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ABSTRACT

The plant cuticle has been traditionally believed to be a continuous lipophilic layer covering most aerial plant surfaces, but recent
methodological advances based on Atomic Force Microscopy (AFM) enabled mapping the distribution of hydrophilic and hydro-
phobic areas in the papillae and pavement cells of rose petals and olive leaf trichomes. Since previous investigations associated
the occurrence of foodborne diseases in leafy green vegetables with a high water wettability and stomatal traits, we hypothesised
that lettuce could be a suitable model for a plant surface having a higher frequency of nano-hydrophilic areas. Hence, a wetta-
ble Romaine lettuce variety with water contact angles between 64° and 75° and a high degree of polarity for both leaf sides was
selected and characterised by electron microscopy, AFM, Fourier Transform Infrared (FTIR) and Raman Spectroscopy. Leaf
samples were analysed fresh and after critical point drying (CPD), and no major structural or chemical differences were recorded.
Leaves are amphistomatous and were found to have nano-scale chemical heterogeneity in both leaf sides, with hydrophilic nano-
areas predominantly occurring in stomatal regions. These hydrophilic nano-areas could facilitate microbial adhesion and affect
transport phenomena across leaf surfaces, but the functional significance of hydrophilic nano-zones in the cuticle of aerial plant
organs will need to be addressed in future multidisciplinary investigations.

1 | Introduction is in contact with the surrounding environment, is named cu-

ticle (Jeffree 2006; Lequeu et al. 2003). This protective layer
Plant leaves are protected from an array of biotic and abiotic can be considered a cell wall with variable amounts of lipids
factors by an epidermis composed of cells of different shapes, (Guzman et al. 2014; Segado et al. 2016; Heredia et al. 2024).
sizes and functionalities (Chassot et al. 2007; Javelle et al. 2011; The cuticle is a composite material made of hydrophobic (cutin
Riglet et al. 2021). The outermost layer of epidermal cells, which polyester and waxes) and hydrophilic (cell wall polysaccharides)
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constituents (Fernandez et al. 2016). Many aerial surfaces have
a layer of epicuticular waxes deposited onto the cuticle surface,
while intracuticular waxes are located in the cuticle interior
(Dominguez et al. 2011; Jeffree 2006; Velickovi¢ et al. 2014).
Cuticular waxes include a complex mixture of compounds of
different chain lengths, such as alkanes, alcohols, aldehydes,
ketones or esters (Jetter and Riederer 2016; Zeisler-Diehl
et al. 2018; Patwari et al. 2019; Dang and Suh 2025). Cutin poly-
ester is composed of C,, and/or C, fatty acids, with one or more
hydroxyl, mid-chain epoxide and end-chain carboxyl functional
groups (Dominguez et al. 2011; Yeats and Rose 2013; Philippe
et al. 2020). The innermost part of the cuticle adjacent to the
cell wall is rich in polysaccharides (cellulose, hemicellulose
and pectin; Jeffree 2006; Heredia-Guerrero et al. 2014; Segado
et al. 2016). Minor amounts of polyphenols, such as flavonoids or
cinnamic acids, can also be found in the cuticle (Karabourniotis
and Liakopoulos 2006; Moreno et al. 2023). Cuticular chemical
and structural diversity has been reported when attempting
to establish taxonomic cuticle comparisons (Yeats et al. 2012),
during seasons (Laoué et al. 2023), or in response to stress factors
such as drought (Patwari et al. 2019; Dang and Suh 2025), pest
(Kosma et al. 2010) or pathogen (Chassot et al. 2007; Isaacson
et al. 2009) attack.

In the case of Romaine lettuce, the plant species analysed in this
study, the most abundant epicuticular waxes may be alkanes,
fatty acids and alcohols (Lu et al. 2015; Ku et al. 2020). On the
other hand, chemical analyses of different lettuce varieties iden-
tified compounds such as chlorogenic, caffeic, p-coumaric or
ferulic acids, the main flavonoids being quercetin and cyanidin
glycosides (Zivcak et al. 2017).

Some studies performed during the last decade provided evi-
dence for the chemical heterogeneity of the cuticle and the im-
portance of cell wall polysaccharides (e.g., Guzman et al. 2014;
Segado et al. 2016; Philippe et al. 2020; Sasani et al. 2021; Moreno
et al. 2023). For example, when analysing cell-type-specific dif-
ferences in Arabidopsis thaliana leaves, Hegebarth et al. (2016)
reported wax composition variations between trichomes and
pavement cells. The occurrence of hydrophilic nano-areas in
the cuticle covering papillae and pavement cells of rose pet-
als (Almonte et al. 2022) and olive leaf trichomes (Fernandez
et al. 2024) has been recently reported.

To date, a major importance has been attributed to surface rough-
ness, at least in terms of surface wettability and retention of water
drops (e.g., Koch et al. 2008), but the occurrence of nano-scale sur-
face chemical heterogeneity in the cuticle may have major physio-
logical and functional implications that are currently unexplored.
For example, cuticular water loss when stomata are closed (the
so-called residual transpiration, Hasanuzzaman et al. 2023) may
be increased by the occurrence of nano-hydrophilic areas, which
may likely be associated with cuticle zones having lower amounts
of lipids (Fernandez et al. 2024). The surface features of epidermal
cells may favour the retention and absorption of surface-deposited
water (Schreel et al. 2020; Liu et al. 2023; Losso et al. 2023), agro-
chemicals or aerosols (Fernandez et al. 2021).

Lettuce is an important horticultural commodity (Natesh
et al. 2017; Zivcak et al. 2017; Dong et al. 2024) that is quite sus-
ceptible to pathogen contamination (Ku et al. 2020; Lu et al. 2015).

In some studies on microbial contamination of leafy green vegeta-
bles, bacteria were often found in areas with low epicuticular wax
coverage, in the abaxial leaf side where stomatal density is higher
(Palma-Salgado et al. 2020; Truschi et al. 2023; Dong et al. 2024)
or associated with hairs or specific chemical features (Beattie and
Lindow 1999; Yadav et al. 2005). Pathogen attachment to leafy
green surfaces has been related to the composition, density and
morphology of epicuticular waxes (Lu et al. 2015; Chiu et al. 2020;
Ku et al. 2020; Dong et al. 2024). Working with group A porcine
rotavirus, Lu et al. (2015) observed that the occurrence of crystal-
lised epicuticular waxes significantly inhibited viral adsorption to
the surface of 24 leafy greens and tomato cultivars.

The structure and chemical composition of plant surfaces have
an influence on multiple processes such as pathogen attach-
ment, wettability and adhesion or repulsion of water drops or
transport mechanisms across epidermal cell walls (Ferndndez
et al. 2021). Leaf surface traits affecting wettability may vary
upon factors such as organ side, age or growing conditions (Smith
and McClean 1989; Brewer et al. 1991; Rosado and Holder 2013;
Bei et al. 2023). Leaf wettability is affected by chemical compo-
sition and topography, but currently, there is limited informa-
tion on the nano-scale distribution of cuticle hydrophilic and
hydrophobic components (Almonte et al. 2022), which may have
an important functional role. The significance of leaf surface
wettability as an adaptation for optimising gas exchange and
water use efficiency is unclear so far (Smith and McClean 1989;
Brewer et al. 1991; Hanba et al. 2004). Adhesion or repulsion of
atmospheric water due to, for example, rain, condensation or fog
may enable or prevent foliar water and gas exchange across leaf
surfaces and also affect water delivery to the roots (Rosado and
Holder 2013; Ferndndez et al. 2021; Roth-Nebelsick et al. 2022;
Bei et al. 2023). Furthermore, increased leaf surface roughness
and poor wettability (i.e., very high water contact angles) have
been associated with lower susceptibility to pathogen attach-
ment and proliferation in various leafy greens (Lu et al. 2015;
Truschi et al. 2023).

The plant cuticle is made of hundreds of chemical compounds
arranged at the nano-scale, and technological constraints for
elucidating their localisation currently limit our understanding
of cuticle structure and composition (Fernandez et al. 2016).
Indeed, the relationship between macroscopic wettability, as
estimated by contact angle determination, and nano-scale
surface hydrophilicity-hydrophobicity remains unexplored to
date. Hence, aware that lettuce leaves are wettable, as described
above, we selected a Romaine lettuce variety under the hy-
pothesis that its leaves may have a higher frequency of nano-
hydrophilic areas compared to rose petals and olive leaves. In
addition, the following hypotheses were tested with lettuce as
a model for a plant organ with a higher presence of hydrophilic
cuticular nano-areas: (i) adaxial and abaxial leaf surfaces have
hydrophilic nano-zones, and (ii) there are epidermal cell-type
specific differences regarding the occurrence of hydrophilic
nano-zones in the cuticle.

2 | Materials and Methods

Experiments were developed with 20, approximately
3-month-old Romaine lettuce (Lactuca sativa L. var.
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‘Turbina’) grown from seedlings (Semilleros El Raal Cox S L.,
Alicante, Spain) in 1.3-L pots filled with perlite and compost,
under greenhouse conditions (School of Forest Engineering,
Technical University of Madrid, Spain) under 10-12h light
photoperiod, 15°C-25°C and 40%-80% relative humidity.
During cultivation, plants were fertilised and managed to
be free of pests and diseases, ensuring that the foliage was
in a good state. In general, experiments were performed by
collecting middle lamina sections of healthy, fully expanded
leaves, with an average of 3-10 samples being collected from
different leaves and plants depending on the technique to be
applied. The upper (adaxial) and lower (abaxial) surfaces of
intact, fresh (i.e., with no further preparation) lettuce leaves
were directly analysed by AFM, SEM, FTIR and RAMAN
spectroscopy.

For AFM, SEM, FTIR and RAMAN spectroscopy analyses,
fresh and AFM, SEM, FTIR critical point-dried (CPD) tissues
were examined. For CPD sample preparation, approximately
5mm? sections from 10 different leaves, collecting three sec-
tions per leaf from a total of 10 plants (one leaf was sampled
per plant; N=30), were immediately immersed in phosphate
buffer (7.2 pH) containing glutaraldehyde (2.5%) and parafor-
maldehyde (4%) (both from Electron Microscopy Sciences),
keeping the samples at 4°C for 1.5h. Fixed tissues were con-
sequently rinsed four times (10min each) in phosphate buf-
fer before dehydration in a series of absolute ethanol (30%,
50%, 70%, 80%, 90%, 95% and 100%) (Merck). Solutions were
changed twice (10 min each) until reaching a concentration of
70% ethanol (70%), which was kept for 12h at 4°C. Leaf tissues
were further dehydrated in 80, 90 and 100% ethanol (X2 times,
10 min each) and subjected to critical point drying (Leica EM
CPD300).

2.1 | Scanning Electron Microscopy

The adaxial and abaxial sides of five fresh (one leaf per plant
and a total of five plants sampled) and five CPD lettuce leaf
sections were directly observed (analysing three different
areas per leaf piece) by field emission scanning electron mi-
croscopy (SEM, SIGMA 300 VP, Zeiss) at low vacuum, without
sputtering.

2.2 | Leaf Anatomy

For optical microscopy (OM) and transmission electron micros-
copy (TEM) examination, lettuce leaves were cut into 4 mm?
pieces (20 leaf sections were fixed by collecting two pieces per
leaf and a total of 10 plants sampled) and fixed in 2.5% glu-
taraldehyde and 4% paraformaldehyde (both from Electron
Microscopy Sciences) for 3h at 4°C. Samples were rinsed in cold
phosphate buffer (7.2 pH) four times for 6 h and were kept at 4°C
for 12h. Leaf pieces were postfixed in a 1:1 aqueous solution of
osmium tetroxide (2%, TAAB Laboratories) and potassium fer-
rocyanide (3%, Sigma-Aldrich, Germany) for 1.5h. They were
rinsed in distilled water (X3), dehydrated in an acetone series
(30%, 50%, 70%, 80%, 90%, 95% and 100%; X2, 15min for each
concentration), and embedded in acetone-Spurr's resin (TAAB
Laboratories) mixtures (v:v 3:1 for 2h, 1:1 for 2h, 1:3 for 3h)

and finally in pure resin, keeping samples at room temperature.
After 12h, lettuce leaf sections were placed in blocks filled with
pure resin before incubation at 70°C for 3days until complete
resin polymerisation. Ultra-thin sections (obtained with a Leica
Ultracut E) were cut, mounted on nickel grids and poststained
with Reynolds lead citrate (EMS) for 5min before microscopic
observation. Five leaf cross-sections were observed with a TEM
Jeol 1010 (Jeol Ltd., at 80kV) equipped with a CCD Megaview
camera (National Electron Microscopy Centre, Complutense
University of Madrid, Spain). On the other hand, for leaf OM
analysis, semi-thin cross-sections were cut, mounted in micro-
scope slides and stained with Toluidine Blue before observation
with an epifluorescence microscope (Axioplan-2, Zeiss, N=15).

2.3 | Contact Angle Measurements

Pseudo-equilibrium and dynamic contact angles (6) were deter-
mined for both leaf sides of lettuce. First, pseudo-equilibrium
contact angles were estimated by rapidly depositing 2 1L drops
of distilled water, glycerol (ReagentPlus, 99%, Sigma-Aldrich)
and diiodomethane (ReagentPlus, 99%, Sigma-Aldrich) onto the
adaxial and abaxial leaf surfaces with a 1 mL syringe having a
0.5mm diametre needle (N=30 for each liquid, with six drops
applied to the upper or lower side of the leaf lamina of fully ex-
panded, healthy leaves of five different plants). Second, dynamic
contact angles (advancing [6,, ] and receding [0, ]) and contact
angle hysteresis (Aehys) were also measured with distilled water
drops (N=10; two drops of water were applied to the lower or
upper leaf side of five plants). Measurements were carried out
at room temperature (21°C-23°C) with a Drop Shape Analysis
System (DSA 100, Kriiss Scientific), making sure leaves were
turgid at the time of sampling. The tangent method was used
to calculate the contact angle values from side-view images
of drops.

The total surface free energy (y), its components (i.e., Lifshitz-
van der Waals [y V] and acid-base [y AB, v, and y,7]), the
degree of polarity (%) and solubility parametre (5) of let-
tuce leaf surfaces were estimated by considering the follow-
ing surface tension values of three liquids: y,=72.80mJm™2,
y™W=21.80mIm=, yF=y7=2550mIm=? for water,
7,=63.70mJm=, 7HV=33.63mJm™, 7,F=8.41mIm=,
y,-=3116mJm™2 for glycerol and y,=y,"¥=50.80mJm=,
7,F=0.56mIm™2, y;"=0mJm™ for dilodomethane (Fernandez
and Khayet 2015).

2.4 | Atomic Force Microscopy

The nano-scale topography and wettability of fresh and CPD
lettuce leaf surfaces (analysing three zones of five different leaf
sections collected from five different plants) were estimated
by Dynamic Atomic Force Microscopy (Nanotec Electronica)
equipped with a phase-locked loop (PLL) board (band-
width ~2kHz). Measurements were performed in Amplitude
Modulation Dynamic AFM mode (AM-DAFM), using ampli-
tude as the primary feedback signal. A relatively large free os-
cillation amplitude (a;,,, ~25nm) and low amplitude set-point
(@ /agee ~0.9-0.8) ensured tip-sample interaction remained
within the attractive, noncontact regime. Silicon tips (Olympus
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TABLE 1 | Equilibrium contact angles (6,) for drops of water, glycerol and diiodomethane with the upper and lower sides of Romaine lettuce

leaves. For water, advancing (6,,, rec

), receding (6. ) contact angles and contact angle hysteresis (A@hys) are provided. Data are means +standard

deviations (SD; N =30 for equilibrium contact angles and N =10 for dynamic contact angles). For the same liquid, letters indicate homogenous groups

according to Tukey's HSD (honestly significant difference) test (p <0.05).

Surface Contact angles (°)
Liquid Leaf side Equilibrium (6,) Advancing (0,4,) Receding (6,,.) Hysteresis (Aehys)
Water Adaxial 751+74a 81.8+49a 29.5+4.2a 51.8+54a
Abaxial 64.3+8.3a 73.0£7.8a 22.4+5.1a 50.8+5.0a
Glycerol Adaxial 56.5+6.5a
Abaxial 58.1+5.8a
Diiodomethane Adaxial 62.4+51a
Abaxial 57.5+6.6a

AC240TS) with a nominal force constant of 2N/m and tip apex
radius of 15nm were used. The height range was limited by
the piezo actuator, which has a maximum vertical scan range
of 10um, meaning that certain surface areas could exceed the
measurable height.

Fresh lettuce leaves were marked and photographed at 5x opti-
cal zoom (Figure 4A), enabling AFM images (Figure 4C,D) to
be directly correlated with SEM images (Figure 4B); the yellow
square in the SEM image indicates the AFM scanning region.
Samples were mounted on holders compatible with both AFM
and SEM platforms. Topography z(x,)) and wettability w(x,y) im-
ages were acquired simultaneously using dual feedback loops.
The first loop controlled the amplitude for topography acquisi-
tion, while the second PLL controlled the tip-sample resonance
frequency shift, dv(x,y) =v(x,y)—v, (Where v is the free reso-
nance frequency), to generate the wettability map. This dv(x,y)
signal is sensitive to the chemical composition of the surface
(Almonte et al. 2022; Fernindez et al. 2024).

The wettability channel w(x,y) reflects the formation and rup-
ture of the liquid neck between the tip and the leaf surface under
room conditions (25°C, 50% relative humidity), as previously de-
scribed (Colchero et al. 1998; Palacios-Lidén et al. 2009). These
maps allow local characterisation of hydrophilic and hydro-
phobic regions (Figure 4F,H). For precise spatial correlation,
a 3D overlay was created by superimposing w(x,y) onto z(x.))
(Figure S2), where hydrophilic zones (stronger capillary interac-
tion) appear in blue, and hydrophobic zones (weaker interaction)
appear in red/yellow. Image processing and analysis were per-
formed using WSxM software (Horcas et al. 2007).

2.5 | Fourier Transform Infrared (FTIR)
and Confocal Raman Spectroscopy

Attenuated Total Reflectance (ATR)-FTIR spectroscopy anal-
yses of fresh and CPD lettuce leaf sections (spectra of three
sections of three different fully expanded, healthy leaves from
three different plants) were carried out with a FTIR spectrome-
tre (Nicolet iS50, Thermo Fisher Scientific). Measurements were
made in absorbance mode, in the 4000-400 cm™ spectral range,
collecting the background before each leaf sample analysis.

Fresh lettuce leaves (generally, three to five zones of five sec-
tions collected from five different leaves and plants) were also
examined by confocal Raman microscopy (XPlora, Horiba MTB
equipped with 785, 638 and 532nm excitation lasers). The laser
power was controlled with a 1% filter, resulting in an output
power of 110 W for 532 nm excitation and 706 W for 785 nm exci-
tation. Measurements were conducted using a 50% (long working
distance, N.A. 0.5) objective, giving a lateral spatial resolution of
circa 2um. Additional spectra (not shown) were obtained with
a 100x objective (N. A. 0.90), with similar results at the cost of
longer integration times. 1200 g/mm (600 g/mm) gratings were
used for high (low)-resolution spectra. To obtain Raman maps,
the acquisition parametres were optimised to achieve the best
signal-to-noise ratio, while minimising laser exposure time and
intensity to prevent sample dehydration and surface defocusing.
Optimal conditions for an 11 X 11 points scan matrix (121 points,
2 um step) were established with an exposure time of 1s and a
single accumulation using low-resolution gratings. Best results
were recorded when immersing leaf samples in water during
measurement.

3 | Results
3.1 | Lettuce Leaf Wettability

The wettability of lettuce was assessed by measuring contact
angles of water, glycerol and diiodomethane (Table 1). The
upper and lower leaf sides of lettuce are wettable (6<90°) for
all tested liquids. In general, pseudo-equilibrium contact angles
were lower for the abaxial surface, except for glycerol, where
values were practically similar for both surfaces. In any case,
for the same liquid, no statistically significant differences were
recorded between leaf sides. Both surfaces had a major and a
similar degree of adherence of water drops as derived from the
51° to 52° contact angle hysteresis values recorded.

The surface free energy and related parametres of the upper and
lower sides of Romaine lettuce leaves were estimated according
to the 3-Liquids method (Table 2). In general, for both leaf sides,
the surface free component and total surface free energy values
were within a similar range and had a high polarity of 24%-25%.
Compared to the abaxial (upper) surface, the abaxial leaf side
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had a slightly higher y and solubility parametre (§) value, which
can be associated with the higher contribution of the negative
surface free energy component (y~). The low contact angles with
liquids having a significant nondispersive component (i.e., water
and glycerol) and a high degree of polarity (y*® y.~!) rendered
this surface suitable for evaluating the occurrence of nano-
hydrophilic areas in its cuticle; more detailed characterisation
trials were performed as described below.

3.2 | Leaf Surface Structure

The morphology of fresh (immediately observed with no treat-
ment after tissue sectioning) and critical point dried (CPD)
Romaine lettuce leaf sections was first analysed by SEM, as
shown in Figure 1. Both leaf surfaces are similar to some extent.
They have densities of 105+27 (abaxial) and 126 + 32 (adaxial)
stomata per mm?. Furthermore, adaxial and abaxial side sto-
mata (Figure 1B,F) and the surrounding pavement cells are
morphologically similar. No major surface differences were de-
tected between fresh and CPD lettuce samples in terms of mor-
phological changes.

In Figure 2, the structure of the lettuce leaf after tissue stain-
ing with toluidine blue (Figure 2A) or metals (Figure 2B-F) is
shown. Epidermal cells are the interface with the surrounding
atmosphere and mostly include rather rectangular, big pave-
ment cells (Figure 2A), with scattered pairs of guard cells form-
ing a stoma both on the adaxial and abaxial leaf sides. When
examining the cell wall of stomata by TEM (Figure 2B-D), sto-
matal ledges having a heterogeneous deposition of lipids with
a reticulate pattern can be observed as a material generating

a concave, protruding structure over the pore, resembling a
volcano. Cell wall pegs also covered with a heterogeneous, re-
ticulate cuticle occur at the base of guard cells, close to the
stomatal chamber (Figure 2D). In general, the cuticle of stoma-
tal ledges and pegs (Figure 2C,D) is reticulate and belongs to
Type 4, according to Holloway's classification (Holloway 1982;
Jeffree 2006). However, changes in guard cell cuticle thickness
and ultra-structure were detected from the ledge toward the end
of the guard cells (see Figure 2C,E). Nano-areas of cell wall poly-
saccharides can actually be distinguished in guard cell parts
located approximately >5um away from the ledge toward the
neighbouring epidermal cell (Figure 2E). By contrast, adaxial
and abaxial pavement cells have a thicker and amorphous Type
6 cuticle (Figure 2F) (Holloway 1982). The heterogeneous cutic-
ular ultra-structure of lettuce leaf epidermal cells as observed
by TEM can be associated with variable chemical composition
and structural arrangement of surface chemical constituents, as
further analysed by AFM microscopy.

3.3 | Raman and FTIR Spectroscopy

Adaxial and abaxial surfaces of fresh and CPD Romaine lettuce
leaves were qualitatively analysed by FTIR (Figure 3A). To fa-
cilitate comparisons, stacked average FTIR spectra (Figure 3A)
were used to visualise differences across replicates and treat-
ments. The presence of the same characteristic peaks, as well
as the absence of shift, can be observed in all samples and their
replicates.

The average FTIR spectra of the adaxial and abaxial surfaces
of fresh and CPD Romaine lettuce leaf samples had similar

TABLE 2 | Total surface free energy (y). Lifshitz-van der Waals component (y“V). Acid-base component (yB) with the contribution of electron

donor (y~) and electron acceptor (y*) interactions, total surface free energy (y,) and polarity (A8 v, of adaxial and abaxial leaf surfaces of Romaine

lettuce.
Leafside 7 (mIm?) y (mIm?) y"mIm?) pyBmIm?) y,@@mIm?) Polarity(%) &(mJ/’m-3?)
Adaxial 27.2 5.3 3.8 8.9 36.1 24.7 18.3
Abaxial 30.0 16.8 1.4 9.6 39.6 24.2 19.6

50um

FIGURE1 | Adaxial (A-D) and abaxial (F-I) lettuce leaf surfaces observed by SEM. Micrographs correspond to fresh (A, B, F and G) and CPD

(C, D, H and I) leaf tissues.
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FIGURE2 | Cross-sections of Romaine lettuce leaves and epidermal cells observed by optical microscopy (A) or TEM (B-F). (A) Leaf general anat-
omy, (B) detail of a stoma and its guard cells protecting the substomatal cavity, (C) detail of the cuticle of a stomatal ledge, (D) cuticle of stomatal pegs
toward the top of the substomatal cavity, (E) cuticle of the central part of a guard cell toward the neighbouring epidermal cell showing an irregular
cuticle deposition and cell wall nano-areas as leaf-air interface material and (F) example of an adaxial or abaxial pavement cell cuticle cells having an
amorphous ultrastructure. AbEC, abaxial epidermal cell; AAEC, adaxial epidermal cell; Cu, cuticle; CW, cell wall; GC, guard cell; SC, substomatal
cavity; SL, stomatal ledge; SP, stomatal peg.
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FIGURE 3 | FTIR and Raman spectroscopy spectra of lettuce leaves. (A) FTIR spectra of adaxial and abaxial fresh and CPD leaf surfaces. Each
spectrum shows the mean signal (solid line) and standard deviation (shaded area). (B) High-resolution Raman spectra of Roman lettuce (adaxial
side) obtained from four points of interest, as indicated in the optical micrograph (C). Optical image, the scale bar corresponds to 10 um. Spectra were
measured at the stomatal ledge (red), stomatal cavity (black), epidermal cell (green) and cell wall (blue) with 785nm excitation. (D) Optical micro-
graph of the stoma corresponding to the area selected for Raman imaging obtained with 532nm excitation. Univariate analysis (band integration)
has been used at the peak 1518cm ™" in (E).

characteristic peaks (Figure 3A,B). However, a remarkable de- compound peaks. Actually, none of the peaks corresponding to
crease in the intensity of certain peaks is observed when compar- functional groups detected in fresh lettuce leaf surfaces disap-
ing fresh versus CPD samples, primarily affecting O-H-related peared in CPD samples, indicating that this treatment did not
vibrational modes. This reduction is attributed to differences in induce significant chemical alterations. Furthermore, CPD pre-
water content between the two samples. The removal of water  served surface topography, ensuring the structural integrity of
in CPD leaves improved the observation of specific chemical the tissues for subsequent analyses (Figure 3A).
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The broad band at 3650-3000cm™ is characteristic of hydroxyl
(-OH) groups, due to hydrogen-bond interactions. The com-
pounds related to this band primarily include cuticular polysac-
charides, which are rich in ~-OH groups, but also cutin/cutan
polymers (Heredia-Guerrero et al. 2014). In addition, a broad
and low-intensity band at 583cm™ is observed, which can be
attributed to out-of-plane bending due to ~OH groups. All the
characteristic peaks present in both leaf spectra exhibit similar
intensity and sharpness. High-intensity peaks between 2918
and 2850cm™! correspond to symmetric and asymmetric C-H
stretching of ~CH,~ groups in the aliphatic chains of cutin/
cutan and waxes (Heredia-Guerrero et al. 2014). Accompanying
bending vibrations appear around 1463 (-CH,-) and 1372cm™!
(-CH,). Aweak 720cm™" peak indicative of long aliphatic chains
is observed in all the samples. However, this peak is poorly vis-
ible due to the higher intensity of out-of-plane bending of ~-OH
groups.

A prominent band at 1735cm™! linked to C=0 stretching vi-
bration of ester and carboxylate groups can be associated with
cutin polymer but may also arise from polysaccharide-derived
ester linkages (Heredia-Guerrero et al. 2014). As shown
by Pesquet et al. (2013), the presence or absence of specific
FTIR bands, such as those linked to lignin (e.g., 1510 and
1595cm™), can vary significantly depending on the state of
the sample and the presence of specific monomers (Heredia-
Guerrero et al. 2014). Although the current study does not
involve lignified tissues or vascular cell types like tracheary
elements, the interpretation of shared peaks is also pertinent.
Nevertheless, the observed spectral differences between fresh
and CPD-treated samples remain consistent across replicates

e oo [T [ 200m

FIGURE 4 | Correlation between (A) optical, (B) SEM, (C) AFM topography and (D) wettability images of the same region of a fresh Romaine
lettuce leaf. High-resolution AFM topography (E) and wettability (F) images of a stomatal pore of CPD leaf samples. (G) Close-up of the stomatal
region with cuticular folds at the base of the cuticular ledges, and (H) corresponding wettability image, illustrating changes in hydrophilicity along
the folds. The wettability maps are expressed in arbitrary units (Hz).

7.00um  -250Hz

and support the qualitative interpretation of lettuce leaf sur-
face components. Carbon-O-C stretching vibrations appear
at 1100 (symmetric) and 1147 cm~! (asymmetric). Peaks within
800-500cm™! include a band at 833 cm™, attributed to out-of-
plane C-H bending in aromatic compounds like phenolics
and flavonoids. Additionally, a broad band at 1600-1630 cm™!
is due to C=C stretching in phenolic compounds (Heredia-
Guerrero et al. 2014).

Raman spectra (785 nm excitation) were recorded at four points
on the adaxial surface of fresh lettuce leaves (Figure 3B). In the
spectra shown, the optimised Raman mapping setup employed
a 50x objective with a numerical aperture (NA) of 0.5 and a
medium confocal aperture (300um), using 532nm excitation.
Under these conditions, the axial resolution is approximately
3um. During the scan, the leaf surface may shift by up to 2um
due to dehydration. The combination of these factors leads to
an estimated uncertainty of £5um in focus determination.
Additionally, the height variation across the mapped stoma is
on the order of 5um. Therefore, in our case, the accuracy of the
z-stage positioning is insufficient to justify including a colour
scale in Figure 3D,E. The Raman map shown in Figure 3 is rep-
resentative of the results gathered for three different areas of
the leaf section analyzed and for other leaves measured (N=5).
Nonetheless, two more Raman maps are provided as Supporting
Information. We also evaluated the correlation between the in-
tensities of P1, P2 and P3 peaks with the P4 peak, as labelled in
the spectra.

Prominent bands at 1600 and 1624cm™, particularly intense
in stomatal cavities or underneath epidermal pavement cells

Physiologia Plantarum, 2025
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(green spectrum), were attributed to aromatic ring stretching in
phenolic compounds (Sasani et al. 2021; Blaschek et al. 2023).
Consistent with FTIR findings, these bands can be attributed
to the occurrence of phenolic compounds (Gupta et al. 2020).
Additionally, less intense peaks were identified at 1181cm™!
(C-0O-H stretching adjacent to an aromatic ring, CH vibrations),
1220 and 1279cm™ (C-C-H bending), 1320cm™ (-CH,- bend-
ing) and 1434cm™ (-CH,- stretching), consistent with find-
ings from previous studies (Farber et al. 2019). A very weak
peak at 1080cm™! was detected exclusively in stomatal cavities
(Figure 3B,C in black) and to a lesser extent, in stomatal ledges.
This peak likely arises from multiple functional groups, includ-
ing v(C-0), »(C-C) or 8(C-O-H) vibrations (Heredia-Guerrero
et al. 2014). Besides these bands, two prominent peaks were ob-
served at 1150 (v3) and 1518cm™! (v;) (Figure 3E), correspond-
ing to the strongest Raman bands which may be attributed to
carotenoids (Gupta et al. 2020; Schulz et al. 2005; De Gelder
et al. 2007).

3.4 | Atomic Force Microscopy

To correlate the local adhesion force with the local wetting para-
metre, AFM measurements were conducted in dynamic mode.
The oscillation amplitude served as a feedback signal for topo-
graphic imaging, and a low amplitude reduction was applied to
minimise tip-sample interactions, ensuring operation within
the attractive regime. The tip-sample resonance frequency shift
was monitored using the PLL system and recorded as an addi-
tional data channel, providing complementary information on
the sample's chemical composition. Wettability measurements
derived from frequency shifts (Figure 4D,F,G) reveal regions
with a high probability for liquid neck formation, indicative of
enhanced local surface interactions without direct mechan-
ical contact. These wettability maps, expressed in arbitrary
units (Hz), offer a visualisation of hydrophilic and hydropho-
bic domains across the leaf surface; see Supporting Information
(Almonte et al. 2022). Figure 4C shows a topographical aver-
age roughness (rms) of 1.30, while Figure 4D represents the
wettability, w(x,y), with a resolution of 118/pixel. Collecting the
image at this resolution generates average values, providing a
first approximation to the wettability image. This wettability
image provides a detailed visualisation of variable liquid neck
interactions across different regions of the sample, with stron-
ger liquid neck interactions in certain areas, depicted by bluish
hues. Higher-resolution data were obtained for CPD-treated let-
tuce (Figure 4E,F), with Figure 4F showing the wetting image
at 16 nm/pixel. This image provides a broader view of the study
area, with Figure 4G,H offering an enlarged and more detailed
perspective of the stomatal folds, at a resolution of 8 nm/pixel,
which essentially corresponds to the experimental limit of our
technique. In these latter two images, the cuticular folds of sto-
matawere analysed, because they exhibited variable interactions
with liquid necks compared to other epidermal cells, indicating
a higher attraction of hydrophilic regions, as indicated by the
blue colouration. In such stomatal cuticular folds, a variety of
hydrophilic/hydrophobic zones can be observed. These hetero-
geneous areas in stomata occurred in the adaxial and abaxial
leaf sides and were similar for fresh lettuce and CPD samples.
Furthermore, AFM imaging revealed significant height varia-
tions at the micro- and nano-scale levels, even within regions

that were closely spaced, with separations as small as a few
nanometres.

4 | Discussion

In this study and based on previous investigations performed
with leafy green vegetables, we selected a wettable Romaine let-
tuce variety with a high degree of leaf surface polarity for testing
whether leaves may be chemically heterogeneous at the nano-
scale and if the existing hydrophilic areas were epidermal cell-
specific. By using several microscopic and analytical techniques,
we gained evidence that our parting hypotheses were verified.
In two previous studies, we showed the occurrence of few hy-
drophilic nano-zones in poorly wettable rose petals having the
rose petal effect (i.e., very high contact angles and water drop
adhesion) (Almonte et al. 2022) and a higher frequency of them
detected in the trichomes on olive leaves (Fernindez et al. 2024),
which are at the unwettable threshold for the abaxial side (i.e.,
90°). Hence, based on the existing literature on the wettability
of leafy green vegetables (Lu et al. 2015; Ku et al. 2020; Truschi
et al. 2023), we selected lettuce as a potential model for a plant
surface having a higher frequency of hydrophilic nano-areas
in its foliage. The wettable lettuce variety analysed was actu-
ally found to have a high frequency of hydrophilic nano-zones
chiefly in adaxial and abaxial leaf stomatal areas. In the para-
graphs below, the significance of our results will be gradually
discussed, emphasising the potential role of hydrophilic nano-
zones in the cuticle in functional and eco-physiological terms,
which should be further analysed in future investigations.

Plant surfaces have major importance. New AFM techniques
(Almonte et al. 2022) enable mapping for the first time the nano-
scale distribution of hydrophilic and hydrophobic compounds,
which multiplies the complexity of current views on cuticle com-
position and structure in relation to its potential functionality.
However, the link between macroscopic wettability (i.e., as de-
termined with water contact angles) of plant surfaces and their
composition and chemical localisation still remains unclear,
and traditional approaches considering the cuticle a continuous,
lipid layer (e.g., Suh et al. 2005) may be over-simplistic, at least
for some epidermal cell areas, organs and species.

For attempting to characterise the occurrence of hydrophilic
areas in plant surfaces at the nano-scale, we analysed the sam-
ples by AFM in true noncontact mode, in which the cantilever
tip does not physically contact the sample surface (Almonte
et al. 2022; Fernandez et al. 2024). This approach does not alter
the morphology and chemical composition of the lettuce leaf
cuticle. By contrast, the AFM force mapping technique (peak
force or pinpoint, for example), used by, for example, Ménard
et al. (2022), involves direct tip-sample contact, allowing for
relative quantification of mechanical properties such as stiff-
ness and adhesion force attributes influenced by processes like
lignification.

Lettuce is an important horticultural commodity that is quite
perishable and susceptible to pest and disease contamination
(Peng and Simko 2023). Several investigations and technical
reports (Esseili et al. 2012; Lu et al. 2015) referred to human,
food-borne illnesses associated with the consumption of leafy
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vegetables, and some studies chiefly related their contamina-
tion susceptibility to leaf wettability and stomatal traits (Ku
et al. 2020; Truschi et al. 2023; Dong et al. 2024).

Surface chemical composition and structure affect the barrier
properties of leaves and other aerial plant organs, for example, fa-
vouring or impeding foliar water absorption (Schreel et al. 2020;
Fernandez et al. 2021; Liu et al. 2023; Losso et al. 2023) or by
affecting the rate of residual transpiration (Isaacson et al. 2009).
The characterisation of leaf surface wettability and surface free
energy is useful for evaluating the combined effect of surface
chemical composition and roughness and provides informa-
tion on potential surface interactions with water and surface-
deposited matter of ecological and agro-forestry interest (Smith
and McClean 1989; Brewer et al. 1991; Koch et al. 2008; Rosado
and Holder 2013; Fernandez et al. 2021). The contact angle val-
ues measured for the three liquids of different degrees of polar-
ity/apolarity were below 90°, indicating that such surfaces are
wettable. In addition, lettuce leaf surfaces had a total surface
free energy of approximately 36-40mJm~2 and a high degree of
polarity (24%). The contact angles and surface free energy values
estimated for Romaine lettuce surfaces are similar to the adax-
ial leaf side of Arbequina olive leaves (Fernindez et al. 2024)
or some corn variety leaves (Revilla et al. 2016; Henningsen
et al. 2023). Such surfaces are wettable and have relatively low
roughness compared with plant surfaces having cuticular folds,
hydrophobic trichomes or nano-structured epicuticular waxes
(Koch et al. 2008; Ferndndez et al. 2021). Nonetheless, AFM
images revealed a high average roughness of 700nm rms over
a 10XOum area, indicating that a substantial amount of leaf
surface may be covered with liquid droplets deposited onto it.
The relatively low roughness of Romaine lettuce leaves com-
pared with other leafy greens, such as cabbage or mustard (Lu
et al. 2015), can facilitate the growth of microorganisms (Chiu
et al. 2020; Truschi et al. 2023), highlighting the importance of
leaf surface features for assessing potential interactions with
surface-deposited matter.

Working with ‘Two Star’ lettuce variety, Ku et al. (2020) evaluated
the leaf wax composition, wettability and degree of Salmonella
spp. attachment to surfaces of leaves at different ages and po-
sitions. Contrary to our wettable ‘Turbina’ lettuce, in which
we could not identify a distinct layer of epicuticular waxes, Ku
et al. (2020) observed crystalised epicuticular waxes and higher
water contact angles. In general, wettable leafy greens, such as
lettuce, may have lower amounts of epicuticular waxes (e.g.,
5-10 ugcm~2 soluble cuticular lipids) compared to some cabbage
or mustard varieties (70-80ug cm~2 soluble cuticular lipids) (Lu
et al. 2015; Palma-Salgado et al. 2020). Alike in the rose petals of
‘Lois Lane’ cultivar (Almonte et al. 2022), there was a lack of a
distinct epicuticular wax layer in the ‘Turbina’ Romaine lettuce
leaves analysed, which implies that measurements were largely
carried out on the cuticle surface as observed in TEM and SEM
images (Figures 1 and 2). By AFM, we were able to assess the
difference in wettability of stomatal edges compared to the base
of guard cells. This is related to the greater probability of adher-
ence of certain zones due to the formation of liquid necks, which
can be associated with areas of increased hydrophilicity.

Lettuce leaf cuticles are rather thin (<100nm) compared to
other species (Jeffree 2006). The cuticular ultra-structure of

epidermal cells is rather amorphous and can be assigned to Type
6 (Holloway 1982). Nonetheless, depending on the epidermal
cell area analysed with special regard to stomata, the cuticle
may have variable thickness and ultra-structure as derived from
the occurrence of electron-dense and electron-lucent areas (e.g.,
Figure 2F).

The surface of many plant and biological materials is difficult
to characterise owing to its rapid perishability and loss of shape
due to dehydration and cell collapse. For this reason, techniques
such as critical point or chemical drying have been introduced
for surface analysis (Bhattacharya et al. 2020). Thereby, we also
carried out measurements with CPD lettuce pieces which were
chemically similar to the fresh ones, as demonstrated by FTIR.
Based on our AFM measurements, we observed no major dif-
ferences in the topography and wettability of CPD versus fresh
lettuce leaf samples (Figure 4).

Lettuce leaf stomatal pores are encrypted by a cuticle forming a
‘volcano-like’ structure, as reported for other plant species (e.g.,
Jordan et al. 2008; Roth-Nebelsick et al. 2013). The upper part
of the crypt has thin, reticulate, cuticular ultra-structure (Type
4, Holloway 1982). At the base of the stomatal crypt, which
approximately begins to form in the middle of the guard cell
toward the pore, we observed cuticular folds, which will also
influence surface wettability. The nano-scale heterogeneity of
the cuticle-forming stomatal crypts, as depicted in our AFM im-
ages, supports the occurrence of hydrophilic material in stoma-
tal regions, as also observed in guard-cell TEM cross-sections.
Altogether, our microscopy images provide clear evidence for
the nano-scale, chemical heterogeneity of lettuce leaves, which
have a higher density of hydrophilic nano-areas chiefly in sto-
matal surfaces, compared to olive leaf trichomes and rose petals
(Almonte et al. 2022; Fernandez et al. 2024). Alike in olive leaves
(Fernandez et al. 2024), the occurrence of hydrophilic nano-
areas on lettuce leaf surface will also contribute to the high
water wettability and drop adhesion of such plant materials.

The lack of an identifiable epicuticular wax layer in combination
with the occurrence of hydrophobic-hydrophilic material at the
nano-scale chiefly in stomatal areas is reflected in the wetta-
bility maps obtained by AFM. The large chemical variability of
these surfaces suggests distinct hydrophilic-hydrophobic mate-
rial regions. These findings are supported by the heterogeneous
cuticular patterns observed in lettuce leaf TEM cross-sections,
which likely indicate the presence of cell wall polysaccharides.
The detection of hydrophilic nano-zones especially in let-
tuce leaf stomatal pores suggests that they may be preferential
areas for microorganism attachment and proliferation. Esseili
et al. (2012) found that Norovirus binds to exposed cell wall
polysaccharides, with a preference for older leaves and leaf lam-
ina zones. Thereby, it is likely that pathogens with an affinity for
cell wall polysaccharides will adhere and proliferate in the hy-
drophilic nano-areas detected by AFM and TEM, rendering let-
tuce leaves more susceptible to pathogen contamination. These
hydrophilic nano-areas, mainly occurring in stomata, will also
provide a more favourable environment for microbial growth
due to the high moisture of stomatal pores (Roth-Nebelsick
et al. 2013). High rates of leaf water loss during storage and
commercialisation can reduce the shelf life and quality of let-
tuce. Hence, understanding the distribution and properties of

Physiologia Plantarum, 2025

9o0f12

SUOIIPUOD PUe SWB | 8U} 89S *[5202/0T/LT] uo Areiqiauliuo A8|IM * (PepIUeS 8p OLBISIUIN) LUOKIAOIG [RUOIEN 8URILI0D USIUedS - Zapueud eLOPIA Ag 08502 1dd/TTTT 0T/10p/w00 A8 |Im AReiq1puluo//sdny Woly papeojumoq 'S ‘S20Z ‘YS0EE6ET

PO fB|IM

85UB917 SUOLLLLIOD BAIEa1D a|ged||dde ay Ag paussnob ae sajoie YO ‘asn Jo Sani Joj AriqiauljuQ 81 uo (suor



nano-hydrophilic areas potentially occurring in the surface
of leaves and aerial plant organs will be crucial for developing
strategies to enhance the marketability and storability of horti-
cultural commodities.

Leaf surface chemical heterogeneity and epidermal cell-specific
cuticular changes can also have major eco-physiological implica-
tions, at least in terms of variable surface interactions, transport
phenomena and mechanical properties, which should be further
elucidated. For example, the presence of hydrophilic nano-areas
in the surface stomata or other epidermal cells may increase the
residual transpiration of plant organs and affect current water
and gas transport models across plant surfaces. They may also
contribute to foliar water uptake (Schreel et al. 2020; Losso
et al. 2023; Liu et al. 2023) and to water condensation mecha-
nisms (Fernandez et al. 2024); this should be characterised in
future eco-physiological studies.

5 | Conclusions

The properties of ‘“Turbina’ Romaine lettuce leaves have been
analysed with a battery of complementary techniques with spa-
tial resolutions that range from nano-metres to milli-metres.
Surfaces were found to be wettable and chemically heteroge-
neous at the nano-scale, especially regarding stomata. Nano-
hydrophilic areas have been localised in the abaxial and adaxial
leaf surfaces with a focus on stomata. Future studies should
elucidate their functional significance. The occurrence of hy-
drophilic regions may favour the adhesion of microorganisms,
as reported in several food safety investigations of leafy green
vegetables. Their abundance will also increase cuticular tran-
spiration, favour foliar water uptake or decrease the shelf-life
of horticultural commodities. The influence of potential factors
associated with the occurrence and development of cuticular
hydrophilic nano-areas in the surface of aerial organs of agro-
forest species/varieties, also in response to growing conditions
(e.g., environmental, plant nutrition or pest and disease control
factors) or plant phenology, should be evaluated in future mul-
tidisciplinary investigations. In eco-physiological terms, the
frequency of hydrophilic/hydrophobic nano-zones may signifi-
cantly influence the function of plant surfaces and may be a cru-
cial trait for adaptation to water shortage or high water pressure
deficit environments.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Figure S1: Raman spectra of the stomatal cavity
obtained (a) with 785nm excitation (40s. accumulation, 706 uW illumi-
nation power) and (b) with 532nm (1s accumulation, 110 uW power),
as used for the Raman maps. The main figure in (b) shows the lumi-
nescence contribution (from 2000 to 4500cm™!) and the Raman peaks
(1000-2000cm™). The inset shows the detail of the Raman peaks' re-
gion. The raw data are depicted in red and the processed data in black
(baseline subtraction for both images, 3-point polymer smooth for the
processing of image [b]). The resonance enhancement obtained for the
peak at 1518cm~! amounts to a factor 15. Figure S2: AFM images of
stomata of fresh lettuce leaves. (a) 3-d image of an open stoma, and (b)
3-d image of a closed stoma. (c) AFM topography, (d) AFM wettability
and (e) wettability image overlay in topography. Figure S3: Amplitude
and phase images corresponding to the AFM topography and wettabil-
ity error signal (feedback images) shown in Figure 4H.
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