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Abstract The increased demand for agricultural 
productivity to support the growing population has 
resulted in the expanded use of pesticides. However, 
modern pesticide applications contaminate air, water, 
soil, and unintentional target species. It is neces-
sary to develop effective and sustainable methods to 
detect different pesticides within our environment. 
Surface-enhanced Raman spectroscopy (SERS) has 
garnered significant attention for its ability to detect 
and quantify environmental contaminants, as it is a 
rapid and sensitive technique that requires minimal 
sample preparation. The present study demonstrates 
the development of a biowaste-derived nanocellulose-
based thin-film that, when integrated with gold nano-
particles, produces a sustainable and reproducible 
SERS nanosubstrate. In this study, three pesticides 
(carbaryl, ferbam, and thiabendazole) were sensitively 

and selectively detected by the combined use of this 
novel nanocellulose-based SERS nanosubstrate and 
a portable Raman instrument. The limits of detection 
were determined to be 1.34, 1.01, and 1.41 mg/L for 
carbaryl, ferbam, and thiabendazole, respectively, all 
of which are well below the agricultural application 
concentrations recommended. SERS signals were 
collected for both prepared ferbam spray solution and 
collected sprayed droplets, and it was found that there 
is no major difference in the signals, indicating that 
this detection method is reliable to detect pesticide 
droplets. A commercial pesticide was detectable by 
the biowaste-derived SERS nanosubstrate. This study 
is among the first to utilize biowaste-derived nano-
cellulose to create SERS nanosubstrate for pesticide 
detection in spray droplets. We demonstrate the high 
potential of biowaste-derived nanocellulose in combi-
nation with the portable Raman technique for agricul-
tural pesticide spray detection.Supplementary Information The online version 

contains supplementary material available at https:// doi. 
org/ 10. 1007/ s10570- 024- 06271-3.
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Introduction

As the human population continues to expand, it has 
become increasingly important for the agricultural 
sector to keep up with the growing demand for food 
crops. To protect agricultural products, pesticides are 
utilized to prevent crop damage from insects, rodents, 
fungi, and unwanted vegetation. Ever since pesticides 
were first introduced into agriculture, their usage has 
drastically increased (FAO 2000; Fernandez-Cornejo 
et al. 2014).

As a result, the prevalence of pesticides in the 
environment, specifically on unintended targets, 
has also escalated. For example, herbicides such as 
2,4-dichlorophenoxyacetic acid and dicamba were 
shown to have lethal and sublethal effects on a non-
target, beneficial insect (the lady beetle) (Freydier and 
Lundgren 2016), and the pesticide methoprene (used 
for mosquito control) has been shown to impact the 
hepatopancreas of the American lobster (Walker et al. 
2010). If crops are contaminated unintentionally by 
pesticides, or if pesticides are applied in excess, there 
will be significant hazards to human health and food 
safety (Kim et al. 2017; Zikankuba et al. 2019). Pes-
ticides entering ecological systems can have equally 

inimical effects. In 1952, the American Veterinary 
Medical Association attributed the parathion poison-
ing of geese to spray drift (Livingston 1952; Rattner 
2009). In addition to animals on land, runoff enter-
ing marine systems can have exceedingly toxic effects 
on the biological systems; coral reef environments 
are particularly vulnerable to pesticides in the oceans 
(Markey et al. 2007). Pesticides can also enter fresh-
water systems and impact species diversity (Beketov 
et  al. 2013). Terrestrial environments near agricul-
tural lands are affected by contaminated runoff and 
show severe negative impacts on biodiversity (Jep-
son et  al. 2014). Pesticides pose a significant risk 
to human health and can be taken into the body via 
direct exposure (such as inhalation) or through inges-
tion of contaminated food products or water (Kim 
et  al. 2017; Mostafalou and Abdollahi 2013; Uma-
pathi et al. 2022). Given their dangerous nature, it is 
imperative to be able to monitor pesticides within our 
environment.

Although pesticides have been detected in many 
aquatic and terrestrial environments, the detection of 
pesticides within agricultural spray droplets is under-
explored. These droplets do not always land on the 
surface of the target agricultural products; at times, 
the aerosol spray may drift to unintended targets 
within the environment. In addition, the high surface-
to-volume ratio of aerosol droplets allows them to be 
chemically transformed by solar radiation or other 
reactive trace gas molecules, potentially creating 
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more hazardous materials (Pöschl 2005). Given the 
widespread use of pesticide spraying globally, there is 
a need for the development of analytical methods to 
rapidly and sensitively detect pesticide aerosol drop-
lets in the environment.

Some methods that have been employed for the 
detection of pesticide aerosol droplets include the use 
of water-sensitive paper, which was used in conjunc-
tion with image processing software to analyze spray 
deposition and coverage on apple trees (Witton et al. 
2018). This method is only able to detect the deposi-
tion location of sprayed droplets, but not their chemi-
cal composition or concentration. Absorbent resin 
filters, such as those available in the Pesticide Action 
Network’s commercially available Drift Catcher, have 
been used to monitor pesticide spray drift from farms 
onto school grounds. This drift catcher works by 
way of a vacuum pump which draws air in at a con-
trolled rate and filters it through a tube with Supelco 
XAD-2 resin, trapping various chemicals. Following 
collection, the resins were analyzed at a lab via flame 
photometry and gas chromatography-mass spectrom-
etry (Dalvie et al. 2014). These methods are limited 
by the complex and expensive instrumentation that 
is used for the analysis, and they must be completed 
within a lab using benchtop instruments by well-
trained technicians. Flower-like origami paper-based 
electrochemical platforms have also been used to 
detect three pesticides through their interactions with 
three different enzymes within this device (Caratelli 
et  al. 2022). While this device can be used for the 
detection of aerosols, it is designed for the selective 
detection of only three specific pesticides (paraoxon, 
2,4-dichlorophenoxyacetic acid, and glyphosate) due 
to the lack of molecular fingerprinting ability in the 
electrochemical sensor.

Surface-enhanced Raman spectroscopy (SERS) is 
an advanced, rapid, and non-destructive method for 
chemical or biological analysis. The “enhancement” 
of the Raman spectroscopy is obtained by using spe-
cially designed nanostructures to increase the inten-
sity of the obtained spectra. Noble metal nanoparti-
cles (e.g., gold or silver nanoparticles) are commonly 
used to produce an electromagnetic and/or chemical 
enhancement of the Raman signals, up to magnitudes 
of  1010–1011 (Anderson and Moskovits 2006; Le Ru 
et  al. 2007; Blackie et  al. 2009; Maher 2012; Pilot 
et al. 2019).

SERS requires little to no sample preparation and 
can be used on extremely small amounts of samples 
(down to single molecule detection) (Kneipp et  al. 
2001; Nie and Emory 1997; Pettinger 2010). Through 
this technique, unique fingerprint spectra can be pro-
duced for quantitative and qualitative analysis of a 
variety of analytes. However, there can be di#culties 
associated with the preparation of SERS substrates.

A particular challenge associated with the use of 
a liquid suspension of noble metal nanoparticles is 
the nonuniform drying of these particles on a par-
ticular surface. This can occur due to the “coffee ring 
effect”, where capillary flow can cause particles to 
flow towards the edges of a droplet during the dry-
ing process (Huang et al. 2018). Substrates have been 
created in an attempt to mitigate this effect to create 
more uniform surfaces; one example involved immo-
bilized silver cubic nanoparticles on titanium diox-
ide nanotubes, and another involved the creation of 
a hydrophobic surface from titanium dioxide coated 
aluminum plates with gold nanoparticles (Ambro-
ziak et al. 2020; Breuch et al. 2022). However, these 
methods involved complex substrate preparation, 
and did not utilize sustainable materials. The use 
of nanocellulose may be able to remedy this. Nano-
cellulose-based materials have been used as a com-
ponent of various types of membranes or filters, as 
they have useful absorptive and adsorptive proper-
ties, high flexibility, hydrophilic surfaces, high sur-
face areas, and tunable shape and size (Voisin et al. 
2017; Sharma et  al. 2020). Nanocellulose exists as 
cellulose nanocrystals (CNCs), cellulose nanofibrils 
(CNFs; also called nano-fibrillated cellulose, NFCs), 
and bacterial nanocellulose (BNC) (Tahir et al. 2022). 
Previous studies utilized nanocellulose for SERS sen-
sors, but they did so with nanocellulose derived from 
commercial or bacterial sources (Tian et al. 2016; Hu 
et al. 2021). A more sustainable and environmentally 
friendly option involves biowaste-derived nanocel-
lulose materials; however, there is a lack of research 
regarding this material as a component of SERS sub-
strates. With biowaste-derived nanocellulose, waste 
products from agricultural processes can be utilized 
instead of being destroyed or gathered in landfills. 
As far as we are aware, there are limited reports of 
using biowaste-derived nanocellulose to create SERS 
nanosubstrates for the detection of environmental 
contaminants.
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The current study demonstrates the use of bio-
waste-derived cellulose nanofibrils (CNFs) to create 
a SERS nanosubstrate. The objective of this study 
is to use the sustainable SERS nanosubstrate for the 
detection of pesticides in agricultural spray drop-
lets. It was hypothesized that, in combination with 
gold nanoparticles (AuNPs), CNFs could be utilized 
to create a thin film that would provide a uniform 
Raman enhancement at various points on the surface 
and reduce the coffee ring effect on the substrate. To 
test this, three pesticides were selected to assess the 
robustness of the developed SERS nanosubstrate: 
ferbam (a fungicide), thiabendazole (a fungicide and 
parasiticide), and carbaryl (an insecticide). The thin-
films were used in conjunction with a portable Raman 
spectrometer to detect various concentrations of each 
pesticide. Through this study, a cost-effective method 
is demonstrated to create a sensitive SERS nanosub-
strate that can be used to detect pesticides in the spray 
solution and liquid droplets. This approach has a high 
potential to be applied on-site for rapid pesticide anal-
ysis on targeted and untargeted surfaces.

Experimental methods

Chemicals and materials

Cellulose nanofibrils (CNFs) was provided by Stony 
Brook University from the Hsiao Lab, which was 
prepared via a previously published method (Geng 
et  al. 2017) using CNF derived from raw jute fib-
ers. The concentration of the CNF suspension 
used was 0.95 wt%, which had a degree of oxida-
tion of 1.45  mmol/g. Gold(III) chloride trihydrate 
 (HAuCl4·3H2O, CAS 16961-25-4) was purchased 
from Sigma Aldrich. Sodium citrate dihydrate 
 (C6H9Na3O9, CAS 6132-04-03) was purchased from 
Fisher. Durapore® polyvinylidene fluoride (PVDF) 
membranes (0.1 um pore size, 47  mm diameter, 
hydrophilic) and 1-Naphthyl-N-methylcarbamate 
(carbaryl,  C12H11NO2, CAS 63-25-2) were obtained 
from Millipore Sigma. Iron(III) dimethyldithiocar-
bamate (ferbam,  C9H18FeN3S6, CAS 14484-64-1) 
was procured from TCI America, and 2-(4-thia-
zolyl)benzimidazole (thiabendazole,  C10H7N3S, 
CAS 148-79-8) was purchased from Alfa Aesar. 
Acetone  (C3H6O, CAS 67-64-1) was obtained from 
Fisher Chemical, and ethanol  (C2H5OH, 200 proof, 

CAS 64-17-5) was from Pharmco. The water used 
in the experiments was ultrapure water (18.2 MΩ, 
Millipore) unless otherwise noted.

Synthesis of AuNPs

Spherical gold nanoparticles (AuNPs) were pre-
pared based on a previously published method with 
minor changes (Bastús et al. 2011). Briefly, 75 mL 
sodium citrate dihydrate (2.2  mM) were heated 
in a round bottom flask fitted with a reflux con-
denser under constant stirring. Between 95–96  °C, 
0.5  mL (25  mM) gold(III) chloride trihydrate was 
added promptly to the solution and allowed to stir 
for 10 min, forming 20 nm AuNP seeds. The reac-
tion flask was cooled to a temperature between 
87.5–90  °C, after which, every 2  min 0.5  mL 
60 mM sodium citrate dihydrate and 0.5 mL 25 mM 
 HAuCl4·3H2O were added for a total of 10 addi-
tions. Stirring continued for 30  min at 90  °C, and 
then the AuNPs were cooled to room temperature.

Characterization of materials

AuNPs were characterized by dynamic light scatter-
ing (DLS) on a Malvern Panalytical Lab Blue Zeta-
sizer to measure the particle size and zeta potential. 
For each measurement, 5 replicates were completed 
and averaged. CNFs were imaged via transmission 
electron microscopy (TEM) at Stony Brook University 
(Fig. S1). The size and distribution of the AuNPs was 
further characterized through scanning electron micros-
copy (SEM) measurements using a Zeiss SUPRA 
55-VP FEG-SEM and ImageJ for analysis.

Preparation of AuNPs/CNF SERS nanosubstrate

To create the SERS nanosubstrate, a AuNPs/CNF 
suspension was prepared by mixing 312.5 %L of an 
as-prepared AuNPs solution with 312.5 %L CNFs and 
11.875  mL ultrapure water by vortexing at 1900  rpm 
for 1 min. After mixing AuNPs with CNFs, the AuNPs/
CNF suspension was bright pink in appearance. Fol-
lowing this, the pH value of the AuNPs/CNF/water 
mixture was measured and adjusted (if needed) using 
either dilute  H2SO4 or dilute NaOH, dropwise.

On a 47  mm Millipore vacuum filtration setup, a 
47 mm PVDF membrane was centered on the setup 
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and clamped between the filter flask and the 300 mL 
funnel. The vacuum filtration setup was the Millipore 
Classic Glass Filter Holder—Kit (47  mm, glass frit 
membrane support, 300  mL funnel, XX1014700). 
The 12.5  mL AuNPs/CNF suspension was poured 
over the PVDF membrane, while the vacuum was 
immediately applied. The membrane was dried for 
25 min on the vacuum filtration setup, then removed 
from the setup and further dried for 25 min at room 
temperature. The edges of the membrane were held 

in place to prevent curling of the nanosubstrate. After 
drying on the PVDF, the thin-film was pink and shiny. 
The preparation of AuNPs/CNF SERS nanosubstrate 
is illustrated in Fig.  1. If not needed for immediate 
use, following preparation, the thin-film membranes 
were stored in a refrigerator in glass Petri dishes for 
future use.

Fig. 1  Scheme showing the creation of AuNPs/CNF membrane via vacuum filtration at room temperature
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Calibration curve and LOD determination for each 
pesticide on AuNPs/CNF thin-film nanosubstrate

A 1000  mg/L stock solution was prepared for each 
pesticide (using ethanol for carbaryl, and acetone for 
ferbam and thiabendazole). For the purposes of this 
study, mg/L concentrations are equivalent to ppm. 
From this stock, dilutions were made using ultrapure 
water. The prepared thin-film nanosubstrates were cut 
into several small pieces with scissors. A 2 %L drop-
let of the controls or pesticide solutions at different 
concentrations were applied to the center of the cut 
thin-film nanosubstrate piece positioned on a slide. 
The slides were allowed to dry at room temperature 
for 15 min prior to SERS analysis.

All Raman measurements were made on an EZRa-
man spectrometer (TSI ChemLogix, Enwave Optron-
ics, Inc., EZRaman Reader V8.3.6), using a 785 nm 
laser with the following parameters: 5  s integra-
tion time, averaging of 2, boxcar of 1, 35 mW laser 
power (assessed using a laser power meter (ThorLabs 
PM100D)). For each sample, five measurements were 
taken at different locations within the sample droplet, 
unless otherwise noted. The average was used for the 
creation of applicable calibration curve plots based 
on the intensity of the Raman signals versus the con-
centration of each pesticide. The background SERS 
spectrum for the blank control was subtracted from 
all sample spectra.

The limit of detection (LOD) for each pesticide 
was determined through the use of the linear calibra-
tion curves and Eq. 1:

where s is the standard deviation of 5 replicates of 
blank control, and m is the slope of the linear calibra-
tion curve.

Method validation using spiked sprays and a 
commercial pesticide

To determine the applied concentration of pesticide 
from a spray applicator, a sprayer was used to spray 
10  mg/L ferbam into a petri dish collector at a dis-
tance of 5 cm. A 2 %L sample of the sprayed ferbam 
was collected and applied to a piece of AuNPs/CNF 
thin-film nanosubstrate. In the same manner, a 2 %L 
volume of 10  mg/L ferbam from the original spray 

(1)LOD =

3s

m

solution was applied to another piece of AuNPs/CNF 
nanosubstrate, and both experiments were repeated 
to produce three replicates for each sample. Samples 
were dried at room temperature for 15 min and then 
analyzed via SERS at five randomly selected posi-
tions within the droplet on each replicate. For com-
mercial pesticide detection, Daconil concentrate was 
diluted to 25% original concentration with ultrapure 
water based on the manufacturer’s instruction, and 
Daconil Ready-to-Use Spray was used as is. With 
these samples, 2 %L droplets were applied to a piece 
of AuNPs/CNF nanosubstrate, and the dried droplets 
were analyzed via SERS at five randomly selected 
points.

Results and discussion

Synthesis and characterization of AuNPs/CNF 
nanosubstrate

Figure  1 shows the process for the creation of the 
AuNPs/CNF thin-film nanosubstrate. After mix-
ing AuNPs with CNFs, the AuNPs/CNF suspension 
was bright pink in appearance. Following deposition 
onto the 47  mm PVDF membranes, the dried sam-
ple became pink and shiny. The synthesized AuNPs 
were characterized using DLS and were found to 
have an average particle size of 50.85 ± 2.01  nm at 
25 °C using the average of 5 scans in the side scat-
ter mode. The zeta potential of the AuNPs was found 
to be & 45.24 ± 3.25 mV using the average of 5 scans 
(Fig. S1). CNFs were imaged via transmission elec-
tron microscopy (TEM) at Stony Brook University 
(Fig. S2). CNF fibers had an average width of 7 nm, 
an average thickness of 1.5  nm, and an estimated 
length between 300–600 nm, as stated in a previous 
publication (Geng et al. 2017).

The AuNPs/CNF thin-film nanosubstrate was 
characterized using SEM (Fig. S3), which indicated 
that the average diameter of the AuNPs on the sur-
face was 38.50 ± 4.69  nm (average diameter of 50 
particles measured using ImageJ). The SEM images 
also showed the distribution of AuNPs across the sur-
face of the thin-film nanosubstrate. It was noted that 
when greater concentrations of AuNP were utilized in 
the creation of the thin-film, the substrate was more 
prone to burning under the Raman laser, and the sig-
nal was thus decreased (Fig. S4).
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The use of CNFs in the thin-film nanosubstrate 
visually reduces the “coffee ring effect” when com-
pared with AuNPs drying on PVDF without CNFs 
(Fig. S5), creating a more uniform substrate. The 
coffee ring effect occurs when suspended nanopar-
ticles travel towards the edge of the applied liquid 
during the drying process, creating a non-uniform 
distribution of the particles. A previous study uti-
lized computational time-series image data to deter-
mine that CNF was useful in suppressing the coffee 
ring effect mechanically within dried colloidal drop-
lets of microscale polystyrene particles (Ooi et  al. 
2017). They were able to determine that the addition 
of CNFs reduced the “rush hour” phenomena”, where 
the speed of the particles traveling towards the edges 
of the droplet generally increase near the edges in the 
last stages of drying.

Optimization of pH for thin-film nanosubstrate 
preparation

SERS detection may be affected by the pH value 
because it controls the protonation and deprotona-
tion of the functional groups on the SERS nano-
substrate surface, thus affecting the interactions 
between the analytes and the nanosubstrate, and 
the obtained spectra (Kazanci et al. 2009; Viviana 

et  al. 2021). To obtain the highest Raman signal 
intensity, it is important to optimize the pH value. 
In the present study, the pH value of the AuNPs/
CNF suspension was adjusted dropwise with either 
NaOH (0.1 M), or  H2SO4 (0.1 M) to determine the 
pH value that could yield the maximum Raman 
intensity of each pesticide. The original pH of the 
unadjusted AuNPs/CNF suspension was 6.4. It 
was noted that at a pH value of 4, the thin-films 
became brittle and peeled away from the PVDF 
backing, and thus, this pH was not used for any 
further experiments beyond one test using fer-
bam (Fig. 2a). For each of the pesticides, a higher 
Raman intensity was obtained using the native pH 
of 6.4 than when using a pH of 8 (Fig. 2a–c), and 
so all subsequent nanosubstrates were created using 
unadjusted pH of 6.4 AuNPs/CNF suspension. 
The decreased signal intensity at a pH value of 8 
is likely due to the deprotonated carboxyl group in 
CNF and increased negative charges, which caused 
the repulsion between CNFs and the target pesti-
cides with either negative charges (ferbam) or lone 
electron pairs (carbaryl and thiabendazole).

Fig. 2  SERS spectra for a ferbam, b carbaryl, and c thiabendazole as a function of pH during AuNPs/CNF preparation
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Fig. 3  Reproducibility of 
the SERS signals of a 1 %L 
droplet of 10 mg/L ferbam 
on AuNPs/CNF nanosub-
strate. a 3D Waterfall plot 
for 15 replicate measure-
ments, b heat map of 
Raman intensities for each 
replicate measurement, 
and c bar chart showing 
the intensity of the peak at 
1372  cm&1 for each repli-
cate, as well as the relative 
standard deviations
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Reproducibility of the AuNPs/CNF nanosubstrate

The SERS nanosubstrate was evaluated for reproduci-
bility across different AuNPs/CNF nanosubstrates and 
at different points on the surface of the same nano-
substrate. Figure  3a gives a visual representation of 
the SERS spectra for 15 replicate measurements of a 
10 mg/L sample of ferbam on AuNPs/CNF nanosub-
strate. Replicates 1–5 are five different points meas-
ured on a single AuNPs/CNF nanosubstrate (batch 
A), 6–10 are from another nanosubstrate (batch B), 
and 11–15 are from a third nanosubstrate (batch C). 
Figure 3b shows the 15 SERS spectra as a heat map, 
highlighting the uniform spectral pattern and signal 
intensity. Figure 3c shows the intensity of the peaks at 
1372  cm&1 for each of the 15 replicate measurements, 
along with the relative standard deviations (RSD) for 
each batch (11.02% for batch A, 3.72% for batch B, 
and 3.89% for batch C); the overall RSD for the 15 
replicate measurements is 8.22% for the peak posi-
tion of 1372  cm&1. The low RSD values indicate uni-
formity and reproducibility in the SERS signals for 
this material (Grys et al. 2021). Spectra for the back-
ground (CNFs or AuNPs/CNF) as well as Raman and 
SERS spectra for each of the pesticides are shown 

in Fig. S6. There is a greatly increased RSD for a 
substrate produced from only AuNPs (without any 
CNFs). This can be seen in Fig. S7, in which 15 rep-
licate measurements of ferbam at 7 mg/L were taken 
on a substrate made only from AuNPs on PVDF; the 
RSD for these 15 replicates was 51.07%. Additional 
reproducibility data for carbaryl, ferbam, and thia-
bendazole at 20 mg/L on AuNPs/CNF substrates are 
shown in Fig. S8, S9, S10. A prior study utilizing a 
CNF/AuNP nanocomposite for SERS measurements 
of the Raman probe molecule, 4-aminothiophenol 
(4-ATP) collected SERS signals from 16 random 
positions within an area containing 5  ppm 4-ATP 
(Xiong et al. 2018). They achieved an RSD of 25.47% 
and considered the uniformity and reproducibility to 
be acceptable. Compared with that study, the current 
work has improved reproducibility and uniformity 
across the surface of the cellulose nanosubstrate.

Calibration curve and LOD determination for each 
pesticide on AuNPs/CNF nanosubstrate

To evaluate the potential of the approach to quantify 
pesticides, a range of concentrations for each pes-
ticide were applied to the AuNPs/CNF thin-films. 

Fig. 4  SERS spectra from various concentrations of a carba-
ryl, b ferbam, and c thiabendazole; control signals have been 
subtracted from all spectra. Calibration curves are shown for d 

carbaryl, e ferbam, and f thiabendazole, where the x-axis is the 
log of the concentration
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Each pesticide concentration with 5 replicates was 
measured by SERS. The average spectrum for 
each concentration is shown in Fig.  4 for carba-
ryl (Fig.  4a), ferbam (Fig.  4b), and thiabendazole 
(Fig.  4c), respectively, along with associated cali-
bration curves (Fig.  4d–f). Each of the 5 replicate 
measurements utilized to provide the average SERS 
spectra for each concentration of each of the 3 pesti-
cides is presented in Fig. S8, S9, and S10. Logarith-
mic curves were fit to a larger concentration range 
for each pesticide, and these are shown in Fig. S11. 
The logarithmic curves suggest that the pesticide may 
be saturating the thin-film nanosubstrate at higher 
concentrations, blocking the enhancement from 
the AuNPs. These spectra demonstrate that a range 
of concentrations of each pesticide can be identi-
fied and quantitatively analyzed using the developed 
thin-film nanosubstrate in conjunction with SERS. 
From these calibration curves, the LOD values for 
each pesticide were determined to be 1.34, 1.01, and 
1.41  mg/L for carbaryl, ferbam, and thiabendazole, 
respectively. According to the user guide on product 

labels of the corresponding commercial pesticide 
products Ferbam Granuflo® (Taminco), Loveland’s 
Carbaryl 4L (Loveland Products Inc.), Thiabenda-
zole 4L ST Fungicide by Agri Star (Agri Star), and 
Thiabendazole 4.1 FL AG (Albaugh 2015), the LODs 
achieved in this study are well below the concentra-
tions recommended by manufacturers for application 
in agricultural settings. Carbaryl is recommended to 
be applied at approximately 239,653  mg/L (Love-
land Products Inc.), ferbam is recommended to be 
applied between 1047–8195  mg/L (Taminco), and 
thiabendazole is recommended to be applied between 
1534–3500 mg/L (Agri Star; Albaugh 2015).

Differentiation of pesticides on AuNPs/CNF 
nanosubstrate

To determine if each of the three pesticides could be 
differentiated from one another, each pesticide solu-
tion was applied to pieces of the developed AuNPs/
CNF nanosubstrate. The Raman peaks for each pes-
ticide were labeled (using OriginLab Pro software), 

Fig. 5  a SERS spectra from 20 mg/L carbaryl, ferbam, and thiabendazole droplets on AuNPs/CNF nanosubstrate; b PCA analysis 
(from OriginLab Pro) showing 95% confidence ellipses for 15 spectra obtained for each pesticide
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including prominent peaks at 796, 1376, 1430 
and 1558   cm&1 for carbaryl, 444, 550, 1136, and 
1368   cm&1 for ferbam, and 778, 876, 1008, 1270, 
and 1564   cm&1 for thiabendazole (Fig.  5a). These 
peak locations are in good agreement with previ-
ously published values. For carbaryl, our peak around 
1558  cm&1 matches with the 1568  cm&1 peak, and our 
1430   cm&1 peak matches with a peak at 1440   cm&1 
(Nowicka et  al. 2019). For ferbam, our peaks at 

444, 550, and 1368   cm&1 agree with 441, 563, and 
1382  cm&1, respectively (Hussain et al. 2021). Look-
ing at thiabendazole, our peaks at 778, 876, 1008, 
1270, and 1564  cm&1 match with published values of 
779, 879, 1278, and 1578  cm&1, respectively (Hussain 
et al. 2021).

A principal component analysis (PCA) was per-
formed using OriginLab Pro software, where 3 rep-
licates were scanned at 5 random points each to 

Fig. 6  SERS spectra of 
10 mg/L ferbam (top), a 
mixture of 10 mg/L ferbam 
with 20 mg/L thiabendazole 
(middle), and 20 mg/L thia-
bendazole (bottom), with 
characteristic peaks labeled. 
Peaks within the mixture 
are labeled for those that 
match with ferbam (red 
stars), and for those that 
match with thiabendazole 
(green stars)



10926 Cellulose (2024) 31:10915–10929

Vol:. (1234567890)

accumulate 15 spectra for each pesticide. The result-
ing data are shown (Fig.  5b) with 95% confidence 
ellipses for each set of spectra. Each pesticide’s data 
points are mainly clustered within the 95% confidence 
ellipses, indicating that the pesticides can be differen-
tiated based on the SERS spectra using our approach.

In agriculture, oftentimes multiple pesticides are 
applied to the same target crop for different pests. 
It is important to test the feasibility of the method 
to detect and identify each pesticide. Other methods 
(HPLC, GC, HPLC–MS, or GC–MS) can be used 
to differentiate compounds, but require more costly 
instruments, more extensive sample preparation, or 
are more expensive to run (Gong et  al. 2019; Xu 
et al. 2023). To determine whether pesticides could 
be differentiated within a mixture using the AuNPs/
CNF thin-film, pesticide solutions were mixed in 
a 1:1 volume ratio and applied to the AuNPs/CNF 
and analyzed via SERS. Compared with the refer-
ence spectrum from each pesticide (Fig.  6), peaks 
that are unique to ferbam (552, 930, 1136, and 
1366   cm&1) and thiabendazole (610, 1006, 1076, 
and 1236   cm&1) both appear in the spectrum from 
the mixture of the two pesticides, suggesting that 

the developed thin-films are able to be utilized for 
the selective detection of a pesticide in the mixture.

Determination of pesticides in spiked sprays on 
AuNPs/CNF nanosubstrate

When pesticides are applied, not all the sprayed pes-
ticide can reach the target crop. A significant portion 
of pesticides may be released into areas surrounding 
the intended crops (Duke 2017). Some of this move-
ment is caused by spray drift, where droplets travel 
away from the area where they were applied due to 
air movements; this can cause a significant threat 
to human health and the environment (Bedos et  al. 
2013; Perine et al. 2021; Prechsl et al. 2022). To test 
whether our method can be used to detect sprayed 
pesticides reliably, a sample of 10 mg/L ferbam was 
tested both using the original spray solution and the 
spray droplets collected after spraying. The results are 
displayed using a box-and-whisker plot (Fig.  7). A, 
B, and C indicate the three replicates for either con-
dition; five data points were collected on each sam-
ple via SERS. Exclusive median was used to generate 
the plot on Excel. The comparison shows that there is 

Fig. 7  Box-and-whisker plot of the SERS intensity (a.u.) of 10 mg/L ferbam at 1366   cm&1 from either the bulk solution (original 
spray solution), or from droplets collected after being sprayed
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not a major difference in the SERS intensity between 
the original ferbam solution versus the spray drop-
lets collected from the sprayed pesticide, indicating 
the reliability of our approach to detect pesticides in 
spray droplets. This will help growers determine the 
location and distribution of the sprayed pesticides 
and potential drifts, facilitating the evaluation of the 
application effectiveness.

Detection of commercially-available pesticides on 
AuNPs/CNF nanosubstrate

To determine whether the thin-film nanosubstrate 
could be used to detect a pesticide within a more 
complex matrix, a commercially available fungicide, 
Daconil, was used in concentrated form (29.6% chlo-
rothalonil, active ingredient) and in Ready-To-Use 
(RTU) Spray form (0.087% chlorothalonil). This 
product is readily available to consumers at home 
improvement and garden stores. Chlorothalonil is a 
broad spectrum fungicide which is toxic to aquatic 
organisms and its metabolites are persistent and 
highly mobile in the environment (Lv et  al. 2022). 
This pesticide was selected for use as it was readily 
available from the market, and also because commer-
cial formulations of carbaryl, ferbam, and thiabenda-
zole were not able to be purchased for research use 
due to the strict regulations. Fig. S12 shows the aver-
age of 5 Raman spectra for droplets of a 25% dilu-
tion of Daconil Concentrate, as well as droplets of 
RTU Spray on AuNPs/CNF thin-film nanosubstrate. 
Prominent peaks are visible at 1264   cm&1, between 
1490–1526   cm&1, between 1530–1550   cm&1, and 
between 2228–2240   cm&1, which are in good agree-
ment with previously published reference Raman 
spectra for chlorothalonil (Yu et  al. 2021; Wu et  al. 
2022). Through this, it is clear that the thin-film nano-
substrate enhances the signals of the target pesticide 
without interference by other ingredients in the com-
mercial formula. This demonstrates the high potential 
of using the method developed here to detect real-
world pesticide formulas in agricultural settings.

Conclusions

This study is among the first to utilize biowaste-
derived nanocellulose to create SERS nanosubstrate 

for pesticide detection in spray droplets. Specifically, 
nanocellulose was utilized to produce a uniform dis-
tribution of AuNPs across the thin-film surface, 
enabling reliable and reproducible SERS measure-
ments. The demonstrated AuNPs/CNF nanosubstrate 
can provide sensitive detection of pesticides down to 
LODs of 1.34, 1.01, and 1.41 mg/L for carbaryl, fer-
bam, and thiabendazole, respectively. Additionally, 
this nanosubstrate can be used to differentiate the pes-
ticides from one another based on the identification 
of their characteristic SERS peaks. It was found that 
there is not a major difference in SERS signal inten-
sity between the original pesticide solution and the 
droplets collected from the pesticide spray. The thin-
film nanosubstrate was also able to enhance the sig-
nals for the active ingredient, chlorothalonil, within 
a commercial pesticide, demonstrating promising 
applications for commercial pesticide products. Since 
the AuNPs/CNF thin-film nanosubstrate is coupled 
with a portable Raman spectrometer, this method 
has the potential for pesticide detection in the field. 
This approach can be useful to protect environmen-
tal safety and agricultural sustainability by taking 
advantage of sustainable biowaste-derived materi-
als, simple nanosubstrate and sample preparation, as 
well as rapid, reproducible and sensitive analysis of 
pesticides.
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