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powerful tool for detection of analytes at low concentrations. o N

Because the electric field generated by surface plasmons decays AN

exponentially with distance, the analyte must be in close proximity . s

to the substrate to generate a measurable Raman signal. This often ® o e o ® €
requires customization of the substrate for a specific subset of » * WA » » ®

molecules. We have produced hybrid carbon—gold nanoparticles | gold
for the detection of a broad spectrum of molecules using SERS.
Carboxyl-terminated carbon black (CB) nanoparticles were coated
with the cationic polyelectrolyte poly(r-lysine) (PLL) and exposed
to a tetrachloroauric acid solution. Gold—carbon black (Au-
PLLCB) particles were formed by the reduction of gold chloride
ions that concentrated on the surfaces of the PLL-coated CB
templates. The Au-PLLCB particles produced strong SERS signals for 4-nitrobenzenethiol (4-NBT) in ethanol and for Congo red,
crystal violet, and nitrate and sulfate ions in water. The underlying morphology of the carbon black template and the presence of
PLL promoted the formation of highly curved gold structures on the surface, yielding hot spots for Raman enhancement. The
underlying carbon acted as an absorbent for organic molecules, allowing analytes with poor affinity for the gold surface to
concentrate in regions close enough to the particle surfaces to enable detection by SERS. The morphology and chemical nature of
the underlying template make the Au-PLLCB particles applicable for SERS-based detection of a wide range of analytes in solution.
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1. INTRODUCTION

Engineering the shape and surface topology of gold
nanostructures allows their localized surface plasmon reso-
nance (LSPR) behavior to be tuned, making them attractive
for sensing, photothermal therapy, and biomedical imaging.' ™
Upon excitation at or near resonant wavelengths, the collective
oscillation of surface plasmons can result in strong absorption
of the incident energy.”® If the surface topology of these
particles has sharp tips and edges, the electric field near these
features, termed “hot spots”, is enhanced significantly.” The
amplified incident local electric field enhances the intrinsically
weak Raman signal from molecules in close proximity to the
surface, a phenomenon called surface-enhanced Raman
scattering (SERS). As a result, it is possible to detect organic,
inorganic, and biological molecules at low concentrations by
using SERS.”!!

Nanorods, nanotriangles, nanocages, and nanostars of
different sizes have been synthesized for SERS applica-
tions."””"* The maximum Raman signal enhancement can be
expected when the excitation wavelength matches the peak
LSPR wavelength for the particles."> Core—shell structures are
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promising as SERS substrates as their LSPR peak wavelength
can be adjusted by varying their size and/or the shell
thickness.'*™"® The development of robust SERS substrates
with high enhancement factors for the detection of a wide
range of polyatomic species is an active area of research'”™**
and is the focus of this work.

The evanescent wave character of surface plasmons in metal
nanoparticles implies that the local electric field decays
exponentially away from the surface, with a typical decay
length of a few nanometers.””** Probe molecules must
therefore be in close proximity to the metal surface to provide
detectable Raman signals. Many types of molecules such as
polycyclic aromatic hydrocarbons (PAHs) cannot be analyzed
by using conventional SERS substrates due to their poor
affinity for metal surfaces.””> To address the issue, various
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surface functionalization strategies have been introduced to
promote the capture of specific analytes on metal surfaces.””**
Usually, each ligand is specific only to a small subset of
analytes, restricting the broad applicability of this approach.”
Previously formed gold nanoparticles can be deposited on
carbon-based nanomaterials such as graphene, graphene oxide,
and carbon nanotubes, creating a suitable substrate for
physisorption of many diverse molecules® and their detection
by SERS.”'~** This adsorbing property of underlying carbon
can be exploited for retaining molecules in close proximity to
metal surfaces.”

We describe a solution-based room temperature strategy to
produce gold—carbon nanoparticles that are effective SERS
substrates for the detection of a broad spectrum of analytes.
We then show the potential of these gold—carbon nano-
particles for the detection of two groups of important
anthropogenic water contaminants: organic dyes and nitrate
ions. The persistence of dyes in the environment has potential
carcinogenic and mutagenic effects.”® Excess amounts of
nitrate ions (for example, coming from fertilizer runoff) in
water bodies can increase aquatic plant and algae growth,
leading to local hypoxia that negatively affects aquatic life.””
We also show the effectiveness of the particles for detecting
both nitrate and sulfate ions when they are present in a
mixture.

2. EXPERIMENTS

2.1. Materials. A p-aminobenzoic acid-terminated carbon black
suspension, with nominal particle size between 120 and 150 nm, in
water at pH 7.5, was obtained from Cabot Corporation. Poly(L-lysine
hydrochloride) (PLL, MW = 15000—30000), tetrachloroauric acid
(HAuCl,3H,0), 4-nitrobenzenethiol (4-NBT), crystal violet (CV),
Congo red (CR), sodium nitrate, calcium sulfate, and ascorbic acid
(AA) were purchased from Sigma-Aldrich. Deionized water (DIW),
with a resistance of 18 M, was obtained from a Millipore Direct-3Q_
purification system. All materials were used as received.

2.2. Preparation of PLL-Coated CB Nanoparticle Suspen-
sions. In a typical synthesis of PLL-coated CB nanoparticles, 1 mL of
a 0.015 wt % CB suspension was added dropwise to 4 mL of a 0.019
wt % aqueous solution of PLL and stirred for 30 min. The suspension
was then centrifuged at 17000g for 60 min. The supernatant was
removed, and the pellet was redispersed in S mL of DIW by using a
vortex mixer. Centrifuging removed unbound PLL from the
suspension. Suspensions prepared with PLL:CB weight ratios ranging
from 0.5:1 to 10:1 were used to confirm the adsorption of PLL on the
CB surfaces by {-potential measurements.

Two suspensions were then prepared with a PLL:CB weight ratio
of 5:1 (PLLCBS) for subsequent coating with gold by the reduction
of gold chloride anions. One was centrifuged to remove unbound
PLL, and the other was used without centrifugation, as the presence
of unbound PLL had a strong impact on the morphology of the gold
formed on the CB nanoparticles.

2.3. Preparation of Gold—Carbon Nanoparticles. Aqueous
solutions of 50 mM HAuCl, and 75 mM ascorbic acid were used for
the synthesis of gold—carbon nanoparticles. An ascorbic acid to
HAuCl, molar ratio of 1.5:1 was used for all experiments.

Gold-coated CB nanoparticles were prepared by using the steps
outlined in Figure 1. First, 1 mL of PLLCBS particles from the
centrifuged suspension was mixed with 80 yL of the HAuCl, solution,
and the gold tetrachloride ions bound to the surface were reduced by
using 80 yL of ascorbic acid. These particles are labeled Au-PLLCBy.
To incorporate the potential shape directing effect of PLL for
maximizing the roughness of gold on the carbon black template, 80
puL of HAuCl, solution was also reduced in a 1 mL suspension of
PLLCBS particles that was not centrifuged. The gold tetrachloride
ions, bound to PLLCBS surfaces, were reduced by addition of 80 uL
of ascorbic acid to this suspension. These particles are called Au-
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Figure 1. Synthesis of gold-coated carbon black (CB) nanoparticles.
CB particles were first coated with the polyelectrolyte poly(L-lysine)
(PLL). The cationic PLL concentrates gold tetrachloride anions
(AuCl,") near the particle surfaces. Metallic gold is precipitated on
the particles by reduction of the gold tetrachloride ions with ascorbic
acid. Removing excess PLL by centrifugation prior to HAuCl,
addition results in particle morphologies that are different from the
case where PLL remains in the suspension.

PLLCB. In addition, 80 yL of HAuCl, solution was mixed with 1 mL
of 0.015 wt % PLL and then reduced by using 80 uL of ascorbic acid.
These particles do not have the underlying CB and are labeled Au-
PLL.

2.4. Preparation of SERS-Active Silicon Wafers and Analyte
Detection. Dispersions of Au-PLLCBg, Au-PLLCB, and Au-PLL
were pelleted by centrifugation at 3000g for 10 min, and the pellets
were resuspended by vortexing in 400 uL of DIW. Silicon wafers of
dimensions S mm X 5 mm were plasma cleaned, and 30 uL of Au-
PLLCB(g, Au-PLLCB, or Au-PLL suspensions was deposited onto
the wafers and allowed to dry under ambient conditions to form a
continuous layer of particles. The particle loading on each silicon
wafer was estimated to be ~2.4 ug/ mm?.

Fifteen microliters of a 10 M solution of 4-NBT in ethanol was
deposited on each wafer and dried at room temperature by vacuum
evaporation. The SERS activity of the Au-PLLCBg, Au-PLLCB, and
Au-PLL substrates was compared by using 4-NBT as the probe
molecule. For the detection of other analytes, the particle-loaded
wafers were immersed in 0.5 mL of 1 yuM aqueous solutions of CR,
CV, or different concentrations of sodium nitrate solution for 30 min.
Mixtures of 100 uM sodium nitrate and 100 uM calcium sulfate
solutions were probed to evaluate the simultaneous detection of
nitrate and sulfate ions. The wafers were taken out of the solution,
washed, and dried at room temperature by vacuum evaporation and
then probed for Raman signals.

UV—vis absorption was used to determine the concentrations of
CR and CV solutions before and after contact with the particle-loaded
wafers. The amount adsorbed by the particles on each wafer was
estimated by multiplying the analyte concentration difference before
and after exposure by the volume of the solution.

2.5. Characterization. Nanoparticles were imaged by using
transmission electron microscopy (JEOL JEM-2100) at an accelerat-
ing voltage of 200 kV and by scanning electron microscopy (Zeiss
Sigma VP FESEM). Particles were examined in a Rigaku Ultima IV X-
ray diffractometer. Electron energy loss spectroscopy (EELS) using a
Gatan Quantum GIF on a JEOL 200F S/TEM was performed by
using a spectrum imaging mode to locate hot spots around Au-
PLLCB particles.

A Malvern Zetasizer Nano ZS was used to determine the zeta
potentials of the CB, PLLCB, Au-PLL, and Au-PLLCB particles.
Three different samples were analyzed, and three measurements were
made for each sample; the average (-potentials and standard
deviations from these measurements are reported. Absorption spectra
were collected by using a UV—vis—NIR scanning spectrophotometer
(Jasco, Tokyo, Japan) over wavelengths from 400 to 1300 nm.
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Raman spectra were recorded using a Sierra portable system
(Snowy Range Instrument) that has a 785 nm laser operating at 100
mW. The operational wavenumber range is 200—2000 cm™ with a
resolution of 8 cm™. The spot diameter on the sample was ~30 ym.
By rastering the focused laser beam over the sample, we interrogated a
20 mm? area without a loss in resolution.*® Each SERS spectrum was
accumulated for 10 s. The Raman shifts and corresponding bonds for
4-NBT, Congo red (CR), crystal violet (CV), and nitrate and sulfate
ions are shown in Table 1.

Table 1. Raman Shifts and Bond Assignments of Five Probe
Molecules

probe Raman shift
molecules (em™) bond assignment™~**
4-NBT 1079 C—S stretch
1110 in-plane C—H bending
1331 NO, symmetric stretch
1568 ring C—C stretch
CR 1154 phenyl—N stretch
1286 phenyl—phenyl stretch
1373 naphthyl ring C—C stretch
1593 phenyl ring C—C stretch
cv 913 ring skeletal vibration of radial
orientation
1175 ring C—H in-plane bending
1374 N-phenyl stretch
1586, 1621 ring C—C stretch
NO;~ 1048 N-O stretch
NeXa 980 S—O stretch

3. RESULTS AND DISCUSSION

3.1. Particle Characterization. Figure 2a shows the
structure of the CB nanoparticles consisting of 10—30 nm
primary particles that are fused together into the overall
structure. Because the carboxyl groups on the surface are
deprotonated at pH 7, these particles have a {-potential of
—44.7 + 0.5 mV. PLL is a cationic polyelectrolyte with lysine
as a repeat unit. Upon addition to the CB suspension, the PLL
binds to the particles and reverses the surface charge. The {-
potential as shown in Figure 2b increases and then starts to
plateau near +60 mV, beyond a PLL:CB weight ratio of ~5:1.

The addition of ascorbic acid reduces the gold tetrachloride
ions to metallic gold on the surface of the PLLCB
nanoparticles, as shown in Figure 3a. The cationic groups in
PLL serve as adsorption sites for gold tetrachloride anions. The
bulk concentration of gold tetrachloride then becomes low
enough that no gold particles were observed in the bulk
solution. For samples where PLL was not removed by
centrifugation prior to addition of HAuCl,, the excess PLL
adsorbed on the gold-coated CB particles and promoted the
growth of additional gold structures on those surfaces.

Figure 3b shows XPS spectra of both PLLCBS and Au-
PLLCB¢p nanoparticles. The PLLCBS spectrum contains
peaks at 285 eV for carbon in C—C bonds, 533.6 eV for
oxygen in O=C bonds, and 400 eV for nitrogen in the NH,—
C bonds, confirming PLL coverage on the carbon black
surface. For Au-PLLCB, the presence of Au 4f,,, and 4f;,,
doublets with binding energies of 84.0 and 87.6 eV, which are
typical values for Au’, confirms that gold has been deposited
onto the surfaces of PLLCB nanoparticles.

The particles were examined by X-ray diffraction, and the
results are shown in Figure 3c. Peaks at 38.2°, 44.4°, 64.6°,
77.6°, and 81.7° correspond to the (111), (200), (220), (311),
and (222) planes of the FCC phase of gold. The underlying
CB does not exhibit any peaks implying the carbon was
amorphous. UV—vis—NIR absorbance spectra of an aqueous
dispersion of Au-PLLCB¢p nanoparticles in Figure 3d show a
peak at 633 nm, whereas no peak is observed for the PLLCBS
in the range 500—1100 nm. The location of the LSPR peak of
these gold-coated particles depends on their size and surface
topology.**

Figure 4a shows Au-PLLCB nanoparticles with protrusions
formed in the suspension that had unbound PLL. In this
sample, the gold first forms on the CB surface. PLL from the
solution then binds to specific crystal facets of gold through the
NH,* groups on their lysine side chains.** This adsorbed PLL
then promotes further formation and growth of gold tips.***’

Gold tetrachloride anions were also reduced in a PLL
solution alone (no CB; Figure 4b). PLL adsorbs on nucleated
gold particles and modulates their shape, leading to the
formation of flowerlike nanoparticles.”® These shapes have
been formed by other groups that have studied the structure-
directing roles of surfactants and polymers by selective binding
to crystal facets.*”** This morphological variation, with and
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Figure 2. (a) TEM image of CB NPs showing the morphology of CB. The inset shows a magnified image of a CB particle consisting of 10—30 nm
primary particles that are fused together into its final structure. (b) {-potential of PLLCB nanoparticles as a function of the PLL/CB weight ratio.

The CB particles have a {-potential of —44.7 + 0.5 mV.
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Figure 3. (a) SEM image of Au-PLLCBy particles. The inset shows a magnified image of a particle. (b) XPS spectra of the Au-PLLCB; and
PLLCBS nanoparticles. (c) XRD pattern of Au-PLLCB; nanoparticles. (d) UV—vis—NIR absorbance spectrum of the Au-PLLCB shows a
maximum at 633 nm. No absorption peaks are observed for PLLCBS nanoparticles in the 500—1100 nm range.
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Figure 4. SEM images of (a) Au-PLLCB formed by reduction of HAuCl, in a dispersion of PLLCB with unbound PLL and (b) Au-PLL NPs
formed by the addition of HAuCl, to a solution of PLL and reduction of that solution using ascorbic acid. (c) UV—vis—NIR absorbance spectra of
Au-PLLCB and Au-PLL, showing peaks at 770 and 1179 nm, respectively. (d) Raman spectra of Au-PLL and Au-PLLCB particles. The peaks at
1324 and 1595 cm™ are characteristic of the carbon D-band and G-band, respectively. The weak peak at 1446 cm™ corresponds to the bending

mode of CH, in the PLL lysine side chain.

without CB present, shifts the LSPR peak from 770 nm for Au-
PLLCB to 1179 nm for Au-PLL nanoparticles (Figure 4c). The
red-shifted plasmon resonances of nanoparticles with surface
rodlike tips have been previously reported for “nanostars”."**"
The SPR peak position of these nanoparticles depends strongly
on the size of the surface tips’” and changes significantly with

small changes in their aspect ratio. The inhomogeneous

distributions of particle sizes, shapes, and their tip distributions
result in overall SPR spectral broadening,'*

Pyrene absorbs strongly to carbon-based materials through
7—7 interactions but has a very low affinity for gold.”> We used
this characteristic estimate of the coverage of gold on the CB
surface of our AuPLLCB particles. We added 0.15 mg of CB or
Au-PLLCB particles to 2 mL of a 0.7 yuM aqueous solution of
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Figure S. EELS plasmon maps showing hot spots around Au-PLLCB particles. The energies shown correspond to surface plasmon modes with
photon wavelengths spanning 953—775 nm (1.3—1.6 eV), 689—564 nm (1.8—2.2 eV), and 539—477 nm (2.3—2.6 eV).
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Figure 6. (a) Raman signals from Au-PLLCB, Au-PLL, and Au-PLLCB; nanoparticles for 10 uM 4-NBT. Also shown is the Raman spectrum
obtained from 4-NBT powder deposited directly on the silicon wafer. SEM images show the corresponding particles (scale bars = 100 nm). The
Au-PLLCBg nanoparticles show a smoother surface topology than the Au-PLLCB particles; this lack of sharp features results in the weakest
Raman signals for 4-NBT. The strongest signal comes from the AuPLLCB particles. (b) Peak intensity of the SERS signal at 1331 cm™" at different
concentration of 4-NBT from Au-PLLCB and Au-PLL substrates. # is the SERS intensity ratio of the 1331 cm™" peaks from Au-PLLCB and Au-

PLL nanoparticles at different 4-NBT concentrations.

pyrene. The suspension was vortexed for 5 min and
centrifuged, and the absorption of pyrene onto these particles
was detected by using fluorescence spectroscopy of the
supernatant. The 373 nm fluorescence peak was used to
calibrate the pyrene concentration in solution. The supernatant
concentration reduced to 0.35 and 0.45 uM for the CB and the
Au-PLLCB particles, respectively. Assuming the total surface
areas of the Au-PLLCB and CB particles are the same, and no
adsorption of pyrene to gold, this difference can be attributed
to gold coverage of the underlying CB. The fractional coverage
of gold on the underlying CB ~ 0.10/0.35~0.3.

The Raman spectra of Au-PLLCB particles show three
distinct peaks. The D-band (1324 cm™) is a disorder-activated
Raman mode. The G-band (1595 cm™) is characteristic of
sp>-hybridized carbon atoms (Figure 4d). The sp*hybridized
carbon is important for the adsorption of aromatic molecules
through 7z—7 interactions.”® The low-intensity peak at 1446
cm™ for both Au-PLLCB and Au-PLL particles is due to the
bending mode of CH, in the lysine side chain of adsorbed PLL
on the surface.”> Au-PLLCB and Au-PLL particles have ¢-
potentials of 48.5 &+ 1.75 and 61.5 + 0.95 mV, respectively,
further confirming the presence of PLL on the surfaces of these
particles.

3.2. Evaluation of SERS Signals. Low-loss EELS maps
from AuPLLCB particles are shown in Figure S. Because of the
inherently narrow energy spread of the cold field emission gun
source, energy losses in the LSPR range can be resolved. Three

such energy ranges are shown, with the resonance absorption
varying with the local surface curvature. The plasmon
absorption energies correspond to photon wavelengths
spanning from 953 to 477 nm. Our SERS detection
experiments were conducted with a 785 nm laser.

To evaluate the effect of nanoparticle surface topography on
enhancement of Raman scattering, the SERS activity of Au-
PLLCB(g, Au-PLLCB, and Au-PLL nanoparticles was
compared by using a 10 uM 4-NBT in ethanol as the probe
solution. The nanoparticles were deposited on the wafers to
form a film. Several peaks are observed in the SERS spectrum
for Au-PLLCB(p, Au-PLLCB, and Au-PLL particles (Figure
6a). The more “rounded” morphology of the Au-PLLCB g
particles gave a much weaker signal than from the Au-PLLCB
and was not pursued further. Au-PLLCB and Au-PLL
nanoparticles have protrusions and edges on their surface
that act as hot spots for Raman enhancement. The strongest
signals came from the Au-PLLCB substrate.

The Raman signal intensity for both particles increases as
the 4-NBT concentration goes from 1 yM to 1 mM, as shown
in Figure 6b. For 1 uM 4-NBT, the intensity ratio of n = 100,
that is, the intensity of the 1331 cm™ peak from Au-PLLCB, is
2 orders of magnitude higher than that of Au-PLL particles.
This high signal can be attributed to the particle surface area,
the coverage of 4-NBT, to the numerous hot spots on the
anisotropic surfaces of the Au-PLLCB nanoparticles as well as
the effective LSPR excitation of nanoparticles at the laser
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wavelength of 785 nm. The Au-PLL nanoparticles have a
flowerlike structure comprised of 2D anisotropic nanocrystals
or nanoplates with deep crevices. The sharp corners and edges
in the Au nanoplates exhibit excellent Raman enhancement.*®
However, the flat portions of the nanoplates show little SERS
activity.” The SERS signals are dominated by 4-NBT
adsorbed at the corners and edges of nanoplates, resulting in
weak Raman signals for low concentrations of 4-NBT. As the
4-NBT concentration increases, the corners and edges adsorb
more molecules, resulting in higher signals. For 1 mM 4-NBT
the peak intensity ratio reduces to n = 20. This result signifies
the importance of the distribution of hot spots on the gold

since the presence of analyte molecules in their proximity plays
an important role in the enhancement of SERS signals.

The enhancement factor (EF) of Au-PLLCB was estimated
by comparing the Raman signal intensity for 4-NBT on a Au-
PLLCB substrate (I, prcp) Wwith that from a smooth gold
sputtered silicon wafer (Ipyerea)- The intensities were
normalized by the signal acquisition times, and the enhance-
ment factor was calculated as EF = (Iyyprics/Iputtered)-
(tspmtered/ tawrircs)- The EF = 2.7 X 10* for the Raman peak
at 1331 cm™'. The signal from the 4-NBT on AuPLLCB
particles was a factor of 20 higher than the signal from 40 + 15
nm diameter gold nanoparticles.
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The role of the underlying carbon on the Raman signal
enhancement was investigated by using two organic dyes with
different surface charges as probes. Congo red (CR) is an
anionic azo dye with one central biphenyl group and two
symmetric naphthalenic groups. Crystal violet (CV) is a
positively charged triphenylmethane dye.*” Raman signals from
CR and CV on Au-PLLCB and Au-PLL particles are shown in
Figures 7a and 7b. Considering 1154 and 1174 cm™' as
representative peaks for CR and CV, respectively, Au-PLLCB
particles result in 16-fold (CR) and 65-fold (CV) higher
Raman signals than those from Au-PLL particles.

To understand the different enhancement effects of the Au-
PLLCB and Au-PLL for CR and CV, wafers coated with equal
weights of Au-PLLCB and Au PLL were immersed for 30 min
in CR and CV solutions. The concentrations of CV and CR in
the original solution and in the supernatant were determined
by using absorption spectroscopy. The absorption peaks were
at wavelengths of 590 and 497 nm for CV and CR,
respectively. The amount of the analytes adsorbed per mass
of nanoparticles, g, was then estimated. For CR, g = 2.62 ug/
mg Au-PLLCB and 2.67 yug/mg Au-PLL, confirming that the
positively charged Au-PLLCB and Au-PLL particles show
similar affinity to the negatively charged CR. The 16-fold
higher signal from Au-PLLCB is due to the higher SERS
activity of Au-PLLCB compared to Au-PLL.

In a similar set of experiments with CV, the specific
adsorption was 1.61 ug/mg Au-PLLCB and 0.37 ug/mg Au-
PLL. The 65-fold higher signal from the Au-PLLCB than from
Au-PLL is a result of higher SERS activity and higher
adsorption affinity to the surface by n—x interactions with
the underlying CB, which concentrates more probe molecules
on the surface of the Au-PLLCB nanoparticles. Polycyclic
aromatic compounds with short alkyl chains can be selectively
adsorbed by carbon black nanoparticles.”® Our results suggest
that 7—7x interactions are more significant than electrostatic
repulsion for CV absorption to the particles.

3.3. Detection of Nitrate lons in the Absence and
Presence of Sulfate lons. We explored the potential of these
nanoparticles for detecting nitrate ions in water and in the
presence sulfate ions. A 100 uM sodium nitrate solution
produced a pronounced Raman signal at 1048 cm™' coming
from the N—O stretching mode, as shown in Figure 8a.

The intensity of the peak at 1048 cm™' was then used for the
quantitative detection of sodium nitrate concentration (Figure
8b) in water. The SERS signal intensity increases with
increasing sodium nitrate concentration up to 1 mM, after
which the signal remains almost constant as the hot spots on
the surfaces become saturated by nitrate ions. As shown in the
inset of Figure 8b, the intensity—concentration curve is linear
up to S00 uM with a regression coefficient R* = 0.997. The
limit of detection is estimated by using the slope of the
regression line and uncertainty in the intercept 6, LOD = 3¢/
slope,™ to be 15 M. While this calculation from a very limited
set of data points gives a LOD of 15 uM, we have repeatedly
obtained high signal-to-noise ratios for Raman signals down to
10 M sodium nitrate in water. We note that for environ-
mental purposes 10 ppm or ~117 uM concentration has been
reported to be the desired detection limit of nitrate ions.”* The
Au-PLLCB has a LOD that is lower than the 50 M limit
previously reported in the literature.”’ Furthermore, when
examining an aqueous solution containing 100 yM sodium
nitrate and 100 M calcium sulfate, we easily detected both the
nitrate and sulfate ions as shown in Figure 8c.

4. CONCLUSIONS

A templated precipitation approach has been used for the
hybridization of gold with carbon black nanoparticles to
generate highly active SERS particles for the detection of a
wide variety of analytes. The adsorbed cationic polyelectrolyte,
PLL, on carbon black concentrates gold chloride anions on the
surface, providing an enriched interface for reducing the anions
to gold. The surface topography of the gold nanoparticles was
tailored by using PLL as a shape-directing agent, producing
tips and edges that enhance incident electric fields. As a result,
the Au-PLLCB substrate was capable of detecting both
cationic and anionic aromatic analytes due to the adsorbing
role of the underlying carbon template via 7—7 interactions
and the PLL coating via charge attraction. Furthermore, the
substrate was able to provide quantitative detection of nitrate
ions at well below environmentally relevant concentrations and
was able to simultaneously detect sulfate and nitrate ions in a
mixture. These results suggest that Au-PLLCB hybrid particles
have good potential as sensitive SERS-active materials for
detection of a wide range of analytes.
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