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S
ince the demonstration of single mol-
ecule detection,1,2 surface-enhanced
Raman scattering (SERS) has emerged

as one of prospective sensing tools for
highly sensitive detection of trace
chemicals.3,4 The capability of trace level
detection is due to the Raman signal en-
hancement by the large electromagnetic
fields on the small gaps between metal
nanoparticles, which are also known as “hot
spots”.5 To date, numerous designs of SERS
media such as metal nanoparticle films6�8

and metallic nanostructures9�12 have been
suggested. Modest additional enhance-
ment has been achieved by using optical
waveguiding properties for photonic crys-
tal fibers with a limited range of
dimensions.13,14 Three-dimensional (3D)
nanoporous alumina membranes (PAMs)
with vertical cylindrical nanopores showed
high SERS activity (Figure 1).15 It is sug-
gested that the significantly enhanced Ra-
man scattering is related to the optical
waveguide effect in addition to the large
specific surface area, large diameter, and
optical transparency with minimal light
absorption.16,17 However, single molecule
or near-molecular detection with conven-
tional SERS substrates have been demon-
strated only for some molecules labeled
with Raman markers and very few selected
model compounds with highly resonant
chemical structures such as, for example,
rhodamine 6G and crystal violet showing
combined electromagnetic and chemical
enhancement as high as 1014.18�20

Such a restriction limits the usefulness
of SERS technique for the detection of im-
portant organic compounds without exten-
sive resonating chemical structures such as
known plastic and liquid explosives based
on nitrotoluenes (TNT, DNT) and peroxides
(TATP, HMTD).4 Indeed, direct comparison

of SERS enhancement for rhodamine 6G
and DNT showed that the enhancement of
the later compound is 4 orders of magni-
tude lower, which, essentially, prevents any
molecular-level detection on conventional
SERS substrates suggested to date.21 In fact,
despite significant efforts, these classes of
compounds usually remain “stealthy” in Ra-
man measurements. For example, the low-
est limit of detection reported in literature
for DNT is few parts per billion (ppb) in the
solid state on metal nanostructured sub-
strates 21�23 and hundredths of �M in solu-
tion,24 a modest level far from single mol-
ecule ability demonstrated for Raman
markers such as rhodamine 6G and crystal
violet.

Herein, we report on the design of SERS-
active ordered porous substrates allowing
for a label-free, near-molecular level of de-
tection of explosive organic compounds,
2,4-dinitrotoluene (DNT) and trinitrotoulene
(TNT), down to 0.1�0.05 ppt which is more
than 4 orders of magnitude better than that
previously reported (1 ppb).23 The total
amount of the detected material precipi-
tated on substrates is 5�10 zeptograms (in
contrast to 1 pg in previous studies23),
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ABSTRACT We report on the design of practical surface enhanced Raman scattering (SERS) substrate based

upon 3D alumina membranes with cylindrical nanopores chemically modified with polyelectrolyte coating and

loaded with gold nanoparticle clusters. These substrates allow for a molecular-level, label-free detection of

common plastic explosive materials (TNT, DNT) down to 5�10 zeptograms or 15�30 molecules and a common

liquid explosive (HMTD) down to 1 picogram. Such a sensitive detection of organic molecules by utilizing efficient

SERS substrates opens the path for affordable and label-free detection of trace amount of practically important

chemical compounds.
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which is an equivalent of 15�30 molecules within the
laser beam (Figure 1) cross-section (30 �m in a diam-
eter). High detection sensitivity was demonstrated for
peroxide explosive as well. We achieved this unprec-
edented detection limit for nonlabeled small nonreso-
nating molecules by utilizing “hot spots” of nanoparti-
cle clusters within chemically modified nanoporous
alumina membranes transparent for laser beam (Fig-
ure 2). For the cluster-loaded nanoporous substrates
suggested here we observed outstanding SERS en-
hancement which is much higher (over 6 orders of mag-
nitude) than that reported in our previous work on alu-
mina membranes decorated with individual
nanoparticles.15

RESULTS AND DISCUSSION
Figure 1 shows the fabrication routine for con-

trolled assembly of nanoparticle aggregates inside the
porous alumina membranes. A critical step in fabrica-
tion efficient SERS substrates was the assembling of the
proper concentration of gold nanoparticle clusters on
the inner walls of cylindrical nanopores. Generally, the
assembly of nanoparticle clusters on the inner-walls of
nanopores is not easily achievable because the rela-
tively large and metastable nanoparticle clusters can-
not easily go into the nanopores and attach on the alu-
mina surface. To overcome this problem, we utilized
electrostatic interaction between the charged gold
nanoparticles and the properly charged polyelectrolyte-
modified alumina surface to control nanoparticle aggre-
gations on the modified inner surfaces. For this pur-
pose, the surface of porous alumina membranes was
modified with polyethylenimine (PEI), where columbic
repulsions between positively charged PEI and gold

nanoparticles prevents the attachment of
gold nanoparticles on the outer-surface of
alumina membranes, which often cause
the pore-blocking. The amine groups in
the PEI, on the other hand, are used to at-
tach gold nanoparticles on the inner walls
of porous alumina membranes by partial
replacement with the cetyltrimethylam-
monium bromide (CTAB) ligands on the
gold nanoparticle surface during the filtra-

tion of gold nanoparticle solution.
The CTAB ligand plays a major role in the con-

trolled aggregation level inside the pores stabiliz-
ing nanoparticles by repulsive forces.25 For certain
concentration, the CTAB molecules are known to link
together the {100} facets of neighboring gold nano-
particles, assembling them into linear chains.26,27

Moreover, CTAB bilayers create “soft shell” around
nanoparticles with the thickness of about 2 nm and
such aggregates are considered to be ideal for “hot
spots” with strong SERS effect, an approach well-
known for nanoparticle assemblies on planar SERS
substrates.5 We found that the gold nanoparticles
can be assembled as small clusters on the inner walls
of nanopores by optimizing the concentration of
CTAB within 1�10 �M. The CTAB concentration over
or below the optimum values results in either very
concentrated tethered nanoparticles or their prefer-
ential attachment only on the outer surface of
membranes.

Loading with gold nanoparticle aggregates results
in a membrane color change to purple-blue (Figure
2a). These clusters on the inner walls of cylindrical nan-
opores are easily observed on a fractured membrane
with SEM (Figure 2b). As can be seen from high resolu-
tion SEM images most of gold nanoparticles are teth-
ered onto the pore walls as clusters with different ag-
gregation numbers (Figure 3a,b). Overall, about 50% of
all nanoparticles aggregated into dimers and trimers
under given conditions as can be concluded from di-
rect counting of nanoparticles on SEM images (see his-
togram of aggregation number distribution in Figure
3c). Similar behavior of the nanoparticle with their as-
sembly into linear chains of dimers or trimers has been

reported previously for similar poly-
electrolyte surfaces in the course of
electrostatically driven adsorption
or on silica surfaces by controlling
the concentration of CTAB within
0.25�1 �M. 26,28

The Raman spectra of high con-
centration DNT on 3D SERS substrate
is characterized by two strong bands
assigned to vibration modes of NO2

groups at 834 cm�1 for NO2 out-of-
plane bending (�NO2) and 1342 cm�1

for NO2 stretching (�NO2) (Figure

Figure 1. Fabrication procedures for 3D nanoporous membranes decorated with aggre-
gated gold nanoparticle clusters. The surface of porous alumina membranes are function-
alized with positively charged amine-groups by modification with PEI, and CTAB-capped
gold colloids are then passed through the PEI-modified porous alumina membranes result-
ing in the formation of aggregated gold nanoparticle clusters inside the pores.

Figure 2. (a) Photograph of porous alumina membranes before (left) and after (right) the load-
ing with gold nanoparticles; (b) SEM image of fractured membrane loaded with gold nanopar-
ticle clusters.
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4a).29�31 The signature stretching mode
at 1342 cm�1 was utilized to detect the
presence of DNT compound in a wide
range of concentration from 50 mM
down to a trace amount (Figure 4b). As
was observed, the peak intensity in-
creases sharply at higher concentrations
and reached saturation (Figure 5a). A
sharp peak at 1342 cm�1 is clearly vis-
ible down to 100 ppt (Figure 4b).

The intensity of NO2 stretching band
increased steady with increasing DNT
concentration (Figure 5). At higher con-
centration, the increase in the intensity of this Raman
band saturates above 4 mM due to full occupation of
adsorption sites by the DNT molecules. It is worth not-
ing that this saturation concentration of analyte is much
higher than typical planar substrates, providing a much
larger dynamic range of detection, another important
advantage of 3D substrate suggested here.

The adsorption isotherm obtained here for the DNT
compound can be fit by parabolic function in semilog
coordinates which corresponds to Frumkin adsorption
behavior. 32,33 Fitting the experimental adsorption data
with the Frumkin expression, ln [�/C(1 � �)] � 2g� �

ln K, where � is the fractional coverage taken as a ratio
I1343/I1343max; C is the DNT solution concentration; g is
Frumkin parameter; K is the adsorption constant of DNT,
which gives a value of K � 1.21 � 104 M�1. This large
value indicates the strong interaction between the ad-
sorbing DNT molecules with electron-deficient NO2

groups and the PEI-modified inner walls with electron-
rich amine groups.

To estimate the lowest detectable amount, the Ra-
man band in this wave range was treated by subtract-
ing background, smoothing, averaging several inde-
pendent spectra from different locations, and
conducting Gaussian fitting without fixing peak posi-
tions (see several examples of fitting in Figure 6). The
best fitting was obtained with four peaks. Three of
them at 1355, 1367, and 1382 cm�1

with virtually unchanged positions can
be assigned to CH2 wagging vibrations
of PEI matrix and CTAB molecules (Fig-
ures 6 and 7).34,35 The last peak which
corresponds to a characteristic NO2

stretching band, showed at unchanged
position, 1342 	 2 cm�1 at all concen-
trations (Figure 7).

From our data, the lowest detect-
able concentration in solution is 0.1
ppt as determined by utilizing a stan-
dard definition of signal-to-noise (S/N)
ratio of 3:1. A noise level was determined
as an average standard deviation in given
wavenumber region and its value was di-
rectly compared with the intensity of the

individual peaks obtained from the fitting procedure (Fig-
ure 6).

This unprecedently low detection limit corresponds
to 10 zeptograms of DNT material within the interro-
gated area (30 �m diameter laser spot), which is about
30 DNT molecules. This value indicates molecular-level
detection, a phenomenon demonstrated only for a few
model resonance-enhanced Raman markers. More-
over, the amount detected here is eight orders of mag-
nitude below the conventional detection limit of DNT
amount claimed in literature (1 pg) on planar SERS sub-
strates such as roughened metal surfaces.23 Besides,
DNT vapor detection was preliminary demonstrated as
well with a low limit of detection below 100 ppt, hence
indicating that the design suggested here is also appli-
cable to efficient detection of vapor phase, usually the
most difficult task to perform.

The enhancement factor was estimated for this com-
bination of substrate�compound by using a reference
sample according to a usual approach adapted in the
literature.36,37 Briefly, the SERS peak intensity of DNT at
1342 cm�1 was compared with the normal Raman peak
intensity of reference DNT film of the known thickness
and the SERS enhancement factor (EF) was calculated
by using the following equation: EF � ISERS/Iref � [refer-
ence]/[SERS], where ISERS and Iref are the measured Ra-
man intensities and [SERS] and [reference] are the con-
centrations of target molecules in the SERS and

Figure 3. (a,b) High-resolution SEM images of gold nanoparticle clusters inside the cylindri-
cal pores; (c) histogram of the aggregation numbers of gold nanoparticles inside the pores;
the average value is indicated by an arrow.

Figure 4. (a) Raman spectrum of 10000 ppm 2,4-DNT on SERS substrate. The inset shows the
chemical structure of 2,4-DNT. (b) Raman spectra of trace level 2,4-DNT on SERS substrate in
the window of the strongest NO2 stretching vibration.
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reference samples, respectively. The value obtained is

extremely high, within 1012�1013, which is close to the

record enhancement of 1014 reported for large, reso-

nant molecules. 18 This Raman enhancement was about

1010 times higher than that of gold nanoparticles on

planar substrates with similar surface density.15 From

comparison with previous results, we can estimate that

the total Raman enhancement of 1012�1013 might be

ascribed to the 106�107 times contribution by “hot”

nanoparticle clusters and 105�106 “additional” en-

hancement. This additional contribution might be

caused by large specific surface area (3 � 102 times) of

porous alumina membrane combined with the optical

waveguide effect (
103 times).15

This exceptional Raman enhancement by the opti-

cal waveguide effect can be explained by the increas-

ing photon density of states caused by multiple total in-

ternal reflections at the pore air-alumina interface

similarly to those reported for optical microcavities

with cylindrical resonators,38,39 transparent
nanowires with diameter well below wave-
length,40 and nanoribbon waveguides.41 In fact,
for transparent alumina walls with the thickness
of 47 	 2 nm, the total internal reflection at the
alumina�air interface occurs at the angle of inci-
dence above the critical angle, � � 38°, (with re-
spect to the normal to the interface, sin � � nair/
nalumina; n is corresponding refractive index at
785 nm). Thus, we can roughly estimate that the
“bouncing” of light trapped within PAM walls
from the opposite interface should occur every

40 nm along the cylindrical pore. Hence, about
3 � 103 multiple internal reflections occur for
light passing through walls of 60 �m membrane
and reflecting from silicon substrate (overall

transmittance is about 50%, see below). This rough
estimate agrees with our experimental observation
(
103 additional contribution) and supports our
suggestion of optical waveguiding effect as a ma-
jor contributor to the strong Raman enhancement
observed here.

Since the metal nanoparticles attached on the
waveguide surface can intensely scatter and attenu-
ate waveguided light, we tested the absorption,
transmission, and SERS intensity variation with
nanoparticle loading to see the effects of light
propagation and therefore multiple reflections
through the waveguides. First, the change in light
interaction with the 3D SERS substrates with the
loading of gold nanoparticles can be clearly seen
in the data for absorption and transmission of light
in Figure 8a. The bare porous alumina membranes
show no obvious absorption peaks in this range.
When the gold nanoparticles are infiltrated into the
membranes, a strong band at 530 nm and weak
band at 600�800 nm appear. The band at shorter-
wavelength is ascribed to the surface plasmon reso-

nance of single gold nanoparticles. As the amount of

gold nanoparticles inside the membranes increases, an

increase in longer-wavelength band is evident (Figure

Figure 5. (a) Overall intensity at 1342 cm�1 for different concentrations of DNT
compound; (b) intensity at 1342 cm�1 for trace level concentrations of DNT com-
pound expressed in parts (from 100 ppb and down to 10 ppq). Here and in the text
parts are expressed in weight fractions.

Figure 6. Gaussian fitting of Raman bands for different DNT concentrations.

Figure 7. The variations of Raman band positions of four
different peaks obtained from Gaussian fitting.
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8a). This increase in longer-wavelength indicates in-
creased coupling of plasmon resonances of adjacent
gold nanoparticles with increasing the amount of nano-
particles. The interparticle coupling results in plasmon
resonance shift to longer wavelength from single par-
ticle plasmon resonance because of the dipole�dipole
interaction between adjacent nanoparticles, resulting in
the reduction of plasmon frequency.42�44

Correspondingly, the transmittance changes with in-
creasing loading amount of nanoparticles (Figure 8b).
The change in transmission is also closely related to the
change in SERS intensity. The addition of gold nanopar-
ticles into the alumina membranes causes the de-
crease in light transmission. The transmission of bare
porous alumina membranes is relatively high (up to
50%) in the near-IR range and decreases in the visible
range because of the high scattering. Upon the incorpo-
ration of gold nanoparticles, the transmission of the
Au�PAMs decreases for higher concentrations mainly
due to high adsorption of photons by the gold
nanoparticles.

The absorption at longer-wavelength (600�800
nm) becomes weaker than that of shorter-wavelength
(
530 nm) when the nanoparticle loading is over 32
�mol/cm3 and disappear at higher loading (over 128
�mol/cm3) (Figure 9). This change in absorption in com-
bination with the transmission can be associated with
the decrease in SERS intensity after the nanoparticle
concentration of 32 �mol/cm3 (Figure 9). Similar behav-

ior has been observed for 2D
nanoparticle aggregates with
SERS intensity decreased after a
critical point with increasing the
surface coverage of
nanoparticles.45�47 This de-
crease in SERS intensity for 2D
nanoparticle films has been ex-
plained by comparing the extinc-
tion maximum and the excita-
tion wavelength.47 At initial
stage, the SERS intensity in-
creases with the increase of the
surface coverage of nanoparti-

cles as long as the wavelength of plasmon resonance

is shorter than excitation wavelength. Then, the SERS in-

tensity decreases with further deposition of nanoparti-

cles when the extinction maximum is longer than the

excitation wavelength. It has been known that the larg-

est SERS enhancement occurs when the wavelength of

plasmon resonance lies between the excitation laser

and the scattered Raman wavelengths, resulting in

resonance with the surface plasmons.48

To clarify if the approach suggested here can be ex-

pandable to other small organic molecules from a com-

mon explosive list, we conducted preliminary SERS ex-

periments by exploiting common plastic explosive TNT

and liquid peroxide explosive hexamethylene triperox-

Figure 8. (a) Absorbance and (b) transmittance of porous membranes decorated
with gold nanoparticle clusters with different loading amount (0, 8, 16, 32, 64, 128,
and 256 �mol/cm3 from a to g).

Figure 9. Comparison of Raman intensities at 1342 cm�1

and transmittance at 785 nm wavelength for different load-
ing levels.

Figure 10. Raman spectra of TNT (a) and HMTD (b) on SERS
substrates for different concentrations; characteristic signa-
ture peaks are marked; chemical formulas are inserted.
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ide (HMTD) (Figure 10). The detection limit of TNT was
calculated by comparing the relative Raman peak inten-
sities of DNT and TNT recorded under identical loading
conditions. Much stronger NO2 vibration peak (up to
two times higher) was detected for TNT molecules un-
der identical experimental conditions, which facilitates
an even lower detection limit close to 5 zeptograms or
only 15 molecules within the laser footprint. We sug-
gest that such an increase in SERS intensity in compari-
son with DNT is due to the presence of an additional
NO2 side group in TNT molecules.

Moreover, a trace level detection of peroxide explo-
sives which are usually stealthy due to small Raman
scattering cross-section49 was achieved here for HMTD
as well. In this case, we exploited 3D SERS chip deco-
rated with gold nanorods and polyacrylonitrile matrix
as will be discussed in detail elsewhere. An intense peak
at 1266 cm�1 which is probably caused by local HMTD
decomposition was tracked down to the concentration
of the HMTD close to few ppms (Figure 10). The lowest
detectable level achieved here corresponds to 1 pg of
material within the interrogated area (30 �m diameter
laser spot), which is more than 3 orders of magnitude
better than the lowest limit of 1 ng detectable by de-
sorption electrospray ionization.50 It is worth noting
that, to date, no trace SERS detection was demon-
strated for this important class of molecules.

CONCLUSIONS
In conclusion, we realized a label-free, near-

molecular level detection of explosive compounds

down to 5�10 zeptograms or about 15�30 molecules

of TNT and DNT. We achieved this outstanding detec-

tion limit by utilizing transparent porous membranes

with cylindrical nanopores which provide means for

waveguiding and multiple interactions of a laser

beam passing through transparent walls with inner-

wall surface decorated with “hot” gold nanoparticle

clusters. The novelty of our design of SERS nanoporous

substrate is in the utilization of gold nanoparticle clus-

ters with optical waveguiding effects and high light

transmission which all provide greatly increased inter-

action with finely tuned clusters of metal nanoparticles,

which is different from planar substrates with “one-

time” light-nanoparticle interaction events. On the

other hand, virtually all previous SERS studies on metal

nanoparticles (with few exceptions) in pores utilized

just increased surface area of porous substrates with-

out considering waveguiding or antenna properties

which, as we estimated, adds 103 enhancement in Ra-

man signal.51�53

Such a label-free, molecular level of detection of

small nonresonant organic molecules from a broad

class of plastic and liquid explosives with few active

bonds by utilizing simple, large, and inexpensive nan-

oporous SERS substrates opens the path for affordable

application of label-free SERS detection of trace amount

of diverse classes of practically important chemical

compounds ranging from chemical and biological

agents and explosives to toxic environmental

pollutants.

EXPERIMENTAL DETAILS
Porous alumina membranes (Anodisc 47, Whatman) were

decorated with Au nanoparticles by filtration of Au nanoparticle
solution on surface-modified 47 mm in diameter porous alumina
membranes with cylindrical pore diameter of 243 	 20 nm,
wall thickness of 40 nm, and total thickness of 60 �m. Gold nano-
particles with diameter 32 nm and capped with CTAB were pre-
pared by a seed growth method following the literature proce-
dure.54

The immobilization of nanoparticles on porous alumina
membranes was done by a modified literature procedure.55,56

Here we loaded gold nanoparticle clusters by utilizing the elec-
trostatically driven polyelectrolyte assembly inside cylindrical
pores (Figure 1).57 We utilized PEI for surface modification of in-
ner walls and carefully tuned the concentration of CTAB to fabri-
cate aggregated gold nanoparticles instead of individual gold
nanoparticles inside the pores. Typically, the inner surface of po-
rous membranes was modified with PEI (Mw � 55 000, Aldrich)
by spin-casting (3000 rpm, 30 s) of 0.2% aqueous solution fol-
lowed by rinsing with Nanopure water (18 M� cm), which re-
sults in 1�2 nm thick uniform PEI coating as has been demon-
strated by AFM measurements in our previous work.58 The
concentration of CTAB was tuned by removing excess amounts
of CTAB surfactant in the gold colloid solution via repeated cen-
trifugation and multistep dilution.

For Raman testing, 10 �L of 2,4-DNT (Aldrich) solution in eth-
anol was drop-evaporated on SERS substrate with area of 1 cm2

and kept to complete drying before SERS measurements. Con-
centration of DNT in solution was varied in a wide range by se-

quential dilution. Similar procedure was applied for other com-
pounds studied here (TNT and HMTD) as well.

The Raman spectra were recorded by using a Holoprobe Ra-
man microscope (Kaiser Optical Systems) with 10 � objective
(NA � 0.25) and back-scattered configuration. The excitation la-
ser (785 nm) power to the sample was 20 mW and collection
time was 20 s. A field-emission scanning electron microscopy
(FESEM, LEO 1530) was used to investigate the assembled struc-
tures of decorated membranes. A Leica fluorescent microscope
with Creig spectrometer attachment has been used for the col-
lection of UV�vis spectroscopic data in reflective and transmis-
sion modes.
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