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The spineless cactus pear (Opuntia ficus-indica) mucilage is a physically slimy, green extract that is sourced 
from the cladodes (modified stems) of the crop. The mucilage can be freeze-dried into a powder, and this 
powder has shown potential to be considered as a novel functional food biopolymer because it exhibits 
good functional properties, especially with regard to emulsification. The main objective of this study was 
to investigate whether nitrogen fertilisation had an effect on the functionality of O. ficus-indica (L.) Mill 
‘Morado’ mucilage. The functionality of the mucilage was attributed to its protein content. Nitrogen is one 
of the main elements in soil that makes up proteins. Nitrogen fertilisers from three nitrogen sources (urea, 
limestone ammonium nitrate, and ammonium sulfate) were applied at four application levels (0 kg/ha, 
60 kg/ha, 120 kg/ha and 240 kg/ha). The functionality of mucilage was also compared to high-protein 
content commercial food biopolymers known to have good functional properties. Of the parameters 
tested, the oil-holding and oil-absorption capacities of the mucilage were significantly affected by nitrogen 
fertilisation. Scanning electron microscopy revealed that all freeze-dried mucilage samples resembled 
broken glass or showed a flake-like structure. Different nitrogen fertilisation sources and levels appeared 
to have no visible morphological implications on the different freeze-dried mucilage samples evaluated.

Significance:
•	 The study sheds light on the functionality of freeze-dried mucilage from spineless cactus pear. It 

highlights the impact of nitrogen fertilisation on mucilage properties.

•	 The mucilage exhibits promising functional properties, particularly in emulsification. This makes it a 
potential novel biopolymer for food applications.

•	 Understanding how nitrogen affects the mucilage functionality provides insights into crop management 
and sustainable food production.

•	 The ammonium-sulfate-treated mucilage performs similarly to high-protein commercial biopolymers, 
suggesting its practical use in food formulations.

•	 These findings contribute to food science knowledge and offer sustainable alternatives for food 
ingredient development.

Introduction
The spineless Opuntia ficus-indica (L.) Mill., commonly known as cactus pear, is a crop from the Cactaceae family. 
The family Cactaceae consists of approximately 145 accepted genera and 1519 accepted species. The genus 
Opuntia Mill., to which O. ficus-indica belongs, currently includes 152 accepted species.1 The cultivar of interest 
for this study is ‘Morado’. It is one of the most popular cultivars in the arid and semi-arid regions of southern 
Africa. ‘Morado’ produces a white-green fruit.2 Opuntia ficus-indica cladodes (also called modified stems) contain 
insoluble fibre and soluble fibre. The insoluble fraction is mostly composed of cellulose, and the soluble fraction 
is composed of mucilage.3

Native mucilage has a unique, branched structure that contains various charged fractions.4 Mucilage is seen as a 
hydrocolloid because it has a long-chain biopolymeric structure (composed of polysaccharides and proteins) that 
dissolves in aqueous substances for a viscous-inducing effect. There is a wide range of interest in exploring exciting 
new sources of hydrocolloids, mainly because of their usefulness in many industries, including the food industry.5 
Hydrocolloids have different applications in foods, including thickening, gelation, emulsification and stabilisation.6

Mucilage has shown potential to be considered as a novel functional food biopolymer because it exhibits good 
functional properties, especially with regard to emulsification. The functionality of the mucilage has been attributed 
to its protein fraction.7 Proteins are known to have the ability to form and stabilise emulsions at the oil–water 
interface and to form and stabilise foams at the air–water interface, or the ability to solubilise (binding water 
and proteins). In addition, proteins have hydrodynamic properties based on intermolecular interactions, including 
gelling, texture and sensory (taste and odour) properties.8

Soy protein isolate (SPI) is a fine surfactant with extensive application in the food industry because of its high 
functionality in stabilising oil–water emulsions and air–water foams.9 SPI has a high-protein content of 90%, 
achieved by alkaline extraction and isoelectric precipitation of soya bean meal.10 The high-protein content in SPI, 
health benefits, and its protein’s functionality make it a model functional ingredient to compare mucilage proteins. 
The protein content found in mucilage is low. However, it is important as it gives the mucilage the ability to 
form emulsions and foams.11 Whey (a by-product of cheese making) and egg albumin are the most popular 
animal-derived globular proteins used in food processing. Like SPI, whey and egg albumin also have a high-protein 
content; attractive functional properties such as high-water solubility; and are excellent gelling, foaming  and 
emulsification agents.12
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A previous study investigated the effect of nitrogen (N)  fertilisation 
on the protein content of Opuntia mucilage.7 Three N sources were 
evaluated: urea, limestone ammonium nitrate (LAN),  and ammonium 
sulfate (AmSul) (Omnia Holdings Ltd., Johannesburg, South Africa; 
Kynoch Fertilisers, Johannesburg, South Africa). Each of the N sources 
was applied at four levels (0 kg/ha, 60 kg/ha, 120 kg/ha and 240 kg/
ha).7 These N sources and levels were applied to the crops as part of 
the orchard management practices. Furthermore, the functionality of 
the mucilage was assessed to analyse whether a higher protein content 
would result in improved functionality (emulsification and foaming) of 
the Opuntia mucilage. According to LECO analysis, the protein content 
of the mucilage ranged from 1.5% to 7.0%. All the mucilage samples 
from the N fertilisation trial had higher protein contents than the control 
mucilage sample (0 kg N/ha). SPI and egg albumin, the high-protein 
content commercial biopolymers used in the study to compare the 
functionality of mucilage, recorded protein contents of 81.1% and 
79.1%, respectively.7 N fertilisation also improved the functionality of 
the mucilage in terms of foam capacity and emulsion capacity and 
stability, with all the mucilage samples from the N fertilisation trial 
possessing higher values for these functionality tests than the control 
mucilage sample (0 kg N/ha).7 Although its foam capacity values 
were lower, the mucilage sample from the AmSul 60  kg/ha fertiliser 
application obtained similar foam stability and emulsion capacity and 
stability as SPI. Recently, Van Rooyen et al.4 studied the effect of 
native mucilage precipitates from different O. ficus-indica cultivars on 
the mechanical and microstructural properties of blended pectin and 
alginate biopolymer films. Mucilage was also studied for its potential as 
a functional bio-based polymer to address some limitations associated 
with homopolymer–pectin and homopolymer–alginate films.

In the current study, the same N fertilisation sources and levels were 
evaluated to assess their effect on the oil-holding capacity (OHC), the 
water-holding capacity (WHC), and stability and microstructures of the 
mucilage. These three fertiliser sources were chosen for application in 
this study because they are the most popular fertilisers sold by South 
African retailers,  and they are also most commonly used by South 
African farmers. At present, the recommended fertiliser application 
levels in South Africa for cactus pear fruit production are 60 kg N/ha for 
2-year-old trees and 90 kg N/ha for 3-year-old trees. The recommended 
application levels for phosphorus (P) are 13 kg P/ha and 16 kg/ha for 
2-year-old and 3-year-old trees, respectively. For potassium (K), it is 60 
kg K/ha and 80 kg K/ha for 2-year-old and 3-year-old trees, respectively.13

Recent research has shown that agronomic factors, such as irrigation 
and fertilisation,  can influence the yield and quality of O. ficus-indica 
mucilage. Luna-Zapién et al.14 found that irrigation levels affect mucilage 
yield and composition, whilst Hasanzadeh et al.15 reported that N and P 
fertilisation impacts plant productivity under water stress. Additionally, 
Quintero-García et al.16 demonstrated that preprocessing methods 
alter mucilage’s chemical and functional properties. These findings 
highlight the importance of exploring how N fertilisation affects mucilage 
functionality, particularly in relation to its protein content and structural 
characteristics.

In addition to food-related applications, mucilage and other hydrocolloid- 
rich materials from O. ficus-indica have gained increasing attention 
for their potential in environmental remediation. Recent studies have 
demonstrated that Opuntia mucilage and biomass can serve as effective, 
low-cost bio-adsorbents for removing dyes and other pollutants from 
wastewater, particularly in the textile industry. These findings underscore 
the versatility of Opuntia hydrocolloids and their relevance in both food 
and environmental applications.17-19

The effects of N fertilisation on the functional and structural properties 
of O. ficus-indica  mucilage remain underexplored, particularly in 
relation to OHC, WHC, stability and microstructure. We aimed to 
address this gap by evaluating how different N sources and application 
levels influence these properties. The null hypothesis (H₀) is that N 
fertilisation will improve the functionality of Opuntia mucilage, whilst 
the alternative hypothesis (Ha) is that N fertilisation will have no effect.

Materials and methods
Sample preparation
Samples included freeze-dried mucilage powder from cladodes grown 
with different N fertiliser sources (urea, LAN  and AmSul) at four 
application levels (0 kg/ha, 60 kg/ha, 120 kg/ha  and 240  kg/ha), as 
previously described in Nkoi et al.7 The orchard was established in 2016 
at the University of the Free State, Bloemfontein, South Africa, and the 
N treatments were applied annually from the 2017/2018 to 2020/2021 
seasons. Treatments were administered in October/December  and 
February/April of each season, and all plants received recommended P 
and K supplements. Cladodes were harvested on 22 April and 12 May 
2021, from 5-year-old plants, between 9:00 and 11:15, from the east side 
of the orchard at hip height, selecting cladodes that had not borne fruit. 
One cladode per treatment combination per replication was collected, 
totalling 30 samples.7 SPI powder and egg albumin powder were also 
analysed as commercial high-protein standard products. The mucilage 
was extracted and freeze-dried into a powder according to the patented 
method described by Du Toit and De Wit20 and Van Rooyen et al.4

Protein content
The protein content of the samples used in this study has been 
previously determined and reported.⁷ The same batches were used in 
the current experiments. The N content of the freeze-dried mucilage 
samples was determined by thermal combustion. Approximately 0.1 g 
of each sample was placed in foil containers and analysed using a LECO 
Nitrogen Analyzer (FP-528, LECO Corporation). Crude protein content 
was automatically calculated by multiplying the measured N content by 
a factor of 6.25.

Scanning electron microscopy
Freeze-dried mucilage (from all N sources and N levels), SPI powder and 
egg albumin powder were subjected to scanning electron microscopy 
(SEM) imaging according to the methods described in Van Rooyen et al.4

Functional properties

Water-related properties of dried mucilage powder

Water-holding capacity

Traynham et al.21, Ayadi et al.22, López-Cervantes et al.23  and Du Toit2 
described the WHC method that was used with minor modifications. 
Briefly, 1 g of freeze-dried mucilage was dissolved in 20 mL distilled water 
by first making a paste using only 2 mL of water and blending it using a 
Vortex Genie for 10 s. This procedure was followed in order to form a 
paste that could dissolve more easily without the formation of lumps in 
the larger amount of water. The rest of the distilled water (18 mL) was 
then added and vortexed again for 10 s. The mucilage was homogenised 
for 30 s using a Kenwood stick blender and allowed to stand for 1 h in 
order to dissolve fully. It was centrifuged using a PLC-024 centrifuge (KK 
centrifuge, Taiwan) for 10 min at 7155×g. The supernatant was decanted 
and weighed, and the centrifuge tube was inverted for 30 min. The same 
method was used for the SPI powder and egg albumin powder. The 
amount of water held by the powder was calculated using Equation 1:

​WHC (g / g ) = ​ 
wet precipitate ​(g)​ − dried precipitate (g)

    ________________________________   
dried precipitate (g)

  ​​	 Equation 1

Water-absorption capacity

Water-absorption capacity (WAC) is the volume of water (in mL) retained 
by a powder after centrifugation. It is calculated as the difference between 
the initial volume of water added and the volume of water recovered after 
centrifugation. This value reflects the amount of water absorbed and held 
within the powder matrix. WAC is expressed in mL of water absorbed per 
gram of powder (mL/g) and was calculated using Equation 224,25:

​WAC (mL / g ) = ​ 
water initially added ​(mL)​ − supernatant (mL)    ____________________________________   

dried precipitate (g)
  ​​	

Equation 2
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Oil-related properties of dried mucilage powder

Oil-holding capacity

The methods described by Ayadi et al.22 and Du Toit2 were slightly 
modified to determine the OHC. Freeze-dried mucilage, SPI powder and 
egg albumin powder (0.1 g) were each added to 2 mL sunflower oil  
(Pick n Pay Group) and shaken for 5 min using a Vortex Genie. The solution 
was centrifuged using a 5417C centrifuge (Eppendorf, Germany) for  
30 min at 2090×g. The supernatant oil was separated carefully using a 
pipette and weighed, and the centrifuge tube was inverted for 12 h. The 
precipitate was weighed, and the amount of oil held by the powder was 
calculated using Equation 3:

​OHC (g / g ) = ​ 
precipitate ​(g)​ − origional sample (g)

   _____________________________   
origional sample (g)

  ​​	 Equation 3

Oil-absorption capacity

Oil-absorption capacity (OAC) was determined by using the method 
described by Samia El-Safy25 and Du Toit2, with slight modifications. 
Freeze-dried mucilage, SPI powder  and egg albumin powder (0.1 g) 
were each added to 2 mL sunflower oil (Pick n Pay Group) and shaken 
for 5 min using a Vortex Genie. The solution was centrifuged (5417C 
centrifuge) for 30 min at 2090×g. Similar to the method used for WAC, 
the amount of supernatant oil was deducted from the initial amount of 
oil added. This value was divided by the value of the original sample (g) 
added and expressed in mL/g:

Figure 1:	 Scanning electron micrographs (×200 magnification) of freeze-dried mucilage from ‘Morado’  cactus pear cladodes treated with different 
nitrogen sources and application levels: control 0 kg/ha (a); commercial reference powders – soy protein isolate (b) and egg albumin 
(c); limestone ammonium nitrate 60 kg/ha (d), 120 kg/ha (g) and 240  kg/ha (j); ammonium sulfate 60 kg/ha (e), 120 kg/ha (h) and  
240  kg/ha (k); and urea 60 kg/ha (f), 120 kg/ha (i) and 240  kg/ha (l).

​OAC (mL / g ) = ​ 
oil initially added​(mL)​ − supernatant(mL)    ________________________________  

sample (g)  ​​	 Equation 4

Statistical analysis
Data obtained for the functional properties of O. ficus-indica mucilage from 
different fertiliser sources and levels, along with SPI and egg albumin, were 
entered into a Microsoft Excel spreadsheet. The Excel package XLSTAT 
(2022) was used for statistical analysis. The means, standard deviations 
and coefficients of variation were calculated for each treatment. An 
analysis of variance was performed to detect significant differences (p 
< 0.05) between different fertiliser treatment means. A further post-hoc 
test, the Tukey’s HSD (honestly significant difference), was conducted to 
determine the exact differences between the samples.

Results
Scanning electron microscopy
The microstructures of freeze-dried mucilage from ‘Morado’ cactus pear 
cladodes treated with different N sources and levels, along with those 
of the commercial powders – SPI and egg albumin – were observed 
using SEM, as shown in Figure 1. The results show that all freeze-dried 
mucilage samples resembled broken glass or showed a flake-like 
structure. The particle morphology had random sizes, shapes  and 
orientations,  and the particles randomly aggregated with one another. 
The freeze-dried mucilage was ground with a mortar and pestle, which 
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resulted in varying degrees of fineness between the freeze-dried mucilage 
samples. Different N fertilisations had no visible morphological effects 
on the different freeze-dried mucilage samples evaluated. In contrast, the 
commercial SPI and albumin samples had consistent spherical-shaped 
particles of different sizes, with smooth surfaces and some dents. There 
was also aggregation of smaller particles into larger particles. The 
SPI and albumin particles were smaller than the freeze-dried mucilage 
particles.

Protein content
The protein content of the samples used in this study has been 
previously determined and reported7, and the same batches were used 
in the current experiments. Briefly, the protein contents were: Control 
(0) – 1.5%, LAN 60 – 3.9%, LAN 120 – 7.0%, LAN 240 – 6.5%, Urea 60 
– 1.9%, Urea 120 – 4.4%, Urea 240 – 5.0%, AmSul 60 – 2.4%, AmSul 
120 – 5.4%, AmSul 240 – 3.2%, SPI – 81.1% and egg albumin – 79.1%.7

Functional properties

Water-related properties of dried mucilage powder

Water-holding capacity

WHC is the amount of water that is held by the powder after the 
supernatant is decanted following centrifugation and the reaction tube 
inverted for 30 min.2,17 WHC is an important protein–water interaction 
that occurs in various food systems. WHC represents the ability of a 
protein matrix to absorb and retain bound, hydrodynamic, capillary and 
physically entrapped water against gravity.20 The WHC of the freeze-dried 
mucilage ranged from 0 g/g (AmSul 240 and Urea 120) to 0.4242 g/g 
(AmSul 60). WHC did not differ significantly (p = 0.662) among the 
different N sources and N levels (Figure 2). The LAN treatments and 
the control recorded similar WHC on average, and their WHC was 
higher than those of the AmSul and Urea treatments. An interesting 
phenomenon occurred, namely AmSul 240 and Urea 120 recorded a 
WHC of 0 g/g, although the freeze-dried mucilage samples looked wet 
when they were measured for WHC. This happened because, when the 
supernatant was decanted after centrifugation, a portion of the mucilage 
sample was dissolved in the supernatant, and this portion of mucilage 
was decanted along with the supernatant. Therefore, the wet precipitate 
left in the reaction tube had less mucilage powder than initially reacted 
with the water. Therefore, the WHC calculation method should be 
modified to account for the loss of powder in samples that contained a 
highly soluble fraction.

The WHC of the freeze-dried mucilage (all samples from N-fertilised 
plants) and albumin (Figure 3) differed significantly (p < 0.0001) 
from SPI as it recorded a WHC value (5.420 g/g) that is significantly 
higher than that of all the other samples. The hypothesis states that a 
higher protein content will result in a higher functionality of the sample.7 
Therefore, it was expected that SPI and albumin would perform much 
better than freeze-dried mucilage in terms of WHC. This hypothesis was 
true for SPI but not true for albumin. The low WHC of albumin may be 
because of its high solubility in water.12 Albumin recorded a WHC of 0 
g/g, as already explained with AmSul 240 and Urea 120, and when the 
supernatant of the albumin sample was decanted after centrifugation, a 
portion of the albumin powder was dissolved in the supernatant, and this 
portion of albumin powder was decanted along with the supernatant. 
Therefore, the wet precipitate left in the reaction tube had less albumin 
powder than what had initially reacted with the water.

Water-absorption capacity

WAC is the volume of water (in mL) retained by a powder after 
centrifugation. It is calculated as the difference between the initial volume 
of water added and the volume of water recovered after centrifugation.2,25 
WAC is related to the presence of hydrophilic constituents in the powder, 
such as proteins or polysaccharides.2 The WAC of the freeze-dried 
mucilage ranged from 1.166 mL/g (AmSul 240) to 2.786 mL/g (AmSul 
60). The WAC did not differ significantly (p = 0.445) among the different 
N sources and N levels (Figure 4). The LAN treatments recorded a 
constant WAC as the N levels increased, and the control also recorded 
similar WAC values. The AmSul and Urea treatments showed similar 
trends, with WAC values decreasing with an increase in N level. As with 
WHC, AmSul 60 was also the best N treatment for the highest WAC.

The WAC of the freeze-dried mucilage (all samples from N-fertilised 
plants) and albumin (Figure 5) differed significantly (p < 0.0001) from 
that of SPI (9.041 mL/g), which was significantly higher than that of 
all the other samples. The hypothesis states that a higher protein 
content will result in a higher functionality of the sample.7 Therefore, 
it was expected that SPI and albumin would perform much better than 
freeze-dried mucilage in terms of WAC, but this hypothesis was true only 
for SPI. Of the freeze-dried mucilage samples, LAN 120 was expected 
to perform the best for WAC, but the hypothesis was not true for WAC. 
Urea 60 and the control were expected to perform the worst, but again 
this was not true for WAC. All the mucilage samples had a WAC similar 
to that of albumin. In essence, a high-protein content resulted in a high 
WAC for SPI only.7

Figure 2:	 Effect of nitrogen sources (limestone ammonium nitrate [LAN], AmSul and Urea) and nitrogen levels (0 kg/ha, 60 kg/ha, 120 kg/ha and 240 kg/ha) 
on the water-holding capacity of reconstituted mucilage.

Data are the mean ± SE of three replicates (n = 3).
a,b,cBars with different superscripts differ significantly.
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Oil-related properties of dried mucilage powder

Oil-holding capacity

The OHC is the amount of oil that is held by the freeze-dried mucilage sample 
after the supernatant is decanted following centrifugation and the reaction 
tube is inverted for 12 h.2,23 The functional properties of the freeze-dried 

mucilage sample are normally linked to the interaction between the 
water/oil and sample. They are also associated with properties related to 
the protein structure and the compatibility with other food components.26 
The OHC of the freeze-dried mucilage ranged from 0.2961 g/g (LAN 60) 
to 1.383 g/g (Urea 240). These values simply translate to, after 12 h of 
the reaction tube being inverted, 1 g of freeze-dried mucilage that had 

Figure 3:	 Effect of nitrogen sources (LAN, AmSul and Urea) and nitrogen levels (0 kg/ha, 60 kg/ha, 120 kg/ha and 240 kg/ha) on the water-holding capacity 
of reconstituted mucilage, soy protein isolate (SPI) and albumin.

Data are the mean ± SE of three replicates (n = 3).
a,b,cBars with different superscripts differ significantly.

Figure 4:	 Effect of nitrogen sources (limestone ammonium nitrate [LAN], AmSul and Urea) and nitrogen levels (0 kg/ha, 60 kg/ha, 120 kg/ha and 240 kg/ha) 
on the water-absorption capacity of reconstituted mucilage.

Data are the mean ± SE of three replicates (n = 3).
a,b,cBars with different superscripts differ significantly.
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retained 0.2961 g or 29.61% and 1.383 g or 138.3% of oil for the LAN 
60 and Urea 240 samples, respectively. The OHC differed significantly  
(p = 0.009) among the different N sources and N levels (Figure 6);  
specifically, the OHC of LAN 60 was significantly lower than that of Urea 
240. The LAN treatments recorded the lowest OHCs, even lower than 

that of the control. The AmSul and Urea treatments recorded OHC values 
comparable to the control.

The OHC of the freeze-dried mucilage (all samples from N-fertilised 
plants), SPI and albumin (Figure 7) differed significantly (p < 0.000). SPI 

Figure 5:	 Effect of nitrogen sources (limestone ammonium nitrate [LAN], AmSul and Urea) and nitrogen levels (0 kg/ha, 60 kg/ha, 120 kg/ha and 240 kg/ha) 
on the water-absorption capacity (WAC) of reconstituted mucilage, soy protein isolate (SPI) and albumin.

Data are the mean ± SE of three replicates (n = 3).
a,b,cBars with different superscripts differ significantly.

Figure 6:	 Effect of nitrogen sources (limestone ammonium nitrate [LAN], AmSul and Urea) and nitrogen levels (0 kg/ha, 60 kg/ha, 120 kg/ha and 240 kg/ha) 
on the oil-holding capacity (OHC) of the reconstituted mucilage.

Data are the mean ± SE of three replicates (n = 3).
a,b,cBars with different superscripts differ significantly.

www.sajs.co.za
https://dx.doi.org/10.17159/sajs.2025/19012


Volume 121| Number 7/8
July/August 2025 7Research Article

Nitrogen fertilisation on cactus pear mucilage functionality

https://doi.org/10.17159/sajs.2025/19012

Page 7 of 10

(0.1028 g/g) recorded an OHC that was significantly lower than that of the 
Urea 240 (1.383 g/g) freeze-dried mucilage sample. SPI also recorded 
the lowest OHC value compared to all the other mucilage samples. 
Albumin (0.4107 g/g) recorded a low OHC value compared to the 
control, AmSul and Urea treatments. The hypothesis states that a higher 
protein content will result in more functionality of the sample.7 Therefore, 
it was expected that SPI and albumin would perform much better than 
freeze-dried mucilage in terms of OHC, but this hypothesis was not true 
for OHC. Of the freeze-dried mucilage samples, LAN 120 was expected 
to perform the best for OHC, but the hypothesis was again not true for 
OHC for the LAN 120 samples. Urea 60 and the control were expected to 
perform the worst, although this was not observed for OHC of Urea 60 
and the control. In essence, a high-protein content seems to not have had 
a positive effect on the OHC of SPI, albumin and freeze-dried mucilage.7

Oil-absorption capacity

The OAC is the volume of oil (in mL) retained by a powder after 
centrifugation. It is calculated as the difference between the initial volume 
of oil added and the volume of oil recovered after centrifugation.2,25 
The OAC of the freeze-dried mucilage ranged from 0.020  mL/g (LAN 
120) to 4.279 mL/g (AmSul 240). These values simply translate to 1 g 
of freeze-dried mucilage that had absorbed from 0.020 mL (LAN 120) 
to 4.279 mL (AmSul 240) of oil, in relation to the original weight of the 
freeze-dried mucilage. Unlike OHC, OAC is immediately determined after 
centrifugation. OAC differed significantly among the different N sources 
and application levels (p = 0.031; Figure 8), indicating a potential overall 
effect of N fertilisation. However, post hoc comparisons (Tukey–Kramer) 
did not reveal statistically significant differences between specific treatment 
combinations. This suggests that, whilst there was some variation in OAC 
amongst  treatments, the effect was not strong or consistent enough to 
attribute to any particular N source or level. The LAN group recorded the 
lowest mean OAC value, although this was not statistically distinct from 
the others.

The OAC of the freeze-dried mucilage (all samples from N-fertilised 
treatments), SPI  and albumin (Figure 9) differed significantly  
(p = 0.013). LAN 120 (2.020 mL/g) recorded an OAC that is significantly 

lower than that of AmSul 240’s (4.279 mL/g) freeze-dried mucilage. SPI 
(2.383  mL/g) and albumin (2.777  mL/g) recorded lower OAC values 
compared to the control, AmSul and the Urea treatments.

Discussion
When comparing the influence that different N fertilisation sources and 
levels had on the morphology of the freeze-dried mucilage, no variation 
could be attributed to N fertilisation as all the mucilage samples had 
broken glass, flake-like microstructures. Similar broken glass, flake-like 
microstructures were observed for freeze-dried mucilage2, freeze-dried 
egg albumin27 and freeze-dried SPI28. Similar spherical-shaped particles 
with a smooth surface and some dents were observed for spray-dried 
egg albumin27, spray-dried mucilage29 and spray-dried SPI28. The results 
indicate that different drying methods were used to dry the mucilage and the 
commercial SPI and albumin powders. The spray-drying method created 
smaller atomised droplets with spherical shapes for SPI and albumin. 
However, the freeze-drying method (used in this study) lacked the forces 
that allow the splitting of the frozen native mucilage into spherical droplets 
during the vaporisation process. This method led to large freeze-dried 
mucilage particles with broken-glass-like microstructures.27

Although the freeze-drying method used in this study likely contributed 
to the formation of larger, irregularly shaped particles, it is also plausible 
that the observed differences in aggregate size and compactness were 
partially influenced by the protein content of the mucilage. Higher protein 
concentrations may promote intermolecular interactions,  such as 
hydrogen bonding and hydrophobic associations, which could lead to 
the formation of more cohesive or denser aggregates during the drying 
process.30,31 These structural differences may, in turn, influence the 
functional properties of the mucilage, particularly its WHC,  OHC  and 
stability. Therefore, whilst the drying method plays a significant role in 
determining the final morphology, the protein content of the mucilage 
may also contribute to the observed microstructural variations.

In addition to the effects of the drying method and protein content, 
the potential presence of calcium oxalate crystals, commonly referred 
to as druses, may also warrant consideration. These crystals are 

Figure 7:	 Effect of nitrogen sources (limestone ammonium nitrate [LAN], AmSul and Urea) and nitrogen levels (0 kg/ha, 60 kg/ha, 120 kg/ha and 240 kg/ha) 
on the oil-holding capacity (OHC) of the reconstituted mucilage, soy protein isolate (SPI) and albumin.

Data are the mean ± SE of three replicates (n = 3).
a,b,cBars with different superscripts differ significantly.
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frequently observed in the tissues of Opuntia species and are known 
to contribute to structural rigidity and a glass-like appearance under 
SEM. However, no calcium oxalate crystals were observed in the 
freeze-dried mucilage samples of previous studies, such as in Du 
Toit2 and Sáenz et al.32 It has been speculated that these crystals may 
not co-extract with the mucilage because of their low solubility and 

the predominantly soluble fibre nature of mucilage.33 Additionally, they 
may be removed during filtration or lost during the drying process. 
Whilst their contribution to the observed morphology cannot be 
entirely ruled out, current evidence suggests that calcium oxalate 
druses are unlikely to be a major factor in the microstructure of 
freeze-dried mucilage.

Figure 8:	 Effect of nitrogen sources (limestone ammonium nitrate [LAN], AmSul and Urea) and nitrogen levels (0 kg/ha, 60 kg/ha, 120 kg/ha and 240 kg/ha) 
on the oil-absorption capacity (OAC) of reconstituted mucilage.

Data are the mean ± SE of three replicates (n = 3).
a,b,cBars with different superscripts differ significantly.

Figure 9:	 Effect of nitrogen sources (limestone ammonium nitrate [LAN], AmSul and Urea) and nitrogen levels (0 kg/ha, 60 kg/ha, 120 kg/ha and 240 kg/ha) 
on the oil-absorption capacity (OAC) of reconstituted mucilage, soy protein isolate (SPI) and albumin.

Data are the mean ± SE of three replicates (n = 3).
a,b,cBars with different superscripts differ significantly.
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WHC is related to the availability of polar amino groups of proteins for 
hydrogen bonding with water molecules.8 Other factors affecting WHC 
are protein denaturation and unfolding, and the presence of non-protein 
components  such as carbohydrates.26 N fertilisation did not have a 
significant effect on the WHC of O. ficus-indica freeze-dried mucilage 
(Figure 2). SPI recorded a WHC value that was significantly higher than 
those of the albumin and mucilage samples (Figure 3). With reference 
to the protein content of the mucilage samples7, LAN 120 was expected 
to perform the best for WHC, but the hypothesis was not true for WHC. 
Urea 60 and the control were expected to perform the worst, but this was 
also not true for WHC. In essence, a high-protein content had a positive 
effect on the WHC for SPI only. No scientific journal references on the 
effects of N fertilisation or any other form of fertilisation on the WHC 
of O. ficus-indica freeze-dried mucilage seem to exist. According to Du 
Toit2, cultivar did not have a significant effect on the WHC of freeze-dried 
mucilage. The month of harvest had a significant effect on the WHC 
of freeze-dried mucilage, with June being the month when WHC values 
were the highest.2 A WHC average of 0.89 mL/g was recorded for four 
cultivars,  and ‘Robusta’ was the best cultivar for WHC.2 The values 
obtained by Du Toit2 for WHC are higher than the values found in the 
current study. The difference is probably because the harvesting dates 
in the two studies differed significantly. The WHC of powders added to 
food is an important functional property because it affects the sensory 
attributes, such as the taste, texture and juiciness of food, and it also 
affects the shelf life of food, particularly baked products.26

N fertilisation did not have a significant effect on the WAC of  
O. ficus-indica freeze-dried mucilage (Figure 4). As with the WHC, SPI 
recorded a WAC value that was significantly higher than those of the 
albumin and mucilage samples (Figure 5). There appear to be no research 
outputs on the effects of N fertilisation or any other form of fertilisation 
on the WAC of O. ficus-indica freeze-dried mucilage. According to Du 
Toit2, cultivar did not have a significant effect on the WAC of freeze-dried 
mucilage. The month of harvest had a significant effect on the WAC 
of freeze-dried mucilage, with August being the month when WAC was 
best.2 A WAC average of 8.04 g/g was recorded for four cultivars, and 
‘Morado’ had the highest WAC value.2 The values obtained by Du Toit2 
do not compare well with the values found in the current study, probably 
because the harvesting dates differ significantly. A WAC range of 2.45–
4.60 mL/g was reported for okra mucilage.24 The mean WAC recorded 
for the Opuntia mucilage samples (2.23 mL/g) in the current study is 
lower than the mean WAC recorded for okra mucilage (3.51 mL/g).34

The literature suggests a positive correlation between a high OHC and 
a protein structure consisting of many amino acids with nonpolar side 
chains.35 N fertilisation had a significant effect on the OHC of freeze-dried 
mucilage (Figure 6). SPI and albumin recorded OHC values that were 
lower than those of the mucilage samples (Figure 7). To postulate, 
compared to SPI and albumin, mucilage may have a higher fraction of 
amino acids with non-polar side chains. No scientific journal references 
on the effects of N fertilisation or any other form of fertilisation on the 
OHC of O. ficus-indica freeze-dried mucilage could be found. According 
to Du Toit2, cultivar  did not have a significant effect on the OHC of 
freeze-dried mucilage. The month of harvest had a significant effect on 
the OHC of freeze-dried mucilage, with February being the month when 
OHC was best.2 An OHC range of 1.10–1.32 g/g was recorded for four 
cultivars and ‘Morado’ recorded an average OHC of 1.23 g/g.2 In the 
current study, Urea 240 was the best N source and level for an optimal 
OHC of freeze-dried mucilage from ‘Morado’. Powders with high OHC 
are desirable for use in the cold meat industry, particularly for sausages, 
where the protein can bind the fat and water in these products.26

The OAC is commonly attributed to the physical entrapment of oil by the 
protein.26 Oil-absorption properties are vital because they are associated 
with a positive mouth feel and an improved flavour perception of the food 
product into which they are incorporated.25 N fertilisation significantly 
affected the OAC of freeze-dried mucilage (Figure 8). Whilst a statistically 
significant overall effect of N fertilisation on OAC was observed, the lack 
of significant pairwise differences between treatments limits the strength 
of this conclusion. The observed variation may suggest a trend, but 
further studies with larger sample sizes or more sensitive designs are 

needed to confirm specific treatment effects. SPI and albumin recorded 
lower OAC values than most of the mucilage samples (Figure 9). The 
hypothesis states that a higher protein content will result in more/
higher functionality of the sample. Therefore, it was expected that SPI 
and albumin would perform much better than the freeze-dried mucilage 
samples in terms of OAC, but this hypothesis was not true. Of the 
freeze-dried mucilage samples, LAN 120 was expected to perform the 
best for OAC because of its protein value, but the hypothesis was not 
true. Urea 60 and the control samples were expected to perform the 
worst, and again this was not true for OAC. In essence, a high-protein 
content seems to not have had a positive effect on the OAC of SPI, 
albumin and freeze-dried mucilage samples. SPI and albumin may have 
recorded lower OAC values than the freeze-dried mucilage samples 
because they are more soluble in oil.

There appear to be no references on the effects of N fertilisation or any 
other forms  of fertilisation on the OAC of O. ficus-indica freeze-dried 
mucilage. According to Du Toit2, cultivar  did not have a significant 
effect on the OAC of freeze-dried mucilage. The month of harvest had 
a significant effect on the OHC of freeze-dried mucilage, with February 
being the month when OAC was best.2 An OAC range of 3.46–3.70  mL/g 
was recorded for four cultivars, and ‘Morado‘ recorded an average OAC 
of 3.70  mL/g.2 Kaur and Singh recommended that plant powders have  
OAC values equal to or higher than 2 mL/g to impart adequate emulsion 
capacities to the food in which the plant powders are incorporated. All 
the freeze-dried mucilage powders in the current study fall into this 
ideal range for OAC. Gemede et al.24 recorded an OAC range of 2.02–
3.64 mL/g for okra mucilage. The mean OAC recorded for the Opuntia 
mucilage samples (3.19 mL/g) in the current study is higher than the 
mean OAC recorded for okra mucilage (2.69 mL/g).32

Conclusion
We have demonstrated that N fertilisation significantly influences the 
OHC of freeze-dried mucilage, with statistically significant differences  
observed amongst  treatments. Our findings also show an overall, 
although not treatment-specific, effect on OAC. These findings have 
direct implications for optimising food-processing techniques and 
enhancing ingredient functionality within sustainable food systems. By 
understanding the impact of N fertilisation, farmers can fine-tune crop 
management practices to improve functionality in mucilage. Processors 
stand to gain by incorporating N-fertilised mucilage into food products, 
thereby enhancing texture and stability. Consumers benefit from 
healthier, functional foods. Environmentally, utilising mucilage – often 
considered waste – aligns with sustainability goals by reducing waste 
and optimising resource use. Economically, creating value-added 
products and streamlining processes benefit all stakeholders.
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