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S
urface-enhanced Raman scattering
(SERS) can provide information on the
structure of molecules based on vibra-

tional fingerprints1,2 without labeling. High
sensitivity of SERS to detect molecules in
trace amounts has been applied to biome-
dical spectroscopy.3 In particular, an indirect
application of SERS using a reporter mole-
cule attached to Au- or Ag-nanoparticles
has been successful in imaging molecular
dynamics within the cell4 including sensing
DNA hybridization,5 the redox potential,6

and localized pH of a single live cell.7

Unlike such small-area SERS imaging at
the level of cells utilizing nanoparticles,

large-area imaging to detect native bio-
molecules at the level of tissues has been
limited. The reason behind this comes from
the difficulty to construct a SERS-active
substrate which ensures formation of 'hot
spots', localized regions of intense local field
enhancement,8 providing strong enhance-
ment of Raman signals uniformly over a
large-surface area. Recent advance to over-
come such a hurdle includes various litho-
graphic processes that enable precise
control of ordering and periodicity of metal
nanostructure constituting an ideal geome-
try for the SERS ability.9,10 However, elabo-
rate and time-consuming procedures make
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ABSTRACT Although SERS spectroscopy, which is sensitive to

molecular vibration states, offers label-free visualization of mol-

ecules, identification of molecules and their reliable large-area

imaging remains to be developed. Limitation comes from difficulties

in fabricating a SERS-active substrate with homogeneity over a large

area. Here, we overcome this hurdle by utilizing a self-assembled

nanostructure of boehmite that is easily achieved by a hydrothermal

preparation of aluminum as a template for subsequent gold (Au)

deposition. This approach brought about random arrays of Au-

nanostructures with a diameter of∼125 nm and a spacing of <10 nm, ideal for the hot-spots formation. The substrate, which we named “gold nanocoral”

(GNC) after its coral reef-like shape, exhibited a small variability of signal intensities (coefficient value <11.2%) in detecting rhodamine 6G molecule when

121 spots were measured over an area of 10 � 10 mm2, confirming high uniformity. The transparent nature of boehmite enabled us to conduct the

measurement from the back-side of the substrate as efficiently as that from the front-side. We then conducted tissue imaging using the mouse ischemic

brain adhered on the GNC substrate. Through nontargeted construction of two-dimensional-Raman-intensity map using differential bands from two

metabolically distinct regions, that is, ischemic core and contralateral-control areas, we found that mapping using the adenine ring vibration band at

736 cm�1 clearly demarcated ischemic core where high-energy adenine phosphonucleotides were degraded as judged by imaging mass spectrometry. Such

a detection capability makes the GNC-based SERS technology especially promising for revealing acute energy derangement of tissues.

KEYWORDS: ischemia detection . template-guided self-assembly . biosensor . gold nanocoral . 3D-FDTD . back-side detection .
emission pattern
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them far from practical. Instead of using the litho-
graphic process, one simple approach is to utilize a
self-assembled structure as a template.11�13 In this
study, we materialized hydrothermal preparation of
boehmite (aluminum oxide hydroxide, AlO(OH)) which
produces a self-assembled nanostructure with boiling
a layer of aluminum.14 This simple process brings about
random arrays of nanostructure of boehmite serving as
a robust template for the Au deposition ensuring strong
enhancement of Raman signals.11�13,15�17 Here, we re-
port this simple, reproducible, and cost-effective method
to fabricate a novel SERS substrate covering 24� 24mm2,
large enough for the tissue imaging.
From a viewpoint of life sciences, we need a com-

prehensive strategy to characterize metabolic profiles
in distinct regions of tissues, e.g., tumor versus nontumor
regions, or ischemic versus normal regions. Powerful
capability of matrix-assisted laser desorption ionization
(MALDI)/imagingmass spectrometry (IMS)18�20 andmag-
netic resonance spectroscopy (MRS)21,22 to identify com-
pounds has been intensively utilized for such imaging
analyses. However, instruments for MALDI-IMS and
MRS can be prohibitively expensive for many labora-
tories. We, thus, aimed to apply the newly engineered
SERS substrate, named 'gold nanocoral' (GNC), as an
alternative technology to detect regional metabolic
derangement. We examined if the GNC is capable of
demarcating ischemic regions of the mouse brain
defining an area of 10.4 � 8 mm2, which covers much
wider area than any of previously conducted SERS
imaging.7 The results demonstrated that GNC can
sense ischemia by clearly demarcating metabolic de-
rangement of 9-substituted adenine derivatives at an
acute phase of ischemia.

RESULTS AND DISCUSSION
Fabrication of Gold Nanocoral (GNC) Substrate Using Trans-

parent Boehmite As a Template. The GNC substrate was pre-
pared in three steps (Figure 1a). First, we deposited a thin
layer of aluminum (∼20 nm in thickness) on the glass
(24� 24mm2). Second,weboiled the film inhotwater. This
hydrothermal procedure transformed the flat-aluminum
film into random arrays of leaf-like nanostructures with a
height of∼200 nm at an interval of∼125 nm (Figure 1b,
see also Figure S1). Third, Au was deposited on the
surface of the boehmite-template (Figure 1c). This pro-
cedure initiated the growth of Au spheres on the ledge,
but not on the valley, of the boehmite structure; such
a phenomenon can be explained by the island, or
Volmer�Weber growth mechanism (see Figure S1 for
details).23,24Wenamedresultant substrate 'goldnanocoral'
(GNC), because this structure resembles a coral reef.
The three-step procedure which is simple and rapid
enabled us to fabricate the GNC substrate with good
reproducibility.

Optimizing SERS Enhancement by Controlling Amount of Au
Deposition. To optimize SERS signal enhancement, the
size of Au particles that coat the boehmite surface was
systematically modified by varying the amount of Au
deposition on the boehmite. Figure 2a shows SERS
signal intensity from rhodamine 6G (R6G) as a function
of the thickness of Au (dAu) on a plain glass. The dAuwas
used as a practical indicator for Au deposition because
it was not feasible to measure the actual Au thickness
on the boehmite during the deposition process. SERS
signal intensities increased progressively as the dAu
increased from 30 to 90 nm, but started to decline with
further thickening in dAu. On the basis of this result, we
determined 90 nm as an optimal dAu for SERS.

Figure 1. Process to fabricate the gold nanocoral (GNC) substrate. (a) The GNC is produced using the following three steps: (i)
depositing aluminum (Al) into a film layer; (ii) immersing the Al film into boiling water to form thin, sharp-edged leaf-like
superstructure of boehmite; and (iii) depositing Au on the boehmite template. Photograph of the 24� 24 mm2-substrate at
each stage is shown. Note that hydrothermal treatment converts an opaque Al film to a transparent boehmite. SEM images
showing top and side views of boehmite, random arrays of leaf-like structures (b) and GNC, a coral reef-like structure (c).
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Images of the GNC with different dAu obtained
using scanning electron microscopy suggest an expla-
nation for these results. As the dAu thickened, the size
of Au nanoparticles increased gradually; consequently,
gaps between adjacent particles decreased progres-
sively (Figure 2b). When dAu was 230 nm, neighboring

Au particles fused together, causing diminished inter-
particle gaps. In contrast, when dAu was 90 nm, random
arrays of Au nanostructures with a particle diameter of
∼125 nm and a spacing of <10 nm were formed. This
Au diameter and spacing are ideal for the hot-spots

formation, and thus provided us with optimum SERS
signal intensity.

The GNCs created using our technique are repro-
ducible. Figure 2c shows lot-to-lot variations of Au
particle-sizes from three independent production lots.
As expected, the median ((interquartile range) values
for particle sizes depended on the dAu (48 ((30) and
125 ((93) nm for 30 and 90 nm of dAu, respectively,
n = 3 for each dAu). Unlike lithographically patterned
substrates which produce no variations, the GNC pro-
duction method that we employed produces some
variation as evident in these histograms (Figure 2c).
However, average values obtained from three different
production-lots were within a narrow range (range of 7
and 20 nm for dAu of 30 and 90 nm, respectively)
indicating high reproducibility of this procedure.

Experimental Estimation of Analytical Enhancement Factors
(aEF). To quantify the overall enhancing magnitude of
signal intensities provided by the GNC substrate, we
empirically determined the analytical enhancement fac-
tors (aEF) (seeMethods fordetails). Here, theRamansignal
obtained in the presence of the GNC, and those obtained
under the nonenhanced condition, was used to calculate
an aEF value. The signal obtained using the boehmite
substrate without Au was used as a nonenhanced signal.

Table 1 shows results for the aEFs using R6G as a
target analyte (see also Figure S2 for typical spectra
showing the Raman bands). The aEF of the GNC sub-
strate was found to be 1.4 � 104 at 1359 cm�1. This
value was 2 orders of magnitude lower than the aEF
value (∼106) obtained from an Au-based substrate in
the form of immobilized nanorod assemblies (INRA)
with particle size of 600 nm (5 times larger than ours),
adjusted for optimal signal excitation at 785 nm.25With
our GNC manufacturing procedure, the maximum Au-
sphere size is limited by the periodicity of the boehmite
nanostructure to ∼125 nm (see Figure 1S). One possi-
ble solution to overcome such a constraint is deposit-
ing Au at an oblique angle rather than a perpendicular
angle, which is known to improve SERS activities.26,27

In addition, we have compared the aEF obtained
from the GNC substrate with that obtained using the

Figure 2. SERS sensitivities of GNC substrates controlled by
amounts of Au deposition. (a) SERS signal intensities of GNC
substrate to rhodamine 6G (R6G) at 1360 cm�1 are plotted
against the thicknesses of Au (dAu, used as an indicator for
the amount of Au deposition on the boehmite, see text).
In this experiment, an aliquot of 40 μL of an R6G solution
(100 μM) was deposited on the GNC and dried in air. A
785 nm laserwith 0.5mWpowerwas focused on the sample
by a�20 objective lens (NA 0.4), with the acquisition time of
10 s. Note that 90 nm in dAu (the red symbol) achieved the
highest signal. (b) SEM images showing top and side views
of the GNC with varied dAu. Note that, with 30 nm of dAu,
particles are not aggregated; with 230 nm of dAu, particles
tend to overgrow leaving no gapbetween them;with 90 nm
of dAu, particles form random arrays with <10 nm-gaps
among them (arrows). Bottom panel: binary images of side
views of the GNC to highlight gold. (c) Frequency histo-
grams of Au-particle sizes observed under 30 and 90 nm
dAu. Histograms were constructed based on 447 and 252
particles measured under 30 nm- (bluish) and 90 nm-
(reddish) dAu, respectively. TABLE 1. Raman Active Mode of R6G with SERS and Non-

SERS Frequencies and Corresponding aEFs

νi (SERS) [cm
�1] νi (Raman) [cm

�1] aEF

611 611 2.5 ((1.0) � 104

1196 1183 3.0 ((1.0) � 104

1359 1361 1.4 ((0.6) � 104

1508 1510 1.0 ((0.4) � 104
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commercially available, lithographically patterned sub-
strate28 under the same experimental conditions. As
seen in Figure S3, our GNC substrate achieved similar
(although slightly smaller) enhancing magnitude to
this solid state substrate. Together with the uniformity
discussed later (Figure 5), estimated values of aEF
ensure the GNC as a useful SERS-active substrate.

SERS Activities Obtained from Front-Side and Back-Side of the
GNC Substrate. One potential source of error in conduct-
ing tissue imagingwith SERS could arise fromdistortions
of absorption, scattering and/or refraction character-
istics due to inhomogeneity of the refractive indices
within the tissue.29 If we can direct the exciting light
from the back side of the substrate without penetrating
such inhomogeneous tissues and collect the scattered
radiation, such a configuration (back-side) can minimize

a problem. Here, we thought of taking advantage of the
transparent nature of boehmite. We thus compared
SERS intensities of 1360 cm�1 band of dry-state rhoda-
mine 6G (R6G) obtained by both the front-side and the
back-side configurations. As shown in Figure 3, signal
intensity from the back-side configurationwas∼0.7-fold
of that with the front-side configuration. Given that
neither can the laser beam at 785 nm penetrates the
Au layer (only 2% transmission and 63% extinction,
Figure S4) nor the Raman radiation can transmit through
the layer, the observation that the back-side configura-
tion achieves comparable Raman signals as with the
front-side configuration is not intuitive. We, therefore,
examined themechanisms behind this phenomenonby
the three-dimensional-finite difference time-domain
(FDTD) simulation below.

Deciphering SERS Enhancement Mechanisms by Three-Dimen-
sional-FDTD Simulation. Figure 4a represents the geome-
try of our SERS device. For the simulation, we simplified
the geometric model to a single dimer of Au nano-
spheres in air.

Although previous investigators have simulated the
SERS enhancement, the calculation was based on the
standard E4 approach.30 In such an approach, the SERS
enhancementswere assumed to beproportional to the
second power of Gloc (local field enhancement), the
first term in eq 2 in Methods. Here, we attemptedmore
rigorous simulation inwhichGrad (radiationenhancement),
the second term in eq 2, is included into the calculation
since the radiation pattern of electric field (E-field) in-
tensity distributions is central to our argument.

Figure 4b shows the localized E-field intensity dis-
tributions when a dimer is irradiated by the x-polarized

Figure 3. SERS signal intensity of R6G at 1360 cm�1 mea-
sured from the front-side and back-side of the GNC sub-
strate. SERS signal intensity of R6G at 1360 cm�1 measured
from the front-side and the back-side of GNC substrate are
compared. Note that these signals are comparable. A 785 nm
laser with 0.8mWpowerwas focused on the sample by a�20
objective lens (NA 0.4), with the acquisition time of 10 s.

Figure 4. FDTD simulations of the SERS enhancement factor. (a) Side-view illustration of the GNC substrate geometry. (b)
Calculated E-field intensity distributions for an Au dimer excited by x-polarized plane-wave light at 785 nm. In the simulation,
we simplified the model geometry to a dimer formed by two Au spherical particles with a 100 nm diameter separated by a
5 nmgap. Unlike the large localfield enhancement in the gapof the dimer, no enhancement occurs on the topof the dimer. (c)
Calculated E-field intensity distributions of an Au dimer when an oscillating dipole is located in the gap (left) or on the top
(right) of the dimer. E-field intensity is normalized with respect to the total power radiated from a dipole in free-space. Note
that the dimer excited with a dipole in the gap gives off a large power; conversely, the one excited with a dipole on the top
results in overall quenching. (d) Angular dependency of the radiation intensity (dGrad/dΩ: power radiated in the far-field per
unit angle in a given direction) produced by each oscillating dipole. Note that little energy is radiated in the far-field from the
dipole on the top compared to that in the gap of the dimer.
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plane-wave light (λ = 785 nm) from the front-side.
A striking enhancement of the E-field intensity
(Gloc_gap = 930) in the gap takes place, whereas no
enhancement (Gloc_top = 1.1) occurs on the top. Im-
portantly, the E-field intensity pattern is symmetrical
with respect to the interparticle axis of the dimer. Thus,
either the incident light comes from the front-side or the
back-side does not make any difference in the localized
E-field intensity distributions, supporting our observa-
tion seen in Figure 3.

Figure 4c shows the radiated E-field intensity dis-
tributionswhen an oscillating dipole is located at either
in the gap or on the top. Instead of using 785 nm,
wavelength of the incident light, we calculated the
E-field intensity using a Raman Stokes wavelength of
880 nm corresponding to a 1360 cm�1 band of R6G.
The E-field intensity originated from the dipole in the
gap is remarkably enhanced. When the orientation of
dipole-oscillation is perpendicular to the Au surface,
the dipole-oscillation is coupled to radiative localized
plasmon resonances of the dimer which in turn causes
the dipole to radiate more energy (Grad_gap = 610).31,32

Conversely, when a dipole is located on the top, no
enhancement but quenching of the radiated power
(Grad_top = 0.04) takes place. Because the orientation of
the dipole-oscillation is parallel to the Au surface, the
dipole cannot couple to radiative localized plasmon
resonances which causes quenching rather than en-
hancement of radiation.31,32 To our knowledge, our
simulation is the first pictorial view of E-field intensity

distributions of a dimer originated from a Raman
dipole. One important feature of our simulation is the
contour presentation for the power radiated in the far-
field per unit angle in a given direction (dGrad/dΩ)
produced by each oscillating dipole (Figure 4d). The
dipole in the gap radiates more power to the axis
perpendicular to the interparticle axis of a dimer, which
is isotropic to both front- and back-sides. It is this
radiation that we detect in the far-field as a signal.
Conversely, little energy is radiated in the far-field from
the dipole on the top.

The simulation supports our observation that the
back-side configuration achieved comparable Raman
signals as the front-side configuration (Figure 3). Such
an observation can be explained by two reasons. One is
that the Raman signal from molecule on the top is
negligibly small (GR_top∼ 0.04), while that from the gap
is exceedingly large (GR_gap∼ 5.7� 105) as indicated in
Table 2. The other is that the dipole radiation from
molecule in the gap is isotropic to both front- and back-
sides (Figure 4d).

Uniform SERS Sensitivity Exhibited by the GNC. To exam-
ine if the GNC substrate ensures uniform SERS sensi-
tivity, we measured the SERS signals of R6G. In this
experiment, the GNC substrate was immersed into an
R6G solution (10 μM) for 15 min, rinsed lightly by pure
water, and dried in air. We recorded SERS spectra from
121 points covering an area of 10 � 10 mm2 with a
1 mm-translation step. Figure 5a displays spot-to-spot
mapping of SERS intensities for the 1360 cm�1 band
characteristic to the aromatic C�C stretching vibra-
tions of R6G.33 The coefficient of variation from these
121 data was within 11.2 ( 0.2% (n = 3), confirming
high uniformity. Figure 5b shows SERS spectra taken
from 11 points from the sixth row of the matrix shown
in Figure 5a. Here, the background was subtracted.
Autocorrelation coefficients of these spectra are more
than 0.993. The result indicates that the GNC has high
uniformityof theSERS signal over the largeareacompared

TABLE 2. Enhancement Factors (EF) of Local Field,

Radiation, and Raman on the Top and in the Gap

EFtop EFgap

Gloc 1.1 930
Grad 0.04 610
GR ∼0.04 ∼5.7 � 105

Figure 5. Highuniformity of SERS sensitivity over a large-areaGNC. (a) Spot-to-spotmappingof SERS intensities at 1360 cm�1

band characteristic to R6G. SERS intensitiesmeasured at 11� 11pixels showa small variation. (b) The SERS spectra taken from
11 spots from the 6th row of the matrix in panel a. These spectra are almost identical. For this experiment, we used a �20
objective lens (NA 0.4) with a laser power of 1.7 mW and acquisition time of 5 s.
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Figure 6. Large-area SERS imaging of ischemic brain. (a) SERS spectra from two specific regions of the ischemic brain. These
spectra are the average of 5 data points in an area of 1� 1mm2 from ischemic core (red) and its contralateral region (blue). A
785 nm laser with 1.7 mWpower was focused on the sample by a�60 objective lens (NA 0.7), with the acquisition time of 2 s.
(b) The relative intensity of the Raman bands with 518 ( 5 and 736 ( 15 cm�1 are used to map the ischemic region of the
mousebrain. Images are representative of 3�4 independent experiments. Note the complementary patterns of imagesof 518
and 736 cm�1; i.e., the signals at 518 cm�1 from the ischemic core is smaller than that from the contralateral hemisphere,
whereas the pattern is reversed at 736 cm�1. (c) SERS-spectra of authentic adenylates with area density of 19.2 pmol mm�2.
Note the strong Ramanpeaks at 736, 1319, and 1462 cm�1, which reflect adenine-ring breathing, the C5�N7- (green), and the
N7�C8- stretch (red) modes, respectively. (d) Relative sensitivity of the GNC substrates to adenine related compounds. SERS
signal intensities are plotted as a function of surface densities of each analyte. Data are collected from three independent
preparations (see Figure S6 for individual data). Note that the GNC displays higher sensitivities to adenosine, hypoxanthine, and
inosine than to ATP, ADP, AMP, and xanthine. Dashed line indicates the noise level of measurement. A 785 nm laser with 1.7 mW
powerwas focused on the sample by a�60 objective lens (NA 0.7), with the acquisition time of 2 s. (e) Quantitative imagingmass
spectrometry (Q-IMS) showingspatial distributionofapparent tissuecontentsof variousadenylates.Q-IMSanalysiswas conducted
using a semiserial sectionwith 10-μmthickness prepared from the same animal withwhich the SERS imagingwas conducted as in
(b). Focal ischemia was induced by a left middle cerebral artery occlusion. Control group underwent a 60 min period without an
occlusion. Content maps for ATP, ADP, AMP, and xanthine and those for adenosine and inosine are constructed on a same tissue
with negative-ion and positive-ion mode, respectively. In the ischemic core, [ATP]app, [ADP]app, and [AMP]app are substantially
decreased, whereas [adenosine]app, [inosine]app, and [xanthine]app are elevated due to purine degradation induced by ischemia.
Note that the ischemic core exhibits amarked increase in xanthine, adenosine, and inosinematchingwith the area depictedby the
SERS-imaging in panel b. Images are representative of 3�4 independent experiments. Scale bars = 2 mm.
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with other SERS two-dimensional-substrates.25,28,34�36

Here, it should be noted that, unlike the nanostructure
created by a lithographic process, geometric structure of
boehmite is not periodic (Figure 1b). On the contrary, sizes
of Au particle and interparticle gap are inhomogeneous
(Figure 1c). However, given that the spot-size of the
excitation beam (∼6 μm) is one-order larger than the size
of the Au particle (∼125 nm), the spatial averaging of hot-
spots on a macroscopic scale makes the GNC an efficient
SERS substrate capable of providing uniform SERS sensi-
tivity over the large-surface area.

SERS Imaging at 736 cm�1 Reveals Brain Ischemia. Our
goal was to determine if the GNC substrate could
be used to detect metabolic alterations that occur as
disease (such as ischemia) progresses. As a first step,
we conducted large-area imaging of ischemic brains.
Ischemia was induced by unilateral middle cerebral
artery (MCA) occlusion such that tissue metabolism
was severely compromised on the side of the brain
ipsilateral to the occlusion, while the contralateral
side was less affected. Thus, the MCA model allowed
us to determine if the GNC substrate can detect the
metabolic differences between the two sides of
the brain, with each half having a surface area over
5.2 � 8 mm2.

Figure 6a shows SERS spectra from two specific
regions of an ischemic brain adhered on the GNC
substrate: i.e., (i) an ischemic core from the hemisphere
ipsilateral to the occlusion (red) and (ii) a region
contralateral to the ischemic core (blue). The SERS
signal around 500 cm�1 from the ischemic core is
smaller than that from the contralateral region. Con-
versely, the opposite is the case for the signal around
736 cm�1. SERS images using both 518 and 736 cm�1

revealed the core region of ischemia (Figure 6b). With
518( 5 cm�1, the core is depicted as a low-signal area.
By contrast, with 736( 15 cm�1, the core appears as a
high-signal area. Thus, these patterns complement
each other forming a metabolically delineated bound-
ary at the interface between the ischemic core and the
nonischemic region. Although the molecular species
causing the 518 cm�1 shift is yet to be determined, the
knowledge that a strong Raman band around 736 cm�1

arises from vibrations of the adenine ring37 led us to
examine if 9-substituted adenine derivatives are the
origin of the enhanced signals. Indeed, ischemia causes
massive degradation of ATP which results in increases in
purine degraded metabolites suggested by the CE-MS
analysis asdescribedpreviously inour study.18 (FigureS5).

Thus, we next examined sensitivities of the GNC
substrate to ATP, ADP, AMP, adenosine, inosine, hy-
poxanthine, and xanthine. Figure 6c shows the typical
SERS spectra for these species of molecules. ATP, ADP,
AMP, and adenosine exhibit three bands at 736, 1319,
and 1462 cm�1, which most likely arise from adenine-
ring breathing, the C5-, N7-, and the N7�C8- stretch
modes, respectively.37 With inosine and hypoxanthine

for which a primary amine attached to C-6 of adenine
is replaced by an oxygen atom, the band around
736 cm�1 is slightly shifted to the left. With xanthine,
the band at 736 cm�1 is completely absent, ruling out
its possibility as a candidate molecule that delineates
the ischemic core in SERS imaging. Figure 6d shows
plots of graded densities (6.4�25.5 pmol mm�2) of
analytes against SERS intensities at 736 cm�1. Correla-
tion coefficients are considerably greater for adeno-
sine, hypoxanthine and inosine than for ATP, ADP, and
AMP (see also Figure S6). The result raises a possibility
that the GNC is more sensitive to adenosine, hyp-
oxanthine, and inosine than to ATP, ADP, and AMP under
the current experimental conditions. This argument
can be further supported by the results of quantitative
IMS (Q-IMS) and CE-MS (Figure S5). In the control brain,
Q-IMS indicates large amounts of ATP, ADP and AMP
(Figure 6e), whereas by SERS, these metabolites are
not detected as high signals at 736 cm�1 (Figure 6b). In
the ischemic brain, on the other hand, the increased
adenosine and inosine in the ischemic core displayed
by Q-IMS (Figure 6e) matches to the SERS imaging
with 736 cm�1 (Figure 6b). These results suggest that
increases in adenosine, inosine and hypoxanthine are
responsible for an increase in ischemia-induced SERS
signals.

Finally, it is important to emphasize that there has
been limited methods available to detect local meta-
bolic alteration at acute phases of ischemia (<60 min),
particularly for small animals. Indeed, functional stain-
ing with 2,3,5-triphenyltetrazolium chloride (TTC), a
conventional method to delineate the infarction,38

cannot be used to detect biochemical alterations at
60 min postischemia (Figure S7). Similarly, cresyl violet
and hematoxylin and eosin stainings, often used in
small animal studies, can detect histological abnorm-
ality only at much later time-points, typically at least
48 h after ischemia. Therefore, our data that demon-
strate the detection capability of GNC-based SERS
delineating the ischemic core at an onset of ischemia
makes it especially promising for revealing acute
biochemical alterations occurring before irreversible
damages in vitro and in vivo.

CONCLUSIONS

We have designed a novel SERS-active substrate,
named 'gold nanocoral' (GNC) capable of enhancing
SERS signals with high uniformity over the large area
with ease. Such technical breakthrough was achieved
by utilizing a self-assembled nanostructure of boehm-
ite as a template for the subsequent Au-deposition.
The use of boehmite can offer 2-fold benefits. First, a
simple and rapid hydrothermal process of aluminum
film that produces sharp geometry of boehmite makes
it easy to produce a large-area SERS substrate. It could
revolutionize the elaborate and time-consuming pro-
cedures such as lithography. Second, the transparent
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nature of boehmite enabled the SERS measurement
from the back-side of the GNC.
The back-side mode can be advantageous over the

front-side mode especially when dealing with tissues.
Since tissues consist of different types of cells, e.g., eye
ball consisting of transparent lens and opaque retina,
the local index of refraction can vary greatly within one
tissue. With the front-side mode, both exciting and
emitting lights must travel through an inhomoge-
neous medium; thus, such configuration may cause
distortion in the magnitude of SERS signals, but with
the back-side mode, such a potential problem can be
avoided. Furthermore, since the incoming wavefront
excites the GNCwithout penetrating the samples, such
unique characteristics can be exploited by chemical
analyses of the surface on any opaque substrates. A
wide range of application includes clinical diagnosis of
dehydrated blood, biochemical examination of any
thick-tissue samples, and industrial use for surface
chemical analysis.
We have demonstrated the large-area SERS imaging

where GNC substrate made it possible to visualize the
ischemic core of mouse brain without labeling and

pretreatment of the tissue. Although our imaging is the
first to apply SERS to demarcate metabolic derange-
ment occurring at the ischemic region, we are unable
to definitively assign the molecules responsible for the
change. This is because chemical identification by SERS
is based on the vibrational fingerprint arising from
unique chemical structures, not from the whole mole-
cule. SERS technology, therefore, requires further ef-
forts to ensure quantification and identification of
molecular species. Unlike the MALDI/IMS that relies
on the ionization of the analytes, SERS has strength in
visualizing multiple metabolites as they exist in the
tissue without any chemical pretreatment. Such char-
acteristics should be exploited further. It should be
noted that some metabolites, e.g., glucose and urea,
are difficult to ionize; thus, MALDI cannot detect
molecules of this kind. We believe that a large-area
SERS devise will give rise to new insights to characterize
complexmetabolic interactions between distinct regions
of tissues such as tumor versus nontumor regions and
ischemic versus normal regions. Such strategy will pro-
vide means for elucidating molecular mechanisms for
disease progress and fulfill control functions.

METHODS

Fabrication of the Gold Nanocoral. A 24 � 24 � 0.5 mm3 glass
plate was washed with acetone and methanol in an ultrasonic
bath to remove organic contaminants. Aluminum (Al) was
deposited on the plate at a 20 nm thickness with a reactive
DC magnetron sputtering system (SPF-530H, ANELVA) at a
deposition rate of 5 Å s�1. Subsequently, the Al film was boiled
in hot water (100 �C) for 5 min to form boehmite (AlO(OH)), and
was dried with N2 gas. Finally, Au was deposited on the
boehmite nanostructures by electron�beam evaporation sys-
tem (EBX-8C, ULVAC). We discovered that this process must be
carefully controlled for Au particles to grow to optimal sizes
such that SERS signal can be maximally enhanced. However,
there was no practical way tomeasure the size of the Au particle
on the boehmite during the fabrication process. We, thus,
measured thicknesses of Au (dAu) deposited on plain glass
surfaces without boehmite layers, because a given deposition
protocol generated dAu well correlated with the Au-particle size.
To estimate dAu, a film-thickness gauge based on a crystal
oscillator in the deposition system was used. All processes were
conducted in a cleanroom. As described in the text, Au tended
to accumulate and to grow on the ledge, but not at the valley, of
boehmite nanostructure (see Figure S1 for details).

Morphological Analysis. To determine periodicity of the boehm-
ite nanostructure (Figure S1), binary maps were created from
top-view SEM images. Ledge-to-ledge distances were mea-
sured by connecting the center of ledge-like structures manu-
ally using ImageJ.

To examine the size variation of Au spheres, binary maps
were created from side-view SEM images. After removal of
particles whose diameters were <5 nm, sizes of the remaining
particles were measured using the “analyze particles” function
of ImageJ (Figure 2). To evaluate lot-to-lot reproducibility,
frequency histograms of the particle size were constructed
using three different production-lots from each of two dAu
groups, the 30 and the 90 nm.

SERS Measurements. To measure SERS signals in relation to
dAu, we used Raman microscope (Horiba, LabRam HR800)
equippedwith a�20 objective lens (NA 0.4) and a 785 nm-diode
laser. For the rest of experiments, we used a custom-made

inverted microscope system (Figure S8) equipped with a fiber-
coupled spectrograph (Ocean optics, QE65000), an xy-scanning
stage with highest resolution of 250 nm, and a 785 nm-diode
laser. Both microscope systems were calibrated by the 520 cm�1

silicon phonon mode before SERS measurements. The back-
ground noise was subtracted from the recorded spectra by the
weighted mean fitting with Lanczos second function.

Experimental Estimation of Analytical Enhancement Factors (aEF). To
estimate the analytical enhancement factors (aEF) of the GNC
substrate, we used the method of Le Ru et al.39 with some
modifications. We used a higher laser power, a longer acquisition
time, and more dense surface coverage of the probe molecules
for the nonenhancing substrate than for the SERS-active GNC
substrate (Figure S2). These modifications allowed us to obtain
comparable and reliable signal intensities (see Figure S2) from
both the SERS and nonenhancing Raman conditions. Thus, aEF in
this study was defined as

aEF ¼ ISERS=(PSERS � TSERS � NSERS)
IRS=(PRS � TRS � NRS)

(1)

where ISERS is the measured intensity from SERS-active substrate,
while IRS is that from nonenhancing substrate. PSERS and PRS are
the power of excitation laser, TSERS and TRS are acquisition times,
and NSERS, and NRS are the number of probe molecule per unit
effective area for adsorption for a SERS-active and normal Raman
conditions, respectively.

Since this definition strongly depends on the properties of
probe surface coverage, the care was taken to avoid multilayer
formation of probe molecules in the SERS condition. Specifi-
cally, 80 μL of R6G solution (10 μM) was dispersed over the GNC
substrate (24 � 24 mm2) in the clean room. Assuming only the
upper half surface of the particle is available for the R6G
molecule to be adsorbed, such a three-dimensional structure
increases the surface area by approximately twice compared to
a flat, two-dimensional structure. Thus, the volume and con-
centration used in our experiments should result in coverage of
one R6G molecule per ∼2.4 nm2. Considering that one R6G
occupies an area of ∼1.1 nm2 (approximate hydrodynamic
radius of this molecule; ∼0.59 nm40), our condition appears to
ensure a submonolayer condition which is a prerequisite for the
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SERS measurement. We used the same optical parameters (the
wavelength of 785 nm, the�20 objective lens, spectrometer) to
acquire SERS and Raman signals. All other parameters used in
the experiment are tabulated above (Table 3). Lithographically
patterned substrates (Klarite, KLA-313) were purchased from
Renishaw (Tokyo, Japan).

Theoretical Calculations of the SERS Enhancement Factor Using FDTD.
In terms of the electrical mechanism, the Raman enhancement
(GR) is expressed as the product of the local field enhancement
(Gloc) and the radiation enhancement (Grad):

31

GR � Gloc � Grad (2)

Gloc is represented by the ratio of the local field intensity
(|Eloc(λ)|

2) against the incident wave field intensity (|Einc(λ)|
2) at

the wavelength (λ) of the excitation:

Gloc ¼ jEloc(λ)j2=jEinc(λ)j2 (3)

Grad is represented by the ratio of the total radiated power from
a Raman dipole located in the vicinity of an Au nanoparticle
(Prad) against that from a Raman dipole in free-space (Prad_free):

Grad ¼ Prad=Prad-free (4)

We used a custom-made three-dimensional FDTD software
for the estimation of these enhancement factors and radiation
patterns. The simulation models were the following: the dia-
meter of the Au spheres was 100 nm. Two Au spheres were
separated by a 5 nm gap. The dimer was placed in air with a
refractive index of 1.0. In the case of the local field enhance-
ment, the dimer was irradiated by the x-polarized plane-wave
light at 785 nm. We calculated the localized field enhancement
at the position on the top and in the gap of the dimer located at
a 2.5 nm-distance from Au surface. The calculating volume was
285� 180� 180 nm3. In the case of the radiation enhancement,
the point source of dipole oscillating x-axis was located in the
middle of the dimer gap and on the top of it with a 2.5 nm of
distance from the Au surface. The calculating volumes in the
case of top and gap were 245 � 140 � 160 and 245 � 140 �
140 nm3. All these simulations were carried out with a grid size
of 0.5 nm. The refractive indices of Au at 785 and 880 nm were
0.177 þ 4.54i and 0.208 þ 5.19i, respectively.41

Mouse Model of Cerebral Ischemia. Experiments were approved
by the Animal Care andUtilization Committee of Keio University
School ofMedicine (approval number: 09046).MaleC57BL/6Jmice
(22�26 g, Clea Japan, Tokyo) were anesthetized with isoflurane
(4% for induction, 1.5�2% for maintenance) in 30% O2/70% air.
Rectal temperature was maintained at 36 ( 0.5 �C throughout.
A focal brain ischemia was induced for 60 min by advancing a
6�0nylon suturewith its tip rounded toocclude the origin of a left
middle cerebral artery as described previously.18

In Situ Freezing and Tissue Removal. Brain is extremely suscep-
tible to post-mortem changes in contents of cerebral labile
metabolites such as adenylates. Thus, the best available meth-
ods must be employed to trap the metabolites as they exist
in vivo and to minimize autolytic changes.18,42 To achieve this,
we employed the in situ freezing method which enables
suspension of metabolic processes by rapidly lowering the
tissue temperature while maintaining blood flow and

oxygenation during the freezing process. To do so, mice were
deeply anesthetized with diethyl ether and the head skin was
trimmed. Tip of the head was dipped into liquid nitrogen with
great care not to immerse the nose. Frozen brains were
dissected with a surgical knife in a refrigerated box at �30 �C.

Large-Area SERS Imaging of Brain Tissues. Coronal sections with
10-μmthickness were cut with a cryomicrotome (CM1900, Leica
Microsystems), and sections were thaw-mounted on the GNC
substrate and kept in a vacuum chamber for 20 min. To
construct two-dimensional-SERS map, spectra in the range of
Raman shift between 300 and 2000 cm�1 were collected from
65� 50 spots on a tissue covering the area of 10.4� 8mm2with
a 0.16 mm-translation step. Acquisition time was 2 s for one
spot. Integrated signals in ranges of 518 ((5) and736 ((15) cm�1

are used for SERS images, which later were smoothed by aver-
aging adjacent pixels using the ImageJ smoothing function. We
useda� 60 (NA=0.7) objective lenswith optical correction rings.
The incident beam was ∼2 μm in diameter and 33 μm in
penetration depth with ∼1.7 mW power at a 785 nm laser.

Quantitative Imaging Mass Spectrometry (Q-IMS). Q-IMS was con-
ducted as described previously.18,43�46 Briefly, serial coronal
sections with 10-μm thickness were cut with a cryomicrotome
(CM1900, Leica Microsystems) and thaw-mounted on the in-
dium tin oxide-coated glass slide (#578274, Sigma, Chiba,
Japan) at �20 �C. For negative- and positive-mode analyses,
9-aminoacridine (9-AA, Kanto Chemical, 25 mM in 70% (v/v)
methanol) and 2,5-dihydroxybenzoic acid (2,5-DHB, Bruker
Daltonics 200 mM in 70% (v/v) methanol) were chosen, respec-
tively. Each matrix was sprayed with airbrush (Procon boy FWA
Platinum; Mr Hobby, Tokyo, Japan) on the specimens. The other
frozen tissueswere used for quantification ofmetabolites by CE/
ESI/MS. MALDI mass spectra were acquired using MALDI-QIT-
TOF mass spectrometer (Shimadzu Corporation, Kyoto, Japan).
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