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Abstract: Ivory nuts, bioproducts from South American palms, possess a hard, water-insoluble, and 

microporous endosperm with a strong resemblance to elephant ivory. The nuts sustainable appeal made 

them popular as eco-friendly substitutes to ivory and, more recently, microbeads. However, their 

hygroscopicity and mannan composition impart susceptibility to deterioration by microbes and insects. 

Cold plasma treatment has been widely investigated as a clean and cost-effective procedure for seed 

disinfection and surface modification. Hence, in this work, ivory nut endosperm was treated by an air 

plasma jet to modify wettability. Plasma treated samples were characterized by the water contact angle, 

AFM, and Raman imaging. Water contact angle results presented an increase from (31.5 ± 8.7)º to 

(78.9 ± 5.4)º, demonstrating surface hydrophobization. This result was attributed to the modification of 

surface chemistry by migration and repolymerization of extractives promoted by plasma treatment. 

AFM results evidenced the formation of a heterogeneous layer containing lamellar features similar to 

plant epicuticular waxes. Besides, principal component analysis of Raman imaging results highlighted 

spectral contributions from wax, xylan, mannan, and lignin. These results demonstrate that atmospheric 

air plasma jets can be employed for ivory nut hydrophobization with no need for additional precursors, 

altering surface chemistry by crosslinking endosperm native substances.  
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1. Introduction 

The search for eco-friendly options for synthetic non-biodegradable polymers has 

redrawn the attention to bioproducts [1–5]. For instance, ivory nuts, Amazonian seeds once 

notorious as a resource for the manufacture of buttons before World War II [6,7], have been 

commercialized recently as a substitute to microbeads employed in personal care products, e.g., 

lotions and exfoliators [8,9]. These seeds present a relatively hard and water-insoluble 

endosperm (Figure 1) with an ivory-like color, making them popular in the handcrafts industry 

as a green alternative to animal ivory [10–12]. This bioproduct is produced by South American 

palms found in countries such as Brazil, Ecuador, and Colombia. It benefits traditional forest 

communities economically without promoting deforestation or animal poaching [6,13]. 
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(a)                                               (b) 

Figure 1. (a) Ivory nut endosperm after seed coat removal; (b) 1,4-β-linked mannose repeating units. 

However, their biodegradability, an advantage compared to synthetic polymers, makes 

them vulnerable to deterioration by fungi, bacteria, and insects [14–16]. As illustrated in Figure 

1, their endosperm's main constituent is pure mannan, a polysaccharide formed by β-1,4-linked 

mannose residues with a low degree of substitution by other monosaccharides, e.g., glucose 

and galactose [17–19]. This polysaccharide accounts for approximately 80 % of the endosperm 

total weight [17]. Similar to cellulose, mannan molecules are abundant in hydroxyl (-OH) 

functionalities, contributing to hygroscopic behavior [15]. Besides, the endosperm presents a 

network of tubules with micrometric dimensions [10] that may facilitate water retention, 

making the material a favorable environment for pathogen development. 

Hence, to ensure ivory nut durability and commercial relevance, a cost-effective 

procedure is required for seed disinfection and hygroscopicity reduction. In this context, cold 

plasmas stand out as viable solutions. They can be generated near room temperature, allowing 

modification of substrates sensitive to high temperatures, such as seeds [20–22]. In addition to 

that, the modification promoted by plasma is restricted to external material layers, providing 

novel characteristics to surfaces without affecting substrate fundamental properties. Moreover, 

plasma processing is considered eco-friendly compared to techniques based on chemical 

agents. It is a solvent-free process that requires limited usage of precursors [23,24]. 

Cold plasmas have been widely investigated as a postharvest procedure for agricultural 

seeds. They can provide disinfection and modify surface chemistry, increasing wettability and 

enhancing germination rate [20,21,25]. In particular, plasma treatment systems at atmospheric 

pressures have attracted attention lately since they do not require vacuum equipment, 

increasing cost-effectiveness and facilitating their association with industrial processes [26–

28]. One of the most frequent atmospheric pressure plasma sources is plasma jets. A feed gas 

flows between concentric electrodes. The generated plasma discharge is ejected towards the 

substrate, performing the treatment in open air [23,29]. During operation, a plasma jet system 

is shown in Figure 2, in addition to a schematic diagram of system configuration. 

 

 
(a)                                                   (b) 

Figure 2. (a) Plasma jet (Plasma PenTM, PVA TePla America, USA) during operation. (b) Schematic diagram of 

plasma jet configuration for discharge generation and substrate treatment. 

In this work, ivory nut endosperm was treated by a cold plasma jet fed with ambient 

air. In general, air plasma treatments result in increased hydrophilicity as a result of a surface 

https://doi.org/10.33263/BRIAC114.1222712237
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC114.1222712237  

 https://biointerfaceresearch.com/ 12229 

etching by plasma energetic species and interaction with reactive oxygen species (ROS) or 

reactive nitrogen species (RNS), such as hydroxyl radicals and nitric oxide (NO), respectively 

[30–34]. Nevertheless, air plasma jet treatment of ivory nut endosperm resulted in a 

considerable increase in hydrophobicity observed by water contact angle measurements. 

Therefore, atomic force microscopy (AFM) and Raman imaging were employed to investigate 

the surface characteristics and chemical moieties associated with this wettability modification. 

2. Materials and Methods 

 Ivory nut endosperm (SisGen Code: AC591E1) was cut into disk-shaped samples of 

approximately 0.5 cm in diameter. The sample surface was sanded with 100, 220, 400, and 

600-grain sandpaper and posteriorly polished with alumina. After polishing, samples were 

thoroughly rinsed and cleaned in an ultrasound bath for 15 min. Lastly, ivory nut disks were 

stored in a desiccator for at least 24 h before processing and characterization. 

Surface treatment was performed with an atmospheric pressure plasma jet (Plasma 

PenTM, PVA TePla America, USA) supplied with ambient air compressed at 7 bar. The samples 

were kept at a 1.5 cm distance from the plasma nozzle to perform treatment in the afterglow 

region and avoid overheating. The sample surface was scanned by the plasma jet for 80 s at a 

1.36 cm/s speed with an automatic motion system built using an Arduino microcontroller and 

stepper motors from CD / DVD drives. Detailed information on this setup is described 

elsewhere [11]. After treatment, samples were stored in a desiccator for 24 h before further 

characterization. 

Static water contact angle measurements were performed in a Ramé-Hart 500 F1 

goniometer. Droplets of distilled water (~ 5 µL) were deposited on the sample surface, and 

100 measurements were recorded with a 0.2 s interval. These measurements were performed 

in duplicate for each sample replicate (n = 3). Moreover, a JPK Nanowizard microscope was 

employed for obtaining surface topography and phase-contrast images in intermittent contact 

mode. 

Raman spectra in 1000 to 1750 cm-1 region were obtained in a Witec Alpha 300 

spectrometer. Single spectra were acquired using a 785 nm laser with a 0.5 s integration time 

and 200 accumulations. Hyperspectral imaging maps were acquired in a grid of 100 x 100 

points located on a 20 x 20 µm2 region. Spectral preprocessing steps consisted of background 

subtraction, cosmic ray removal, smoothing by Savitzky-Golay filter, and normalization by 

Standard Normal Variate (SNV) method. Further, linear baseline correction was performed. 

These preprocessing procedures were performed in Witec Project 2.10 software and Rstudio, 

employing the hyperSpec package [26]. 

Finally, principal component analysis (PCA) of Raman imaging data was executed in 

RStudio, with function prcomp. Plotting of results was performed through average score 

intensity maps and loading plots for the first four principal components. This methodology was 

based on work from Bonifacio et al. (2010) [36]. 

3. Results and Discussion 

3.1. Surface wettability. 

Static water contact angle results are shown in Figure 3. Plasma treatment promoted an 

increase in water contact angle from (31.5 ± 8.7)º to (78.9 ± 5.4)º, indicating the incorporation 

of hydrophobic moieties to the sample surface. As the plasma jet was fed with atmospheric air, 
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the discharge is expected to be abundant in reactive nitrogen species (RNS). Reactive oxygen 

species (ROS) generated upon collisional processes with the accelerated electrons [30,37]. 

Moreover, as the treatment was performed in the open air, plasma discharge may interact with 

water vapor and generate hydroxyl (-OH) radicals [30]. Upon interaction with these species, 

an increase in polar surface character is expected, attributed to incorporating oxygen-

containing functional groups [31]. However, the current results indicated surface 

hydrophobization. 

Similar behavior was observed for atmospheric plasma treatment of wood. Black spruce 

(Picea mariana) samples treated by N2 / O2 plasma and sugar maple (Acer saccharum) treated 

by Ar / O2 and CO2 / N2 plasmas presented water contact angles up to 120 ºC, which were 

attributed to structural alterations and chemical rearrangement of constituents promoted by 

interaction with plasma-activated species [38]. Hydrophobization of wood surfaces has also 

been observed after thermal treatments. Wood drying at a temperature interval of 160-180 ºC 

has promoted increases in surface hydrophobicity owing to the migration of extractives and 

other volatile substances towards the sample surface [39].  

Based on these studies, the hydrophobicity observed for ivory nut endosperm surface 

after air plasma treatment may be caused by modification of cell wall constituents or migration 

of low molecular weight compounds, such as extractives, and further crosslinking at the 

surface. To further investigate surface alterations imparted by plasma treatment, the sample 

surface was analyzed by atomic force microscopy. 

 
(a)                                                      (b) 

Figure 3. (a) Static water contact angle results for untreated ivory nut disk and sample treated by air plasma jet 

for 80 s. (b) Water drops on the sample surface to illustrate wetting behavior. 

3.2. Atomic force microscopy. 

AFM images for a 5 x 5 µm2 region of untreated ivory nut sample are presented in 

Figure 4. The topography image shows that the surface presents a relatively rough aspect with 

granular submicrometric features. The phase-contrast image shows a stiffer phase embedded 

in softer material, represented by darker and lighter colors, respectively. Ivory nut endosperm 

cell walls have been reported to be constituted by distinct mannan polymorphs, mannan I and 

mannan II, associated with cellulose. Mannan I presents a higher degree of crystallization than 

mannan II and is present in cell walls in granular form, while mannan II is semicrystalline and 

may be associated with cellulose microfibrils [18,40]. Hence, the granular and stiffer material 

observed in Figure 4 may correspond to mannan I, which is respectively cemented by less 
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crystalline constituents such as mannan II and cellulose, presented in a lighter color in the 

phase-contrast image. These results demonstrate the granular and heterogeneous component 

distribution on the ivory nut endosperm surface. 

In turn, these features were altered for the plasma-treated sample. The topography 

image shows that the treated sample presents a lower roughness in comparison to the untreated 

endosperm, indicating the formation of a more continuous layer on the surface, in contrast to 

the granular topography attributed to mannan I. Moreover, lamellar features with 

submicrometric dimensions could be observed. These elements are similar to platelet-shaped 

epicuticular wax crystals observed on pitcher plants' surface (Nepenthes alata). Epicuticular 

waxes form a rough and hydrophobic layer on plant surfaces and may hinder insect attachment 

due to slippery behavior [41]. Besides, phase contrast images also evidence the presence of 

lamellar softer regions forming a micrometric network structure among stiffer constituents. 

 
Figure 4. AFM topography and phase-contrast images for a 5 x 5 µm2 region of untreated and plasma-treated 

ivory nut samples. Scale bars (green) = 2 µm. 

Wax features could not be observed at the untreated sample surface, indicating that 

plasma treatment may have promoted an enrichment of these substances at endosperm external 

layers. As the endosperm presents a porous microstructure, hydrophobic waxes could be 

initially present on pore walls and, upon bombardment by energetic plasma species, may be 

fragmented, migrate towards the surface and suffer crosslinking, forming the structure 

observed in a phase-contrast image. This assumption was based on the previous reports for 

wood cell walls [38,39]. In turn, the darker regions could correspond to cell wall 

polysaccharides, probably present in the endosperm pores as reserve substances. Further, 

Raman imaging of treated samples was performed to investigate chemical alterations promoted 

by plasma treatment. 

3.3. Raman imaging of plasma-treated ivory nut endosperm. 

Raman imaging was performed in a 20 x 20 µm2 region located away from the 

endosperm pores, as shown in Figure 5, which also contains an average intensity map for the 
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obtained spectra. This image is constituted by a grid of 100 x 100 points, where each point 

corresponds to a single Raman spectrum. Thus, according to the image scale, points colored in 

red correspond to spectra with a higher average signal, while the ones colored in blue may 

present a lower intensity. Nevertheless, Raman spectra of plant cell walls usually present strong 

contributions from background signals generated by fluorescent constituents [42,43]; thus, the 

distinct regions present in Figure 5 may be associated with a higher concentration of fluorescent 

substances, e.g., lignin and/or extractives. Moreover, the intensity may also be influenced by 

sample spatial heterogeneity, as the Raman signal may be weaker in endosperm pores. 

Furthermore, the map's white points correspond to outlier spectra identified by PCA and 

removed from the dataset. 

 
(a)                                               (b) 

Figure 5. (a) Optical microscopy image of 785 nm laser-focused on a plasma-treated sample surface. (b) 

Average intensity map for Raman imaging of 20 x 20 µm2 region analyzed in a plasma-treated sample. 

Figure 6 shows average Raman spectra for plasma-treated samples compared to the 

untreated sample, analyzed at the same conditions. The Raman spectrum of both samples 

presented several peaks found in reference spectra for xylan-type polysaccharides (1020, 1244, 

1308, and 1360 cm-1) [44,45]. These peaks may also be associated with mannan, as 1080, 1106, 

and 1133 cm-1 peaks were previously attributed to β-mannose units [46,47]. In particular, the 

1106 cm-1 peak could also be associated with glucose units. In addition to the 1450 cm-1 peak, 

it may indicate cellulose presence [48]. Besides, the 1133 and 1465 cm-1 peaks could also be 

associated with epicuticular waxes [49–51]. 

 
Figure 6. Average Raman spectra in 1000 to 1750 cm-1 range for untreated and plasma-treated samples. 
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An overall increase in background signal can be observed after plasma treatment, 

indicating that fluorescent substances such as lignin and extractives possess higher vibrational 

freedom or present an increased concentration at the sample surface [43]. Besides, the intensity 

of the 1020 and 1133 cm-1 peaks was increased compared to the 1080 cm-1 peak, while the 

1360 cm-1 peak intensity was considerably decreased. Specifically, the 1020 cm-1 peak was 

assigned as CC and COH stretching in β-1,3-xylan, and the 1133 cm-1 peak corresponds to 

glycosidic linkages in β-1,4-xylan. In turn, the 1360 cm-1 peak was assigned as CH and OH 

bending in C(3)-OH from β-1,4-xylan [44]. As the hydroxyl at C(3) in the xylan molecule is a 

side group, these results indicate that the endosperm's polysaccharides present less vibrational 

freedom after plasma treatment, probably associated with the crosslinking promoted by plasma 

species. Besides, the opposite effect was observed for 1,3-β-linked xylan molecules, indicating 

that these polysaccharides in ivory nut endosperm are distinctly affected by the plasma 

treatment. These results will be further discussed alongside principal component analysis. 

The decrease in 1360 cm-1 peak intensity may also have evidenced the 1340 and 1382 

cm-1 peaks, present as shoulders in the untreated sample spectrum. These peaks were also 

attributed to xylan and correspond to vibrations with low Raman activity [44]. Besides, a 

relatively low-intensity peak could be observed at 1540 cm-1, indicating the presence of 

carotenoids [52]. Other low-intensity contributions could be observed at 1160 and                       

1177 cm-1, probably associated with epicuticular wax [49,51]. Moreover, several low-intensity 

peaks could be observed at the 1670-1730 cm-1 region, which could be attributed to carboxylic 

acids from extractives and C=O stretching from wax [49]. These results indicate the enrichment 

of sample surfaces with hydrophobic waxes and other extractive substances, which may be 

initially present in endosperm pores. However, except for peaks associated with xylan, these 

substances presented subtle contributions to the Raman spectra, and their concentrations may 

vary over the sample surface. Hence, the principal analysis was performed on Raman imaging 

data to highlight features with weak spectral contributions. 

3.4. Principal component analysis of Raman imaging data. 

Average intensity score maps for plasma-treated samples are shown in Figure 7, 

containing results for the first four principal components. The scores map for PC1 presented a 

similar aspect to the average map observed in Figure 5. As the loadings spectrum (Figure 8) 

appears to be associated with an average signal with no negative correlations, the variation 

observed in the PC1 map may be associated with topography. The region colored in red may 

be higher than the blue region due to the higher accumulation of crosslinked material on the 

surface. 

 
Figure 7. Average intensity score maps for the first four principal components—scale bars = 5 µm. 
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On the other hand, PC2 distinguishes between the bulk of the endosperm (red) and a 

tubule (blue). This component's spectral loadings presented a strong influence of background 

signal, indicating that fluorescent substances are accumulated in the endosperm tubules.  

 
Figure 8. Spectral loadings for the first four principal components. 

The third principal component's scores map also distinguishes the material accumulated 

in the pores from the endosperm bulk's surface. The negatively correlated region (blue) is 

associated with contributions from xylan (1020, 1080, 1106, and 1170 cm-1), while the 

1170 cm-1 peak was attributed to epicuticular wax [44,51]. In turn, the positively correlated 

region, corresponding to the endosperm pores, also presented a contribution from xylan 

(1020 cm-1) and a peak at 1156 cm-1. During Raman characterization of sorghum epicuticular 

waxes, Farber et al. (2019) found that intact wax presented a peak at 1170 cm-1 that was shifted 

to 1156 cm-1 after extraction with chloroform [51]. Thus, the presence of 1156 and 1170 cm-1 

contributions in distinct regions evidence the effect of plasma treatment on wax structure and 

indicates its migration and crosslinking on the surface. The other peaks present in the spectra 

are broad, and intensity was influenced by fluorescence background; thus, they were not 

considered in this discussion. 

PC4 scores map presented a similar aspect to the observed phase contrast in Figure 4. 

Positively and negatively correlated regions are distributed all over the surface, in a similar 

way to the stiffer and softer regions observed by AFM. Besides, the spectral loadings are not 

as influenced by the fluorescence background as the first components. This principle 

component appeared to distinguish the extractive substances presented as a repolymerized layer 

on the surface. For instance, the negatively correlated loadings presented contributions from 

carboxylic acid groups (1680 cm-1), C=O stretching (1717 cm-1), aliphatic OH bending 

(1326 cm-1) and phenol groups (1194 cm-1) [49,53]. These findings demonstrate the higher 

concentration of polar extractive substances in the blue regions of the scores map. In turn, the 

positively correlated loadings presented contributions from waxes (1170, 1410, 1435 and 

1470 cm-1), xylan (1306 and 1340 cm-1) and lignin (1594, 1623 and 1656 cm-1) [44,51,53]. 

These results indicate that plasma treatment induces the formation of an extractives-derived 
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layer on the sample surface containing regions abundant in hydrophobic waxes associated with 

xylan and lignin. These cell wall constituents may be previously accumulated in the endosperm 

pores before treatment. Notably, a few xylan peaks could also be found in reference spectra for 

mannose units [46,47]. Hence, xylan's peaks could also be associated with mannan, which is 

widely reported as the main constituent of ivory nut endosperm. 

4. Conclusions 

 Surface modification of ivory nut endosperm by an atmospheric air plasma jet promoted 

surface hydrophobization. This result was attributed to the migration and repolymerization of 

extractives and cell wall polymers on the sample surface, forming a chemically heterogeneous 

layer containing polar substances, hydrophobic waxes, mannan, xylan, and lignin. These 

compounds may be natively present in the endosperm pores as reserve and defense substances. 

Our results demonstrate that plasma modification of seeds may be affected by the energetic 

species present in the plasma discharge and by chemical and structural factors such as 

extractives content and porosity, respectively. 
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