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We report the use of two different sizes of dogbone shaped gold nanoparticles as colloidal substrates for

surface enhanced Raman spectroscopy (SERS) based detection of ultra-low levels of thiram,

a dithiocarbamate fungicide. We demonstrate the ability to use a solution based, direct readout SERS

method as a quantitative tool for the detection of ultra-low levels of thiram. The two different sizes of

dogbone shaped gold nanoparticles are synthesized by using the seed-mediated growth method and

characterized by using UV-visible spectroscopy and transmission electron microscopy (TEM). The

smaller dogbone shaped nanoparticles have an average size of 43 � 13 nm. The larger dogbone shaped

gold nanoparticles have an average size of 65 � 15 nm. The nanoparticle concentration is 1.25 � 1011

nanoparticles per mL for the smaller dogbone shaped gold nanoparticles and is 1.13 � 1011

nanoparticles per mL for the larger dogbone shaped gold nanoparticles. Different concentrations of

thiram are allowed to bind to the two different sizes of dogbone shaped gold nanoparticles and the

SERS spectra are obtained. From the calibration curve, the limit of detection for thiram is 43.9 � 6.2

nM when the smaller dogbone shaped gold nanoparticles are used as colloidal SERS substrates In the

case of the larger dogbone shaped gold nanoparticles, the limit of detection for thiram is 11.8� 3.2 nM.

The lower limit of detection obtained by using the larger dogbone shaped gold nanoparticles as

colloidal substrates is due to the lightning rod effect, higher contributions from the electromagnetic

enhancement effect, and larger number of surface sites for thiram to bind.
Introduction

Surface-enhanced Raman scattering (SERS) was discovered in

1977 by Van Duyne1 and by Creighton.2 SERS is a phenomenon

in which there are greatly enhanced Raman signals when Raman

scattering molecules are placed very near or attached onto metal

substrates or metal nanoparticles. While of long standing funda-

mental importance,3–6 its potential as a quantitative analytical tool

has only recently begun to take place.7–10 Some types of quanti-

tative applications of SERS are biological sensing,5,11–23 environ-

mental monitoring,16,24 trace analysis,24 and explosive and

contaminant detection.5,24–26 The ability to use SERS as a quanti-

tative analytical tool reflects advances in the ability to reproduc-

ibly synthesize and manipulate the size and shape of gold and

silver nanoparticles.

The EPA have set maximum concentration limit (MCL) of

<1 ng mL�1 for pollutants present in water. As a result, it is

necessary to be able to detect ultra-low levels of pesticides,

insecticides, fungicides, and other environmental pollutants.

SERS has been used for the detection of different types of

environmental pollutants.27–30 SERS has also been used for the

detection of polychlorinated biphenyls (PCBs).27–29 Different

types of pesticides27–34 have also been detected by using SERS. In

addition, SERS has been used for the detection of fungicides.35–38

It is worth noting that in many of these studies, SERS is used

qualitatively for identification of the different pollutants, PCBs,
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pesticides and fungicides as well as structural studies on the

binding process. In our paper, we use SERS as a quantitative

analytical tool for detecting ultra-low levels of thiram, which is

a dithiocarbamate fungicide.

SERS has traditionally been conducted with gold and silver

substrates as well as colloidal gold and silver nanoparticles. It has

been recently shown that using cubic, block, and dogbone shaped

gold nanoparticles result in �100 times higher SERS enhance-

ments of 4-mercaptobenzoic acid compared to spherical gold

nanoparticles.39 This SERS enhancement has been attributed

to the lightning rod effect in which there is greater amount of

localized electromagnetic fields at the corners and edges of the

nanoparticles.39

We show that we can use two different sizes of dogbone shaped

gold nanoparticles as colloidal SERS substrates for quantitative

detection of ultralow levels of thiram, which is a dithiocarbamate

fungicide. In this paper we demonstrate the ability to use a

solution based, direct readout SERS method as a quantitative

tool for the detection of ultra-low levels of thiram. In our

method, we use two different sizes of dogbone shaped gold

nanoparticles as colloidal SERS substrates for a solution based

direct readout SERS based detection of ultra-low levels of

thiram. Thiram has a disulfide bond which spontaneously breaks

upon exposure to the gold nanoparticles and binds to the

nanoparticles through the Au–S bond, which is the gold thiolate

bond. It was observed that there is a lower limit of detection

when the larger dogbone shaped gold nanoparticles are used as

colloidal SERS substrates. Different sources that give rise to

higher enhancements will also be discussed in the paper.
Analyst
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Experimental

Synthesis of two different sizes of dogbone shaped gold

nanoparticles

The smaller dogbone shaped gold nanoparticles were synthesized

by a slightly modified seed mediated growth method reported

previously.40–42 This synthesis consists of two distinct steps:

preparation of the nanoparticle seeds and preparation of the

nanoparticle growth solution. To prepare the seeds, 250 mL of

0.01 M HAuCl4 is added to a solution containing 4.75 mL

deionized water and 5 mL of 0.2 M CTAB. Next, 600 mL of ice-

cold 0.01 M NaBH4 is added to the solution, acting as a rapid

reducing agent. The seed solution is allowed to age for approx-

imately one hour. After the seed is aged, the growth solution is

prepared. The growth solution consists of 95 mL of 0.1 M

CTAB, 800 mL of 0.01 M AgNO3, 5 mL of 0.01 M HAuCl4,

550 mL of 0.1 M ascorbic acid, and 120 mL of the previously

prepared seed solution. After the growth solution is prepared, the

jar is left undisturbed overnight to allow the nucleation and

growth process to occur. The resulting nanoparticle solution

appears navy blue. In the case of the synthesis of larger dogbone

shaped nanoparticles, the same type of seed mediated growth

method was used and 0.25 M ascorbic acid is used in the growth

solution instead of 0.1 M ascorbic acid.
UV-visible spectroscopic characterization

The two different sizes of dogbone shaped gold nanoparticles

were characterized by using UV-visible spectroscopy to deter-

mine the surface plasmon band lmax of the nanoparticles. The

two different sizes of dogbone shaped nanoparticles were filtered

by using a 0.22 micron PVDF syringe filter. Two mL of the

dogbone shaped gold nanoparticles were placed into a quartz

cuvette and placed in the sample holder of the Agilent 8453 diode

array UV-visible spectrophotometer. The smaller dogbone sha-

ped nanoparticles have a surface plasmon band lmax of 671 nm

and the larger dogbone shaped nanoparticles have a surface

plasmon band lmax of 758 nm.
Transmission electron microscopic characterization

TEM characterization allows for determination of the size and

shape distributions of our gold nanoparticles. The different sizes

of dogbone shaped gold nanoparticles are filtered in the same

way as the UV-vis sample preparation. The nanoparticles are

then centrifuged twice at 12 000 rpm for 10 minutes each time.

This removes excess CTAB that is present in solution. One drop

of the filtered and centrifuged nanoparticles is spotted on the

TEM grid.
Fig. 1 TEM image of the smaller dogbone shaped gold nanoparticles (a)

and size distribution histogram of the nanoparticles (b).
Size distribution analysis

The UTHSCSA ImageTool for Windows—Version 3 image

analysis software was used to determine the size distributions of

the two different sizes of dogbone shaped gold nanoparticles.

The Distance tool in the Analysis pull-down menu is used to

measure the number of pixels in the scale bar of the TEM image.

Based on the number of pixels for the fixed size associated with

the scale bar and measuring the number of pixels for �200
Analyst
nanoparticles in several TEM images, the size of the dogbone

shaped gold nanoparticles can be calculated by dividing the

number of pixels for the nanoparticles by the number of pixels of

the scale bar and multiplying by the fixed size associated with the

scale bar of the TEM image. We then plotted the histogram of

% dogbone shaped gold nanoparticles vs. nanoparticle size and

obtained a Gaussian fit to the histogram. From the Gaussian fit,

we can determine the average size and standard deviation of the

dogbone shaped gold nanoparticles.

Surface enhanced Raman spectroscopy (SERS)

The SERS spectra of thiram were obtained by using a Raman

Systems R-3000QE Raman spectrometer. The laser excitation

wavelength is 785 nm. One mL of the dogbone shaped gold

nanoparticles with thiram bound to it is placed in a cuvette. The

cuvette is placed in the self-contained dark chamber. The L cap is

used since these are solution samples that are being analyzed. A

30 second integration time is used for acquisition of the SERS

spectra. The SERS spectra are acquired in the range from 200 to

1800 cm�1.

Results and discussion

There are a few papers in the literature which report the SERS

spectra for thiram and discuss the binding modes to silver

colloids and gold films.43–45 In addition, there has been a paper in

which the authors have made assignments of the SERS bands

associated with thiram when it is bound to silver colloids.35 We

have developed a solution-based direct readout SERS method

for quantitative detection of ultralow levels of thiram, which is

a dithiocarbamate fungicide. Two different sizes of dogbone

shaped gold nanoparticles have been used as colloidal SERS

substrates for the detection of thiram.

Synthesis of the two different sizes of dogbone shaped gold

nanoparticles

We have synthesized two different sizes of dogbone shaped gold

nanoparticles by using the seed-mediated growth method

described previously.40–42 Fig. 1 shows a representative TEM

image of the smaller dogbone shaped gold nanoparticles as well

as the size distribution histogram with the average size of the

particles. The size distributions were determined by using the

ImageTool software. The smaller dogbone shaped gold nano-

particles have an average size of 43 � 13 nm. The concentration
This journal is ª The Royal Society of Chemistry 2010
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Fig. 2 UV-visible spectrum showing the surface plasmon band lmax of

the smaller dogbone shaped gold nanoparticles.

Fig. 4 UV-visible spectrum showing the surface plasmon band lmax of

the larger dogbone shaped gold nanoparticles.

Table 1 Table of the SERS bands associated with thirama

SERS band Assignment35

339 (vw) d (S]CS), d (CSS)
486 (vw) d (CH3NC), n (C]S)
556 (m) n (SS)
755 (vw) —
928 (m) n (CH3N), n (C]S)
1139 (m) r (CH3), n (CN)
1379 (vs) d s(CH3), n (CN)
1444 (m) d as(CH3)
1508 (m) r (CH3), n (CN)

a s ¼ strong, w ¼ weak, m ¼ medium, sh ¼ shoulder, v ¼ very, n ¼
stretching, d ¼ deformation, r ¼ rocking.
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of the smaller dogbone shaped nanoparticles is calculated to be

1.25� 1011 nanoparticles per mL. We have also characterized the

smaller dogbone shaped gold nanoparticles by using UV-visible

spectroscopy to characterize the surface plasmon band lmax. It

can be seen in Fig. 2 that the smaller dogbone shaped gold

nanoparticles have a lmax of 671 nm.

TEM images and size distribution plots were also obtained

for the larger dogbone shaped gold nanoparticles. Fig. 3 shows

a representative TEM image of the larger dogbone shaped gold

nanoparticles as well as the size histogram with the average size

of the nanoparticles. The larger dogbone shaped gold nano-

particles have an average size of 65 � 15 nm. The concentration

of the larger dogbone shaped gold nanoparticles is calculated

to be 1.13 � 1011 nanoparticles per mL. We have also used

UV-visible spectroscopy to obtain the surface plasmon band

lmax. It can be seen in Fig. 4 that the larger dogbone shaped gold

nanoparticles have a surface plasmon band lmax of 758 nm.

The dogbone shaped gold nanoparticles are much more

attractive as colloidal SERS substrates compared to the spherical

gold nanoparticles since the dogbone shaped gold nanoparticles

have surface plasmon bands (671 nm and 758 nm) that are

in greater resonance to the laser excitation wavelength,. The

spherical gold nanoparticles have surface plasmon band in the

range between 520 and 560 nm, which are not in good resonance

to the laser excitation wavelength. The larger dogbone shaped

gold nanoparticles have a surface plasmon band lmax which is in

greater resonance to the laser excitation wavelength than that of

the smaller dogbone shaped gold nanoparticles. As a result, we
Fig. 3 TEM image of the larger dogbone shaped gold nanopartic

This journal is ª The Royal Society of Chemistry 2010
would expect to obtain higher SERS signals using the larger

dogbone shaped gold nanoparticles compared to the smaller

dogbone shaped gold nanoparticles. This is discussed in more

detail later on in the paper.

SERS bands of thiram

There has been a previous study where the SERS spectrum of

thiram has been obtained in which the assignments of the

different bands has been determined.35 Table 1 shows the SERS

peaks that we observe when the thiram is bound to the dogbone
les (a) and size distribution histogram of the nanoparticles (b).

Analyst
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Fig. 5 Example of a SERS spectrum of thiram bound to dogbone

shaped gold nanoparticles.

Fig. 6 Raw SERS spectra (a) and SERS calibration curve of SERS

intensity with 30 second integration time as a function of the thiram

concentration obtained by using the smaller dogbone shaped gold

nanoparticles as colloidal SERS substrates (b).
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shaped gold nanoparticles and Fig. 5 shows an example of the

SERS bands observed when thiram binds to the nanoparticles.

There are many peaks in the SERS spectrum of thiram. The

strongest peak is at 1379 cm�1 which is the CN stretching mode

and symmetric CH3 deformation mode. Since this is the strongest

peak in the SERS spectra, this is the band we use for monitoring

the SERS intensity as a function of the thiram concentration.

The asymmetric CH3 deformation mode occurs at 1444 cm�1.

The CN stretching mode also occurs at 1508 cm�1 as well as the

rocking CH3 mode. The CN stretching mode and rocking CH3

mode also occurs at 1139 cm�1. The stretching CH3N and C]S

modes occur at 928 cm�1. The peak at 556 cm�1 is associated with

the SS stretching mode. The peak at 486 cm�1 is due to the

CH3NC deformation and C]S stretching modes. The S]CS

deformation and the CSS deformation occur at 339 cm�1.

SERS calibration curve

Thiram is a dithiocarbamate fungicide which has a disulfide

bond. It is known that there is cleavage of the disulfide bond

upon exposure to gold nanoparticles or gold substrates.46 When

the disulfide bond in thiram breaks, it can bind to the dogbone

shaped gold nanoparticles via the gold thiolate bond. Different

concentrations of thiram are added to the dogbone shaped gold

nanoparticles and allowed to bind overnight. The SERS spectra

were obtained in triplicate sets for different concentrations of

thiram that is covalently bound to the smaller dogbone shaped

gold nanoparticles. Fig. 6 shows a representative raw SERS

spectra as well as the calibration curve of the SERS intensity as

a function of the thiram concentration obtained by using the

smaller dogbone shaped gold nanoparticles. The error bars

represent the standard deviation of the average Raman intensity

(counts per 30 s) obtained with three sets of SERS measurement.

It can be seen from the linear fit that the SERS measurements are

reproducible. The limit of detection (LOD) is determined by first

calculating the minimum distinguishable signal which is the

average signal of the blank + 3 times the standard deviation of

the blank. The minimum distinguishable signal is then plugged

into the best-fit equation of the calibration curve to calculate the

limit of detection. The limit of detection obtained for thiram by

using the smaller dogbone shaped gold nanoparticles is 43.9 �
6.2 nM.

Fig. 7 shows a representative set of raw SERS spectra from

triplicate sets as well as the calibration curve of the SERS
Analyst
intensity as a function of the thiram concentration obtained by

using the larger dogbone shaped gold nanoparticles. The error

bars represent the standard deviation of the average Raman

intensity (countsper 30 s) obtained with three sets of SERS

measurement. It can be seen from the linear fit that the SERS

measurements are reproducible. In the case of the larger dogbone

shaped Au nanoparticles, the limit of detection is 11.8 � 3.2 nM.

Using the larger dogbone shaped Au nanoparticles as colloidal

SERS substrates results in 3.7� lower limit of detection. Several

sources that give rise to the higher SERS enhancements are

discussed in the next section.

Sources of higher SERS activities

It has been previously shown that cubic, block, and dogbone

shaped gold nanoparticles result in �100� higher SERS

enhancements for 4-mercaptobenzoic acid compared to spherical

nanoparticles.39 In the case of these nanoparticles, the higher

SERS enhancements are attributed to the lightning rod effect.

The two types of dogbone shaped gold nanoparticles that we

have synthesized have a similar concentration in which the

smaller nanoparticles have a concentration of 1.25 � 1011

nanoparticles per mL and the larger dogbone shaped gold

nanoparticles have a concentration of 1.13 � 1011 nanoparticles

per mL. In the case of our smaller dogbone shaped gold nano-

particles, the source of the SERS enhancement is due to the
This journal is ª The Royal Society of Chemistry 2010
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Fig. 7 Raw SERS spectra (a) and SERS calibration curve of SERS

intensity with 30 second integration time as a function of the thiram

concentration obtained by using the larger dogbone shaped gold nano-

particles as colloidal SERS substrates (b).
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lightning rod effect in which there are greater electromagnetic

fields at the corners and edges of the nanoparticles. In the case of

the larger dogbone shaped gold nanoparticles, in addition to the

lightning rod effect, there are much greater contributions from

the electromagnetic enhancement effect since the surface plas-

mon band lmax is 758 nm which is close to the laser excitation

wavelength of 785 nm. This gives rise to some of the higher SERS

enhancement that is observed. Also, since the surface area of the

larger dogbone shaped gold nanoparticles (6276.07 nm2) is larger

than the surface area of the smaller dogbone shaped gold

nanoparticles (5175.85 nm2) more thiram can bind to the nano-

particle surface resulting in some of the higher enhancements

that is observed. Overall, there are higher SERS enhancements

and lower limits of detection for thiram observed for the larger

dogbone shaped gold nanoparticles. The sources that contribute

to the higher SERS enhancements and lower limits of detection

observed for the larger dogbone shaped gold nanoparticles are

lightning rod effect, surface plasmon band lmax being in much

greater resonance to the laser excitation wavelength resulting in

greater contributions from the electromagnetic enhancement

effect, and more surface sites for thiram to bind to the nano-

particle surface due to a higher surface area.

Conclusions

We have developed a quantitative analytical solution-based

direct readout SERS method for detection of thiram which is
This journal is ª The Royal Society of Chemistry 2010
a dithiocarbamate fungicide. Two different sizes of dogbone

shaped gold nanoparticles are used as colloidal SERS substrates

for SERS based detection of thiram. It is observed that using

larger dogbone shaped gold nanoparticles results in lower limits

of detection compared to using the smaller dogbone shaped gold

nanoparticles. The lower limits of detection observed for the

larger dogbone shaped gold nanoparticles could be attributed to

the lightning rod effect, surface plasmon band lmax being in

much greater resonance to the laser excitation wavelength, and

more surface sites for thiram to bind. There are higher contri-

butions in the SERS intensities from the electromagnetic

enhancement effect.
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