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Garlic peels remain an underutilized lignocellulosic biomass within the agro-industrial value chain despite their inherent 
bioactive polyphenol content. However, the thermal and oxidative instability of polyphenols limits high-value valorization of 
garlic peel biomass and requires stabilization strategies such as encapsulation. This study investigates how water-soluble 
chitosan (CS) and sodium tripolyphosphate (NaTPP) concentrations affect the encapsulation efficiency of garlic peel polyphenols 
(GPP) in water-soluble chitosan-tripolyphosphate (CS-TPP) matrices through ionotropic gelation. The highest encapsulation 
efficiency (EE) observed was 53.02 ± 10.92% with 7% w/v CS and 1% w/v NaTPP. Reduced model ANOVA revealed moderate 
goodness of fit (R2 = 0.70; p < 0.0001) and a non-significant lack-of-fit (p = 0.46), with CS concentration (p < 0.0001), NaTPP 
concentration (p = 0.0130), and NaTPP concentration * NaTPP concentration (p = 0.0015) having significant effects on the 
encapsulation efficiency. Particle size analysis of GPP encapsulated in CS-TPP (GPP@CS-TPP) and CS-TPP matrices revealed 
an average particle size of 2.71 mm and 2.55 mm, respectively. Fourier-Transform infrared spectroscopy confirmed 
the presence of polyphenols in the matrices and the electrostatic interactions between the amide and phosphate groups of 
CS and TPP. Scanning electron microscopy revealed low crosslinking density at the center of both CS-TPP and GPP@CS-TPP 
matrices. These findings demonstrate the feasibility of CS-TPP encapsulation in agricultural-waste-derived crude polyphenol 
extracts  and  provide  insights  into  concentration-dependent  encapsulation  performance.

INTRODUCTION

Global garlic production in 2025 was estimated at 30.1 
million tons, with China, India, and Bangladesh as the top 
producers (Adelpour et al., 2025). The garlic processing industry 
produces approximately 3.7 million tons of waste annually 
(Azmat et al., 2023). Garlic processing and consumption produce 
by-products that are often ignored for their potential, such as 
skins, outer leaves, tops, and bottoms, which raises 
environmental concerns. In 2022, the Ilocos Region spearheaded 
the Philippines’ garlic production, contributing over 76% of the 
country’s 5,884 metric tons (De Guzman, 2023). However, 
demand in the Philippines remains too high for local production; 
for example, the Philippines produced 11,750 metric tons, which 
was far below the annual demand of 128,000. As a result, the 
Philippines’ import dependence can render local garlic moot due 
to competition (Cruz, 2021). Addressing the issue requires new 
perspectives that can utilize the by-products’ value in different 
applications (Adelpour et al., 2025).

Garlic peels, often discarded as agricultural biowaste, can be 
valorized as an excellent source of polyphenols and other 
phytochemicals with antimicrobial and antioxidant properties 
similar to those found in the bulb, with applications in culinary, 
medicinal, and agricultural uses (Azmat et al., 2023). Previous 
studies have shown that integrating garlic peel-derived 
ingredients can enhance the nutritional and functional properties 
of food products. Garlic peel powder was incorporated as a 
fortificant in “pukhlein”, a traditional rice-based snack, while 
black garlic powder was investigated in bread formulations to 
improve functional and sensory properties (Lyngdoh and Ray, 
2022; Maietti et al., 2025). In addition, garlic peel extracts have 
also been utilized as an antimicrobial agent for food packaging 
applications, effectively eradicating known food spoilage 
pathogens such as Staphylococcus aureus, Escherichia coli, 
Listeria innocua, Salmonella typhimurium, and Klebsiella 
pneumoniae due to major polyphenol constituents found in 
the crude extracts of garlic peels (Chaudhary et al., 2021; 
Hernández-Montesinos et al., 2023). Researchers have also 
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explored the effects of garlic peel extracts in rat models of ulcerative 
colitis, where oral administration reduced inflammatory 
and oxidative stress responses, suggesting their potential as 
natural antioxidant and anti-inflammatory agents (Althumairy 
et al., 2025). In the Philippine context, these findings provide a 
basis for exploring locally sourced garlic peels and garlic peel
extracts as value-added ingredients in products such as rice- 
and wheat-based foods, antimicrobial food packaging, and 
natural antioxidants. Valorizing garlic peels as a source of 
polyphenols reduces waste and improves resource utilization 
under SDG #12: Responsible Consumption and Production, and 
supports SDG #9: Industry, Innovation, and Infrastructure by 
developing natural, eco-friendly alternatives to synthetic 
additives (Azmat et al., 2023).

Although garlic peel extracts have promising applications in 
the food, health, and packaging industries, polyphenols from 
plant extracts degrade rapidly under various environmental 
factors, significantly reducing bioavailability, antimicrobial 
activity, and shelf life (Thach, 2022). Two conditions strongly 
affect this instability: surrounding pH and temperature, which 
play vital roles in regulating degradation (Lee et al., 2014). 
Temperature and extraction time also strongly affect polyphenol 
stability, with polyphenols becoming highly unstable at high 
temperatures and near-neutral pH (Spigno et al., 2007). 
Processing and storage can also accelerate degradation, limiting 
extract bioavailability in intended applications (Thach, 2022). 
Polyphenol extraction also presents stability issues, particularly 
when large volumes of organic solvents and their toxic residues 
are used, which can harm human health and are major concerns 
in food and cosmetic applications (Chhouk et al., 2017). Among 
common extraction solvents, ethanol is often preferred because 
it extracts active ingredients better than other solvents and is 
readily available (Subroto et al., 2021).

Encapsulation is a widely used method to address and 
improve the instability of phenolic compounds, especially in 
plants (Bińkowska et al., 2024). Encapsulation involves trapping 
active agents, such as susceptible plant polyphenols, within a 
natural protective matrix to create a barrier between the core 
substance and external chemical and environmental factors, 
thereby preventing degradation (Barbosa-Nuñez et al., 2025). 
Natural polymers such as gums, pectin, and gelatin are the most 
widely used for food encapsulation because of their 
physicochemical and biological properties. Another natural 
polymer, chitosan (CS), is a biodegradable, linear polysaccharide 
usually produced by deacetylation of chitin, a main component 
of crustacean exoskeletons. CS is commonly chosen for its 
beneficial properties, including biocompatibility, biodegradability, 
and low toxicity, enabling applications in food preservation, 
medicine, and related areas of study (Detsi et al., 2020). 
Encapsulation can be conducted through multiple methods, 
such as spray coating, spray drying, and solvent evaporation 
(Sacco et al., 2016). CS encapsulation is primarily achieved through 
ionotropic gelation because it is simple and uses mild conditions 
(Pant and Negi, 2018). In key fields such as biomedicine and 
food, ionotropic gelation stands out among encapsulation 
methods for its simplicity, versatility, and use of biodegradable, 
biocompatible polymers, which support environmental 
sustainability (Sacco et al., 2021). The technique relies on the 
interaction between positively charged amino groups in CS and 
the negatively charged groups of a polyanion, often called a 
crosslinker. Among crosslinker options, sodium tripolyphos-
phate (NaTPP) is the most commonly paired crosslinker with CS 
because of its safety and multivalent properties (Preciado-Rangel 
et al., 2025).

Encapsulation efficiency (EE), which quantifies the 
proportion of the initial core material successfully retained 
within an encapsulation matrix, is a widely measured parameter 

for evaluating the effectiveness and material efficiency of 
bioactive encapsulation systems (Yang et al., 2013; Zhang et al., 
2010). CS and NaTPP concentrations can substantially affect 
the physicochemical characteristics of the resulting particles, 
including particle size, morphology, and stability (Estevinho 
and López-Rubio, 2024). Multivariate analyses of chitosan-
tripolyphosphate (CS-TPP) encapsulation matrices have shown 
that CS and NaTPP concentrations influence the structural 
characteristics of the resulting matrix, such as mass and particle 
size (Giraldo et al., 2019). Thus, exploring the effects of varying 
these concentrations may help retain bioactive compounds and 
control particle formation efficiently.

Although CS-TPP systems have been extensively investigated, 
most of the literature has focused on developing nano-sized 
particles (Kim et al., 2022; Ma et al., 2022), with few studies 
focusing on macro-sized particles (Iswandana et al., 2017). In 
food processing industries, macro-sized particles offer practical 
advantages, such as easier solids handling, recovery, and 
incorporation in unit operations and processes, which are 
inherent limitations of nanoparticles (Assadpour and Jafari, 
2019; English et al., 2023). However, limitations in previous 
studies that used CS concentrations to produce nano-sized or 
micro-sized CS-TPP particles cannot be extrapolated to the 
formation of larger matrices, underscoring the need to study 
the development of macro-sized encapsulation systems with 
adjusted CS concentrations. In addition, systematic evaluation 
of the effects of CS and NaTPP concentrations on encapsulation 
remains limited, particularly in macroscopic CS-TPP matrices 
(Pistone et al., 2023). Thus, this study provides preliminary 
insights into the concentration-dependent encapsulation 
efficiency and physicochemical properties of CS-TPP matrices 
containing crude garlic peel polyphenols by determining the 
total phenolic content, total flavonoid content, and DPPH• 
radical scavenging activity of the GPP ethanolic crude extract, 
evaluating the effects of CS and NaTPP concentrations on 
encapsulation efficiency, and characterizing the CS-TPP matrices 
and the selected GPP-encapsulated matrix in terms of Fourier-
transform infrared spectroscopy (FTIR), particle size analysis, 
and  scanning  electron  microscopy  (SEM).

MATERIALS AND METHODS

Materials and chemicals

Garlic peels were acquired from Dizon Farms, Taguig City,
Metro Manila, Philippines. Folin-Ciocalteu (FC) reagent was 
purchased from Los Baños, Laguna, Philippines. Sodium 
carbonate (Na2CO3), quercetin (C15H10O7), 2,2-diphenyl-1-
picrylhydrazyl (DPPH), and aluminum chloride (AlCl3) were 
obtained from DKL Laboratory Supplies, Manila City, Philippines. 
Gallic acid (C7H6O5) was purchased from Loba Chemie (Mumbai, 
India). Trolox (C14H18O4) was obtained from Phygene Scientific 
Co., Ltd. (Fuzhou, China). Sodium acetate (CH3COONa) was 
purchased from Ajax Finechem (New South Wales, Australia). 
Water-soluble chitosan (CS) was purchased from Xi’an Qinghekang 
Co., Shaanxi, China. Sodium tripolyphosphate (TPP) was obtained 
from Dalkem Corporation, Quezon City, Philippines.

Experimental design

The study used a two-factor, three-level full factorial (32) 
experimental design. CS and TPP concentrations were the two 
factors used to measure the encapsulation efficiency (EE) of the 
encapsulated garlic peel polyphenols (GPP). As presented in Table 
1, each level was characterized as low (-1), middle (0), and high 
(+1). The levels of each factor were 1%, 2%, and 3% w/v for NaTPP 
concentration, and 3%, 5%, and 7% w/v for CS concentration. 
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Table 1. Factors and coded levels for the preparation of GPP using CS-TPP matrices.

Factors Low (-1) Middle (0) High (+1)

Chitosan Concentration (%w/v), A 3 5 7

Tripolyphosphate Concentration (% w/v), B 1 2 3

The values for each factor were modelled after a second-
order polynomial equation, adopted from Palero et al. (2026), 
as follows: 

EE=β0 + βaA + βbB + βab AB + βaaA
2 + βbb B

2

The dependent EE, encapsulation efficiency, is expressed as 
a function of chitosan concentration (A) and TPP concentration 
(B). In the second-order model, β0 serves as the intercept; βa 
and βb are the linear coefficients of A and B, respectively; 
βab is the interaction coefficient between A and B; and βaa and 
βbb are the quadratic coefficients of A and B, respectively.

Extraction of garlic peel polyphenols

A portion of the methodology conducted by Hernández-
Montesinos (2023) was adopted with modifications to extract the 
GPP. Garlic peels were disinfected, ground, and passed through 
a 60-mesh sieve. They were then macerated with a 1:10 solute-
to-solvent ratio in 80% (v/v) ethanol. The mixture was filtered 
to obtain the filtrate, which was then rotary-evaporated at 40 
°C to remove the ethanol. The sample was then freeze-dried. 
Finally, 1 mg/mL GPP was dissolved in 80% (v/v) ethanol solution.

Phytochemical quantification of garlic peel polyphenols

A total of 100 µL of the GPP solution was reacted with 400 µL 
of FC reagent and 2000 µL of 1 mg/mL Na2CO3 and incubated for 
2h at room temperature, protected from light, as adopted from 
Hernández Zarate et al. (2018) with modifications. The mixture’s 
absorbance at 765 nm was then measured using a Dynamica Halo 
VIS-20 spectrophotometer (Dynamica Pty Ltd, Clayton, Victoria, 
Australia) to determine the total phenolic content (TPC). 
Polyphenols were reported as µg gallic acid equivalent (GAE). The 
calibration curve was created using gallic acid concentrations 
ranging from 10 to 50 µg/mL.

Total Flavonoid Content (TFC) was determined following 
the methods of Hernández Zarate et al. (2018), with modifications. 
Reagents, which include 100 µL of CH3COONa and 100 µL of 
AlCl3, were mixed with 100 µL of the GPP solution. The mixture 
was then diluted with 1700 µL of 80% (v/v) ethanol and left at 
room temperature for 40 min. Absorbance at 415 nm was then 
measured and expressed in µg quercetin equivalents (QE). The 
standard curve was generated using quercetin concentrations 
from 50 to 250 µg/mL (Hernández Zarate et al., 2018; Hernández-
Montesinos et al., 2023).

Radical Scavenging Activity (RSA) was conducted according 
to Stoica et al. (2013). DPPH• was dissolved in 80% (v/v) ethanol; 
2100 µL of the solution was then reacted with 900 µL of 
2 mg/mL GPP in distilled water. The mixture was shaken and left 
in the dark for 30 min. A control solution of 3,000 µL of DPPH• 
was prepared. The decrease in absorbance was then measured 
at 517 nm. The antioxidant activity percentage was calculated 
using the equation below: 

 Acontrol-Asample

Acontrol

where Acontrol and Asample refer to the absorbances of the 
prepared control and sample, respectively (Stoica et al., 2013).

Encapsulation of garlic peel polyphenols in CS‑TPP matrices

The ionotropic gelation method was used to encapsulate GPP 
in CS‑TPP matrices (Stoica et al., 2013). This method works because 
polyanionic TPP ions stabilize the positively charged amino groups 
in CS through electrostatic interactions, forming stable matrices 
via ionotropic gelation. The CS solutions at the concentrations 
specified in Table 1 were mixed with 50 mL of GPP solution. 
Subsequently, 4 mL of the resulting mixture was loaded into a 
syringe fitted with a 20 G needle and dispensed dropwise into 50 
mL of NaTPP solution at the specified concentrations. The NaTPP solu-
tion was maintained under stirring, and the mixture was delivered 
using a syringe pump at a flow rate of 5 mL/h. The formed matri-
ces were then left stirring for 30 min before being strained. The 
filtered  matrices  were  freeze-dried  at -50 °C. 

Determination of encapsulation efficiency

Encapsulation efficiency (EE) was measured according to 
Stoica et al. (2013), with modifications. To determine the amount 
of unencapsulated polyphenols, the TPP solution was kept 
after straining the formed matrices, and the TPC was measured 
using the Folin-Ciocalteu (FC) method. TPC encapsulated was 
also measured by redissolving in 80% (v/v) ethanol, centrifuging 
the samples at 4000 rpm for 5 min, and measuring the TPC of the 
supernatant using the FC method. The encapsulation efficiency 
of each trial was computed using the following formula:

  TPCencapsulated

      TPCtotal 

where TPCencapsulated is the mass of the phenolic content 
measured above, while TPCtotal is the sum of the encapsulated 
and unencapsulated TPC.

Fourier-transform infrared spectroscopy

The fourier-transform infrared (FTIR) spectrometer was 
used in attenuated total reflectance (ATR) mode, following 
parameters reported in previous studies using a Shimadzu 
IRSpirit spectrometer (Picar et al., 2025; Vergel De Dios et al., 
2025). Randomly collected samples were scanned at a frequency 
range of 4000–400 cm-1 with 32 scans. 

Particle size analysis
	

Fifty random representative samples from the parameter 
combination with the highest encapsulation efficiency were taken 
and processed through ImageJ 1.54g Edition software (National 
Institutes of Health, Bethesda, Maryland, USA) to determine 
their Feret diameter measurements (Igathinathane et al., 2008). 

Scanning electron microscopy

The surface and cross-section of representative blank matrices
and matrices yielding the highest EE were observed under a scanning 
electron microscope (SEM). An electron beam with an accelerating 
voltage of 15 kV was applied to the samples. SEM micrographs 
were captured at 300, 1000, 3000, 6000, and 12000x magnification.

*Note: GPP=Garlic Peel Polyphenol; CS=Chitosan; TPP= Tripolyphosphate

∙100%RSA, (%) =
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Statistical analysis

Experiments were performed using a 32 factorial design of 
experiments with the factors and levels shown in Table 1. Four 
independent experimental replicates (n = 4) were generated using 
JMP Student Edition 19 software in randomized order to reduce 
the possibility of systematic bias from treatment combinations 
and run sequence, for a total of 36 independent randomized 
experimental runs. Table 2 summarizes the experimental design 
and order. The parameters for the model were evaluated and 

fitted using standard least squares, and tested through statistical 
diagnostics such as Levene’s test for homogeneity of variances and 
the Shapiro-Wilk test for normality. To evaluate the significance 
of the linear and quadratic terms, the model responses were 
analyzed using the analysis of variance (ANOVA) at a 5% significance 
level (p < 0.05). Meanwhile, the goodness of fit for the model was 
assessed using the corresponding coefficient of determination R2 

and the adjusted R2. The statistical analyses and fit modelling 
were all performed through the JMP Student Edition 19 software. 

Table 2. Full design of experiment and experimental results for the encapsulation of GPP in CS/TPP matrix.

Run Pattern* CS  (%) TPP (%) EE (%)

1 33 7 3 47.86
2 23 5 3 16.52
3 23 5 3 25.49
4 32 7 2 47.76
5 32 7 2 51.85
6 11 3 1 12.51
7 22 5 2 47.94
8 32 7 2 48.81

9 31 7 1 53.38
10 22 5 2 34.21

11 31 7 1 38.22

12 21 5 1 15.12

13 32 7 2 50.6

14 11 3 1 17.26
15 33 7 3 32.04
16 31 7 1 64.4
17 33 7 3 26.93

18 13 3 3 16.29

19 13 3 3 14.25

20 11 3 1 17.35

21 12 3 2 34.62
22 23 5 3 24.06

23 12 3 2 17.02
24 22 5 2 55.07
25 31 7 1 56.06
26 33 7 3 31.77

27 21 5 1 47.94

28 23 5 3 40.2

29 13 3 3 10.73

30 13 3 3 12.57

31 22 5 2 33.86

32 21 5 1 37.43

33 11 3 1 19.49

34 21 5 1 30.91

35 12 3 2 31.31

36 12 3 2 28.57
*Note: GPP=Garlic Peel Polyphenol; CS=Chitosan; TPP= Tripolyphosphate; EE= Encapsulation Efficiency. Pattern is in terms of coded levels. The first digit refers to the coded levels of the 
CS concentration (1 – 3%, 2 – 5%, 3 – 7%), while the second digit refers to the coded levels of the NaTPP concentration (1 – 1%, 2 – 2%, 3 – 3%). For example, in run 1, “33” means that the 
encapsulation experiment was performed at a CS concentration of 7% and a NaTPP concentration of 3%; 

RESULTS 

Phytochemical quantification of GPP

	 The TPC was calculated using a gallic acid standard 
calibration curve (Figure 1). The curve showed high validity 

and linearity, with a coefficient of determination (R2) of 0.99, 
confirming a reliable linear relationship for quantification. 
Using this curve, the TPC was calculated as 75.45 mg GAE/g. 

Similarly, the TFC was calculated using a quercetin standard 
calibration curve (Figure 2). The curve showed strong statistical 
validity, with a coefficient of determination (R2) of 0.99, 
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Figure 1. Calibration curve: (A) gallic acid for determination of total phenolic content; (B) quercetin for determination of total 
flavonoid  content.

Encapsulation efficiency of GPP in CS-TPP matrices

Table 3 summarizes the encapsulation efficiency obtained 
from varying combinations of CS and NaTPP concentrations. 
The highest EE value (53.02% ± 10.92%) was obtained at 7% CS 
concentration and 1% NaTPP concentration. The experimental 
results showed a range of values, with the highest encapsulation 
efficiency (EE) of 53.02% ± 10.92% and the lowest EE of 13.46% 
± 2.37%. When NaTPP concentration was held at 2%, and CS 
concentrations were tested at different levels, the resulting EE 

were 27.88% ± 7.65%, 42.77% ± 10.50%, and 49.76% ± 1.82% 
for NaTPP concentrations of 3%, 5%, and 7%, respectively. This 
suggests a positive trend in EE in CS-TPP matrices as CS 
concentration increases in increments. Moreover, when CS 
concentration was held constant at 5%, the resulting EE were 
32.85% ± 13.75%, 42.77% ± 10.50%, and 26.57% ± 9.90% for NaTPP 
concentrations of 1%, 2%, and 3%, respectively. The trend 
suggests a non-linear relationship between the determined EE 
and  the  NaTPP  concentration. 

Table 3. Encapsulation efficiency of GPP in CS-TPP matrices under varying CS and TPP concentrations.

CS (%) NaTPP (%) EE* (%)
3 1 16.65 ± 2.95

2 27.88 ± 7.65
3 13.46 ± 2.37

5 1 32.85 ± 13.75
2 42.77 ± 10.50
3 26.57 ± 9.90

7 1 53.02 ± 10.92
2 49.76 ± 1.82
3 34.65 ± 9.11

To assess the goodness of fit of the model generated by the 
factorial experiment, and to test the adequacy of each factor, 
a one-way ANOVA was performed at a 95% confidence level 
(α = 0.05). ANOVA results for the full EE model showed a desirable 
coefficient of determination (R2) of 0.73, as shown in Table 4. 
Adjusted R2 was calculated to be 0.67, which means that the 
R2 determined from the model fitting indicates relatively good 
simulation of the experiment. The root mean square error 

(RMSE) was 8.45, with a coefficient of variation of 25.55%, 
indicating substantial spread relative to the mean. The lack-of-fit 
was also non-significant (p = 0.68), further supporting the full 
model’s suitability for describing EE in terms of the identified 
factors. Statistically significant terms in the full EE model include 
CS concentration (A) (p < 0.0001), NaTPP concentration (B) (p = 0.01, 
and NaTPP concentration * NaTPP concentration (B2) (p = 0.001).

Note: GPP=Garlic Peel Polyphenol; CS=Chitosan; TPP= Tripolyphosphate; EE= Encapsulation efficiency; Encapsulation efficiency was evaluated in four independent experimental
replicates (n = 4).

Table 4. Analysis of Variance (ANOVA) of the full encapsulation efficiency (EE) model.

Source SS df MS F- value p- value

Model 5869.74 5 1173.95 16.44 < 0.0001
A 4205.73 1 4205.73 58.91 < 0.0001
B 516.48 1 516.48 7.23 0.01
AB 230.33 1 230.33 3.23 0.08
A2 17.83 1 17.83 0.25 0.62
B2 899.38 1 899.38 12.60 0.001
Residuals 2141.91 30 71.40
Corr. Total 8011.65 35
Lack-of-fit 114.61 3 38.20 0.51 0.68
Pure error 2027.30 27 75.09
RMSE 8.45 R2 0.73
Mean 33.07 Adjusted R2 0.69
% CV 25.55 Pred. R2 0.62

A B
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The removal of non-significant terms through model 
reduction was performed as described in previous studies to 
further improve the model’s statistical power (Palero et al., 2026). 
Statistically significant factors, namely CS concentration (A) 
(p < 0.0001), NaTPP concentration (B) (p = 0.01), and NaTPP 
concentration * NaTPP concentration (B2) (p = 0.001) were also 
found to be statistically significant in the reduced model 
(Table 5). Although the reduced model R2 (R2 = 0.70) was lower 
than the full model R2 (R2 = 0.73), it was closer to the predicted 

reduced model R2 (0.63). This suggests that the model has 
been improved and is less susceptible to overfitting. The lack-
of-fit p-value remained non-significant (p = 0.46), indicating 
that the regression model adequately captures the data trend 
without systematic errors. The reduced regression equation 
describing EE in terms of the significant coded factors is 
shown below.

y = 41.13 + 13.24A – 4.64B – 10.60B2

Table 5. Analysis of variance (ANOVA) of the reduced encapsulation efficiency (EE) model.

Source SS df MS F- value p- value

Model 5621.58 3 1873.86 25.09 < 0.0001
A 4205.73 1 4205.73 56.31 < 0.0001
B 516.48 1 516.48 6.92 0.01
B2 899.38 1 899.38 12.04 0.001
Residuals 2390.07 32 74.69
Corr. Total 8011.65 35
Lack-of-fit 362.77 5 72.55 0.97 0.46
Pure error 2027.30 27 75.09
RMSE 8.64 R2 0.70
Mean 33.07 Adjusted R2 0.67
% CV 26.14 Pred. R2 0.63

Levene’s test was non-significant (p = 0.13), and the 
Shapiro-Wilk test for residual normality was also non-
significant (p = 0.57). Figure 3 illustrates the different plots 
for each data point. Figure 3a shows the externally studentized 
estimates; Figure 3b shows the residuals-by-predicted plot; 
Figure 3c shows the actual-versus-predicted plot; and Figure 
3d shows the normal quantile plot for the ten tested samples 

with a fitted Gaussian curve. The non-significant p-value of 
Levene’s test indicates that all data points for EE affected 
by CS and TPP concentrations have equal variances. Residual 
plots showed no evident patterns or trends over time, supporting 
the assumption of independence and confirming that there 
are  few  to  no  outliers  in  the  data  points. 

A B

C D

Figure 3. Reduced model diagnostic plots for encapsulation efficiency: (A) predicted vs. actual EE, (B) residual vs. predicted EE, 
(C) residual  normal  quantile  plot, and  (D)  studentized  residual  vs.  row  number  plot.

Pareto chart showing the logworth of the linear and 
quadratic factors was generated using the JMP Graph Builder 
interface (Figure 4). A value greater than the logworth at p = 0.05 
(Logworth = 1.310) indicates a statistically significant factor. The 
highest logworth obtained was CS (A) (Logworth = 7.82), followed 
by NaTPP concentration * NaTPP concentration (B*B) (Logworth = 
2.82), and NaTPP concentration (B) (Logworth = 1.89), respectively. 
Among the significant terms, CS concentration had the greatest 

influence on the EE of the CS-TPP matrices. CS concentration 
(A) showed the strongest influence with a positive t-ratio (7.50), 
whereas factors B and B2 yielded negative t-ratios (-2.63 and 
-3.47, respectively). The matrices prepared using 7% w/v CS 
and 1% w/v NaTPP were selected for further material 
characterization based on their highest experimentally observed 
mean encapsulation efficiency (53.02% ± 10.92%). 
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Figure 4. Pareto chart of standardized model parameters showing factor significance.

Fourier-Transform infrared spectroscopy

The FTIR spectra of crushed GPP-encapsulated CS-TPP 
matrices (GPP@CS–TPP), blank CS-TPP matrices, GPP, and CS 
were compared (Figure 5). Spectral features were observed across 
3,000-3,600 cm-1, 1,550-1,650 cm-1, 1,090 cm-1, and approximately 
900 cm-1. The broad band at 3,000-3,600 cm-1 was observed in the 
spectra of CS, GPP, blank CS-TPP, and GPP@CS-TPP. Bands in the 
1,550-1,650 cm-1 region were apparent in the CS-TPP samples but 

were not evident in the GPP spectrum. Shifts in the bands were 
observed when comparing CS with blank CS-TPP and GPP@
CS-TPP, particularly in the 1,550–1,650 cm-1 and approximately 
1,090 cm-1 regions. A band near 900 cm-1 appeared in the blank 
CS-TPP and GPP@CS-TPP spectra but was not evident in the CS 
and GPP spectra. Overall, the GPP@CS-TPP and blank CS-TPP 
spectra exhibited similar profiles, with some differences in band 
positions  and  in  the  O-H  stretching  region. 

Figure 5. FTIR spectra of (a) garlic peel polyphenol (GPP)-encapsulated water-soluble chitosan-tripolyphosphate matrices (GPP@CS-TPP), 
(b) CS‑TPP matrices, (c) GP, and (d) CS.

Particle size analysis

The particle sizes of the created matrices follow Gaussian
distributions, as visualized in Figure 6. The mean particle size 

of GPP@CS-TPP is 2.71 mm, while CS-TPP matrices have a mean 
size of 2.55 mm, representing a roughly 0.16 mm (approximately 
6.3%)  increase  in  diameter  after  GPP  encapsulation. 

A

B

Figure 6. Particle size distribution: (A) garlic peel polyphenol (GPP)-encapsulated chitosan-tripolyphosphate (GPP@CS-TPP),  
and (B) CS-TPP matrices.
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Scanning electron microscopy

The cross-sectional SEM images of both blank CS-TPP and 
GPP@CS-TPP matrices revealed flaky, hollow internal structures, 
suggesting heterogeneous morphology across the matrix cross-

sections (Figure 7). Both formulations also showed rough, porous 
surfaces. Despite these morphological features, the GPP@CS-TPP 
matrices retained overall structural integrity after drying, with
no  apparent  fracturing  in  the  examined  images.

Figure 7. SEM images of water-soluble chitosan-tripolyphosphate (CS-TPP) cross-section in (A) 300x, (B) 1000x, (c) 3000x, (D) 6000x, and 
(E) 12000x magnification; and garlic peel polyphenol (GPP)-encapsulated CS-TPP matrices (GPP@CS-TPP) cross-section in (F) 300x, (G) 
1000x, (H) 3000x, (I) 6000x, and (J) 12000x magnification. 

DISCUSSION

Phytochemical quantification of garlic peel polyphenols

The average TPC calculated in this study was significantly 
lower than the 146.57 mg GAE/g reported in Dos Santos et al. 
(2022), despite both studies using ethanol as a solvent. However, 
the ethanolic extract outperformed several studies using 
aqueous extractions. Specifically, the findings reported by Naqvi 
et al. (2020) at 51.66 mg GAE/g, Hernández-Montesinos et al. 
(2023) at 50.41 mg GAE/g, and Santos et al. (2022) at 39.11 mg 
GAE/g are all less than the average TPC obtained in this 
work (Hernández-Montesinos et al., 2023; Naqvi et al., 2020). 
Moreover, the determined TFC was consistent with Fortunata 
et al. (2019), who observed that ethanol extracts (14.019 mg 
QE/g) performed better than aqueous extracts (7.59 mg QE/g). 
Additionally, this value was also higher than the aqueous 
TFC reported by Naqvi et al. (2020), which reached 7.782 mg 
QE/g  (Fortunata et al., 2019; Naqvi et al., 2020).

The higher yields of both total phenolic content (TPC) and 
total flavonoid content (TFC) with an ethanolic solvent than 
with pure water emphasize how solvent-solute dynamics can 
be critical for recovering polyphenols from garlic peels.  The 
results show ethanol’s superior ability to dissolve specific 
compounds in garlic peels compared with pure water. Extraction 
efficiency is strongly influenced by the chemical structure and 
matching solubility parameters of the target solutes within the 
plant material (Alara et al., 2021). In the case of garlic peel 
polyphenols (GPP), bioactive compounds in garlic happen to 
dissolve better in ethanol than in pure water. Furthermore, 
the consistently higher TFC values validate that flavonoid, 
which are mostly hydrophobic or semi-polar, dissolve much 
more efficiently in an alcoholic solvent (Hernández-Montesinos 
et al., 2023). Variations in parameters such as extraction 
temperature and duration heavily influence the preservation of 
the target solute. Because polyphenols contain thermosensitive 
bonds, prolonged thermal exposure can degrade their 
antioxidant capacity and structure (Dos Santos et al., 2022; 
Llarena et al., 2026).

Furthermore, garlic peel phytochemistry varies by genetic 
background, environmental growth conditions, and cultivar, 
which explains analytical variation across the literature (Lasalvia 
et al., 2022). The extraction method also strongly influences 
polyphenol yield from garlic peel biomass. While this study used 
maceration, non-thermal methods such as ultrasound-assisted 
extraction (UAE) and high-pressure assisted extraction (HPAE) 
can extract higher-quality bioactive compounds because they 
avoid heat, which can diminish quality (Rathod et al., 2023).

The radical scavenging activity of the crude GPP extract was 
significantly higher than the values reported by Cocom et al. 
(2025), where fermented garlic extract in 95% ethanol exhibited 
an RSA of only 46.3% after one day of extraction at a concentration 
of 500 μL/mL. These findings establish that the GPP extract 
has a diverse and abundant phytochemical profile, especially 
phenolic compounds, depending on the source and pre-
processing conditions. Additionally, the high antioxidant activity 
at low concentrations suggests that GPP compounds are highly 
effective at neutralizing free radicals (Cocom et al., 2025). 
Although the polyphenol content was low relative to existing 
studies, the radical scavenging activity indicates strong 
antioxidant capacity in the extracted GPP. The highly reactive 
hydroxyl groups of polyphenols directly react and stabilize 
unstable free radicals, rendering them inactive (Rathod et al., 2023). 
Therefore, having a high TPC and TFC in the GPP extract makes it
effective in interfering with radical-producing systems, making 
it  an  effective  natural  antioxidant.

Encapsulation efficiency and leakage of CS-TPP Systems

The R2 value obtained for the final reduced model 
(R2 = 0.70) indicates a moderate goodness of fit. In contrast, the 
reduced model’s adjusted R2 (R2 = 0.67) indicates that some 
variability remains in the model. However, it is lower than the 
full model’s R2 and adjusted R2 values of 0.73 and 0.69, 
respectively. In food encapsulation studies, researchers use 
significant empirical models with moderate explanatory power 
to establish concentration-dependent encapsulation efficiency. 
For example, microencapsulation of young barley leaf extract 

A B C D E
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using maltodextrin, gum arabic, and whey protein isolate 
yielded an EE model with R2 and adjusted R2 of 0.74 and 0.65, 
respectively, and was statistically significant (p < 0.05) (Udo 
et al., 2026). Moreover, another study used a central composite 
design to vary the concentrations of chitosan, pectin, and 
calcium chloride, with moderate predictive power (R2 = 0.68), 
a significant model (p < 0.05), and a non-significant lack-of-fit 
(p > 0.05) (Torpol et al., 2019). Like the models described, the 
reduced model obtained in this study provides adequate 
insights for preliminary interpretation of the effects of CS and 
NaTPP concentrations on GPP encapsulation efficiency within 
the investigated experimental range. Although its predictive 
capability is more limited than that of a highly predictive model, 
the relatively close agreement among the determined R2 values 
supports its potential to characterize concentration-dependent 
relationships rather than serve as a definitive predictive or 
optimization tool.

The t-ratios indicate the magnitude of each estimated 
effect relative to its standard error. These statistical results should 
be interpreted alongside the model’s interaction terms and 
predicted responses to establish whether the combined effects 
of factors are synergistic or antagonistic (Mercado et al., 2026; 
Palero et al., 2026). Among the significant model terms and 
obtained t-ratios, CS concentration emerged as the dominant 
factor positively associated with the encapsulation efficiency (EE) 
of the CS-TPP matrices, whereas NaTPP exhibited a nonlinear 
effect. The positive linear coefficient of CS concentration in the 
reduced model indicates that increasing CS concentration was 
associated with higher encapsulation efficiency (EE) in CS-TPP 
matrices containing GPP within the investigated concentration 
range. A similar trend was reported during grape extract 
encapsulation, where increasing CS-to-extract ratios resulted 
in higher EE, potentially because greater polymer availability 
accommodates more bioactive material before saturation 
(Soleymanfallah et al., 2022). In contrast, the negative quadratic 
coefficient of NaTPP concentration indicates a nonlinear 
relationship between NaTPP concentration and EE. This suggests 
that the effect of NaTPP may change across the investigated 
concentration range, potentially resulting in a maximum EE 
at an intermediate NaTPP concentration.

The concentration-dependent effect of NaTPP may be 
explained by its role as an ionic crosslinker. Increasing NaTPP 
concentration can initially promote interactions between the 
protonated amino groups of CS and the negatively charged 
phosphate groups of TPP- polyanions, thereby facilitating matrix 
formation and potentially improving cargo retention (Kim et 
al., 2022). However, the relationship between CS and NaTPP 
concentrations is not necessarily synergistic because their 
combined effects depend on the balance between polymer 
availability and crosslinker concentration (Pérez-Pacheco et al., 
2025). This means that although increasing NaTPP may initially 
enhance crosslinking, its effect on EE depends on the 
formulation conditions and the extent of crosslinking achieved.

The negative coefficient for the quadratic term NaTPP 
concentration * NaTPP concentration in the reduced model 
reveals that at excessively high NaTPP concentrations, 
encapsulation efficiency may decline. This phenomenon was 
established in previous literature where rapid and extensive 
ionic crosslinking may promote the formation of a dense 
matrix near the surface, potentially restricting cargo 
incorporation or causing the expulsion of entrapped material 
during matrix formation in CS-TPP systems (Des Bouillons-
Gamboa et al., 2024; Nguyen and Le, 2021; Yousefi et al., 2019). 
NaTPP concentration may also affect particle formation and 
aggregation, with excessively low CS-to-TPP ratios reportedly 
increasing turbidity and promoting spontaneous aggregation 
(Bahreini et al., 2014). Similarly, excessive crosslinker availability 

may promote aggregation through interactions with existing 
crosslinked structures (Pérez-Pacheco et al., 2025; Yousefi et al., 
2019). Collectively, these findings provide a plausible explanation 
for the negative quadratic effect of NaTPP observed in the 
present study, wherein increasing NaTPP concentration may 
improve EE up to a certain point, beyond which further 
increases may compromise cargo retention. Accordingly, the 
quadratic model captures the potential nonlinear relationship 
between NaTPP concentration and EE within the investigated 
formulation space.

In addition to the parameters investigated in this study, 
previous literature has reported that polyphenol release 
from CS-based encapsulation systems may also vary with 
parameters such as pH of the surrounding medium, with 
higher dissolution observed under neutral or near-neutral 
conditions than under acidic conditions in some systems (Cheng 
et al., 2023; Pulicharla et al., 2016; Yousefi et al., 2019). These 
differences were attributed to pH-dependent changes in 
chitosan protonation, matrix hydration, and polymer relaxation, 
which may influence polyphenol retention and transport 
during and after CS-TPP matrix formation (Giraldo et al., 2019). 
Various studies have reported that the pH of the crosslinking 
medium may be a relevant parameter to investigate when 
interpreting encapsulation efficiency (Cheng et al., 2023; Mattu 
et al., 2013), since some of the polar polyphenols found in 
crude extracts may be readily soluble in the aqueous phase 
and may be a cause of limited polyphenol retention (Demircan 
and Oral, 2023). In this study, the preparation conditions were 
maintained under neutral conditions, which may have limited 
the encapsulation performance of the CS-TPP matrices. 
Examining the encapsulation performance within acceptable 
pH ranges and the polar and non-polar constituents of the garlic 
peel polyphenols may lead to a better mechanistic understanding 
of pH-dependent polymer-core material interactions, leading 
to  desirable  encapsulation  efficiency.

Characterization of GPP@CS-TPP matrices

The peaks evident along 3000-3600 cm-1, 1550-1650 cm-1, 
1090 cm-1, and 900 cm-1, which may be attributed to O–H 
stretching, N–H (Amide II) bending, C–O stretching, and P–O 
stretching, respectively (Doğan, 2020; Hssaini et al., 2022; Picar 
et al., 2025; Varma & Vasudevan, 2020). The broad peak at 3000–
3600 cm-1 represents the O‑H stretch, which is inherent to CS 
and also indicates the presence of polyphenols in GPP and GPP
@CS-TPP (Basa et al., 2026; Hssaini et al., 2022; Varma and
Vasudevan, 2020). The presence of N–H (Amide II) bending 
on 1550–1650 cm-1 bands can also be noted in the spectra 
containing CS, which is not apparent in GPP since CS contains 
amino groups (–NH3+) that crosslink with TPP- polyanions, 
which are not present in the functional groups present in 
polyphenols (Doğan, 2020; Varma & Vasudevan, 2020). The blue 
shift between CS and CS‑TPP, and between CS and GPP@CS-TPP, 
may indicate reduced hydrogen bonding and stronger bonding 
between positively charged amino groups in the CS and the 
TPP- polyanion. Meanwhile, C–O stretching is observed around 
1090 cm-1 (Hssaini et al., 2022). This peak also shows a blue 
shift, suggesting that positively charged amino groups in CS 
and the TPP- polyanion crosslink, increasing molecular stability 
and mechanical strength. Functional groups of the TPP- polyanion 
were minimally observed, given its low concentration in the 
matrices. The peak at 900 cm-1 may be attributed to the P=O 
and P–O bonds in TPP-polyanions, which explains the absence
of these peaks in the CS and GPP spectra (Doğan, 2020). The GPP@
CS-TPP and CS‑TPP spectra generally show similar behavior, 
suggesting that encapsulating GPP does not significantly alter the 
functional groups in standard CS‑TPP interactions.
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The presence of N–H and P–O bands in the same spectrum 
indicates ionic complexation between positively charged chitosan 
amino groups and negatively charged TPP- polyanions. Phosphate 
functional groups are also present, as shown by the peak 
around 900 cm-1 observed only in spectra of matrices containing 
TPP, which strongly supports this interpretation. In this regard, 
FTIR spectroscopy proves the presence of CS-TPP crosslinking, 
as well as the successful encapsulation of GPP, while the SEM 
micrograph shown in Figure 5 reveals the hollow structure of 
the matrix, further supporting the conclusion that the 
crosslinking using TPP- polyanion occurs quickly on the surface 
of the matrix, limiting crosslinker diffusion and formation of 
CS-TPP networks inside the matrices. Higher concentrations 
of CS and NaTPP cause higher aggregation in the matrices and 
increased crosslinking density. The amide I and II bands at 
around 1550–1650 cm-1 show a blue shift in the cross-linked 
samples compared with CS. More pronounced shifts suggest
stronger ionic interactions between the amino and phosphate 
groups of CS and TPP, respectively, implying greater inter-chain 
and inter-particle crosslinking and allowing larger aggregates 
(Hamrayev and Shameli, 2023).

The obtained Feret diameters of CS-TPP and GPP@CS-TPP 
matrices were significantly larger than what is typically reported 
in other literature that explores the ionic crosslinking between 
CS and TPP- polyanions, such as that of Shu and Zhu (2000), 
which noted a particle size of around 1.2–1.5 mm for matrices 
formed from 4% CS and 1% NaTPP. Other studies also mainly 
produce matrices with lower concentrations of CS and NaTPP, 
yielding smaller nanoparticles. The optimal CS-TPP ratio is 
5:1 for nanosized particles, with particle size increasing as the 
CS-TPP ratio increased (Di Santo et al., 2021). This trend is 
consistent with previous studies showing significant increases 
in particle size when CS concentration remained constant 
and NaTPP concentration decreased (Kim et al., 2022). This 
agrees with the results of this study, as the GPP-loaded matrices 
appear to have a higher mean particle size compared to the 
unloaded CS-TPP matrices. Particle size is also likely affected 
by polyphenol loading itself, where a substantial increase 
in particle size was observed as more extract was loaded in 
the  CS-TPP  system  (Sacco et al., 2021).

The structural heterogeneity of the GPP@CS-TPP network 
differs clearly from other polymer configurations in the 
literature. For example, chitosan-coated alginate beads with 
Moringa leaf extract were smooth and spherical but ruptured 
and broke upon drying because alginate and chitosan 
amalgamated (Kurtulbaş et al., 2022). This irregular texturing 
and internal porosity align with trends showing that drug-
loaded chitosan nanocomposite formulations exhibit a spherical-
like shape with an irregular surface (Chatterjee et al., 2025). 
However, given that the matrix remains relatively hollow, 
which implies a porous and flaky structure and a low CS-TPP 
crosslinking density as shown in the SEM micrograph, it may 
be deduced that most of the TPP- polyanions rapidly crosslink 
with the positively charged amino groups in CS at the outer 
surface, overall affecting the EE of the system. Immediate 
contact between the positively charged amino groups in CS 
and the TPP- polyanions forms a rigid surface shell (Sacco 
et al., 2016, 2021). Previous studies have documented the 
formation of this rigid surface shell, where morphological 
observations show a physical barrier that causes chitosan to 
accumulate at the outer shell, creating a concentration gradient 
that hinders inward diffusion of TPP ions (Shu and Zhu, 2000). 
Consequently, this rapid crosslinking often produces an 
inhomogeneous matrix with a high polymer concentration at 
the interface and a more liquid core (Sacco et al., 2021). Similarly, 
crosslinked thiolated starch-coated Fe3O4 nanoparticles 

exhibited a solid, dense, and rough morphology, suggesting a 
higher and more uniform crosslinking density, similar to the 
CS-TPP matrices (Saikia et al., 2014). Meanwhile, boric acid-
crosslinked beads had irregular pores dispersed throughout 
their internal structure because of an extremely fast gelation 
rate and inhomogeneous crosslinking density, which may have 
caused the same morphological observation in the current 
matrix (Liao et al., 2018).

Comparison of CS-TPP matrices for encapsulation of 
bioactive compounds

Previous literature has established successful encapsulation 
of various bioactive compounds. Empirical studies have validated 
that altering CS and TPP concentrations can influence the mass, 
diameter, and water retention capacity of CS-TPP matrices 
(Giraldo et al., 2019). In addition, the physicochemical properties 
of the core material may affect the encapsulation performance 
of a CS-TPP matrix. Previous studies which used CS-TPP to 
encapsulate hydrophobic core materials, such as resveratrol 
(99.55%) (Cho et al., 2014), curcumin (95.9%) (Pistone et al., 
2023), oregano essential oil (Ma et al., 2022), and astaxanthin 
(63.9%) (Kim et al., 2022), used compatible solvent-mediated 
dissolution before extrusion in crosslinking bath, influencing 
efficient core material entrapment as opposed to direct 
application in the matrix polymer solution such as that of 
tetrandine (20.42%) (Iswandana et al., 2017). Hydrophilic core 
materials such as anthocyanins from purple sweet potato 
achieved an EE of 31.93% (Laila et al., 2019), which is slightly 
lower than what was achieved in this study (53.02% ± 10.92%), 
suggesting that the polarity of the core material due to its 
dissolution in the crosslinking bath may affect the physical 
entrapment of these molecules in the matrix. The CS concentration 
was adjusted to restrict polyphenol mobility by increasing shear 
resistance through viscosity. At higher concentrations, chitosan 
chain entanglement improves shear resistance and dissolution 
(Casella et al., 2026), allowing better retention of the GPP as it is 
extruded into the crosslinking bath. However, one of the possible 
trade-offs of this process is the increase in particle size, which is 
evident since the obtained average particle size of 2.71 mm 
(2710 µm) for GPP@CS-TPP matrices is significantly higher than 
the other matrices done in previous studies, in which the largest 
recorded average particle size is 1,085.95 ± 0.03 µm (Iswandana 
et al., 2017). This behavior is consistent with empirical studies on 
how CS and TPP concentrations affect the bead size and weight 
of  the  resulting  matrices  (Giraldo et al., 2019). 

In summary, these comparisons show that the 
encapsulation efficiency of CS-TPP matrices may not depend 
only on polymer and crosslinker concentrations but also on 
the physicochemical characteristics of the core material and its 
compatibility with the encapsulation process. Although several 
hydrophobic compounds have shown high encapsulation 
efficiencies, the moderate efficiencies reported for hydrophilic 
compounds, including anthocyanins, suggest that core-matrix 
interactions and processing conditions may influence differences 
in core retention. The study shows that incorporating GPP into 
CS-TPP matrices is feasible under the investigated formulation 
conditions. However, this performance should also be interpreted 
alongside the relatively large particle size, reflecting a trade-off 
associated with higher chitosan concentrations. Overall, these 
findings underscore the importance of balancing encapsulation 
efficiency and particle size when designing CS-TPP matrices 
for polyphenol delivery. At the same time, further comparative 
experiments are needed to determine how polarity, viscosity, and 
crosslinking conditions contribute to encapsulation performance.
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CONCLUSIONS

This study successfully encapsulated GPP in water-soluble 
CS‑TPP matrices via ionotropic gelation across varying CS and 
NaTPP concentrations, achieving a maximum encapsulation 
efficiency of 53.02% ± 10.92% at 7% CS concentration and 1% 
NaTPP concentration. FTIR spectroscopy confirmed interactions 
between the positively charged amino groups of CS and the 
TPP- polyanion, as well as the successful integration of GPP in 
the matrices. Particle size analysis showed that the formed 
matrices were in the macro-particle range (2.71 mm), indicating 
trade-offs between increasing CS concentration and the 
resulting particle size distribution. SEM micrographs also 
revealed successful formation of CS-TPP matrices with low 
crosslinking density towards the core of the matrix. While CS-
TPP is a viable encapsulation system for agricultural waste-
derived crude extracts, further investigation of polymer-to-
polymer crosslinking interactions, particularly under varying 
encapsulation pH and crosslinking time, is needed better to 
understand crude polyphenol extract encapsulation in a CS-
TPP matrix. Since only encapsulation efficiency was considered 
for the study, optimizing other encapsulation metrics, such 
as particle size and loading capacity, may help address 
industrial requirements that require certain particle size ranges 
or material economy. The encapsulation efficiency obtained in 
the study suggests moderate potential for stabilizing and storing 
agricultural waste-derived bioactive compounds as crude 
extracts in CS-TPP matrices. Investigating additional parameters 
that may influence the encapsulation process, such as 
encapsulation pH and polymer-to-core material ratios, could 
provide further insights into improving the encapsulation 
performance of CS-based matrices. Due to the exploratory nature 
of the study, the storage stability, release properties, toxicity, and 
bioavailability of the GPP-encapsulated CS-TPP matrices could 
potentially provide additional information on their applicability 
in  the  food, healthcare, and  packaging  industries.
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