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ABSTRACT: Surface Enhanced Raman is a promising analytical method for harmful pesticides detection. Herein, we demonstrate 

a rapid method to directly monitor 2,4-D pesticide in water without the need of sample pre-treatment by using Silver-Gum Arabic 

(Ag-GA) electrochemically co-deposited SERS substrates. The facile electrochemical synthesis of the large-area (40 µm x 20 µm) 
SERS substrates needs only 10 seconds, with 2 μL AgNO3 and Gum Arabic mixed solution. Different morphologies including Ag-

GA spherical nanoparticles and nano dendrites were synthesized by tuning the deposition parameters. This study therefore offers a 
novel way to fabricate SERS substrates for rapid determination of 2,4-D pesticides down to 1 pM in deionized water and 0.15 nM in 

commercial bottled and also river water samples. 

With the world population predicted to reach 9.8 billion by 

2050, it is necessary to increase food production accordingly.1 
Unfortunately, crops are under a number of threats from insects, 

diseases or competing weeds. Thus, pesticides are widely used 
to protect crops and increase yield at the same time. Amongst 

these, 2,4-dichlorophenoxyacetic acid (2,4-D, C8H6Cl2O3) is a 
phenoxy herbicide that is extensively applied in agriculture to 

control weeds in corn and grain field.2 Unfortunately, there is 
growing evidence that 2,4-D is harmful both to human health 

and the environment.3-4 To prevent or minimize negative im-

pacts from the use of pesticides, the European Union has regu-
lated their use and has provided strict guidelines for their appli-

cation. For example, a maximum residue limits (MRL) of 0.1 
ppb (parts per billion) for individual pesticide has been estab-

lished.5 However, despite these precautions, pesticides can still 
leach from the ground into water and run off in nearby water 

bodies.6 2,4-D in particular has good solubility in water and 
traces above the MRL have been found in river and drinking 

water.7 To this end, it is necessary to monitor 2,4-D pesticides 
and possibly prevent pollution events. The most common 

method currently used to detect 2,4-D in real environment is by 
applying chromatography to purify the small molecule, fol-

lowed by mass spectrometry (HLC-MS) to qualitatively iden-
tify the herbicides.8 Unfortunately, this method is time-consum-

ing and requires high-end equipment operated by skilled per-
sonnel in dedicated laboratories. To tackle this challenge, nu-

merous of methods have been investigated in recent years for 
simpler 2,4-D detection, including platforms based on electro-

chemistry,9 fluorescence,10 chemiluminescence,11 etc. Amongst 
them, optical detection based on surface enhanced Raman spec-
troscopy (SERS) has shown tremendous potential.8, 12  

Surface Enhanced Raman Spectroscopy is mostly based on 
the enhanced Raman signal by metallic nano structures that can 

generate strong electromagnetic field with the excitation at cer-

tain laser wavelength.13 SERS is an ultra-sensitive technology 
that is capable of providing a spectral fingerprint of the analytes 

under investigation. The magnitude of the SERS enhancement 
depends on the morphology, the size of the metallic nano parti-

cles, the gap size between the metallic nano particles, the meas-
urement environment, as well as the wavelength of the laser ex-

citation source.14-17 Because of the simplicity of operation and 
sensitivity in detection, SERS has been used for trace detection 

of 2,4-D pesticides18 including: SERS substrates based on hol-

low Au@Ag nano-snowflake particles functionalized with 4-
MBA/2,4-D antigen,12 citrate functionalized AgNPs on cellu-

lose paper,19 silver NPs with molecular imprint polymers 
(MIP),20 highly roughened surface flower-like Ag NPs.21 Par-

ticularly, SERS substrates based on well-ordered AuNPs  inside 
mesostructured silica channels22 have been used to detect 2,4-

D, with the limit of detection (LOD) down to 0.79 ppt (parts per 
trillion) achieved.22 These methods require either (i) an incuba-

tion time of more than 1 h, (ii) a pre-treatment step by mixing 
the solution with ethanol, or (iii) waiting time to allow 2,4-D 

solution to dry on the SERS substrate. To rapid determine pes-
ticides such as 2,4-D directly in water samples without any pre-
treatment remains a key challenge. 

SERS substrates are commonly fabricated through chemical 
synthesis,23-24  electron beam (E-beam) lithography,25 or tem-

plating method.26-28  These methods are either time consuming 
or involve complex steps. High throughput, low cost and repro-
ducible fabrication of SERS substrates is still elusive.  

Herein, we report on the rapid and reproducible fabrication 
of Silver-Gum Arabic (Ag-GA) SERS substrates by electro-

chemical deposition. The fabrication method produces large 
area SERS substrate (40 µm x 20 µm) and requires less than 10 



 

 

2 

 

s, with 2 µL of a non-toxic solvent. This is a time-saving, envi-
ronment friendly, high throughput and scalable method in com-

parison to the other ways of fabricating the SERS substrate. The 
fabricated samples are used for herbicide 2,4-D detection di-

rectly in aqueous solutions, with a detection limit down to 1 pM 
reported without the need for sample preparation.  

Gum Arabic was selected as it is a branched hetero-polysac-

charide containing protein and carbohydrate groups.29-30 It has 
been used to act as a biopolymer for removal of pesticides in 

polluted water bodies.31-32 Gum Arabic has been used for green 
chemical synthesis of silver nano particles.33-35 During this pro-

cess, Gum Arabic acts as a reducing agent to reduce silver ions, 
then Gum Arabic forms a complex with Ag atoms, subsequently 

forming Ag-GA NPs.35 In this work, an electrochemical depo-
sition method was used to fabricate Ag-GA SERS substrates. 

The size and morphology of the silver nanoparticles was tai-
lored by controlling electrochemical deposition parameters 

such as deposition time, deposition voltage, and the precursor 
concentration. During the electrochemical deposition process, 

silver ions are electrochemically reduced, then combine with 
Gum Arabic monomers to form a Ag-GA nanoclusters com-

plex, which deposit on the chip surface in the vicinity of the 
electrodes.  The electrochemical approach greatly accelerated  

Ag+ 
 Ag process compared to the natural reducing process by 

the Gum Arabic alone.34  In addition, tailoring deposition pa-

rameters, enables not only the size and morphology of the Ag-
GA nanoclusters, but also the regular distributed gap pattern in 
between the nanoclusters, to be engineered. 
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EXPERIMENTAL SECTION 

Materials 

AgNO3 was purchased from Sigma-Aldrich ( Ireland ). Gum 

Arabic was purchased from both Sigma Aldrich and from Am-
azon.co.uk. The commercial mineral water was purchased from 

local shopping market. The real river sample was collected from 
the local river Lee, Cork, Ireland. Samples were prepared using 

ultra-pure Mili-Q water (18.2 MΩ·cm-1, Mili-Q). Electrochem-
ical depositions were undertaken with an Ivium pocketSTAT 
handheld potentiostat operating under computer control. 

 

Microelectrode Fabrication on Si/SiO2 chip  

SERS sensors were fabricated on four-inch silicon wafer sub-

strates with a 300 nm layer of thermally grown silicon dioxide 
as previously described.36 Briefly, the working electrodes were 

patterned using photolithography and physical vapor deposition 
(PVD) (50 nm of Au, with 10 nm of Ti adhesion layer) followed 

by a lift-off step. A second optical lithographic and metal dep-
osition process (Au 100 nm/Ti 10 nm) was undertaken to define 

micro-SD pin-out, interconnection tracks, as well as the on-chip 
counter electrode (500 μm wide × 6 mm long). A third litho-

graphic step was employed to define the Pt (Pt 100 nm/ Ti 10 

nm) on-chip reference electrode (500 μm wide × 6 mm long). 
Finally, 500 nm of Plasma-enhanced chemical vapor deposition 

(PECVD) Si3N4 was blanket deposited on the whole wafer, the 
openings were over the working/counter/reference electrodes 

and the electrical contacts were defined by lithography and dry 
etching process. See Figure S1 in SI. 

 

Synthesis of Gum Arabic Coated Ag (Ag-GA) nanoclus-
ters  

The SERS substrates were prepared using different concen-

trations of Gum Arabic and 5 mM AgNO3 solutions. Gum Ara-
bic solutions were mixed by hand with a glass rod at ambient 

temperature. For the electrochemical deposition, the two solu-
tions were mixed with 1:1 ratio and a small aliquot (2 μL) was 

dropped on a chip surface to cover the working electrode, the 
on chip pseudo reference and counter electrodes. AgNO3 and 

Gum Arabic solutions were mixed just before the SERS sub-
strate fabrication, as given enough time, AgNO3 and Gum Ara-

bic would chemically react to form Ag nanoparticles. Electro-

chemical deposition was undertaken with an Ivium pock-
etSTAT handheld potentiostat using the parameters presented 

in Table 1 (below). Ag-GA substrates were then rinsed in DI 
water and dried under a nitrogen flow for several seconds.  

 

Microscopic and SEM characterization 

Microscopic images of the fabricated SERS substrates were 

acquired with Renishaw Raman system with a 50 x (NA 0.75) 

objective. SEM characterization was undertaken with a FEI 
Quanta 650, the accelerate voltage used was 10 KV, the spot 
size was 2.5 mm. 

 

Raman measurements 

Raman spectra were acquired with a Renishaw InVia micro-
scope equipped with a 514 nm Ag ion laser. For the measure-

ments, SERS substrates were placed in a dedicated holder, 
shown in SI Figure S2 (C-D). A 10 μL aliquot of 2,4-D solution 

was dropped over Ag-GA SERS substrate and covered with a 

cover glass slide. All measurements were acquired using a 20x 
lens (NA 0.4). All the spectra presented herein were averaged 

from ten measurements obtained at different random points on 
the substrate except for the reproducibility study where 25 

measurements were employed. All spectra were obtained using 
a laser power of 0.07 mW and an integration time of 10 s.  

 

Data Analysis  

All spectra were corrected using the baseline subtraction al-
gorithm,37 the false colour map was performed by Matlab. The 

baseline subtraction process was shown in Figure S3 in SI. The 
linear fitting was done by Origin™ (OriginPro 2016).   

 

RESULTS AND DISCUSSION 

Ag-GA SERS substrate Fabrication 

A microband sensor is presented in Figure 1. The sensor chips 
were originally developed for electrochemical based sensing 

applications.36, 38 The detailed chip circuit design is presented in 
SI Figure S2 (E), the chips had a micro-SD pin-out for easy 

electrical plug-and-play connectivity to the potentiostat (see SI 
Figure S2 (A-B)). Each chip had six working electrodes that 

may be individually addressed. In the present work, the elec-

trodes employed were single Au micro bands (1 µm wide, 45 
µm long, 50 nm height). These were selected as the high current 

densities, observed at ultra microelectrodes, enabled the for-
mation of nanoclusters emanating away from the band. A small 

aliquot – for example, only 2 µL - of the mixed GA/AgNO3 so-
lution was required for one SERS substrate fabrication on the 

chip. Considering this electrodeposition process took only 10 
seconds, the present approach was rapid, low cost, scalable and 

environmentally friendly. Figure 1 (B) shows a SEM image of 
a SERS structures electrodeposited on a micro-band electrode.  

The nanoclusters were strongly attached to the chip surface, 
were stable and allowed hundreds of Raman measurements to 

be undertake without any degradation of the substrate being ob-
served. 
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Figure 1 (A) Microscope image (25 x): micro-band working electrode on the chip (20 x under microscope); Insert: three electrode system 
for electrochemical deposition (2.5 x under microscope). (B)  SEM image for a SERS substrate. 

Electrodeposition process and sample characterization  

Figure 2 (A - D) show SEM images of four Ag-GA 

nanostructures prepared using different experimental parame-
ters as described in Table 1. The relationship between the dep-

osition current (nA) and time (s) is shown in SI Figure S4 (A). 
The deposition current shows a linear relationship with deposi-

tion time, and the maximum current for the four SERS sub-
strates were 70 nA, 60 nA, 90 nA, 120 nA, respectively. The 

false colour map in Figure 2 (A - D) show different SERS sub-
strate structures. False colour maps clearly indicated the 

nanocluster space distribution across the surfaces, as well as the 
3-D nature of the deposited nanocluster structures. The colour 

bar indicates the distance of the nanocluster from SiO2/Si sub-
strate, the deep blue colour (colour bar value at 0 nm) is SiO2/Si 

reference surface, the nanoclusters that present light green col-
our are around 50 nm in height, which is around the same height 

as the working electrode. The higher the number in the colour 
bar, the further the nanoclusters are away from SiO2/Si sub-

strate. The nanoclusters that showed a yellow colour are ~ 100 

nm away from SiO2/Si surface) while the nanoclusters that 
showed a red colour were more than 100 nm away from the 

SiO2/Si reference surface. Original SEM images are presented 
in SI Figures S5 (A-D), optical images are also available (see 

Figure S4 (C)).  Figures 2 (E-H) show high-resolution SEM im-
ages of nanoclusters for the four structures. Ag-GA nano den-

drite structures formed in figure 2 (E-G) labelled structure S1, 
S2, S3, while round-shape Ag-GA nano particles growth was ob-

served in Figure 2 (H), labelled structure S4. The size of the Ag-
GA nano particles in structure S4 were estimated to be in the 

range of 50 - 70 nm, see SI Figure S6. For structures S1 and S3, 
Ag-GA nano dendrites growth on the surface of SiO2 was ob-

served to be orthogonal to the chips surface. See also SEM im-
age tilted at 35 ͦ in SI Figure S7 that showed the isolated growth 

of the nanoclusters on SiO2.  By comparison, for structure S2, 
the Ag-GA nano dendrites growth along the Au electrode and 
stacked together orthogonal to the chip surface. 

Nanoclusters and nanogap formation may be explained by the 

interplay between mass transport (diffusion and electron migra-
tion) of Ag ions and passivation by Gum Arabic. After mixing 

with Gum Arabic, the resistance of the mixed solution is higher 
than AgNO3 alone. This was inferred by the recordings of the 

electrical current when using solutions with and without Gum 
Arabic, see SI Figure S4 (A) and Figure S8 (A). Using the same 

deposition parameter as S4 (-0.2 V, 2 s; -0.8 V, 8 s), the maxi-
mum deposition current was about 2 µA without Gum Arabic, 

while it was around 120 nA after mixing AgNO3 with Gum Ar-

abic. The reduction of Ag ions to Ag atoms reaction happened 
on the substrate emanating away from the electrodes due to the 

strong electric field. The Ag-GA complex formed immediately 
and stacked on the SiO2/Si substrate. The formation of Ag-GA 

nanoclusters further affected the electric field distribution and 
helped the formation of nanogaps in between the nanoclusters.39 

As different concentrations of Gum Arabic solutions had differ-
ent resistances, it was observed that the resistance increased as 

the concentration of Gum Arabic increased within certain Gum 
Arabic concentrations.40 According to Ohm’s law, J= σ E, 

where J is the current density, σ is the electrical conductivity, E 
is electric field, different concentrations of Gum Arabic solu-

tions resulted in different electrical conductivity for the mixed 
silver precursor solutions, which further resulted in different 

current densities in the electrochemical system. Thus, there 
were different Ag-GA nanostructures formed with different 

Gum Arabic concentrations when the other deposition parame-
ters were maintained (see structure 1, 3, 4 and SI Figure S9 (A-

E).). The applied voltage also affected the growth pattern and 
growth direction of the Ag-GA nano particles (see structure 1, 

2 and SI Figure S9 (M-O). The detailed discussion is presented 
in SI. In conclusion, by adjusting the concentration of AgNO3 

and Gum Arabic in the solution as well as the electrochemical 
deposition parameters such as applied voltage and deposition 

time, it is possible to engineer the size and morphology of the 
Ag-GA nano structures and the nano gap patterns in between 
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the nano clusters. The high density of nanostructures and nano 
gaps made these substrates good candidates for SERS applica-
tions. 

 

 

 

 

 

Table 1 Electrochemical deposition parameters for the 4 structures  

SERS substrate [AgNO3] [Gum Arabic] Applied potential and deposition time 
Maximum current 

(nA) 

S1  5mM 2g/L Step 1: -0.2 V, 2s; 

Step 2: -0.8 V, 8s. 

70 

S2 5mM 2g/L Step 1: -0.2 V, 2s;  

Step 2: -0.5 V, 8s; 

Step 3: -0.6 V, 2s. 

60 

 S3 5mM 1g/L Step 1: -0.2 V, 2s; 

Step 2: -0.8 V, 8s. 

90 

 S4 5mM 0.5g/L Step 1: -0.2 V, 2s; 

Step 2: -0.8 V, 8s. 

120 

 

  

 

Figure 2 (A - D) False colour map from SEM image for structure one to structure four by Matlab, scale bar 5 µm; the color bar at 0 nm is 
the SiO2/Si reference surface. (E - H) SEM image of nano structure for structure one to structure four. Scale bars; 500 nm. 

SERS detection of 2,4-D pesticide 

Initial Raman detection 

Gum Arabic has previously been used to interact with pesti-

cides31 and is known to attract an analyte in close proximity to 
the surface of the GA related nanoparticles. For this reason, 

Gum Arabic polymer layers helped to provide stable SERS sig-
nal and facilitated 2,4-D detection using Raman spectroscopy. 

It consists of polysaccharides rich in galactose and arabinose, 
and a small protein fraction associated with these polysaccha-

rides, see SI Figure S10, and contains a large amount of -OH, -
O-, and -CH bonds as well as a small portion of –NH2 and –SH 

group associated with the protein.41 Such functional groups may 
attract 2,4-D to the surface of the Ag-GA nano particles, 

through hydrogen bonding between -OH / -O- group on Ag-GA 

surface and the halogen (-Cl) group in 2,4-D moleculars, or π-π 
interactions between –CH and the benzene ring of 2,4-D.42 

In our study, 2,4-D was detected in water by dropping a 10 

µL aliquot on top of Ag-GA SERS substrates.  See Figure 3 (A) 
for a schematic of the SERS device setup. Typical Raman spec-

tra, taken in deionized water and in a 1 pM 2,4-D solution, are 
shown for S4 in Figure 3 (B). Raman spectra of bare Ag - Gum 

Arabic SERS samples, acquired in the air, exhibited two broad 
peaks at 1400 cm-1 and 1601 cm–1 shown in SI Figure S11. Ap-

plying water onto the substrate did not change the spectral char-
acteristics, but reduced the overall intensity, see also SI Figure 

S11. This could be attributed to the interaction between DI wa-
ter and Gum Arabic which has numerous –OH bonds that have 
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good affinity to water. After adding 2,4-D solution (1 pM) to a 
substrate, a distinct spectrum was observed after 30 minutes. 

Peaks ~ 230 cm-1 and ~1600 cm-1 gradually disappeared as the 
2,4-D concentration increased, and new peaks at 293 cm-1, 889 

cm-1, peaks at 926 cm-1, 1400 cm-1 and three sharp peaks around 
1129 cm-1, appeared. In addition, we note that the 2,4-D solu-
tion did not dry during the course of our experiments.  

  

Figure 3 (A) Schematic illustration of the SERS measurement setup; (B) Spectrum of 2,4-D at 1 pM on structure four SERS substrate after 
a detection time of 30 min and spectrum of deionized water as the reference (background corrected). Spectra offset for clarity. 

 

In the initial work, it was observed that structures S1, S2, S3 
were able to detect 0.1 nM (0.0221 ppb) 2,4-D in 30 min; while 

structure S4 was able to detect as low as 1 pM (0.221 ppt) 2,4-
D in the same time frame. An immediate response was observed 

for 0.1 nM 2,4-D (S4  substrates) which is more than four times 
lower than the MRL (0.1 ppb) required by EU water framework 

directive for individual pesticides.43-44 As a result, structure S4 
substrates were selected for further sensing studies reported be-

low. The better sensing capabilities of S4 could be attributed to 
the morphology and size difference of the Ag-GA nano parti-
cles.45-47  

Linear calibration for 2,4-D detection in DI water 

The reproducibility for S4 (2,4-D concentration at 2 µM) at 

25 random points is shown in Figure 4 (A). The peak ratio I293 

cm-1 / I1400 cm-1, I1130 cm-1 / I1400 cm-1 were studied as those peak ratios 

exhibited a good linear response towards different concentra-
tion of 2,4-D. The Relative Standard Deviation (RSD) for I293 

cm-1 / I1400 cm-1, I1130 cm-1 / I1400 cm-1 were 9% and 11%, respectively, 
see Figure 4 (B). 

Different 2,4-D concentrations ranging from 0.2 mM down 

to 1 pM in DI water were used for the calibration study, see 
Figure 4 (C). The peak ratios I293 cm-1 / I1400 cm-1 and I1130 cm-1 / I1400 

cm-1 increased with increasing 2,4-D concentration, while the 
broad peak near 1600 cm-1

 decreased because of the overall cov-

erage of 2,4-D molecules as the concentration increased. Figure 
4 (D) showed the plot of I293 cm-1 / I1400 cm-1 and I1130 cm-1 / I1400 cm-1 

against the logarithm of the concentrations of the 2,4-D solu-
tions. Each spectrum was obtained by averaging ten spectra ac-

quired from different random spots on the same substrate. In the 
range of 2,4-D concentration studied, a linear calibration plot of 

y = 0.6296 + 0.0266*log10(x), with an R2 = 0.9530 was ob-
tained. The data did show variability; the relation between I293 

cm-1 / I1400 cm-1 (y) and log10 (concentration (in nM)) (x) was: y = 
0.4078 + 0.0197*log10(x), R2 = 0.8990; which, with a low slope 

in the calibration curve, limits the accuracy in quantitative de-
tection. However, we note that SERS sensors can be used to 

detect the presence of 2,4-D and trigger sample collection for 
further analysis in dedicated laboratories; or to determine the 

2,4-D concentration by standard addition methods. This SERS 
platform offers a rapid approach to monitoring the presence of 

2,4-D pesticide at ultra-low concentrations. Similar experi-

ments were undertaken with Gum Arabic that was purchased 
from Amazon, as shown in SI figure S12 and exhibited similar 
results.  
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Figure 4 (A) Waterfall spectra of 25 random points for 2 µM 2,4-D on S4 SERS substrate. (B) Histogram of I293 cm-1 / I1400 cm-1, I1130 cm-1 / 
I1400 cm-1 at 25 different random points; (C) Spectra of 2,4-D concentration from 1 pM to 0.2 mM, offset for clarity. (D) Linear fitting line 
for I1130 cm-1 / I1400 cm-1, I293 cm-1 / I1400 cm-1 VS log10 (concentration) (in nM) for a S4 substrate. The error bars were obtained from the 
standard deviation (SD) of ten measurements at random points.  

 

Linear calibration for 2,4-D detection in real 
samples 

The effect of different matrices on the SERS sensor perfor-
mance was studied by spiking both commercial mineral water 

and river water samples with known 2,4-D concentrations. The 
mineral composition for the commercial mineral water is shown 

in table S3 in SI. Ten measurements were undertaken for each 
concentration on a substrate, the experiments were repeated 

three times on three individual SERS substrates. The error bar 
was calculated using data from the standard deviation (SD) of 

the three replicates across the three SERS substrates and show 
that the interaction of the sensor with 2,4-D in the presence of 
different ions remains largely unaffected.  

The reference spectrum for mineral water is shown in Figure 
5 (A), the interference peaks near 1130 cm-1 are probably due 

to the interaction between Gum Arabic and chemicals present 
in mineral water. In the range of concentration from 0.15 nM to 

1.5 µM, a linear calibration plot was obtained: y = 0.5865 + 
0.0329*log10(x), where x is the peak ratio I1130 cm-1 / I1400 cm-1, 

with a R2 = 0.9804. Similar results were obtained for river wa-
ter, see Figure 5 (B) again in the concentration range of 0.015 

nM to 1.5 µM. A linear calibration plot of y = 0.6456 + 
0.0180*log10(x), with R2 = 0.9681 was obtained. A direct com-

parison of the sensor developed herein with those reported in 
the literature is provided in SI Table 2 and Table 3, as can be 

seen the senor performance in detection limit is better than pre-
viously reported SERS platforms12, 14, 19, 21-23, 26 and better than 

high-end laboratory based HPLC-MS instrumentation or other 
platforms43-44, 48-57.   
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Figure 5 Spectra for real sample (A) commercial mineral water; (B) river water on S4 SERS substrates at concentration 0.15 nM, 1.5 nM, 15 
nM, 0.15 μM, 1.5 μM, and the spectra for reference water samples, spectra offset for clarity. (C) Linear calibration lines for both real samples.

CONCLUSIONS 

In summary, proof-of-concept large-area Ag-Gum Arabic 

nanocluster-based SERS substrates were prepared using an 
electrochemical deposition method. This fabrication method 

was environmental friendly, cost effective, simple, and rapid. 
These SERS substrates could detect 2,4-D pesticide in water di-

rectly without sample pre-treatment with a limit of detection 1 
pM achieved. Detection of 2,4-D in relevant matrixes such as 

mineral or river water was also achieved down to 0.15 nM. 
Compared to previous 2,4-D detection study by SERS, see SI 

table S2, the present SERS platform was faster and was able to 
detect 2,4-D down to 1 pM. This was around 50 times lower 

than the lowest detection ability and three times lower than the 

calculated LOD reported by a previous SERS study.22  Work is 
now on-going to improve the SERS sensor performance using 

molecular imprint techniques20, 54-56 to optimize trapping of tar-
get analytes.    
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SI includes figures about chip fabrication process, electrochemical 
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