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Recently, there has been increasing concern over the widespread use of the herbicide atrazine which has
been reported to have problematic side effects on local ecosystems. This has highlighted the need for
rapid and accurate point-of-need assessment tools for analytical determination of herbicides in ground
and surface waters. Surface enhanced Raman spectroscopy (SERS) is a sensitive vibrational spectroscopy
technique which has recently been employed for the analysis of a variety of analytes in water, ranging
from pharmaceuticals to pesticides. In this work, SERS sensors constructed using gold nanorod (AuNR)
arrays are optimized and then utilized for the rapid and sensitive detection of atrazine. In this study, the
effect of relative humidity on the self-assembly of gold nanorods into arrays was explored, and the SERS
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performance was assessed using para-aminothiophenol as a SERS probe. Once the SERS performance of
the substrates was deemed optimal, the detection of atrazine was highlighted. This work represents the
first time that relative humidity has been explored as an optimization strategy for controlled alignment of
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1. Introduction

Atrazine is an herbicide which is used worldwide, and in the
US in particular, to control the growth of unwanted plants and
improve the yield of many crops, including corn and
sugarcane.'” Atrazine has been a favoured herbicide for
several reasons, including its low cost, ease of application and
effectiveness. Starting in the early 2000s, several studies high-
lighted potential adverse health effects which may be linked to
atrazine due to its endocrine disruption properties. For
example, atrazine in drinking water has been associated with
pre-term delivery in humans, fetal growth restriction and poor
semen quality.® In terms of local ecosystem impacts, atrazine
has been reported to impact normal reproductive function in
mammals, fish and amphibians.4 In 2004, atrazine was
banned by the European Union, however many countries
including Mexico, the United States and Australia continue to
use atrazine routinely.” In the US, atrazine is one of the most
commonly detected chemicals in drinking water, with the US
using 76.4 million pounds of atrazine annually as of 2016.
Due to the heavy usage and increasing concern regarding the
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impact of atrazine on ground and surface water quality, there
is a great need for analytical instrumentation that can reliably
and routinely allow for the determination of atrazine in water
samples at the point-of-need.

Several analytical techniques are well established for atra-
zine detection such as HPLC and GC.® Despite their high sen-
sitivity towards the detection of trace amounts of contami-
nants these methods typically require both complex sample
preparation and a high level of user expertise, which limits
their widespread use.” In addition, HPLC and GC are generally
not considered as field-portable, and thus time-sensitive infor-
mation is lost and in addition, high-throughput capabilities
are often lacking.® Therefore, innovative analytical techniques
for the routine and efficient determination of chemicals in
ground and surface waters at the point-of-need are needed.

Surface-enhanced Raman spectroscopy (SERS) is a versatile
vibrational spectroscopic technique based on the inelastic
scattering of light, providing a vibrational fingerprint for mole-
cules adsorbed onto a roughened nanostructured surface typi-
cally prepared from a coinage metal (Au, Ag, Cu).” The
enhancement of the incident electromagnetic field is highly
dependent on the localized surface plasmon resonance of the
metal nanoparticles on the underlying SERS substrate, which
in turn is dependent on the size, shape and type of metal
nanostructures that are present.” The recent growth of nano-
particle synthetic strategies has allowed for the production of
highly monodisperse particles with extreme control over their
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size and the shape.®’'> However, a current limitation is the
difficulty in assembling these monodisperse particles into
scalable, higher order structures such as arrays.>'* In most
cases the particles are randomly distributed on a surface
which leads to an inhomogeneous distribution of the SERS
signal across the substrate, making quantitative evaluations
from SERS signals challenging."” Many methods have been
explored for the fabrication of SERS substrates containing well
defined metallic nanostructures with precise separations to
generate intense electromagnetic fields over large surface
areas; such techniques include self-assembly,'® Langmuir-
Blodgett film deposition'” and lithographic methods.'® The
ability to trap incident light and efficiently localize it within
specific nanoscale configurations in order to produce a signifi-
cant amplification of the electromagnetic field is found to
occur preferentially for sharp particle features such as corners
or tips.'® Metal particles, mainly Au and Ag, have been
explored for a variety of SERS applications, such as the detec-
tion of biological species, toxic chemicals, food additives and
pesticides.?*%?

SERS-based atrazine detection was reported in several
studies by different groups.”*° For instance; Costa et al.
explored the nature of the metal employed as the enhancing
substrate which revealed that the detection of atrazine using
SERS was not straightforward and requires a better under-
standing of the interaction/adsorption of the probe molecules
at the surface of the substrate.> The study revealed that Au
nanostructured substrates were unable to provide a SERS spec-
trum specific for atrazine when atrazine was present in a
mixture of other triazine derivatives, including simazine. On
the other hand, Ag substrates provided a characteristic SERS
signal which allowed for ultrasensitive analysis of herbicide
mixtures containing similar triazine rings.

Gold is often a preferred metal for SERS substrates due to
its strong plasmonic response above 600 nm, excellent biocom-
patibility, and in particular, the vast amount of synthetic strat-
egies for producing monodisperse gold particles of defined
size and shape.>”*® Among the varied gold nanostructures syn-
thesized to date, gold nanorods (AuNRs) have attracted the
most interest in the last few decades owing to their unique pro-
perties such as their plasmonic tunability, which can be easily
adjusted over the UV-vis-NIR wavelength range by simply con-
trolling the nanorod aspect ratio.>® Despite the important plas-
monic properties of individual nanostructures, controlling
their plasmonic coupling in multiple dimensions and organiz-
ing these nanoscale building blocks into more elaborate geo-
metries such as closely spaced nanorod arrays has become an
active area of interest and can be exploited in SERS to allow for
the ultrasensitive detection of molecules.>*** Induced evapor-
ation is one of the most efficient and low-cost methods to
organise nanostructures into large scale assemblies. By adjust-
ing the evaporation rate, vertically aligned gold nanorod arrays
with high uniformity and reproducibility can be produced,
with potential use as SERS substrates.*’

In addition to the extreme monodispersity which is
required to fabricate a novel sensor substrate using this
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induced evaporation method, other factors can have a signifi-
cant impact as well as the concentration of the surfactant,
temperature, substrate material, humidity, etc.>* The relative
humidity (RH) around the drying region plays a significant
role in determining the overall nature of the resulting mono-
layer obtained using induced evaporation.>*” Zhang et al.
demonstrated that the vertical alignment of AuNR arrays on a
silicon substrate can be achieved by a simple 2-step method.*®
In the first step a droplet of CTAB-capped AuNRs was placed
on a flat silicon substrate and incubated with 200 pL of water
in a sealed petri-dish for 24 h which leads to shrinkage of the
AuNR droplet without formation of a coffee-ring structure. In
the second step, water is removed from the petri-dish to allow
for complete drying of the AuNR film for 36-48 h at 25 °C.
Controlling the evaporation rate of a AuNR droplet provided
sufficient time to form a monolayer of standing arrays.
Conversely, lateral alignment occurred when the evaporation
time was less than 12 h.>”*°

The objective of this study was to investigate to what
extent the effect of relative humidity plays on the formation
of large domains of hexagonally-packed arrays of AuNRs
using a simple self-assembly approach, wherein the surface
modification of the AuNRs was varied. Once the AuNR arrays
were optimized, SERS evaluation was completed using the
common SERS probe molecule parg-aminothiophenol
(p-ATP), after which the optimized SERS substrates were used
for the detection of atrazine. It is noteworthy to highlight
that substrates prepared at high relative humidity (RH) had
more intense and richer vibrational responses than those
prepared at low RH. Moreover, the surface coating of the
AuNRs is an important factor that led to variation in the
resulting spectra.

2. Materials and methods
2.1. Reagents and materials

The following chemicals were purchased from Sigma Aldrich
(Oakville, Ontario, Canada) and were used without further
purification: hexadecyltrimethylammonium bromide (CTAB,
>98.0%), atrazine (CgH;4,CIN5 > 98.0%, Saint Louis, MO, USA)
L-ascorbic acid, hydrochloric acid (HCl, 37 wt% in water), poly
(ethylene glycol) methyl ether thiol (average M, 2000) and
para-aminothiophenol (p-ATP, >97%). Silver nitrate (AgNO;,
>99.9995%) was purchased from Alfa Aesar (Wardhill, MA,
USA). Sodium oleate (NaOL, >97.0%) was purchased from TCI
America (Chuo-ku, Tokyo, Japan). Hydrogen tetrachloroaurate
trihydrate (HAuCl,-3H,0) was purchased from Strem
Chemicals Inc. (Newburyport, MA, USA). Sodium borohydride
(NaBH,, 99%), was purchased from Fluka Analytical (Sleeze,
Germany). All glassware was cleaned using freshly prepared
aqua regia for 30 minutes to dissolve all metal residue followed
by rinsing with copious amounts of Milli-Q water (>18.2 MQ
cm). Silicon wafers were purchased from Ted Pella, Inc.
(Redding, CA, USA).
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2.2. Preparation of AuNRs

Gold nanorods with an aspect ratio of ~3.4 (length: 73 + 5 nm,
width: 21 + 2 nm) were synthesized based on a slightly modi-
fied method developed by Ye et al. which provided a high NR
yield, excellent uniformity and a minimal amount of impuri-
ties.*" Briefly, a gold seed solution was prepared by mixing
5 mL of 0.5 mM HAuCl, with 5 mL of 0.2 M CTAB solution in
a vial. Next, 0.6 mL of freshly prepared 0.01 M NaBH, was
diluted to 1 mL with cold water and was injected into the
mixture under vigorous stirring for 30 s. The resulting brown
seed solution was left undisturbed for 2 hours at room temp-
erature. In a 1 L Erlenmeyer flask, 500 mL of warm (~50 °C)
deionized water was used to dissolve 7.02 g (0.1 mg) and
1.32 g (0.1 mg) of CTAB and NaOL, respectively. After the
solution was cooled down to 30 °C, 18 mL of 4.0 mM AgNO;
was added and left for 15 min at room temperature. 250 mL of
1 mM of HAuCl, was added to the solution and stirred for
85 min at 700 rpm after which 1.5 mL of conc. HCl was added
and stirred for 15 min at 400 rpm. 1.25 mL of 0.064 M ascorbic
acid was then added with vigorous stirring for 30 s before the
injection of 0.4 mL of the seed solution which was then left
undisturbed overnight. The next day, a total volume of 300 mL
of AuNRs was centrifuged twice for 30 minutes at 7000 rpm to
remove any excess CTAB. After removing the supernatant in
the first round, the AuNR paste was re-dispersed in 0.5 mL of
Milli-Q water before the second cycle of centrifugation took
place.

2.3. AuNR modification with PEG-SH

In order to reduce the spectral interference from CTAB, and to
increase the surface capture of analytes in solution, the AuNRs
were functionalized with a thiolated polyethylene glycol
(PEG-SH). The PEG-SH is able to competitively displace the
surface-adsorbed CTAB molecules due to the thiol moiety,
which has a strong affinity for the gold surface. In addition,
the polyethylene glycol allows partitioning and capture of
analyte species into this hydrophilic layer. Modification of the
AuNRs with PEG-SH was completed using a slightly modified
method from Mahmoud et al.** 3-4 mL of the washed and cen-
trifuged AuNR suspension described above was mixed with
0.4 mL of a 5 mM aqueous solution of PEG-SH (M,, ~ 2000)
under vigorous stirring (1200 rpm) for 2 hours and stirred
overnight at 400 rpm. 1.0 mL aliquots of the modified AuNRs
were then centrifuged at 6000 rpm for ~20 minutes (or until
the supernatant was clear), after which the supernatant was
removed.""

2.4. Characterization of AuNRs

Ultraviolet-visible (UV-vis) spectroscopic studies were com-
pleted in order to measure the extinction spectra for the
AuNRs dispersed in water using a Cary 60 spectrophotometer.
For scanning electron microscopy (SEM) analysis, the AuNRs
were deposited onto silicon wafer substrates and imaged using
a TESCAN MIRA 3 LMU Variable Pressure Schottky Field
Emission Scanning Electron Microscope, with a maximum
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resolution of 1.2 nm at 30 kV. Transmission electron
microscopy (TEM) was also used for imaging after drop casting
5 ul of the AuNR solution onto Holey Carbon - Cu 200 mesh
TEM grids (Electron Microscopy Sciences, Hatfield, PA) using a
FEI Tecnai 12 Transmission Electron Microscope (TEM), oper-
ating at an acceleration voltage of 220 kV.

2.5. Preparation of AuNR Array SERS substrates

10 mL of the CTAB coated AuNRs were dispersed in 2 mL of
2.5 mM CTAB and sonicated for 60 s in a method adapted
from Zhang et al. with a slight modification.*®*° 10 pul of the
gold nanorods were drop cast onto a silicon wafer substrate
which was kept in a Petri dish that contained 0.40 mL of water
in order to maintain a high relative humidity (99%) which was
measured using a mini LCD digital temperature and humidity
meter that was placed into the Petri dish as well. The Petri
dish was then sealed using parafilm and kept in a closed
chamber for 5 days. This procedure under high RH (~99%)
would allow for a vertically-aligned AuNR array formation. To
prepare a horizontally-alighed AuNR array, 10 pL of the AuNRs
were again added to the silicon substrate, but no water was
added to the Petri dish. The RH was maintained between
43-45%, and the dish was sealed with Parafilm and left undis-
turbed until evaporation was judged to be complete (~5 days).

2.6. SERS measurements

SERS measurements were collected using an Advantage 785
benchtop Raman spectrometer equipped with a 785 nm laser
(Intevac Photonics, Santa Clara, USA). The spectrometer
resolution is 5 cm™" and it is equipped with an air-cooled CCD
detector. A right-angle optics extension tube was used for all
measurements. All SERS spectra were collected at laser powers
between 22.3 mW and 59.0 mW for acquisition times of 10
seconds. All spectra are corrected for laser power and acqui-
sition time for ease of comparison, and were baseline cor-
rected as needed using NuSpec software. Ten SERS spectra
were collected at various spots on each substrate and the
average spectrum is presented in all cases. Data were analyzed
using Origin 9.0 software (OriginLab Corporation,
Northampton, MA, USA). Image processing was done with the
assistance of Image] software (NIH, Maryland, USA).

3. Results and discussion
3.1. Characterization of AuNRs

Characterization of the AuNRs was completed using UV-vis
extinction measurements, as well as scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). Fig. 1a provides the UV-vis extinction spectrum. The an-
isotropic shape of the AuNRs gives rise to two distinct loca-
lized surface plasmon resonance (LSPR) modes, a weak trans-
verse mode at ~510 nm and an intense longitudinal LSPR
mode, the position of which varies depending on the length of
the rods. Typically, the longitudinal mode for AuNRs is located
somewhere between 700-900 nm."** For the AuNRs produced
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Fig. 1 (a) Extinction spectrum of CTAB coated AuNRs in water (b) TEM image of AuNRs at 300kX (c) length distribution of 100 nanorods.

in this work, the transverse LSPR mode was observed at
~520 nm and the longitudinal mode was observed at
~690 nm. In addition, the full width half maximum (FWHM)
of the longitudinal mode was calculated to be ~89 nm, indicat-
ing a near-monodisperse preparation. The corresponding TEM
image of the AuNRs is shown in Fig. 1b, and the Image]J soft-
ware analysis for AuNR length (n = 100) is shown in Fig. 1c.
The length of the particles from this analysis was determined
to be 73 + 5 nm, and the width was 21 + 2 nm, giving an
overall aspect ratio of ~3.4 for the AuNRs.

3.2. Assembly of AuNRs using induced evaporation: effects of
relative humidity and SERS enhancement

Once a near-monodisperse preparation of the AuNRs was
achieved, the next step was to explore induced evaporation of
the rods into aligned arrays under different relative humidity
conditions. In particular, an exploration of induced evapor-
ation under low (~45%) and high (~99%) relative humidity
conditions was of interest in this work. This is because the
higher relatively humidity environment provides a much
slower evaporation rate during which the self-assembly process
is taking place, which in turn reduces convection within the
droplet, leading to a favourable environment for vertical align-
ment of the rods.*®*° Fig. 2a and b show the SEM images of
the AuNR film formed via self-assembly under low RH con-
ditions. In this case, the AuNRs are clearly aligned laterally,
planar to the silicon substrate. In addition, the coverage of the
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film was incomplete, and a significant coffee-ring effect was
observed. The majority of the laterally-aligned rods were
located at the edges of the droplet, within the coffee-ring struc-
ture.”® In an effort to reduce the extent of this coffee-ring
effect, the induced evaporation was repeated, but this time
under high RH conditions. Fig. 2c and d shows the SEM
images of the AuNR film formed under the high RH con-
ditions. In this case, the rods are aligned vertically, perpen-
dicular to the silicon substrate. In addition, no coffee-ring
effect was observed for this film, however the coverage of rods
over the substrate was irregular, with many well-ordered
domains of rods, but also with areas where no rods deposited.
In addition, some surface debris was noted on this substrate
which was rich in carbon and bromine (as confirmed by EDX
spectroscopy), and thus were likely aggregates of CTAB, which
is consistent with observations by others.*®

The SERS performance of the AuNR arrays fabricated at low
and high RH was investigated through the detection of p-ATP,
a common Raman reporter molecule that contains a thiol
group which facilitates strong binding to the surface of metal
nanoparticles. For both AuNR substrates, 10 pL of a 1.0 mM
aqueous solution of p-ATP was drop coated onto the substrate
and allowed to air dry. Once dried, the SERS signal was col-
lected. The SERS substrates were not rinsed prior to analysis,
as this was deemed unnecessary.

Fig. 3 shows the comparison of the SERS signals for p-ATP
collected on both high RH (a) and low RH (b) AuNR array sub-

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a and b) SEM image of AuNR assembly at low RH at 21.2kX and 202kX, respectively (c and d) SEM image of AuNR assembly at high RH at

22.9kX and 200kX, respectively.
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Fig. 3 SERS spectrum of (a) 1.0 mM p-ATP on CTAB capped AuNR sub-
strate formed at high RH (b) 1.0 mM p-ATP on CTAB capped AuNR sub-
strate formed at low RH and (c) background signal for CTAB capped
AuNR on silicon substrate formed at high RH.

strates, as well as the background signal (c) for the AuNR sub-
strate prepared at high RH. In all cases, the silicon peak at
521 cm™' is observed, due to the silicon substrate.'* For both
AuNR substrates, SERS spectra of p-ATP show an agreement
with the main peaks in the Raman spectrum of the solid
powder of p-ATP (Fig. S-11) with a few shifts in the signature

This journal is © The Royal Society of Chemistry 2021

peaks as well as some changes in their corresponding intensi-
ties. However, it is worth noting that the substrate prepared
under high RH conditions exhibits a more intense SERS signal
by a factor of ~2 as compared to the laterally aligned AuNRs,
which is likely due to the increased surface area provided for
molecular adsorption, in addition to the strong electromag-
netic field enhancement localized at the ends of the vertically-
aligned nanorods.** The signature p-ATP peaks at 392 cm™,
1080 ecm™" and 1590 ecm™" attributed to (C-S), C(ring)-S and
C-C stretching vibrations respectively were observed to be sig-
nificantly enhanced on a vertically aligned AuNR substrate as
compared to the horizontal alignment. Additional peaks at
1004, 1176, and 1489 cm™ " belong to (C-C) + §(C-C), 5(C-H)
and [¢(C-C) + y(C-H)] respectively, and a weak band at
455 ecm™" attributed to (v(C-N) + »(C-S) + §(CCQ)) is also
observed for the vertically-aligned AuNR arrays. It was reported
by Tiwari and coworkers that the ends of the rods are less
covered with CTAB and hence, there is enhanced molecular
binding at the end of the standing AuNRs.** While these
results for p-ATP were promising and highlighted the potential
SERS application for these AuNR arrays, a significant problem
observed was the irreproducibility of the SERS signal due to
interference with CTAB. CTAB is used in the synthesis of the
AuNRs, and in addition, CTAB is added during the induced
evaporation process, and as a result the AuNRs are coated with
CTAB in what is believed to be a bilayer or interdigitated struc-
ture.”” This CTAB layer is difficult to displace, even for thio-
lated molecules, and hence poses a challenge when trying to
use CTAB-coated AuNRs for SERS-based sensing. For the inter-
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ested reader, the normal Raman spectrum of CTAB powder is
provided in Fig. S-2.7 As a result, in this work the AuNRs were
functionalized with PEG-thiol in an effort to reduce this effect
and in turn improve the signal reproducibility of the SERS
sensor, as outlined in the next section. These modified AuNRs
were then assembled using the same induced evaporation
(without CTAB dispersion however) at both low and high rela-
tive humidity conditions.

3.3.  AuNR modification with PEG-SH: induced evaporation
assembly and SERS enhancement

Even though CTAB is a common nanoparticle capping agent
that prevents the aggregation of AuNRs, high cytotoxicity
limits its widespread application, particularly in the healthcare
sector.”” Due to this limitation, many strategies have been
explored to replace or eliminate the CTAB on the surface of
AuNRs, ranging from thiol modification to polymeric
coatings.*>** One modification in particular which has shown
promise is the functionalization of AuNRs with PEG-SH,
wherein the CTAB is replaced with a thiolated polyethylene
glycol (PEG-SH), ranging in molecular weight from 1 to
10 kDa.** Functionalization with PEG-SH greatly enhances the
stability of the colloidal AuNRs and renders the particles more
biocompatible.”” In addition, it has been noted that modifi-
cation of AuNRs with PEG-SH imparts stability to AuNRs when
used for SERS-based sensing, as these modified rods are less
sensitive to damage by laser irradiation.”® In this work, modifi-
cation of the AuNRs with PEG-SH was attempted in order to
reduce spectral interference from CTAB, as well as to protect
the substrate from laser damage.

PEGylation requires an efficient exchange of surfactant
from the surface of the AuNRs. This process requires a precise
monitoring of many parameters such as pH, temperature, stir-
ring rate, PEG-SH concentration, as well as the speed and time
required for centrifugation.”>*” Many protocols have been
reported which result in a complete displacement of CTAB
with PEG-SH; in general most of these methods require
lengthy incubation times (>24 hours) and careful pH control.*”
The easiest way to confirm the replacement of CTAB with
PEG-SH at the AuNR surface is to monitor the shift of the
extinction maxima of the LSPR through UV/Vis spectroscopy
where a red shift in the longitudinal mode is indicative of an
end-on displacement.”” Fig. S-3at shows the UV-vis extinction
spectrum for the AuNRs after modification with PEG-SH. It
can be noted that upon modification with PEG-SH, the Aax
for the AuNR longitudinal mode red shifted from 680 nm to
693 nm, indicating an end-on displacement of the CTAB.
Fig. S-3bt provides a TEM image of the PEG-SH modified
AuNRs. In addition, the FWHM for the extinction spectrum
increased from 89 nm to 133 nm which is reflective of an
increasingly polydisperse sample.*

Previous work by Zhang et al.®*® highlighted many advan-
tages of using AuNRs functionalized with thiolated ligands as
opposed to CTAB-coated AuNRs for self-assembly. In particu-
lar, thiolated AuNRs provide uniform multilayers of standing
arrays which generate very strong electromagnetic fields,

2042 | Analyst, 2021,146, 2037-2047

View Article Online

Analyst

useful for SERS.>® However, it was also found that significant
repulsion between mPEG-protected AuNRs leads to a horizon-
tal alignment as opposed to large scale standing arrays.
Moreover, large-scale fabrication of standing mPEG-protected
AuNRs using a one-step evaporation method is difficult and
requires several centrifugation steps that may lead to loss of
gold nanorods.

In the present work, the AuNRs modified with PEG-SH as
described above were allowed to self-assemble on the silicon
wafer substrate using the induced evaporation method out-
lined previously. The self-assembly process was again allowed
to occur under conditions of low RH (45%) and high RH
(99%). Fig. 4a and b show the SEM images of the PEGylated
AuNR film formed at low relative humidity at low and high
magnification, respectively. It can be noted that the PEGylated
rods are densely packed in a lateral alignment, with the AuNRs
covering a large amount of the underlying substrate. In
addition, no coffee-ring effect was observed for this film.
Fig. 4c and d show the SEM images of the PEGylated AuNR
film formed at high relative humidity at low and high magnifi-
cation, respectively, where the nanorods are now densely
packed into a vertically aligned structure, again exhibiting
good coverage (including multiple layers) of the substrate with
no coffee-ring effect observed. Clearly, the relative humidity of
the surrounding environment during evaporation plays a large
role in the final alignment of the PEGylated AuNRs.*®3°

Fig. 5 shows the SERS signals for p-ATP collected for the
PEGylated AuNR films formed under conditions of high
(Fig. 5a) and low (Fig. 5b) relative humidity. Fig. 5¢ shows the
SERS signal in the absence of p-ATP for the PEGylated SERS
substrate, as a reference. Comparing the SERS signals for the
PEGylated substrates to the CTAB-coated AuNR substrates
(Fig. 3), it can be noted that the p-ATP signal intensity has
increased by a factor of ~2. Also, the AuNR coverage of the
silicon substrate noticeably increased, not only in the SEM
images, but this is also reflected in the decreased intensity of
the 520 cm™ band due to silicon, an indication that less
signal is being collected from the underlying silicon wafer.
Again, as was observed previously for the CTAB-coated AuNRs,
the SERS substrate obtained under high relative humidity con-
ditions had a more intense SERS signal for the p-ATP, by a
factor of approximately 5 in this case. Moreover, collecting
SERS signal on the PEGylated AuNR substrate was relatively
straightforward, with good signal reproducibility observed over
the entirety of the surface.

For further assessment, the coefficient of variance (CV) was
used for the evaluation of the SERS substrates prepared in this
work. In this case, the intensity of the ~1080 ecm™" peak for
p-ATP was calculated for 10 randomly selected spots on each
SERS array substrate (PEGylated AuNR and CTAB AuNR). The
average intensity and the standard deviation were then calcu-
lated for each to give the coefficient of variance (CV), also
known as the % relative standard deviation.

For SERS substrates, CV values of less than 20% are con-
sidered ideal, with values above this resulting in too much
signal variability for accurate quantitative analyses. In this

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a and b) SEM image of AuNR assembly at low RH after PEG-SH modification at 16.6kX and 113kX respectively (c and d) SEM image of AuNR

assembly at high RH at 19.7kX and 144kX respectively.
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Fig. 5 SERS spectrum of (a) 1.0 mM p-ATP on AuNRs after PEG-SH
modification at high RH (b) 1.0 mM p-ATP AuNRs after PEG-SH modifi-
cation at low RH and (c) AuNRs after PEG-SH modification on silicon
substrate at high RH.

work, the CV for the CTAB coated AuNR arrays was 49% (low
RH) and 18% (high RH), while for the PEGylated AuNR arrays
the CV values were 36% (low RH) and 6% (high RH). The raw
data for these four cases is provided in Fig. S-4.1 These results
suggest that for both AuNR arrays, the films formed under

This journal is © The Royal Society of Chemistry 2021

high RH conditions demonstrate better analytical perform-
ance, and between the CTAB and PEGylated AuNR substrates,
the PEGylated AuNR array formed under high RH condition
has an excellent CV and should therefore be useful for the
detection of atrazine.

To further probe the analytical performance of the AuNR
array, quantitative analysis for p-ATP detection was completed,
and the results are shown in Fig. 6. In this case, the SERS data
was collected for concentrations of p-ATP ranging from
0.01 mM to 10 mM, and the data was averaged, and is plotted
in Fig. 6a. Fig. 6b and c plot the average intensity (peak
height) as a function of the log of the concentration for the
1174 and 1576 cm™" peaks, respectively. It is clear that the
signal intensity is linear with log concentration over at least 4
orders of magnitude, suggesting that the AuNR array has a
good linear dynamic range. From the calibration data, the
limit of detection was estimated to be 1.8 pM, based on the
standard deviation determination for the blank.

3.4. Atrazine detection

Atrazine, as noted above, is a widely applied herbicide which
can have harmful ecosystem impacts. As such, the goal of this
study was to detect atrazine in aqueous samples using SERS,
with the idea being that the AuNR array substrates would
provide an efficient and reproducible enhancement of the
Raman signal. As noted in the introduction, SERS studies of
atrazine have shown promise, however the signals observed for
Au substrates indicate a poor selectivity among triazine-con-
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Fig. 6 (a) SERS spectra for p-ATP recorded at 4 different concentrations (0.01 mM to 10 mM). (b) and (c) Plot the calibration data for the p-ATP
study using the peak intensity (peak height) for the 1174 and 1576 cm™ peaks, respectively.

taining molecules. In addition, while a few papers have
reported on SERS-based quantitation of atrazine using Au sub-
strates,® there remains work to be done to extend the linear
dynamic range for quantitation as well as to lower the limit of
detection and improve the selectivity for atrazine sensing.

Unlike p-ATP, which is a small aromatic thiol, atrazine is a
more challenging molecule to detect using SERS. As a result,
components of the AuNR synthesis may pose a spectral inter-
ference, in particular CTAB and PEG-SH. Therefore, the
normal Raman spectra for the pure powder of both of these
substances was recorded for reference prior to the initiation of
the atrazine studies, as shown in Fig. S-2 and S-5.7 In addition,
the normal Raman spectrum of atrazine powder was collected
for reference and is shown in Fig. S-6.}

CTAB and PEG-SH-coated AuNR array substrates at both
high and low RH were investigated for the detection of atrazine
in this work. For all investigations, 5.0 pL of a 1.0 mM aqueous
solution of atrazine was drop-cast onto the SERS substrate and
allowed to air-dry for ~30 minutes prior to analysis. All results
were compared with theoretical and experimental work pre-
viously reported by Costa et al., Rubira and Bonora, as well as
the normal Raman spectra presented in the ESIf of this
24725 For CTAB-capped AuNR array substrates prepared
under conditions of low RH, the SERS response for atrazine
was not obvious, as highlighted in Fig. 7a, while the signal of
atrazine obtained from CTAB-capped AuNR arrays prepared at
high RH displayed a much more intense SERS signal as shown

work.
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in Fig. 7b. However, further analysis of the SERS spectrum
recorded in Fig. 7b revealed that CTAB has a significant contri-
bution to the signal and the spectrum is therefore a mixture of
both CTAB and atrazine; for example peaks at 1445, 1390,
1296, 915, 760, and 445 cm™' can all be attributed to CTAB
and not atrazine. This spectral interference of CTAB when
using CTAB-capped AuNRs for the SERS detection of a weakly
adsorbing analyte such as atrazine is clearly problematic.
AuNR array substrates fabricated using PEG-modified
AuNRs showed significant promise as shown in Fig. 8, for sub-
strates prepared at both low and high RH. In this case, for
both the low RH lateral configuration of the rods and the high
RH vertical alignment of the rods, the SERS signal for atrazine
was strong and there was relatively little spectral interference
from the PEG coating on the rods as noted in the control
spectra. Both spectra presented in Fig. 8 are in excellent agree-
ment with spectra of atrazine reported by others as well as the
normal Raman spectra provided in Fig. S-6.1 It appears that a
nanorod array configured vertically (Fig. 8b) provides a stron-
ger SERS signal for atrazine, possibly a consequence of the
greater abundance of end-on facets of the rods, where less
interference from PEG adsorption is expected. Of particular
note is the intensity of the characteristic mode at 961 cm™" for
atrazine, due to a ring breathing mode of the triazine ring.
Clearly in both cases, atrazine is directly detected using SERS
from a dilute aqueous solution of atrazine, and this is greatly
assisted by both the modification and alignment of the AuNRs

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 SERS spectrum of 1.0 mM atrazine on PEG-SH modified AuNR array formed at (a) low RH and (b) high RH. SERS spectrum of the PEG-SH
modified AuNR array in the absence of atrazine is provided for control in both cases.

that compose the SERS nanorod array. This is of particular
importance as recent studies have highlighted how challen-
ging direct SERS detection of atrazine is, due to a weak affinity
for the metal surface and a concentration-dependant adsorp-
tion orientation.*®

Despite some success in the detection of atrazine, this work
also highlights some challenges. For example, detection of
atrazine could be detected down to 0.1 mM, but not below this
concentration (Fig. S-71), suggesting that further innovation is
needed for the AuNR array platform in order to bring the sen-
sitivity for atrazine to where it would need to be to be practi-
cally useful for point-of-need sensing (i.e. ~0.01 pM). In the
future, we plan to explore EC-SERS using these AuNR array
substrates, which will likely boost the sensitivity by several
orders of magnitude. In addition, quantitative analysis of atra-
zine is challenging at present, since the molecule displays a
concentration-dependant SERS signal, which makes robust
quantitative studies problematic. To explore this behaviour
further, we are currently conducting EC-SERS studies of atra-
zine on silver, which clearly shows an orientationally-depen-
dent SERS signal, suggesting that EC-SERS using the AuNR

This journal is © The Royal Society of Chemistry 2021

arrays highlighted in this work may offer more promise for the
quantitative analysis of low levels of atrazine.

4. Conclusions

This work sought to explore the controlled self-assembly of
functionalized AuNRs into horizontally and vertically aligned
nanorod arrays, with the goal of developing sensitive and selec-
tive substrates for SERS detection of a common environmental
contaminant, the herbicide atrazine. It was shown that by con-
trolling the relative humidity during drying, drop-cast films of
AuNRs deposited onto silicon wafers can be organized into
high-coverage nanorod arrays. In particular, it was noted in
this study that CTAB poses an interference not only for
efficient nanorod assembly, but also for adequate SERS detec-
tion of weakly adsorbing analytes such as atrazine. This work
highlighted the importance of replacement of CTAB with
PEG-SH for the design of functional SERS substrates based on
gold nanorods which form the basis of a SERS substrate for
rapid and quantitative SERS detection of environmental con-
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taminants at the point-of-need. Future work will focus on
improving the analytical performance of the sensor for poten-
tial point-of-need applications.
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