Free-Standing Carbon Nanotube Films as
Optical Accumulators for Multiplex SERRS

Attomolar Detection
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ABSTRACT A novel hybrid material comprising silver aggregates supported on the porous structure of a free-standing carbon nanotube
film was devised and fabricated. This material readily allows filtration of large volumes of fluids, while retaining the active analytes
on silver aggregates so that their characteristic surface-enhanced resonance Raman scattering signals could be registered. The direct
identification of multiple analytes at the attomolar regime was readily achieved through their single-molecule spectra.
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INTRODUCTION
urface-enhanced resonance Raman scattering (SERRS)

has been identified as one of the most powerful and

versatile analytical tools, with detection limits down
to the single molecule at ambient conditions (1, 2). However,
such impressive detection capabilities appear so far to be
academic exercises rather than a practical tool for analytical
detection. The vast majority of the literature dealing with
ultrasensitive detection via SERS/SERRS consistently avoids
the term “molar”, substituting it with “mole regime”. That
is because while zeptomol (107%' mol) and single-molecule
(SM) detection have been successfully reported (3—7), the
experimental conditions under which these experiments are
to be carried out require the use of highly concentrated
analyte solutions. For example, in a typical experiment, the
SM regime is achieved when, statistically, the number of
molecules sampled with the laser per unit area is ap-
proximately 1. Under such conditions and working with a
50x objective (NA 0.75), which provides a spatial resolution
of about 1 um?, SM detection is achieved when 10 uL of a
107" M analyte solution is homogeneously distributed on a
1 cm? surface. In the case of zeptomol (1072!) or attomol
(107'8) detection, only 107 or 107° M solutions are required,
respectively (8—12). That is academically considered to be
sufficient for demonstrating SM/zeptomol/attomol detection
limits; however, regarding common analytical applications,
this technique has very limited applicability.

We present here the design and fabrication of a compos-
ite material based on silver nanoparticle (AgNP) aggregates
supported on a free-standing carbon nanotube (CNT) mul-
tilayer film. In this system, CNTs provide a porous support
with high mechanical strength to retain the optically active
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aggregates on the upper part of the flter while avoiding
blocking of the filter pores and thus allowing a relatively fast
flow of large sample volumes. Additionally, this material can
be easily peeled away from its original substrate and sub-
sequently supported on other surfaces of interest. Optical-
enhancing properties and analytical applicability of the
material are demonstrated by a simultaneous determination
of two analytes at the attomolar (aM) level.

EXPERIMENTAL METHODS

Materials. Unless otherwise is stated, all of the chemicals
were purchased from Sigma-Aldrich. Glassware was cleaned
with aqua regia and extensively washed with water. Milli-Q
water (Millipore) was used throughout all of the experiments.

CNT Polyelectrolyte Functionalization. Multiwalled CNTs
(Nanolab) were redispersed in ultrapure water (18 M€ cm), as
previously described (13, 14). Briefly, CNTs were dispersed in
a 1 wt % aqueous solution of polyallylamine hydrochloride
(PAH) up to a concentration of 150 mg/L. A combination of rapid
stirring and sonication was used to ensure the presence of well-
dispersed, individual nanotubes. Excess PAH was removed by
repeated centrifugation and redispersion cycles.

AgNPs. AgNPs were synthesized by the addition of 2 mL of
a sodium citrate solution (1 %) to 100 mL of a 107> M boiling
aqueous solution of Ag* under continuous stirring. After 30 min,
the resulting colloids show a turbid gray-green color with a
localized surface plasmon resonance at 412 nm.

Filter Fabrication. A suspension containing CNT@PAH (5
mL, 0.045 mg/mL) was injected into a commercial cellulose
acetate syringe filter (filter diameter, 25 mm,; pore diameter,
0.45 um; ALBET). Then, the filter was separated from its plastic
support, dried at 60 °C, and immersed in a 50 mL beaker filled
with the AgNP suspension. AgNPs were aggregated and precipi-
tated by the addition of 2 mL of 0.1 M NaCl to the suspension. After
that, the filter was carefully lifted and dried again at 60 °C. The
rest of the work was carried out on filters on their original support
(cellulose acetate). To demonstrate the free-standing properties of
the filters, one of them was removed from the cellulose acetate
matrix by immersing it in acetone and placing it onto an analytical
glass microfiber filter (Whatman).

Material Characterization. Optical characterization was car-
ried out by UV/vis/near-IR spectroscopy with a Cary 5000
spectrophotometer. Scanning electron microscopy (SEM) im-
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Scheme 1. Cellulose—CNT—Ag Setup for
Ultradetection in Large Sample Volumes

ages were obtained with a JEOL JSM 6700F field-emission
microscope. A dedicated backscattered electron detector (Au-
trata YAG) was used to enhance the signal from silver particles.
A cross section of the filter was studied with SEM after prepara-
tion by the lift-out technique in a FIB workstation with a FEI
Helios 400 NanoLab dual-beam microscope. To protect the
delicate surface features of the sample, it was coated with a thin
layer of carbon prior to platinum coating and thinning (15).

SERS Ultradetection. SERS ultradetection experiments were
carried out in a setup as sketched in Scheme 1. A filter was
placed on a Buchner funnel under vacuum. In order to set an
active filtration area of 1 cm?, the rest of the filter was passivated
with Teflon tape. Then different volumes (from 10 uL to 1 L) of
a 1077 M solution of crystal violet (CV) and toluidine blue (TB)
were each passed through it from a 1 L separation funnel (note
that after 1 L of a 107!7 M solution was passed through, the
following experiments were carried out with 1 L each of 107'¢
and 107'° M solutions). The drop speed was set to have time to
pass through 1 cm? of the filter area before the next drop, with
an approximated filtering speed of 200 mL/h. After each addi-
tion, the filter was analyzed by SERS with a Renishaw Invia
Reflex system equipped with Peltier charge-coupled device
detectors and a Leica confocal microscope. The spectrograph
used high-resolution gratings with additional band-pass filter
optics. Samples were studied by mapping areas of 61 x 101
um?, with a step size of 2.5 um (1025 spectra each) with a 633
nm laser line (200 ms and 10 mW of power at the sample). The
laser was focused on the sample by using a 50 x objective (NA
0.75), providing a spatial resolution of 1 um?.

RESULTS AND DISCUSSION
Parts a—d of Figure 1 show optical images illustrating the

fabrication process of the CNT—Ag filter. The CNT supporting
film was assembled by injection of CNT@PAH into a com-
mercial syringe filter (Figure 1a). Upon drying, a CNT film
that was supported on the filter cellulose membrane (Figure
1b) was obtained. AgNPs were deposited on the upper face
by simply immersing the cellulose—CNT filter in a standard
silver citrate colloid, followed by NP aggregation and pre-
cipitation induced by NaCl addition (16). This yields a
material (cellulose—CNT—Ag) with a high density of hot
spots (6, 17, 18) (Figures 1e and 2) supported on the porous
CNT flm (Figures 1f and 2). Localized surface plasmon
resonances of a silver film prepared under the same condi-
tions on a glass slide (Figure 3a) show the characteristic
features of extensively aggregated AgNPs. Cutting a slice of
the cellulose—CNT filter by means of focused ion beam (FIB)
lithography allowed high-resolution cross-sectional SEM
imaging (15) (Figures 1g and 2), clearly showing a distribu-
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FIGURE 1. Cellulose—CNT—Ag filter before (a) and after (b) separa-
tion of the plastic support. CNT—Ag filter after separation of the
cellulose matrix by immersing the material in acetone (c) and
supported on a glass fiber filter (d). SEM images of the surface of
the cellulose—CNT—Ag and of the structure of the hot spots formed
by the AgNPs on the CNT film surface. (e and f). Cross-sectional SEM
image of the filter after FIB preparation (g).

tion of the three components: silver aggregates, which act
as the optically active element; CNT supporting layers, which
not only acts as a mechanically robust support for AGNPs
but also prevents blocking of the filter porosity. Additionally,
the cellulose matrix provides a solid, porous support for the
filter, adding extra mechanical resistance to the material. It
should be noted that while, in this letter, we used the
cellulose—CNT—Ag filter as prepared, the CNT—Ag is self-
supporting and can be easily removed from the cellulose
matrix by immersing it in acetone (Figure 1c). Thus, the
CNT—Ag film can be used either as is or supported on a
different matrix of interest, such as a glass fiber filter (Figure
1d).

The SERS/SERRS multiplex ultrasensitive analytical ap-
plication is based on the assumption that, for extremely
diluted solutions, detection can be achieved when a suf-
ficient number of analyte molecules—just one for molecules
with large SERS/SERRS cross sections—are retained at a
highly efficient optical hot spot on the sampled surface. With
such a scheme in mind, the only requisite for detecting
whatever concentration of a given analyte would simply
require flow of enough volume of the sample through the
filter until accumulating a sufficient number of molecules to
register its SERS/SERRS spectrum. Thus, to prove this state-
ment, we prepared an aqueous solution containing two blue
dyes, CV and TB, with a concentration of 1077 M (10 aM)
in each species. Both CV and TB are resonant upon excita-
tion with a 633 nm laser line (Figure 3b), and SERRS spectra
(Figure 3c¢) can be measured when they are in contact with
nanostructured silver or gold.

Different volumes (10 uL to 1 L) of the dilute dye solution
(107'" M) were flowed through the cellulose—CNT—Ag filter
by using the setup described in the Experimental Methods
(Scheme 1). After each addition, the filter was dried and
mapped using a 633 nm laser line focused with a 50x
objective (1025 spectra). For the smallest volumes (10 uL,
100 uL, and 1 mL), no signal was recorded (Figure 4). This
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FIGURE 3. (a) UV/vis spectrum of a similarly aggregated AgNP film
on glass. (b) Electronic absorption and emission spectra of CV and
TB. (c) Ensemble SERRS spectra of CV (blue) and TB (red).

could be expected because the estimated densities of the
molecules per square micrometer are 107°, 107, and 1074,
respectively. However, when 10 mLis flowed, the spectrum
of CV was registered at certain spots. Even though the
density of the molecules is still as low as 107> um™2, over
1000 spots were mapped, so that statistically at least one
molecule should be present in the studied area. No signal
was identified for TB because highly active hot spots are
randomly distributed through the surface (19, 20), and the
molecule might not be attached to one of them. This was
confirmed by mapping a larger surface, where indeed TB
spectra were registered (Figure 5). After filtration of 100 mL,
four active spots were identified for CV and three for TB (10
were expected from statistics). As in the former case, all of
the spectra are characteristic for a single molecule, with
slight signal fluctuations, i.e., changes in the frequency,
bandwidth, and relative intensity (21). When 1 L of the
sample was filtered, the amount of active spots significantly
increased for both analytes (37 and 20 for CV and TB,
respectively). In addition, some spots (6) were recorded with
vibrational features of both dyes, which confirms that the
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FIGURE 4. SERRS spectra (right) and mapping (left) of the
cellulose—CNT—Ag filter after filtering it through different vol-
umes of CV and TB solutions. Dotted spectra correspond to the
reference ensemble SERS spectra of CV or TB. Color code: blue,
CV; red, TB; purple, CV + TB.
previous measurements (10 and 100 mL) correspond indeed
to SM—SERRS spectra (22). For concentrated samples (1 L,
107" M), the spectra recorded at almost every spot of the
surface revealed the presence of both analytes. Additionally,
those spectra may be ascribed to a collection of molecules
because they perfectly fit with the ensemble SERRS spectra
of “concentrated” solutions of CV and TB (dotted spectra in
Figure 4). In fact, this breakdown between the SM regime
and the ensemble spectra of the analytes was detected for
concentrations of around 100 molecules/um?, as previously
reported (19, 22—24).

To summarize, we fabricated a hybrid material compris-
ing highly active silver aggregates supported on the porous
structure of a free-standing CNT film. This material allows
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FIGURE 5. Map of a larger area (91 x 85 um with a step size of 1
um, 7735 spectra) of cellulose—CNT—Ag after filtering 10 mL of a
10~'7 M solution in TB and CV. Blue (CV) or red (TB) spots confirm
the SM events for both analytes.

for the easy and fast filtration of large volumes of fluids.
While the CNT film acts as a supporting structure preventing
silver aggregates from blocking the filter, AGNPs act as the
optically active sensor element for SERS. As the sample
flows, silver aggregates retain the active analytes, so that
their characteristic Raman-enhanced signals can be recorded
at attomolar concentrations. Moreover, by filtering small
volumes of very dilute concentrations, the filter registers
separate SM events and, thus, the direct identification of
multiple analytes can be readily achieved. These filters are
expected to have a direct impact in the design and fabrica-
tion of sensors for continuous-flow monitoring in fields such
asenvironmental pollution, homelandsecurity, or biodetection.
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