasmonics that can
be produced from cheaper metal species, thereby

increasing the scope of future practical applications
of plasmonics.

MATERIALS AND METHODS
Materials. Milli-Q-grade water (resistivity: 18.2 MΩ 3 cm) was

used to prepare all aqueous solutions. NH3 aq. (28%), TEOS,
1-butanol, 2-propanol,poly(ethylene imine) (M.N.60000,50wt%aq.)
and H2O2 (34.5%) were obtained from Kanto Chemical, Japan.
Absolute ethanol (99.5 vol %), TCPP, and Ti(OBu)4 were obtained
from Wako Pure Chemical, Japan. MPTS and ICG were obtained
from Tokyo Kasei, Japan, and MHA was obtained from Sigma-
Aldrich. All materials were used without further purification.

Synthesis of Colloidal Solutions of Silica Particles. Silica particles
with average diameters of 130 ( 4, 355 ( 10, 462 ( 10, and
534 ( 11 nm were synthesized using the Stöber method.55

Typically, NH3 aq. (28%) (2.2, 8.1, 11.2, or 22.6 mL, respectively)
was added to absolute ethanol (26.5, 19.5, 16.7, or 14.6 mL,
respectively) and stirred for 10 min at room temperature. TEOS
(0.75, 1.0, 2.4, or 2.7 mL, respectively) was quickly added to the
solutions, and the mixtures were stirred for 3 h. The resultant
colloidal solutions of silica particles were centrifuged at
9000 rpm for 15 min and then redispersed twice in an equiva-
lent amount of ethanol. They were then centrifuged at
9000 rpm for 15 min and redispersed twice in an equivalent
amount of 1-butanol. Silica particles with diameter of 585 (
10 nm were synthesized using a modified version of previously
reported procedure.91 NH3 aq. (4 mL) was added to absolute
ethanol (20.5 mL) and stirred for 10 min. A mixed solution of
absolute ethanol (0.8 mL) and TEOS (0.2 mL) was added to the
solution, which was further stirred for 1 h. Then, NH3 aq. (2 mL)
and a mixed solution of absolute ethanol (11.5 mL) and TEOS
(2.9 mL) was added to the solution, which was further stirred for
2 h. Finally, NH3 aq. (2mL) was added to the solution, which was
further stirred for 2 h. The resultant colloidal silica particles were
purified by centrifugation as described above and redispersed
in the same amount of 1-butanol.

Fabrication of CuHS Arrays. The 2D colloidal crystals consisting
of silica particles were fabricated on clean glass plates. The
hydrophilic glass plates (2.0 cm� 2.5 cm) were first treated in a
mixed solution of NH3 aq./H2O2 aq. (1:1 v/v) at 100 �C and then
washed thoroughly with H2O. A small amount of each colloidal
1-butanol solution of the silica particles was added dropwise to
ultrapure water in a Petri dish, resulting in the formation of 2D
colloidal crystals of the silica particles on the water surface.56

When the edge of a glass plate was placed in contact with
this surface, the crystals were spontaneously transferred by
Marangoni flow, completely covering the glass substrate. Final-
ly, the samples were annealed at 500 �C for 1 h to physically
strengthen the colloidal crystals.

The CuHS arrays were fabricated as follows. First, the silica
surfaces were coated with thiol groups by immobilization of
MPTS via a silane coupling reaction.58 Typically, a mixed solution
containing MPTS (1 mL), Milli-Q water (1 mL), and 2-propanol
(40 mL) was refluxed for 1 h at 100 �C. After cooling the solution,
the substrate containing the colloidal crystals was immersed into
the solution for 30 min, followed by washing thoroughly with
ethanol and drying in air at 75 �C. Finally, in order to fabricate the
CuHS, 50 nm of Cu was thermally deposited under a high vacuum
(7.5� 10�7 Torr) onto the surface of the 2D colloidal crystals. As a
reference sample, a planar Cuplate (CuP) was preparedby thermal
deposition of Cu onto the surface of MPTS-immobilized glass
plates with the same thickness as for the CuHS.

Immobilization of TCPP on CuHS Arrays. Amonolayer of TCPP was
immobilized on the CuHS arrays as follows.64�67 Briefly, ethanol
solution of 1 mMMHAwas degassed by bubbling N2 through it.
The as-prepared CuHS arrays were immersed in the solution for
10 h and then removed, washedwith ethanol, and dried under a
stream of N2, to provide an MHA SAM on Cu surface, stabilized
by strong S-metal bonding. The substrate was next immersed in
a 0.1 M solution of Ti(OBu)4 in degassed toluene for 10 min to
achieve chemical bonding between the Ti compound and the

carboxyl groups on the surface of theMHA SAMs. After washing
with anhydrous ethanol, the substrate was immersed in H2O for
30 min to generate surface hydroxyl groups and then dried
under a stream of N2. Finally, the substrate was immersed in a
0.1mMsolution of TCPP in degassed ethanol for 30min, washed
with ethanol, and then dried under a stream of N2 to produce
the Cu surfaces terminating in a layer of TCPP (TCPP/CuHS). As a
control sample, TCPPwas immobilized on the CuP sample in the
same manner (TCPP/CuP).

A TCPP/Glass control substrate was also prepared. A hydro-
philic clean glass plate with hydroxyl groups on the surface was
immersed in a 0.1M solution of Ti(OBu)4 in degassed toluene for
10 min to achieve coordinate bonding between Ti(OBu)4 and
the hydroxyl groups. The immobilization of TCPPmolecules was
then performed in the same manner as for the TCPP/CuHS and
TCPP/CuP.

Quantitation of the Number of TCPP Molecules Immobilized on the
CuHS and CuP. Substrates 2.0 cm� 2.5 cm in size were immersed
in 3 mL of a 0.2 M aqueous solution of NaOH for 10 min to
dissolve the surface TCPP into the solution. After this treatment,
it was confirmed by measuring the absorption spectra of
the sample substrates that almost all of TCPP molecules
were dissolved into the solution. The absorption spectra of
the aqueous solution containing TCPP were measured and the
coverages of TCPP on each sample was calculated to be
2.39 � 10�10, 2.41 � 10�10, 2.39 � 10�10, 2.24 � 10�10, and
1.87� 10�10mol/cm2 (flat exposed area), for the CuHSprepared
with silica particles of 130, 355, 462, and 534 nm, and the CuP,
respectively.

Immobilization of ICG on the CuHS Array, CuP, and Glass Plate and
Quantitation of the Number of ICG Molecules. ICG molecules were
immobilized on the CuHS(585) (ICG/CuHS(585)) and CuP (ICG/
CuP) as follows. TheMHA SAM-immobilized CuHS and CuPwere
immersed in a degassed aqueous solution of PEI (0.48 mg/mL)
for 10 min to produce positively charged surfaces. After wash-
ing with H2O, the substrates were immersed in a degassed ICG
solution in H2O (1 μM) for 1 h, followed by washing with H2O,
and dried under a streamof N2. An ICG-immobilized glass control
substrate (ICG/Glass) was also prepared as follows. A hydrophilic
clean glass plate was immersed in the PEI solution, followed by
washingwith H2O. Finally, the substrate was immersed in the ICG
solution for 1 h, followed by washing with H2O.

Quantitation of the number of ICG molecules immobilized
on the substrates was performed by dissolving the surface-
immobilized ICG into 2 mL of 0.15 mM aqueous solution of
NaOH and measuring the absorption spectra of the solution.

Substrate Characterization. Extinction spectra were measured
using a JASCO V630 UV�vis spectrophotometer. Fluorescence
excitation spectra were measured using a JASCO FP-6500
spectrofluorometer. Scanning electron microscopy (SEM) ob-
servations were carried out using a HITACHI S-4500microscope.
Surface analysis of Cu films on the silica colloidal crystals that
were deposited by thermal evaporation, was performed using
X-ray photoelectron spectroscopy (XPS) using ESCA-3400 elec-
tron spectrometer (Shimadzu Co., Japan), using a base pressure
of <1.5� 10�8 Torr and a monochromatized Mg KR (1253.6 eV)
X-ray source. Fluorescence lifetime for TCPP/Glass was mea-
sured by fluorescence lifetime spectrometer using Quantaurus-
Tau (Hamamatsu Photonics). The thickness of titanium oxide
linking layers was measured by tapping mode atomic force
microscope (AFM) using Nanoscope IIIa (Digital Instruments).
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silica particles (Figure S2), Cu LMM Auger spectra for CuHS(462)
coated withMHA SAMs (Figure S3), dielectric function of Cu and
Au (Figure S4), FDTD calculation conditions, the model of CuHS
(Figure S5), AFM image of 20 layers of the titanium oxide thin
films (Figure S6), SEM images of CuHS(585) (Figure S7), and
discussion about the effect of radiative decay of TCPP by CuHS
surface are given. This material is available free of charge via the
Internet at http://pubs.acs.org.
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