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SUMMARY

Surfactants, as foliar sprays, are widely used to increase the uptake of agrichemicals through plant leaf sur-

faces. Study of the effects of surfactants on plants has mainly focused on investigation of the mechanisms

that underlie changes in droplet behavior on leaf surfaces. However, how surfactants may affect leaf chemi-

cal composition is largely unknown. The standard analysis techniques that have been widely used for leaf

chemical analyses such as mass spectroscopy require complex and extensive sample preparation and leaf

tissue destruction. Here, we have used an advanced technique, synchrotron macro-Attenuated Total

Reflectance-Fourier Transformed InfraRed spectroscopy (synchrotron macro-ATR-FTIR), which provides a

fast, non-destructive and in vivo method to capture the leaf surface and enable the chemical mapping of

essential functional groups. The development of two Quasar workflows for analyzing complex FTIR data in

this study highlights and strengthens the advantages of synchrotron macro-ATR-FTIR for plant research. We

found that the treatment of 5-week-old maize (Zea mays L.) leaves with a commercial surfactant, Silwet-L-

77, resulted in alterations in the FTIR spectral signatures associated with lipids, proteins and carbohydrates

commencing 1 h after treatment. The effects of the surfactant on maize leaf water droplet behavior and

photosynthetic performance were concentration-dependent. Synchrotron macro-ATR-FTIR is thus a newly

emerging and powerful analytical technique for quantitative studies in plant physiology and biochemistry,

especially for plant responses to external environmental factors including both abiotic and biotic stresses.

Keywords: epicuticular wax, epidermis, maize, leaf surface, synchrotron, ATR-FTIR, surfactant, Quasar,

hyperspectra.

INTRODUCTION

In recent years, vibrational spectroscopy techniques, par-

ticularly Fourier Transform Infrared (FTIR) spectroscopy,

have gained increasing attention in plant research (Cuello

et al., 2020; Khambatta et al., 2021; Willick et al., 2018). The

distinct advantages of this technique are the ability to

allow direct and in situ measurements together with spa-

tially resolved chemical information for plant samples

(Vongsvivut et al., 2019). Based on the principle that

molecular bonds absorb infrared radiation at specific

wavelengths corresponding to their vibrational modes,

FTIR provides detailed molecular chemical structures and

the composition of biological samples based on these spe-

cific vibration spectra (Morais et al., 2020). In combination

with microscopy, FTIR microspectroscopy enables the spa-

tial mapping of chemical functional groups at intermediate

resolutions, ranging from 0.5 to 25 lm, and according to

Khambatta et al. (2021) depends on factors such as the

type of instrument, optical components and light source.

When coupled with the attenuated total reflectance (ATR)

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License,
which permits use, distribution and reproduction in any medium, provided the original work is properly cited and
is not used for commercial purposes.

1 of 19

The Plant Journal (2025) 122, e70227 doi: 10.1111/tpj.70227

https://orcid.org/0000-0002-2556-0528
https://orcid.org/0000-0002-2556-0528
https://orcid.org/0000-0002-2556-0528
mailto:david.cahill@deakin.edu.au
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


mode, Baker et al. (2014) demonstrated that FTIR was also

able to analyze the surface of a sample regardless of its

thickness.

One of the most significant drawbacks of benchtop

FTIR systems is their lower spatial resolution, primarily

due to the limited brightness of standard thermal infrared

light sources. This limitation restricts its ability to perform

high-resolution measurements at the single-cell level,

which is crucial in many biological applications (Miller &

Dumas, 2006). Vongsvivut et al. (2019) overcame those lim-

itations by using synchrotron ATR-FTIR with a broad-band

high-brightness synchrotron IR beam which offered

100–1000 times higher brightness than a conventional ther-

mal light source in a laboratory-based FTIR microspectro-

scopic instrument. This advantage allowed a significantly

higher signal-to-noise ratio, enabling molecular characteri-

zation of individual cells. Synchrotron macro-ATR-FTIR

uses a large ATR hemispherical element and a single-point

detector in mapping mode, leading to an increased field of

view and only requiring a single contact point for the entire

mapping measurement.

With the advantages of a synchrotron light source, syn-

chrotron ATR-FTIR enables shortened data acquisition times.

For example, in the study presented here, a high-resolution

chemical map of leaves over an area of 100 9 100 lm in size

provided approximately 1500 spectra within a few hours. The

data volume increases markedly when a large number of

samples and replicates are required to achieve statistical

robustness and reproducibility. Data handling and proces-

sing using methods such as programming scripts or using

commercial software require specialized skills or lead to

inflexibility due to cost and limited accessibility. In contrast,

Quasar software, which was first reported by Toplak et al.

(2017), is a visual and flexible add-on to the Orange Data Min-

ing open-source toolkit that was developed for data visualiza-

tion, machine learning and data mining. While Orange

provides a user-friendly framework for designing customiz-

able data processing workflows to solve machine learning

problems, as described by Demsar et al. (2013), Toplak

et al. (2021) demonstrated that Quasar extends Orange’s

capabilities to handle hyperspectral datasets and includes

functionalities that are specialized for spectral data analysis.

In this manuscript, we develop protocols for analyzing large

volume hyperspectral data collected from plant samples

using synchrotron macro-ATR-FTIR. We also highlight inter-

active features of the software, showcasing its advantages

over other software in bio-spectroscopy data analysis for

plant research.

In our study, we demonstrate the combination of

synchrotron-macro-ATR-FTIR and Quasar to understand

the impact of a commonly used surfactant on the chemis-

try of the leaf surface and near-surface cell layers. Foliar

spray of agrichemicals without added surfactant provides

limited uptake of the active ingredient due to the

hydrophobic nature of the plant cuticle, which is primarily

composed of lipid-rich compounds such as cutin and

waxes (Fernandez et al., 2017; Fernandez et al., 2021). To

address this impediment, surfactants are frequently

employed as adjuvants to enhance the uptake and efficacy

of active ingredients in various agrichemical formulations,

including pesticides (Chen et al., 2024), herbicides (Appah

et al., 2020), fungicides (Hu et al., 2022) and fertilizers

(Magor et al., 2023).

The chemical properties of surfactants play an important

role in their interactions with the plant leaf surface. Amphi-

philic surfactants are categorized into two major groups

based on their head group characteristics, each paired with a

hydrophobic tail (Baales et al., 2021): (1) non-ionic surfactants

with an uncharged head group and (2) ionic surfactants,

which include anionic surfactants with a negatively charged

head group and cationic surfactants with a positively

charged head group. Non-ionic surfactants have been

reported by Castro et al. (2013) and more recently by Con-

greve and Cameron (2019) to be the most commonly used

additives in either spray formulation or spray tank mixes.

The mechanisms by which surfactants facilitate the uptake of

active ingredients through the hydrophobic barrier of the

plant cuticle have been well documented. It involves (1)

increasing the retention, spreading and coverage of the drop-

lets on leaf surfaces (Zheng et al., 2021), (2) enhancing leaf

surface wettability by decreasing the contact angle between

droplets and the plant surface (Zhou et al., 2018) and (3)

inducing a plasticizing effect on the transport-limiting barrier

of plant cuticles (Baales et al., 2021).

Synchrotron FTIR has been used in a very limited

number of plant studies to date. Kerr et al. (2013), for

example, used this method to determine the mechanism of

leaf lignin decomposition. Thumanu et al. (2017) applied

this method to investigate the resistance against anthrac-

nose disease in chili (Capsicum annuum L.) while Willick

et al. (2018) used it to examine the response to cold stress

of wheat (Triticum aestivum L.). To our knowledge, there

has been only one previous study using synchrotron

ATR-FTIR (Khambatta et al., 2021) where live and intact

plant leaf tissues were analyzed. Here, we demonstrated

that the application of a surfactant causes alteration in the

biochemical composition of plant leaves. We also show

that synchrotron macro-ATR-FTIR reveals changes in major

macromolecules of the plant leaf surface and provides

unprecedented high spatial resolution information.

RESULTS

Silwet-L-77 increases the wettability of the plant leaf

The contact angles of water droplets or Silwet-L-77 solu-

tions (0.02%, 0.2% and 2%) were measured on five-week-

old maize leaves (Figure 1). The water contact angle of the

control group remained constant at approximately 136.0°
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across all time points and indicated the hydrophobic

nature of the plant leaf. The 0.02% Silwet-L-77 reduced the

contact angle to 116.5° within 7 sec of the application. As

the Silwet-L-77 concentrations increased to 0.2% and 2%,

the contact angle exhibited a faster reduction over time, to

approximately 35.8° and 8.9° at 7 sec, respectively

(Figure 1A,B). This indicates a significant increase in the

wettability of the maize leaf surface induced by the surfac-

tant treatments. The surface tension of water greatly

reduced from 72.8 to 52.6 mN/m by the addition of a small

amount of 0.002% Silwet-L-77, which was further reduced

to 21.0 mN/m when 0.02%–2% of Silwet-L-77 were added

(Figure 1C).

Changes in maize leaf surface morphology induced by

surfactant application

The morphology of the maize leaf surface in the control

and Silwet-L-77-treated samples was observed using SEM

(Figure 2). On an adult maize leaf, the cuticle is covered by

a dense layer of epicuticular wax crystals, which are typi-

cally nanoscale and characterized as ‘plates or platelets’

arranged in an unstructured manner (Barthlott et al., 1998;

Nadiminti et al., 2015). The solubility of wax platelets was

increased after spraying with increasing surfactant concen-

trations. This effect was more pronounced when the sam-

ples were washed with water post-treatment, as the

crystalloids were dissolved by the surfactant and subse-

quently removed by the washing step. In addition, the leaf

epicuticular wax structures showed an amorphous appear-

ance instead of the typical platelet-like structure.

Photosynthetic performance of leaves is reduced following

treatment with high concentrations of surfactant

The ability of Silwet-L-77 to enhance wettability on

maize was demonstrated through contact angle measure-

ments, surface tension analysis and SEM imaging

Figure 1. The effects of different concentrations of Silwet-L-77 on droplet behaviors on a maize leaf.

(A) Representative optical images of droplets of DI water or Silwet-L-77 solutions on maize leaf surface at different time points after application.

Contact angle (B) and surface tension (C) of Silwet-L-77 solutions at different concentrations. Error bars represent two standard deviations of the mean.
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(Figures 1 and 2). To determine whether the concentrations

of Silwet-L-77 used have adverse effects on maize leaves,

we evaluated their photosynthetic performance (Figure 3).

Chlorophyll fluorescence parameters were obtained for

dark-adapted leaves in both control and surfactant-treated

samples 1–24 h after treatment. For each sample, a rapid

light curve with photosynthetically active radiation (PAR)

value ranging from 0 to 403 lmol/m2/sec was initiated.

Representative images of the maximum quantum effi-

ciency of PSII (Fv/Fm, measured at PAR = 0) for maize

leaves treated with different concentrations of Silwet-L-77

were shown in Figure 3A. When compared to the control,

no color change was observed for 0.02% Silwet-L-77,

whereas 0.2% and 2% treatments showed a shift from vio-

let and blue to light green in the middle and edges of the

leaves, indicating a reduction in Fv/Fm values. Treatment

with 2% Silwet-L-77 reduced the Fv/Fm ratio from 0.75 in

control leaves to 0.63 after 24 h (Figure 3B). For

comparisons between different time points, data for photo-

synthetic parameters were extracted at a PAR of

111 lmol/m2/sec, as this level remains below the satura-

tion point (~185 lmol/m2/sec) observed in the rapid light

curve (Figure S1). This allows the detection of subtle differ-

ences in photosynthetic responses without the influence of

photoinhibitory effects (Figure 3C–I). For all parameters in

Figure 3C–I, there were no significant differences observed

between samples within 1 h after the surfactant treatment

as well as between the control and 0.02% Silwet-treated

leaf at all time points.

Treatment with Silwet-L-77 caused the PSII effective

quantum yield (ΦPSII) to decrease, starting at 6 h for the

2% concentration and 12 h for the 0.2% concentration

(Figure 3C). The values of ΦPSII reached their lowest at

24 h after treatment, as shown by reductions of 40.4% and

66.3% compared to control for 0.2% and 2% Silwet-L-77,

respectively. The most significant differences for the

Figure 2. Representative SEM images of the adaxial leaf surface of maize after 1 h of treatment with Silwet-L-77.

Following treatment with the surfactant, the leaf samples were either left without further washing (upper row of images) or subjected to a single wash with deio-

nized water (lower row of images). Treatment with the surfactant disrupted wax platelets on the maize leaf surface in a concentration-dependent manner and

washing with water removed wax debris. Scale bar: 1 lm.

Figure 3. Chlorophyll fluorescence parameters of Silwet-L-77-treated maize leaves.

(A) Representative images of the Fv/Fm obtained by an IMAGING-PAM at PAR = 0; (B) Fv/Fm, maximum quantum efficiency of PSII; (C) ΦPSII, PSII effective
quantum yield; (D) ΦNPQ, quantum yield of regulated energy dissipation; (E) ΦNO; quantum yield of non-regulated energy dissipation; (F) NPQ, non-

photochemical quenching; (G) qN, coefficient of non-photochemical quenching (lake model, collective energy dissipation across interconnected PSII units); (H)

qP, coefficient of photochemical quenching (puddle model, each PSII unit is independent with absorbed energy remaining localized); (I) qL, coefficient of photo-

chemical quenching (lake model).

Bars represent standard deviation of the mean (n = 5). Different letters indicate significant differences (P < 0.05) between samples within a common timepoint

as determined by two-way ANOVA followed by Tukey’s HSD post hoc test. Note that chlorophyll fluorescence parameters have no units, as they are typically

expressed as ratios.
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quantum yield of regulated energy dissipation ΦNPQ were

observed between the 2% Silwet-L-77-treated leaves and

the control leaves at 6, 12 and 24 h, with reductions in

ΦNPQ of 26.7%, 46.1% and 22.2%, respectively (Figure 3D).

At 12 and 24 h, greater Silwet-L-77 concentrations resulted

in higher values of the quantum yield of non-regulated PSII

energy dissipation ΦNO compared to control (Figure 3E).

The ΦNO of the 2% Silwet-L-77-treated samples at 24 h

increased by 67.2% compared to the control. For

non-photochemical quenching, NPQ, at 24 h, the value for

treated was significantly lower than control, with a reduc-

tion of at least 27.9% observed (Figure 3F). There was no

significant difference in the coefficient of

non-photochemical quenching (qN) for most treated leaves

across timepoints, except for those treated with 2% Silwet-

L-77 (Figure 3G). Meanwhile, a reduction of 32.1% and

47.9% in the coefficient of photochemical quenching qP

(puddle model, each PSII unit is independent with

absorbed energy remaining localized) was observed in

leaves treated with 0.2% and 2% Silwet-L-77, respectively,

at 12 h compared to the control (Figure 3H). The coefficient

of photochemical quenching qL (lake model, collective

energy dissipation across interconnected PSII units)

showed a similar trend to qP, with greater reductions in qL

observed when maize leaves were treated with higher

concentrations of Silwet-L-77 (Figure 3I). While Figure 3C–I
shows the effects of different Silwet-L-77 concentrations

on photosynthetic parameters at PAR = 111 lmol/m2/sec, a

similar trend was observed across other light intensities

throughout the entire rapid light curve. An example of the

differences between treatment groups at various light

intensities at 24 h is shown in Figure S1.

Synchrotron macro-ATR-FTIR identifies the changes in

chemical functional groups in leaf surfaces treated with a

surfactant

We discovered that high concentrations of Silwet-L-77 had

negative effects on maize plants, as indicated by the photo-

synthetic parameters mentioned above. To gain more

understanding of how these high concentrations of Silwet-

L-77 affect the biochemical composition of leaves, we uti-

lized synchrotron macro-ATR-FTIR analysis. We developed

two different workflows to analyze 13 601 FTIR hyperspec-

tra obtained in this study using the freely accessed and

python-based Quasar software.

The baseline-corrected and vector-normalized average

absorbance spectra collected from control maize leaves

and those treated with 2% Silwet-L-77 at 1, 6 and 12 h after

treatment are shown in Figure 4A. The spectra consist of

the 3000–2800 cm�1 and 1800–970 cm�1 regions. There are

Figure 4. Overview of complete synchrotron macro-ATR-FTIR dataset using absorbance data.

(A) Average absorbance spectra of control and Silwet-L-77-treated leaves after 1, 6 and 12 h of application. PCA score plots (B, C) and loading plots (D–F) show
differences in biochemical characteristics between control and surfactant-treated leaf samples.
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three characteristic spectral regions that are particularly

important for plant biological materials, including methyl

and methylene groups (3000–2800 cm�1) for lipids (Kham-

batta et al., 2021), amide I and II (1700–1500 cm�1) for pro-

teins (Baker et al., 2014) and fingerprint regions

(1180–970 cm�1) for carbohydrates (Kerr et al., 2013).

Annotations of the peaks observed in the spectra collected

from maize leaves are shown in Table 1.

Unsupervised multivariate principal component analy-

sis (PCA) was performed to identify the similarities and dif-

ferences between control and surfactant-treated leaves

across different time points. PCA score and loading plots

are presented in Figure 4B,C and 4D–F, respectively. The

first three principal components explained 80.61% of

the total variance in the original data (Figure 4B,C). Despite

partial overlap between the control and Silwet-L-77-treated

groups, greater separation between the 1 h post-treatment

and later time points of 6 and 12 h suggests a

time-dependent response of maize leaves to the applica-

tion of surfactant. The strong loadings that appeared for

both PC1 and PC2 are associated with the stretching of

methyl/methylene of lipids (peaks located at 2955, 2918

and 2848/2850 cm�1) and amide I protein structures

(1621/1618 cm�1). In addition, the PC1 loading plot shows

strong peaks for carbohydrates (1157, 1100 and 1032 cm�1)

while the PC2 loading plot shows an additional peak for

amide II (1550 cm�1) (Figure 4D,E). The PC3 loading plot,

which represents 8.85% of the data, showed peaks at 1738

and 1671 cm�1, which correspond to C=O ester from lignin

or pectin and amide I, respectively (Figure 4C,F).

In another approach, second derivatives were calcu-

lated and vector-normalized average second derivative

spectra are shown in Figure 5A,B. The PCA score and

loading plots of processed data after outlier removal are

presented in Figure 5C–G. The first three components of

the PCA represent 40.9% of the original data (Figure 5C,D).

The PC1 loading showed a clear difference driven by

lipid-related peaks (2922, 2913, 2854 and 2845 cm�1)

(Figure 5E). In the PC2 loading, aside from the peaks for

the lipid-related region (for example, 2919 and 2851 cm�1),

peaks for carbohydrates appeared strongly at 1160, 1105,

1052, 1034 and 990 cm�1 and, in addition, the appearance

of the peak in the protein regions which are located at

1734, 1652 and 1544 cm�1 (Figure 5F). Strong peaks

appearing in the PC3 loading are similar to those in the

PC2 loading with stronger peaks indicating the carbohy-

drates (for example, 1162, 1046, 1036 and 993 cm�1)

(Figure 5G).

In addition to PCA score and loading plots shown in

Figures 4 and 5, PCA analysis based on the average spectra

of each biological sample may be carried out to provide a

more simplified version of the PCA analysis (Figure S2).

A clearer separation between treatment groups and clus-

tering of treatment replicates is shown, clearly demonstrat-

ing biochemical changes of the leaf surface with increasing

surfactant exposure time.

False-color images (Figure 6) were generated by inte-

grating the peak(s) in three major regions including: msCH2

(2865–2835 cm�1) for lipids, amide II (1572–1525 cm�1) for

proteins and carbohydrates (1180–970 cm�1). The maize

leaf cross-section consists of an outermost hydrophobic

barrier made up of the epicuticular wax and the cuticle

followed by the upper epidermis and mesophyll cells

(Elliott et al., 2023). Pavement cells and stomata are the

two major types of epidermal cells. The pavement cells

were roughly rectangular with rounded vertices and wavy

Table 1 Annotation for typical peaks that appeared in the spectra collected from maize leaf. The references are those for which the peaks
were identified and categorized.

Region Peak Band assignment References

2965-2950 2955 Asymmetric CH₃ stretching from lipids Liu et al. (2020)
2935-2895 2918 Asymmetric vibration of CH2 from lipids Khambatta et al. (2021)
2865-2835 2848 Symmetric vibration of CH2 from lipids Khambatta et al. (2021)
1750-1720 1734 C=O ester from lignin or pectin Kerr et al. (2013)
1705-1565 1650 Amide I band including C=O stretching, N-H bending and C-N

bending
Willick et al. (2018)

1572-1525 1544 Amide II band including N-H bending and C-N stretching Guendel et al. (2018), Siriwong
et al. (2022)

1462 Asymmetric CH₃ and CH2 bending from lipids, protein and
lignin

Thumanu et al. (2017)

1371 Symmetric CH₃ and CH2 bending from lipids, protein and lignin Cuello et al. (2020)
1270-1215 1248 C-O stretching from lignin and hemicelluloses Kerr et al. (2013)

1200 C–O–C from polysaccharides, cellulose, hemicellulose and
pectin

Tanino et al. (2013)

1160 C-C ring cellulose Cuello et al. (2020)
1138-970 1100, 1050,

1032
C-O, C-C stretching from carbohydrates Thumanu et al. (2017)
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outlines that are arranged in alternating rows parallel to

the major vein of the leaf. The stomata usually share the

same width as the pavement cells and are aligned with

them in linear rows and these rows were distributed ran-

domly across the leaf surface. In the false-color functional

group images (Figure 6), the distribution of msCH₂, a char-

acteristic marker for epicuticular waxes, closely corre-

sponded with the morphology of individual pavement

cells and stomata as observed in the bright field images

of both control and Silwet-L-77-treated leaves. The distri-

bution of msCH₂ in the control leaves highlighted the het-

erogeneous characteristics of epicuticular wax on the leaf

surface that became more pronounced after the applica-

tion of the surfactant. False-color functional group images

of amide II revealed generally weak integrated peak inten-

sities, as shown by the predominantly blue color of the

images for the control as well as 6 and 12 h treated sam-

ples. However, a notably higher integrated peak intensity

of amide II was observed for 1 h surfactant-treated leaves,

particularly in regions corresponding to pavement cells.

Carbohydrates were mapped using the characteristic

broad region in the wavenumber range 1180–970 cm�1,

corresponding to C-O-C bonding, which was clearly dis-

tributed across the entire sample and did not distinguish

Figure 5. Overview of complete synchrotron macro-ATR-FTIR dataset using second derivative data.

(A, B) Average second derivative spectrum for each of control or surfactant-treated groups. PCA score plots (C, D) and loading plots (E–G) show differences in

biochemical characteristics between control and surfactant-treated leaf samples.
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between different pavement cells and stomata in either

control or treated leaves.

The results of the data analysis using absorbance or

second derivatives revealed similar insights into the

changes in lipids, proteins and carbohydrates in the maize

leaf treated with the surfactant. As calculated from the

absorbance, the integrated peak areas for masCH3 (2965–-
2950 cm�1), masCH₂ (2935–2895 cm�1) and msCH₂ (2865–-
2835 cm�1) showed a small but significant decrease at 1 h

of Silwet-L-77 treatment (Figure S3a–c). However, these

areas showed an increase at 6 and 12 h surfactant-treated

leaves as compared with the control. The second derivative

peaks of the corresponding regions including masCH3

(2955 cm�1), msCH₂ (2918 cm�1) and masCH₂ (2848 cm�1)

showed no changes or higher intensity in the treated

leaves relative to the control (Figure S4a–c). Amide I region

peak area (1705–1565 cm�1) increased notably in leaves

after 6 and 12 h of the surfactant treatments (Figure S3d).

The same effects were observed in second derivatives with

strong peaks located at 1650 and 1630 cm�1 in the amide I

region (Figure S4d,e). These peaks were attributed to the

a-helix and b-sheet secondary structures of proteins,

respectively (Lahlali et al., 2014; Willick et al., 2018). Inter-

estingly, both amide II peak area (1572–1525 cm�1) and the

secondary peak intensity of amide II at 1550 cm�1 indi-

cated a significant increase at 1 h, which was not observed

at 6 or 12 h after the application of the surfactant (Figure 6;

Figures S3e and S4f). The rapid increase in the amide II

absorbance peak area or peak intensity of second deriva-

tive of the 1 h surfactant-treated sample is likely to be

associated with the quick response of the plant to the sur-

factant that might occur in a time-dependent manner. For

carbohydrate peak area (1180–970 cm�1), we observed a

reduction in the 6 and 12 h treated leaves in comparison to

the control (Figure S3f). Similarly, second derivative peak

intensities at 1160, 1105, 1034 and 990 cm�1 associated

with C-O and C-C stretching vibrations from carbohydrates,

were lower in surfactant-treated samples in comparison to

the control (Figure S4g–j).

DISCUSSION

The utilization of surfactants in agriculture has been docu-

mented for over 70 years (Stevens, 1993), highlighting

their role in enhancing the spreading and wetting

Figure 6. Representative bright-field images and high-resolution false-color chemical maps of control and 2% Silwet-L-77-treated maize leaves.

Chemical maps were generated using the integrated peak areas of symmetric methylene (2865–2835 cm�1) for lipids, amide II (1572–1525 cm�1) for proteins and

carbohydrates (1180–970 cm�1). Each pixel corresponds to a single spectrum with approximately 1500 spectra comprising each chemical map.
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properties of agrichemical formulations (Jibrin

et al., 2020). However, the adverse effects of these surfac-

tants on chemical alterations to plant leaves remain under-

explored. Here, we used advanced synchrotron macro-

ATR-FTIR for chemical mapping of major macromolecules

to provide an assessment of a leaf after treatment with a

commonly used surfactant. The outcome of this study is

not only to reveal and provide more understanding of the

interactions between surfactants and a leaf but also to

demonstrate the potential of applying synchrotron macro-

ATR-FTIR to plants to explore molecular changes during

the interaction between plants and external stressors.

Surfactant effects on maize leaves can be quantified by

contact angle measurement, SEM and PAM analyses

The contact angle of water droplets on the surface of the

maize leaf was dramatically reduced when Silwet-L-77 was

introduced into the solution, and this effect increased with

increasing concentration. When wax platelets on the epicu-

ticular layer are removed, as observed by SEM imaging,

the contact angle is reduced. The surfactant in our study is

a non-ionic organosilicon which has been shown to reduce

the contact angle and thereby improve the deposition and

spreading of the droplet in the leaf (Tang et al., 2008; Wag-

ner et al., 1999; Zhang et al., 2006). For example, an

increase in the uptake of fungicides in citrus (Srinivasan

et al., 2008), pesticides or herbicides in wheat (Liu & Zab-

kiewicz, 1997) has been demonstrated for this surfactant.

However, the application of surfactant in general at higher

doses leads to phytotoxicity, for example, on tomato (Sola-

num lycopersicum L.) that were treated with four different

surfactants at concentrations of 0.25–1.00 g/L (Liu &

Stansly, 2000), or on peach (Prunus persica (L.) Batsch)

treated with organosilicon surfactants (Fern�andez

et al., 2008). Therefore, we further investigated whether the

application of the surfactant affects the fundamental physi-

ological process of the leaf by determining leaf photosyn-

thetic performance based on the measurement of

chlorophyll fluorescence.

The adverse effects of the higher concentrations of

0.2% and 2% were indicated by the decrease in values of

ΦPSII and qP, while increasing the value of ΦNO which

was shown after at least 6 h following treatment. The

reduction in the effective quantum yield (ΦPSII) in treated

leaves indicates that a lower proportion of absorbed light

was used for photosynthesis. Instead, energy was being

diverted to non-regulated dissipation processes, as evi-

denced by the increase in ΦNO. These changes are likely

due to irreversible damage to the PSII reaction centres

caused by the high concentration of the surfactant (Tos-

cano et al., 2022). A study by Rasch et al. (2018) demon-

strated that the surfactant polyoxyethylated tallow amine

(POEA) irreversibly reduced the water permeability of the

cuticle in kohlrabi (Brassica oleracea L.) leaves and

impaired their photosynthetic capacity. In addition, we

found that the coefficient of photochemical quenching (qP)

value was reduced by the application of higher concentra-

tions of the surfactant to the maize leaves. This indicates

that there is a lower fraction of PSII reaction centres that

are open and capable of photochemistry, as suggested by

Zhao et al. (2024), demonstrating the possible impairment

of the photosynthetic apparatus.

Advantages of synchrotron macro-ATR-FTIR in studying

surfactant–leaf interactions

Although the physical mechanisms of surfactant interac-

tion with leaf surfaces are well-studied, their detailed

impacts on leaf molecular composition remain unclear. To

investigate the alterations in the chemical composition of

the plant surface including epicuticular waxes, cuticle and

epidermal cells, liquid chromatography (LC–MS) or gas

chromatography–mass spectrometry (GC–MS) techniques

are considered standard analytical methods (Fernandez

et al., 2016; Tran et al., 2023). Although these methods are

widely used, as explained by Bourgault et al. (2020) exten-

sive, destructive and time-consuming sample preparation

with the use of hazardous organic solvents is generally

required. In addition, the acquired information only reflects

the average intrinsic properties of complex heterogeneous

cells and there is limited capability to resolve biochemical

changes at the subcellular and cellular levels.

In our study, we demonstrated that 2% Silwet-L-77

induced the most significant effects on the leaf surface and

on photosynthetic performance. Therefore, we further

investigated changes in macromolecular compositions of

the leaf treated with this concentration of surfactant using

high-resolution synchrotron macro-ATR-FTIR. We have

demonstrated for the first time the application of this

advanced technique to gain direct evidence for the spatial

distribution of chemical functional groups within leaf cells

treated with a surfactant. Mid-infrared microspectroscopy,

as used here, allowed direct imaging of specific functional

groups, both individually and in combination within a sin-

gle experiment while localizing their distribution within

cells. Although many of the molecules that are categorized

as proteins, carbohydrates and lipids can be characterized

individually, the interplay between these molecules and

their distribution provides a more comprehensive under-

standing of the chemical processes that underlie complex

biological systems.

To analyze infrared spectral data, multiple software

and platforms are available, including CytoSpec (Cytospec

Inc., Germany), OriginLab (OriginLab Corp., USA), OPUS

(Bruker Corp., USA), MatLab (The MathWorks Inc., USA),

the R language (R Foundation for Statistical Computing,

Austria) and as used here, Quasar (open source, Toplak

et al., 2017). Among these, Quasar stands out as a rela-

tively new yet powerful platform, offering free access and
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a user-friendly interface which requires no coding back-

ground to build a workflow and interactively explore ana-

lytical ideas. As such, Quasar workflows have only been

used in a small number of studies. For example, Sandt

et al. (2022) applied Quasar to analyze b-amyloid protein in

bacterial cells, while Willick et al. (2020) demonstrated a

basic workflow to investigate cold stress responses in Triti-

cum aestivum L.. Here, we developed more comprehensive

and detailed workflows along with specific examples and

outcomes for data derived from and measured in plant

leaves. These workflows enable exploration of FTIR data

through diverse pathways such as data selection, unsuper-

vised exploration, semi-quantitative analysis and spatial

mapping, thereby providing a comprehensive understand-

ing of plant biochemical responses to external treatments

in a time-effective manner and making FTIR-based analysis

more accessible to plant scientists.

The principle of ATR-FTIR is based on total internal

reflection at the interface between an ATR crystal and the

sample to generate an evanescent wave that penetrates

the sample surface. The oscillating electric field of this

wave interacts with the molecular dipoles in the biological

sample and produces an infrared absorption spectrum that

reveals its molecular composition (Baker et al., 2014; Mor-

ais et al., 2020). The depth of penetration of the synchro-

tron macro-ATR-FTIR used in this study varies around

0.2–5 lm (Vongsvivut et al., 2019). The anatomical struc-

ture of a typical mature maize leaf consists of an epicuticu-

lar wax layer with a height of a few nanometers (Nadiminti

et al., 2015) and a cuticle layer of around 40 nm (Bourgault

et al., 2020), while the thickness of the epidermal cell wall

ranges from 2 lm to 6.8 lm (Sayad et al., 2023)

(Figure 7B). This indicates that the penetration of the eva-

nescent wave in contact with the maize leaf in this study

would potentially penetrate the epidermal cell wall and

plasma membrane (Figure 7C).

Lipid region analysis in our study showed that after

1 h of the Silwet-L-77 treatment, the absorbance peak area

decreased while second derivative peak intensities showed

no significant change. However, at 6 and 12 h post-

treatment, both the peak area and second derivative inten-

sities increased. As demonstrated by SEM in this study,

the surfactant can cause changes to the morphology of the

waxy epicuticular layer, but it is unlikely to break the chem-

ical bonds of lipids in the cuticles. This could explain why

lipid-related intensities are likely to not change at 1 h after

surfactant application. However, a high concentration of

surfactant can readily diffuse through the cuticle and into

the underlying cells (Elliott et al., 2023) to cause disruption

to the cell membrane (Baales et al., 2024; John et al.,

1974). This disruption likely causes the leakage of intercel-

lular lipids into the cuticle, resulting in the increase in

lipids observed in treated samples at 6 and 12 h

(Figure 7B).

Second-derivative peaks of amide I at 1650 and

1630 cm,�1 which are associated with a-helix and b-sheet
secondary structures of a protein, were higher in treated

leaves than in the control at 6 and 12 h. Meanwhile, the

amide II intensity only increased specifically at 1 h after

the surfactant application. These effects of the surfactant

on the leaf proteins are likely associated with early, stress-

induced protein formation (at 1 h) followed by protein

structural modifications due to ongoing stress (at 6 and

12 h), similar to the immediate and later responses of

leaves to various environmental stressors, as described by

Baales et al. (2024). The plant response to abiotic stress

occurs in three major stages: (1) the ‘stop phase,’ charac-

terized by a decreased growth rate, (2) the ‘quiescent

phase’ where growth remains steady and (3) the ‘recovery

phase’ during which growth resumes (Geng et al. 2013;

Julkowska and Testerink 2015; Gallo et al., 2023). However,

in our study, we found that the recovery phase does not

occur in maize leaves treated with the higher surfactant

concentrations of 0.2% and 2%, as shown by a reduction in

photosynthesis-related parameters from 6 to 24 h after sur-

factant exposure.

Non-ionic surfactants containing ethoxylate groups

interact with hydrophobic moieties of proteins, which

might partially affect protein folding or aggregations if the

surfactant concentration exceeds a certain threshold, typi-

cally above the critical micelle concentration (Aguirre-

Ramirez et al., 2021; Otzen, 2011). Higher concentrations of

surfactant can lead to the alteration of the proportion

of various protein secondary structures in plants, as shown

by the increase in the peak intensities for a-helices and b-
sheets belonging to the amide I region, as shown in our

study and others. Willick et al. (2018), for example, showed

that concentrations of both a-helix and b-sheet structures

increased in the shoot of winter wheat (Triticum aestivum

L.) after 21 and 42 days of freezing stress. These changes

were associated with the modification of ice binding sites

of antifreeze proteins, as determined by LC–MS. Alter-

ations in protein secondary structures can also be shown

by a transition in the peak position of a-helices or b-sheets
(Sharma & Uttam, 2016); for example, Yang and

Yen (2002) reported a rapid increase in the ratio of a-
helices to b-sheets (1680/1640 cm�1) observed in Arabidop-

sis within 12 h of being exposed to salt stress. In contrast,

Lahlali et al. (2014) showed a reduction in the intensity of

a-helices or b-sheets in pea pollen (Pisum sativum L.) sub-

jected to heat stress.

The rapid increase in the peak intensity assigned for

amide II 1 h after treatment may be associated with the

immediate response of plant leaves to remodel the cell

membrane. For example, Gallo et al. (2023) found that the

highest number of significantly up-regulated proteins (261

proteins) was detected in the shoots of Arabidopsis after

1 h exposure to osmotic stress, compared to later time
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points at 6, 12 and 24 h. One of the major protein groups

contributing to this upregulation was found to be related

to phospholipid biosynthesis processes. In another study,

Berkowitz et al. (2021) reported for Arabidopsis after being

exposed to short-term stressors (<3 h), the upregulation of

tissue-specific genes that were involved in stomatal devel-

opment, lipid and wax metabolism and synthesis that was

required for both cuticle formation and epidermal cell

growth.

Lower intensities of carbohydrate-related second

derivative peaks (located at 1160, 1105, 1034 and 990 cm�1)

or absorbance peak area (1180–970 cm�1) were found in

the Silwet-treated leaves at all timepoints. These peaks are

mainly associated with cell wall components including cel-

lulose, hemicellulose and pectin (Cuello et al., 2020). In

addition, the plant cell wall is composed of cellulose

microfibrils embedded in a matrix of hemicelluloses, pec-

tins and lignins (Lampugnani et al., 2018). Surfactants have

been shown to disrupt the structure of the cell wall by

interfering with the interactions between the major constit-

uents, either through the solubilization of specific compo-

nents, such as lignin as shown by Seo et al. (2011) or

weakening the hydrogen bond network within the cellulose

framework as demonstrated by Solhi et al. (2023).

In conclusion, we have demonstrated that synchrotron

macro-ATR-FTIR can be used as a non-destructive and in

vivo imaging and characterization technique to investigate

the plant leaf surface and sub-surface cell layers. We also

developed different workflows for FTIR data analysis using

Quasar software as an open, free-access and interactive

platform to enhance the effectiveness of the use of syn-

chrotron macro-ATR-FTIR. Specifically, we have, for the

first time, applied the synchrotron macro-ATR-FTIR to gain

insight into the effects, over time, of a surfactant on leaf

chemical compositions. The efficacy of the surfactant in

enhancing chemical uptake was demonstrated by its

impact on contact angle and alterations in wax morphol-

ogy of a maize leaf surface. However, spatial FTIR spectra

and chlorophyll fluorescence revealed that at higher con-

centrations of surfactant there are major impacts on photo-

synthetic capacity and chemical composition. Synchrotron

macro-ATR-FTIR is a facile sample preparation method that

enables the collection of detailed cell-specific data and

should be used to analyze in detail various plant structures

across multiple tissues and organs.

EXPERIMENTAL PROCEDURES

Plant growth and treatment with surfactant

Maize (Zea mays L.) seeds (Eden Seeds, Australia) were soaked in
distilled (DI) water overnight. The seeds were then surface-
sterilized in 80% ethanol for 2 min, followed by incubation in 10%
bleach (sodium hypochlorite, Chem-Supply, Australia) containing
0.1% Triton X-100 (Sigma, Australia) for 15 min. The seeds were
then rinsed four times with DI water, placed on two layers of wet
paper towels and kept in the dark at 21°C for 3 days in a plant
growth chamber (Thermoline Scientific, Australia).

After 3 days, the germinated seeds were transferred to pots
containing autoclaved sand and supplied with full strength
Hoagland’s solution (Hoagland & Arnon, 1950) (~50 mL/pot)
every 3 days for a period of 5 weeks. Silwet-L-77 (Phytotech
Labs, Australia) solutions at concentrations of 0%, 0.02%, 0.2%
and 2% were sprayed to run-off (~1.5 mL) on both upper (adax-
ial) and lower (abaxial) surfaces of the fifth leaf at the V8 stage
(O’Keefe, 2009) of each plant by using a 20 mL spray bottle.
After the application, leaf samples were collected at different
time points, 0 h (immediately after spray), 1, 6, 12 and 24 h after
treatment depending on the analysis to be performed. The leaf
samples collected at the relevant time point(s) were subjected to
the following analyses.

Water droplet behavior following surfactant treatments

was assessed using contact angle and surface tension

measurements

The contact angle of a droplet was determined by the sessile drop
method using an Attension Theta Flow Optical Tensiometer
(Biolin� Scientific, Sweden). A small section of control or treated
fresh maize leaf (10 9 40 mm) was mounted on a glass slide
using double-sided adhesive tape. Four micro-liters of water solu-
tion containing 0, 0.02, 0.2 and 2% of Silwet-L-77 were deposited
on the adaxial side of the leaf using a 1 mL precision syringe
(Hamilton, USA). The deposited sessile drop was captured by a
high-speed built-in camera mounted in line with the sample, and
the static contact angle was calculated using the OneAttension
software (Biolin� Scientific, Sweden). The capture speed was set
at 3 frames per sec for a duration of 7 sec. For each leaf, one con-
tact angle measurement was carried out, and a total of 30 leaves
were analyzed for each treatment. The surface tension of Silwet-L-
77 was assessed at five concentrations including 0.002%, and was
determined using the pendant drop method (Berry et al., 2015).
Images of droplets were captured at a rate of 12 frames per sec
for a total duration of 5 sec.

Figure 7. Diagrammatic structure of a maize leaf cross-section and the principle behind the synchrotron macro-ATR-FTIR technique.

(A) The maize leaf cross-section consists of an uppermost hydrophobic barrier made up by the epicuticular wax and the cuticle, below which are the upper epi-

dermis and mesophyll cell layers. The vascular system including xylem and phloem is surrounded by bundle sheath cells.

(B) An expanded view of the epicuticular waxes, cuticle and epidermis layers before and after being treated with a surfactant at a relatively high concentration.

Note that layers shown are for demonstration purposes and are not shown to scale. In the control leaf, the epicuticular layer containing wax platelets covers the

cuticle, which consists of a dense cutin matrix and phenolic compounds. The underlying epidermal cell walls contain various polymers including cellulose,

hemicellulose, lignin and pectin embedded with phenolic compounds. Following exposure to a surfactant, modification to the structure of the wax layer, cuticle,

cell wall and cell membrane is likely to occur and to be associated with changes in FTIR signals.

(C) The working principle of synchrotron ATR-FTIR is based on total internal reflection at the interface between an ATR crystal and the sample to generate an

evanescent wave that penetrates the sample surface. The depth of penetration of the synchrotron ATR-FTIR used in this study varied around 0.2–5 lm, likely

penetrating to the epidermal cell wall.
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Morphological analysis of maize leaf surface using

scanning electron microscopy

To investigate the impact of Silwet-L-77 on leaf surface morphol-
ogy, a scanning electron microscope (Zeiss Supra 55P SEM, Zeiss,
Australia; SEM) was used. The fifth leaf of maize at the V8 stage
(O’Keefe, 2009) was sprayed with water or Silwet-L-77 at concen-
trations ranging from 0.02% to 2% (as described above). After 1 h
of the application, one set of leaf samples was collected and des-
ignated as unwashed samples. Another set of treated leaf samples
was rinsed once with DI water, dried with the adaxial surface face-
up on absorbent paper, and designated as washed samples. For
each sample, an approximately 60 9 60 mm leaf section was
mounted onto aluminum stubs using 10 lL of conductive
isopropanol-based colloidal graphite (Ted Pella Inc., USA). The
samples were then dried at 50°C for 18 h in an oven. Subse-
quently, the samples were sputter-coated with a 5 nm layer of
gold using an EM ACE600 Sputter Coater (Leica, Australia) and
observed under the SEM at a low voltage of 3 kV.

Photosynthesis performance of maize as measured by

chlorophyll fluorescence

The impact of various Silwet-L-77 concentrations on maize photo-
synthetic performance was examined using chlorophyll fluores-
cence measurements. These measurements were obtained by
using an Imaging Pulse Amplitude Modulation (IMAGING-PAM)
Mini version (Heinz Walz GmbH, Germany) that was operated via
the ImagingWinGigE software version 2.47. The settings for the
IMAGING-PAM Mini were as follows: measuring light intensity = 1
(frequency = 1); saturation pulse = 9; gain = 1; dumping = 2; red
gain = 25; red intensity = 4; NIR intensity = 7; Fm factor = 1.055; F
factor = 0.999.

Maize plants were dark-adapted for 30 min, and a
10 9 40 mm section from the middle of the maize leaf was cut and
mounted on a piece of white heavy-weight paper using double-
sided adhesive tape to provide a flat surface. Chlorophyll fluores-
cence measurements were captured from the adaxial side of the
leaf. Two rectangular areas of interest (AOIs), each approximately
2.6 cm2, were defined on either side of the blade to avoid the mid-
rib of the leaf. First, the values of minimal and maximum fluores-
cence, F0 and Fm, respectively, were determined by a high-intensity
saturation pulse. Second, the samples were pre-illuminated for
3 min with actinic light at low intensity (48 lmol/m2/sec) to allow
sufficient time for electron transfer through to the carbon cycle
before a rapid light curve measurement was initiated. Finally, the
rapid light curve with increasing actinic light steps (0, 23, 43, 81,
111, 145, 180, 269, 321 and 403 lmol/m2/sec) with 30 sec intervals
was applied. Photosynthetic parameters were obtained for leaves
from each treatment group sprayed with 0%, 0.02%, 0.2% and 2%
Silwet-L-77 at 1, 6, 12 and 24 h after treatment. At each timepoint, a
total of five leaves were measured for each treatment group. A pre-
vious study by Ferguson et al. (2023) has shown that there is no sig-
nificant difference in photosynthetic performances between intact
and detached leaves, including those of maize, over a short period
of time, such as overnight.

Synchrotron macro attenuated total reflectance-Fourier

transform infrared (synchrotron macro-ATR-FTIR)

microspectroscopy imaging of the maize leaf following

surfactant treatment

Five-week-old leaves sprayed with DI water as the control or 2%
Silwet-L-77 were collected after 1, 6, or 12 h after treatment. A

small leaf section (approximately 10 9 10 mm) was cut and
mounted on a CaF2 disc fixed onto an aluminum disc and then
placed into the microscope stage of the synchrotron macro-ATR-
FTIR unit. FTIR hyperspectral data were collected via the infrared
microspectroscopy (IRM) beamline at the Australian Synchrotron
(Victoria, Australia) using the in-house developed macro-ATR
accessory (Vongsvivut et al., 2019) with a Ge hemisphere (250 lm
sensing facet). The beamline was equipped with a Vertex 80v
spectrometer (Bruker), Hyperion 3000 microscope (Bruker, Austra-
lia) with a 209 objective (NA = 0.6) and mercury cadmium tellu-
ride (MCT) narrowband detector (50 lm element), using
synchrotron radiation as the light source. The interferometer scan-
ning velocity was 40 kHz with a KBr beamsplitter. The Fourier
transform was subject to a Blackman-Harris 3-term apodization
function and a zero-filling factor of two. FTIR hyperspectral maps
were collected across the range 3900–750 cm�1 using a 2.5 lm
projected aperture to restrict the beam. A large overview map
(100 9 100 lm) was first collected to ensure good contact
between the Ge crystal and the sample (background in air, 256 co-
added scans) using 4 co-added scans and a step size of 5 lm in x-
and y-directions. A second, higher quality map was then collected
on a selected area within the overview map, using either 16 or 32
co-added scans and a step size of 2 lm in x- and y-directions.

Synchrotron macro-ATR-FTIR data analysis and the use of

Quasar software

An approximately 40 9 40 lm high-resolution map was obtained
for each of the control or surfactant-treated samples at different
time points after the application of surfactant. Three biological
replicates were included for each treatment group, except the 12 h
Silwet-L-77-treated sample for which a single sample was ana-
lyzed. The total number of hyperspectra (or pixels) obtained for
the control, 1, 6 and 12 h post-treatment groups was 3916, 4693,
3395 and 1597, respectively. Although only one maize sample was
measured for the 12 h Silwet-L-77-treated group, the number of
spectra was deemed sufficient to perform statistical analysis.

Synchrotron macro-ATR-FTIR data was subjected to atmo-
spheric correction to eliminate any interference from water vapor
and CO2 in the atmosphere. This process was carried out using
the OPUS software version 8.0 (Bruker Corp., USA). The data were
then loaded into Quasar software version 1.7.2 (open source,
Toplak et al., 2017) for further analysis. In Quasar, a workflow con-
sists of various widgets, each defined as a component that per-
forms specific functions, such as data processing, visualization, or
modeling. In this study, we employ and describe two distinct
approaches for data analysis utilizing absorbance and second
derivative data. Details for the workflows and examples of results
are provided in Figure 8–9 and Figures S5–S10.

Quasar workflow development

Absorbance data analysis

FTIR data was loaded into Quasar using a ‘multiple files’ widget
and the sample name was defined using an ‘edit domain’
widget (Figure 8A; Figure S5). To eliminate any low-quality spec-
tral data, data filtering was performed by applying a threshold of
greater than 0.2 for the integrated peak area of msCH2 (2865–-
2835 cm�1) in the lipid region, which is one of the most pro-
nounced peaks in a typical plant spectrum collected from a leaf
sample. The ‘selected row’ widget was used to collect the filtered
data prior to data preprocessing. All samples were classified into
different classes or treatment groups, including control, 1, 6 and
12 h after surfactant application using a ‘create class’ widget
(Figure 8A; Figure S5). Data in the regions 3000–2800 cm�1 and
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1800–970 cm�1, where the major signals for biomolecules occur,
were extracted and utilized in the subsequent preprocessing step.
The effect of baseline drift was eliminated using rubber band
baseline correction, followed by smoothing the data with a
Savitzky–Golay (SG) filter (window size = 15, polynomial

degree = 3) and vector normalization (Figure 8B; Figure S6). Aver-
age absorbance spectra for each treatment group were calculated
using the ‘average spectra’ widget and visualized with the ‘spec-
tra’ widget. Unsupervised analysis such as principal component
analysis (PCA) can be performed to obtain an overview of the

Figure 8. A Quasar workflow for analysis, visualization and extraction of hyperspectral synchrotron ATR-FTIR data obtained from leaf samples using absorbance

data.

(A) Uploading, combining multiple data files and filtering data. Multiple data files were combined into a single dataset and filtered to eliminate any low-quality

spectral data by applying a threshold of greater than 0.2 for integrated peak area of msCH2 (2865–2835 cm�1) in the lipid region.

(B) Data preprocessing, average absorbance spectra generation and unsupervised principal component analysis. Data in the regions 3000–2800 cm�1 and 1800–-
970 cm�1 was pre-processed, including baseline correction using a rubber band method and smoothing with a Savitzky–Golay filter. Average spectra for each

treatment group, PCA score plot and loading plot were generated.

(C) Using PCA to identify variability among spectra obtained from the same leaf sample. The PCA score plot for each sample was analyzed to assess variability

by examining how data points, each representing a spectrum, were distributed. Hyperspectral maps and absorbance spectra of the selected points from a PCA

score plot were used to identify the sources of variation.

(D) A workflow used to upload a file separately and remove unwanted spectra based on hyperspectral maps.

(E) Workflow used to calculate integrated peak areas and visualize the results using box plots. Further details and examples for each of the workflows in this fig-

ure are provided in Figure S5–S9.
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variability between control and surfactant treatment groups. The
PCA score plot, where each data point represents a single spec-
trum, is used to identify clustering or separation of spectra from
different treatment groups. Also, the spectral variance can be
shown using a PCA loading plot that plots the principal compo-
nents of the data (Figure S6c).

In this study, PCA was utilized not only to identify similarities
and differences between control and surfactant-treated groups
(Figure S6) but also to examine variability among spectra within
the same sample of a treatment group (Figure 8C; Figure S7). Tak-
ing advantage of Quasar allowed any displayed data to remain
accessible for further analysis, therefore, from selected points of
the PCA score plot, hyperspectral maps and absorbance spectra
can be generated to identify sources of variation (Figure S7). The
‘select data index’ widget enabled the extraction of specific spec-
tral data from the original dataset that corresponded to outliers or
manually selected points in the PCA score plot. In our study, due
to the focus on the epidermis and cuticle layers of the leaf, we
removed the spectra associated with the vein region from the
dataset. A workflow as shown in Figure 8D was used to remove
unwanted spectra based on a hyperspectral chemical map. Further
explanation is provided in Figure S8.

After processing the data, peak integration can be performed
for specific peaks of interest to facilitate comparisons between
treatment groups. The integrated peak areas can be visualized
using a box plot, which also displays the statistical significance of

differences as determined by an ANOVA test (Figure 8E;
Figure S9). In addition to calculating individual peak areas, the
ratio of peak areas between different spectral regions is deter-
mined using the ‘Feature Constructor’ widget.

Second derivative analysis

Spectral absorbance data provides a general profile of the sample
molecular composition, which is useful for the identification of
spectral chemical features such as lipid, protein, or carbohydrates
in this study. Absorbance data is also used to provide a direct cor-
relation to the chemical concentrations (Morais et al., 2020). How-
ever, to enhance peak resolution and uncover subtle spectral
features that may not be apparent in the original absorbance spec-
tra, second derivative analysis can be applied. The Quasar work-
flow for this approach is provided in Figure 9 and Figure S10.
Original absorbance data was input and filtered by applying a
threshold for msCH2, which is a similar method to the
absorbance-based workflow as described above. For the next step
of data preprocessing, second derivatives were calculated using
the Savitzky–Golay filter (window size = 15, polynomial
degree = 3, derivative order = 2) and then normalized using vector
normalization (Figure 9A). PCA analysis was initially performed to
remove outliers based on the clustering of each treatment group
(Figure S10a,b). PCA was applied on the final dataset and the cor-
responding score and loading plots were generated (Figure 9B).

Figure 9. Quasar workflow for synchrotron ATR-FTIR data analysis based on second derivatives.

(A) Data was uploaded and filtered using the same threshold as in the workflow for the absorbance data as shown in Figure 8. Second derivatives of data in the

regions 3000–2800 cm�1 and 1800–970 cm�1 were calculated by the Savitzky–Golay algorithm and normalized by vector normalization.

(B) PCA analysis to remove outliers and explore the differences between treatment groups.

(C) Average second derivative spectra for each treatment group were generated. Box plot and distribution plot can be used to examine any specific peak of inter-

est. Further details and examples for each of the workflows in this figure are provided in Figure S10.
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Average processed second derivative spectra for each treatment
group can be displayed and extracted (Figure 9B). Further analy-
sis, such as generating box plots and distribution plots for a sec-
ond derivative peak, such as the amide II peak at 1550 cm�1, can
also be carried out (Figure 9C; Figure S10c).

All final analyzed data in Quasar were exported for visualiza-
tion in Origin software version 2022b and GraphPad Prism version
10.2.2.

Statistical analysis

One-way ANOVA was performed to compare the means of a sin-
gle variable between control and surfactant-treated samples (see
Figure S3). Two-way ANOVA was performed to compare means
of different treatments across various time points for photosynthe-
sis (see Figure 3). Tukey’s post hoc tests were used to compare
means of each treatment group.
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Figure S1. Chlorophyll fluorescence parameters using rapid light
curves 24 h after treatment of maize leaves with Silwet-L-77. (a)
ΦPSII, PSII effective quantum yield; (b) ΦNPQ, quantum yield of
regulated energy dissipation; (c) ΦNO, quantum yield of non-regu-
lated energy dissipation; (d) NPQ, non-photochemical quenching;
(e) qN, coefficient of non-photochemical quenching (lake model,
collective energy dissipation across interconnected PSII units); (f)
qP, coefficient of photochemical quenching (puddle model, each

PSII unit is independent with absorbed energy remaining local-
ized); (g) qL, coefficient of photochemical quenching (lake model).
Bars represent standard deviation of the mean (n = 5). Note that
chlorophyll fluorescence parameters have no units, as they are
typically expressed as ratios.

Figure S2. PCA score plots generated using the averaged absor-
bance spectra (a–b) and averaged second-derivative spectra (c, d)
of each biological sample.

Figure S3. Peak areas for lipid (a–c), protein (d, e) and carbohy-
drate-related regions (f) for control and Silwet-L-77–treated leaves
at different time points after application (1 h, 6 h and 12 h). Data
are presented as mean values and error bars indicate the standard
deviation (SD). Statistical analysis was performed using a one-
way ANOVA followed by the post hoc Tukey’s HSD test. Different
letters above error bars indicate significant differences (P < 0.05)
between samples.

Figure S4. Second derivative peak intensities for lipid (a–c),
protein(d–f) and carbohydrates (g-j) in control and Silwet-L-77-
treated leaves at different time points after application (1 h, 6 h
and 12 h). Data are presented as mean values and error bars indi-
cate the standard deviation (SD). Statistical analysis was per-
formed using a one-way ANOVA followed by the post hoc Tukey’s
HSD test. Different letters above error bars indicate significant dif-
ferences (P < 0.05) between samples.

Figure S5. Quasar workflow for uploading, combining multiple
data files and filtering data. (a) Rename the sample name. (b)
Combine multiple data files into a single dataset. (c) An example
of combined data table to illustrate the dataset structure. (d) Filter
the data to eliminate any low-quality spectral data with an inte-
grated peak area for msCH2 (2865–2835 cm�1) in the lipid region
that is below 0.2.

Figure S6. Quasar workflow for data preprocessing, average
absorbance spectra generation and unsupervised principal com-
ponent analysis. (a) Data in the regions 3000–2800 cm�1 and
1800–970 cm�1 was pre-processed, including baseline correction
using a rubber band method, smoothing with a Savitzky–Golay fil-
ter and vector normalization. (b) Average spectra for each treat-
ment group. (c) Results of PCA score plots and loading plots to
identify similarities and differences between treatment groups.

Figure S7. Using PCA to identify variability among spectra
from the same sample. (a) PCA score plots for each of the three
samples in the 1 h post-surfactant-treated group. (b) Spatial distri-
bution in the hyperspectral map of selected points from ‘sample
1’ PCA score plot. (c) Absorbance spectra of the selected points
from ‘sample 1’ PCA score plot and the remaining data in ‘sample
1’ after excluding these selected spectra.

Figure S8. Workflow used to upload a file separately and remove
unwanted spectra based on hyperspectral maps. (a) Data from
sample 1 was uploaded and pre-processed. (b) A hyperspectral
map for the spatial distribution of carbohydrate region (integrated
peak area in the 1180–970 cm�1). (c) Bright field images of sample
1. (d) Chemical maps for carbohydrate region after removing the
spectra in the secondary vein region.

Figure S9. Workflow used to calculate integrated peak areas and
visualize the results using box plots. (a) An example of a box plot
showing the peak area for the symmetric CH₂ stretch (msCH2) inte-
grated within the region 2865–2835 cm�1. (b) An example of a box
plot showing the ratio between the asymmetric CH₃ and CH₂
peaks.

Figure S10. Workflow used to calculate second derivatives. (a)
after filtering data, second derivatives were calculated by using
the Savitzky–Golay (SG) filter followed by vector normalization.
(b) PCA analysis was applied to remove outliers and identify
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spectral differences between treatment groups (c) Examples of the
box plot and distribution of a second derivative peak, such as
amide II peak at 1550 cm�1.
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