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ABSTRACT 
Providing sufficient, healthy food for the increasing global population is putting a 
great deal of pressure on the agrochemical industry to maximise crop yields without 
sustaining environmental damage. The growth and yield of every plant with sexual 
reproduction, depends on germination and emergence of sown seeds, which is 
affected greatly by seed disease. This can be most effectively controlled by treating 
seeds with pesticides before they are sown. An effective seed coating treatment 
requires a high surface coverage and adhesion of active ingredients onto the seed 
surface and the addition of adhesive agents in coating formulations plays a key role 
in achieving this. Although adhesive agents are known to enhance seed germination, 
little is understood about how they affect surface distribution of actives and how 
formulations can be manipulated to rationally engineer seed coating preparations 
with optimized coverage and efficacy. We show, for the first time, that stimulated 
Raman scattering (SRS) microscopy can be used to map the seed surface with 
microscopic spatial resolution and with chemical specificity to identify formulation 
components distributed on the seed surface. This represents a major advance in our 
capability to rationally engineer seed coating formulations with enhanced efficacy. 
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INTRODUCTION 
 
The rapidly increasing global population and growing demand for improved diet in 
the developing world is putting ever increasing pressure on the agricultural and 
agrochemical industries to enhance agricultural yields. Seed germination and 
seedling establishment are key factors in crop yield and both are heavily affected by 
seed disease. An effective strategy to control seed disease and hence increase seed 
performance is to treat seeds before sowing by coating them with active agents to 
control moisture, plant growth, pest damage and disease [1-4]. With this approach 
active ingredients (AIs) are applied specifically to target the seed during germination 
to maximise their performance whilst at the same time minimising human exposure, 
environmental pollution and costs. An effective seed coating treatment requires a 
high surface coverage and adhesion of actives onto the seed surface and the addition 
of adhesive agents in seed coating formulations plays a key role in achieving this.  
 
The ability to map the seed surface with microscopic spatial resolution and with 
chemical specificity to identify formulation components distributed on the seed 
surface would represent a major advance in our capability to rationally engineer seed 
coating formulations with enhanced active coverage. However, conventional 
analytical tools fall short of this requirement. Various methods, including HPLC-mass 
spectrometry (HPLC-MS) measurement [5], Raman spectroscopy [6, 7], X-ray Micro-CT 
[8], and near infrared hyperspectral spectroscopy [9] have been utilized to analyse the 
distribution of agrochemicals on the seed surfaces. However, these techniques suffer 
from a number of drawbacks such as lengthy sample preparation of seed sections [5, 

6], loss of spatial resolution, long acquisition times [7] or lack of chemical specificity 
for the AIs [8, 9]. Labelling of the AI molecules with fluorophores has also been used to 
evaluate seed coatings [10], however the low molecular weight of most AIs means 
that fluorescent derivatization has a direct impact on their chemical-physical 
properties which makes interpretation of the results difficult and potentially 
misleading. 
 
We demonstrate that a novel label-free imaging technique, stimulated Raman 
scattering, can overcome the limitations of conventional methods and for the first 
time provide in situ quantitative analysis which demonstrates how the microscopic 
distribution of fungicides on wheat seeds can be modified by formulation additives. 
Using fludioxonil, a non-systemic fungicide, as an example AI, we show SRS can be 
used to visualise the distribution of the compound on the seed surface and we 
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investigate the effect of the addition of vegetable oil, a common co-formulant 
material, on the distribution of AI on the seed surface.  
 
Stimulated Raman Scattering (SRS) microscopy has emerged as a powerful tool for 
mapping the spatial-temporal distribution of unlabelled compounds based on 
vibrational spectroscopy [11-13]. SRS generates a coherent non-linear Raman signal by 
focussing a pump and Stokes laser pulses into a sample with a difference in 
frequency (ωp - ωS) matched to a Raman active mode of a molecular species of 
interest. Under this resonant condition the Stokes beam intensity experiences a gain 
(stimulated Raman gain – SRG) while the pump beam experiences a loss (SRL). The 
intensity transfer from the pump to the Stokes beam only occurs when both beams 
are incident upon the sample and can be detected with high sensitivity using 
modulation transfer detection [11, 12]. With significant improvement of imaging speed 
and detection sensitivity [14-16], SRS microscopy has been demonstrated to allow 
non-invasive imaging of compounds in living cells and tissues [17-22]. Moreover, since 
SRS is detected as a modulation in the excitation fields, it is not susceptible to 
autofluorescence and has recently been demonstrated to be suitable for application 
in planta [23-31]. 
 
 
 
MATERIALS AND METHODS 
 
Stimulated Raman Scattering Microscopy 
SRS microscopy was performed using a custom-built imaging system based on a 
commercial laser scanning microscope and a picosecond laser. The laser source 
consisted of a picosecond mode-locked fibre laser (aeroPULSE, NKT Photonics) 
providing 2 ps pulses at 1032 nm which were frequency-doubled to pump an optical 
parametric oscillator (OPO) (Levante Emerald, APE) [21], which provide a tuneable 
signal beam tuneable from 690 to 990 nm which served as the Stokes beam. In the 
optical setup shown in Figure 1a, pump and Stokes beams with frequencies ωp and 
ωS, respectively, are incident upon the sample with the frequency difference ωp – ωS 
chosen to match the molecular vibrational frequency (Ω) of interest as illustrated in 
the energy diagram.  
 
The Stokes beam was modulated at 8.25 MHz by using an acoustic optical modulator 
(AOMO 3080−122, Crystal Technology) and 80 MHz driver (AODR 1080AF-A1F0−1.0, 
Crystal Technology). All imaging was carried out on a modified confocal laser scan 
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unit (Fluoview 300, Olympus) and an inverted microscope (IX71, Olympus). The light 
was focused onto the sample using a 60× NA1.2 water immersion microscope 
objective (UPlanSApo, Olympus). The pump and Stokes laser powers on the sample 
were 6 and 12 mW, respectively. The forward propagated light was collected using a 
100× NA1.4 oil immersion microscope objective (UPlanSApo, Olympus), and SRS was 
detected in the forward direction using a Si photodiode (FDS 1010, Thorlabs) with a 
70 V reverse bias. A schematic of the optical setup is shown in Figure 1a. To collect 
the back-scattered light from the wheat seed, we installed a quarter-wave plate 
(AQWP10M-980, Thorlabs) and polarizing beam splitter (CCM1-PBS252, Thorlabs) in 
the epi-direction, where the photons of the pump beam were detected by a biased Si 
photodiode (DET36A, Thorlabs). The schematic illustration of epi-SRS setup is shown 
in Figure 3a. 
 
For stimulated Raman loss (SRL) imaging, the Stokes beam was blocked with two 
band-pass filters (CARS 890/220 nm, Chroma Technologies) and the pump beam was 
detected. To suppress the strong signal due to the laser pulsing at 76 MHz, the 
output voltage was pre-amplified, filtered by a low pass filter (BLP-21.4+, 
Mini-Circuits) and then terminated by a 50Ω resistor. The photodiode was connected 
to a radio frequency lock-in amplifier (SR844, Stanford Research Systems) referenced 
to the AOM driver. A 20 μs integration time was chosen and images generated by 
recording the X output on the lock-in amplifier, and this resulted in a 12 second 
frame rate of 512 × 512 pixels images. Two-photon excited fluorescence (TPEF) signal 
was simultaneously detected in the epi-direction using a 805 nm dichroic mirror 
(DMSP805R, Thorlabs) and two filters centered at 660 nm (660.0 IF 40D, Ealing) to 
separate the signal from the laser fundamental and then detected by a 
photomultiplier tube (PMT, R3896, Hamamatsu). Image acquisition and processing 
were performed using ScanImage (Vidrio Technologies) and Fiji (National Institute of 
Health, NIH, open source software), respectively. For the SRS, spectral acquisition 
regions of interest were acquired as the OPO was sequentially tuned to provide 
pump wavelengths, giving values of ωp - ωS over the spectral range 2200 – 2250 cm-1. 
Intensity variations of the OPO signal were corrected by normalising each data point 
against the OPO signal intensity, which was recorded with a PIN photodiode. The 
linear power dependence of SRS signal on pump beam intensity allows compensation 
by straightforward linear normalisation. 
 
Spontaneous Raman Spectroscopy 
Spontaneous Raman spectra of the fludioxonil formulations were acquired using a 
Renishaw RM1000 Raman microscope (RENISHAW, Wotton-Under-Edge, UK) 
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equipped with a 1200 lines/mm grating providing a spectral resolution of 1 cm−1 and 
a diode laser providing excitation at 785 nm with up to 300 mW power. The system 
was calibrated prior to every spectral acquisition using the Raman band of a silicon 
wafer at 521 cm−1. Spectral data were acquired using Renishaw v.1.2 WiRE software. 
 
Seed Coating Preparation 
An aqueous suspension of fludioxonil particles stabilised by ionic and non-ionic 
surfactants, both with and without vegetable oil, was diluted into water, coated onto 
wheat seeds by dropping 0.12 gram diluted formulation onto 30 gram wheat seeds 
in a 60 ml glass jar and shaking vigorously for 2 minutes, and allowed to dry at room 
temperature overnight. The wheat seed variety Savannah was used, and seeds were 
provided by Syngenta (Jealott’s Hill International Research Centre, Bracknell, UK). To 
image the sliced wheat seed surfaces with forward-detected SRS signal, the 
appropriate sectioning direction (section parallel to the surface of the seed) was 
essential to minimise movement of the coating. Hand sectioning of wheat seeds was 
used to produce cross sections and transverse sections of the seed coat.  These thin 
slices were mounted between two coverslips (intact wheat seeds were directly 
placed on a coverslip for epi-SRS detection) and imaged immediately. 
 
 
RESULTS AND DISCUSSION 
 
Figure 1b shows the chemical structure of fludioxonil. It contains a cyano bond (C≡N) 
which provides a unique Raman peak that appears in the ‘silent region’ (2000 – 2700 
cm-1) of the spectrum where there is no interference from endogenous seed 
components. We measured the spontaneous Raman and SRS spectra of fludioxonil 
formulated with and without vegetable oil. The spontaneous Raman spectrum of 
fludioxonil with oil shows strong peaks for the CH2 band (2845 cm-1) and the C≡N 
band (2219 cm-1), indicating the presence of both lipid and fludioxonil. The result of 
the hyperspectral SRS scan is consistent with the spontaneous Raman spectrum. As 
expected, the spectrum of fludioxonil without vegetable oil shows lower intensity of 
CH stretching at 2845 cm-1, revealing that it has a lower lipid content. To image a 
specific active ingredient, on-resonance (2219 cm−1) and off-resonance (2204 cm−1) 
stimulated Raman imaging is typically performed to confirm the signal arises from 
stimulated Raman scattering, as shown in Figure 1c. 
 
Figure 2a and Figure 2b compares the 3D distribution of fludioxonil formulations on 
the surface of sectioned wheat seeds. False colours are assigned to individual Raman 
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spectral frequencies to allow the chemically specific imaging of molecules. The 
formulation containing oil, Figure 2b, exhibits higher intensity of CH2 and C≡N bands 
compared to that of the formulation without oil, Figure 2a, which also has a less 
uniform distribution of fludioxonil. The coating performance of fungicide can be 
revealed by examining transverse sections (Figure 2c), suggesting that fludioxonil is 
mainly concentrated on the surface of wheat seed coat.  
 
A major drawback when performing forward-detected SRS microscopy is the need for 
sample sectioning prior to imaging since it could perturb the distribution of the seed 
coating. Although the use of cryo-sectioning would allow us to further immobilise 
the coating material than hand sectioning, the seed sectioning is still a destructive 
and time-consuming process [32]. We therefore performed imaging in the 
epi-detected SRS images with the introduction of quarter-wave plate and polarizing 
beam splitter in the epi-direction, as illustrated in Figure 3a. SRS microscopy 
equipped with the epi-mode detector offers an alternative way for surface studies on 
highly scattering, opaque, and thick tissues specimens [33-38]. In addition, TPEF of 
intrinsic molecules, such as chlorophyll and carotenoid, can be used as a good 
contrast for visualizing seed surface morphology (Figure 3a) [31]. 
 
To validate the multimodal performance of the epi-detection scheme, we acquired 
TPEF and SRS on-resonance (2219 cm-1) imaging of fludioxonil on the surface of intact 
wheat seed. As well as providing the spatial distribution of fungicide coating, the 
epi-SRS approach can also be used to acquire 3D images with the intrinsic optical 
sectioning capability of SRS (Figure 3b). As shown in the 3D reconstructed images, 
fludioxonil with oil could form a thin film on the coated seed surface as compared to 
without oil, suggesting that vegetable oil plays a significant role in seed coating 
performance. The SRS intensities at different depths of seed coats showed significant 
differences between the different formulations, as plotted in Figure 3c. 
 
Finally, we tracked the deeper coating performance of fungicides at a depth of 25 μm. 
The surface we defined in Figure 4 was the imaging plane where the SRS signal of 
C≡N bond started to appear. We notice that those seeds coated by fludioxonil mixed 
with vegetable oil have more fungicide deposition and more even distribution than 
fludioxonil without oil (Figure 4a and Figure 4b). The coating area of fludioxonil 
increased from 409.6±81.9 μm2 (2.5±0.5 % of total area) to 1507.3±393.2 μm2 
(9.2±2.4 % of total area), indicating a 3.7-fold increase in deposition of seed coating 
fungicide (Figure 4c) mixed with oil, which is consistent with the increase of SRS 
signal strength when compared to the formulation without oil (Figure 4e). We further 
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investigated the number of fludioxonil particles as a function of the coating area and 
found a rising trend of more coating areas with the usage of vegetable oil (Figure 4d). 
Based on the data in Figure 4c, Figure 4d and Figure 4e, our results demonstrate that 
the fungicide is deposited more efficiently on intact seed surfaces with the help of 
vegetable oil. 
 
The results from this study demonstrate that a combined formulation of fludioxonil 
and vegetable oil would be more effective in coating superficial regions of the wheat 
seeds. There are several commercially available agrochemicals (such as 
azoxystrobin and chlorothalonil) also contain C≡N groups, demonstrating the broad 
applicability of SRS microscopy as an analytical tool for the crop protection and 
agrochemical industry. To further improve this study, it would be possible to image 
multiple AIs simultaneously on the surface of seeds by monitoring other useful 
Raman bands such as the deuterium (when using deuterium labelled materials) [39-41], 
alkynes (C≡C) [42-44], phenyl-diyne [45], and carbon-halogen bond such as C-F bond. 
Moreover, we can perform time-lapse imaging to reveal the quantitative, dynamic 
interaction between the seeds and AIs.  

 
 
CONCLUSION 
 
In this study, we have demonstrated that SRS microscopy enables the distribution of 
AIs to be mapped non-destructively on the surface of wheat seeds with high 
spatial-resolution without any external labelling. Our method can evaluate coating 
efficacy, revealing AI distribution on intact seeds at sub-micron resolution. To our 
knowledge, this is the first demonstration of in situ chemically specific mapping of 
fungicides in seed coats using nonlinear microscopy in a label free manner. We have 
shown that epi-SRS and TPEF microscopy with fibre laser excitation is an excellent 
tool for imaging fludioxonil on intact seed surfaces. This capability offers a new tool 
for designing more efficient seed treatments and other types of agrochemical 
formulation. 
 
 
Notes 
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