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Abstract

Arabica coffee pulp is known to contain fiber and bioactive compounds that are antimicrobial, so it has the potential
to be used in edible film formulations and edible coating applications to increase the shelf life of food products.
However, conventional extract incorporation often results in large particle aggregation and reduced functional
release. This work aimed to develop and optimize edible film formulations by adding Arabica coffee pulp using
Response Surface Methodology (RSM), develop it through ultrasonication to overcome these limitations, and
assess its effectiveness on the shelf life of shrimp and strawberries. The concentrations of sodium alginate (ALG)
(1% to 2% w/v) and Arabica coffee pulp extract (CPE) (10% to 20% v/v) were considered independent variables.
The variable combinations for the optimal response function were 1% (w/v) ALG and 20% (v/v) CPE. The validated
optimum formula was further developed using ultrasonication which successfully reduced particle size to 31 nm
and significantly improved of the film's mechanical strength and barrier properties, leading to an increase in
tensile strength (TS) by 78% and elongation at break (EAB) by 17.75%, along with decreases in thickness (18.81%),
water vapor transmission rate (WVTR) (33.36%), and solubility (10.11%). Furthermore, the nano coffee pulp extract
(NCPE) film exhibited higher antimicrobial activity against Escherichia coli and Staphylococcus aureus compared
to the coffee pulp extract (CPE) film. Applied as a coating, the NCPE was able to reduce the rate of weight
loss in shrimp by 4.01% and strawberries by 11.09%, and significantly suppressed microbial growth, achieving
approximately 99% reduction in shrimp, maintaining the texture value of food products, and extending the shelf
life of shrimp for 36 hours and strawberries for 5 days at room temperature. Thus, the development of edible film
and edible coating through the addition of Arabica coffee pulp nano extract has proven effective in improving
physical characteristics and antimicrobial activity.

Keywords: Edible film; chitosan; sodium alginate; ultrasonication; antimicrobial activity; postharvest quality;
active packaging; response surface methodology; nanoparticle
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Highlights

e Arabica coffee pulp waste was valorized as nano-extract for active edible film and coating

*  Ultrasound technology created tiny particles for superior microbial kill

*  Ultrasonication enhanced film structure by promoting phenolic release and improving bioactive compound dispersion

*  Coating significantly extended shelf life of vannamei shrimp (Whiteleg shrimp) and strawberries

1 Introduction

Food waste has become a global issue, leading to significant economic losses and environmental impacts. Fresh products
such as fruits and seafood are particularly susceptible to rapid spoilage due to microbial growth and moisture loss. Therefore,
the development of effective and sustainable preservation technologies is essential to reduce postharvest losses. The
valorization of agro-industrial by-products has gained increasing attention as part of a circular economy approach. Arabica
coffee pulp, a major by-product of coffee processing, is generated in large quantities and often underutilized, posing an
environmental challenge. However, it is rich in structural components like lignin (38%), cellulose (28%), and hemicellulose
(25%) (Abdillah & Charles, 2021). This residue also contains high crude fiber content and soluble fiber such as pectin, which
is capable of forming a gel when dissolved in water (Akhtari et al., 2025). Besides that, Arabica coffee pulp was found to
contain high content of antimicrobial bioactive compounds, including 55.56 mg/g of chlorogenic acid (CGA), 47.33 mg QE/g
of flavonoids, 47.95 mg TAE/L of tannins, and 20.05 mg GAE/g of total phenolics 9.78% (Santos et al., 2024). In addition,
condensed tannins derived from coffee pulp have been reported at 4.5 mg/g of dried coffee pulp (Garcia-Rodriguez et al., 2026).
Given this significant fiber and bioactive content, Arabic coffee pulp extract (CPE) remains a valuable material to be explored,
particularly through its implementation in active packaging formulations like edible films and coatings.

Edible films and coatings are thin, biodegradable layers used in food packaging to act as gas and water barriers, reduce
respiration, and inhibit volatile compound release (Khalid et al., 2022). Incorporating antimicrobial compounds into these
layers minimizes contamination by pathogenic and spoilage microbes and improves the film’s physical characteristics.
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This study utilizes chitosan and sodium alginate, which were selected based on preliminary research showing their superior
physical characteristics compared to other non-starch polysaccharides (carrageenan). While chitosan is highly favoured
for its strong antimicrobial activity, biodegradability, and non-toxicity, it exhibits low resistance to water vapour when
used alone (Mufioz-Tebar et al., 2023). Therefore, sodium alginate is added as a copolymer. Interaction between the amine
groups in chitosan and the carboxylic groups in alginate forms an insoluble polymer, thereby significantly increasing its
resistance to water vapour (Nair et al., 2020). In this study, chitosan serves as the main polymer, while sodium alginate acts
as a copolymer whose concentration will be optimized alongside the CPE.

Despite their development, edible coatings still face several limitations, including poor gas and water vapour barrier
properties, sensory issues, lack of mechanical stability, and low stability of active compounds (Antonino et al., 2024;
Duguma, 2022; Moradinezhad et al., 2025). To overcome these problems and enhance product shelf life, a nanotechnology
approach using nanoparticles has been proposed. Studies have demonstrated that edible coatings utilizing nanoparticles,
such as pomegranate peel extract nanoparticles or clove nanoextract, can significantly increase antimicrobial activity,
suppress microbial growth, and successfully extend the shelf life of various food products (Rahnemoon et al., 2021;
Lvetal.,2023). The best edible film formula resulting from optimization will undergo further development using ultrasound
technology and the addition of nano extracts. This development is essential because film-forming solutions composed
of heterogeneous materials often exhibit poor homogeneity, which reduces the film’s mechanical properties. Ultrasound
technology is commonly used to overcome this problem by increasing the compatibility between different materials,
resulting in stable and homogeneous films and coatings (Wang et al., 2020). Furthermore, using extracts in nano form
enables them to completely damage and penetrate the bacterial cytoplasmic membrane, thereby significantly enhancing
antimicrobial activity. This approach builds upon previous studies that have shown edible films containing coffee skin
extract are effective in inhibiting microbial growth and producing thin, elastic films (Suriati et al., 2023).

Although several studies related to edible films using coffee pulp extract have been conducted, these studies remain
limited to conventional methods. Coffee pulp contains significant amounts of polyphenolic compounds that can be
effectively released and reduced in size. This targeted application introduces a novel pathway for integrating coffee pulp
nanoextract into biopolymer based films, thereby combining waste valorization with functional material development.
So far, no previous study has combined Response Surface Methodology (RSM)-optimized of chitosan-alginate film
formulation with ultrasound-assisted coffee pulp nanoextract, followed by a comprehensive dual-commodity application
on shrimp and strawberries. Therefore, this study aimed to develop and optimize chitosan-alginate films enriched with
ultrasound-assisted coffee pulp nanoextract using RSM, and to evaluate their physicochemical properties (thickness,
solubility, water vapor transmission rate (WVTR), tensile strength (TS), and elongation at break (EAB)), antimicrobial
activity, and application performance on shrimp and strawberries, including colour, weight loss, texture, Total Plate Count
(TPC), and shelf life. It was hypothesized that ultrasonication of coffee pulp extract would reduce particle size and enhance
the dispersion of bioactive compounds within the film matrix, thereby improving the mechanical and barrier properties,
antimicrobial activity, and extending the shelf life of shrimp and strawberries.

2 Experimental

2.1 Materials and chemicals

Dried Arabica coffee pulp (Coffea arabica L.) was obtained from a local coffee production in Malang, Indonesia. Methanol
was provided by SMART-LAB (A1056, 67-65-1). Sodium Alginate (ALG) (W201502, 9005-38-3), Chitosan (CHI) (900344,
molecular weight: 100 kDa, degree of deacetylation 95%), Glycerol (G9012, 56-81-5), and Glacial Acetic Acid (A6283, 64-19-7)
were all purchased from Sigma-Aldrich. Muller Hinton Agar (1.05437.0500), Nutrient Agar (1.05450.0500), and Nutrient Broth
(1.05443.0500) were obtained from Merck. The bacterial strains used were Escherichia coli FNCC-0091 (Gram-negative) and
Staphylococcus aureus ATCC-BAA976 (Gram-positive), which were acquired from the stock culture collection in AGAVI Lab.
Silica gel and deionized water (aquades) from Supelco. Strawberries were directly harvested from a local strawberry farm
located in Batu, Indonesia. Whiteleg shrimp (Litopenaeus vannamei) were brought from a local market in Malang, Indonesia.
Both food samples were transported to the Food Microbiology Laboratory at Universitas Brawijaya in a fresh condition and free
from physical damage. They were sorted for uniform size and washed using sterilized water.

2.2 Arabica coffee pulp extraction (Ultrasound Assisted Extraction/UAE)

Arabica coffee pulp (CP) was extracted according to the preliminary research with slight modifications. CP was ground using
a grinder (FOMAC FGD-Z500) and then sieved through an 80-mesh sieve to obtain a fine powder. Briefly, CP was extracted
using a methanol ratio of 1:10 (w/v), then sonicated using an ultrasound probe (BIOBASE) (86% power rate) for 16 minutes.
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The liquid extracts were subsequently separated by filtration through Whatman No. 1 filter paper. The solvent was
removed, and the extract was evaporated using a rotary evaporator (IKA RV10) at 40 °C, 60 rpm. The thick extract
(CPE) was then dried at 40 °C using a dehydrator (KRIS) to ensure complete solvent evaporation until a constant weight
was achieved.

2.3 Preparation of edible film and coating

Edible films were prepared by combining ALG, CHI, and CPE; the procedure was adapted from with modifications
(Such et al., 2023). 2% (w/v) CHI was dissolved in 100 mL 2% acetic acid solution, then homogenized using a magnetic
stirrer for 2 hours at room temperature. In a separate beaker, ALG was dissolved in 100 mL aquades, according to the
experimental concentration variations. This solution was homogenized at 75 °C until complete gelatinization was achieved.
CPE 50% was prepared by resuspending the CPE with deionized water at a 1:1 ratio. This concentration was selected
based on a preliminary study, which demonstrated optimal antimicrobial activity against E. coli, S. aureus, and Candida
albicans. The nano coffee pulp extract (NCPE) was conducted by sonicated the CPE 50% using an ultrasound probe (86%
power rate, 32 minutes). The resulting N-CPE was then sequentially filtered using Whatman No. 2, Whatman No. 5, and
a 0.22 pm syringe filter. CHI and ALG solutions were also individually sonicated using the same probe unit (86% power
rate, 64 minutes). The final film-forming solution was prepared by mixing ALG and CHI solutions at a 0.25:1 ratio, then
glycerol was added as a plasticizer (30%, w/w), and CPE/NCPE was added (according to the concentration variations).
The mixtures were stirred for 30 minutes to obtain a homogeneous solution. The finished film-forming solution (35 mL)
was cooled to room temperature, then cast onto circular silicone molds (10 cm diameter) and spread evenly with a spatula.
They were dried using a dehydrator at 40 °C for 24 hours.

2.4 Experimental design and optimization

The RSM was used to generate and analyze the experimental design and regression model with the help of Design
Expert 13.0.5.0. Central Composite Design (CCD) was utilized to determine the optimum formula of two independent
variables: X, (ALG,%) and X, (CPE,%). The concentration of CHI was fixed at 2% (w/v) based on preliminary studies,
demonstrating its optimal film-forming. Therefore, only ALG and CPE were selected as independent variables to simplify
the experimental model and to evaluate their interaction effects. The minimum (1%) and maximum concentrations (2%) for
ALG were selected according to the previous study, Orhotohwo et al. (2025), while the CPE concentration, the minimum
(10%) and maximum (20%) concentrations were determined based on preliminary research. The responses function
(Y) measured were water solubility (Y), water vapor transmission rate (Y,), tensile strength (Y,), elongation (Y,), and
thickness (Y ).

2.5 Coating application on the surfaces of shrimp and strawberries

The sorted strawberries and shrimp were rinsed with sterilized deionized water, then pre-treated by immersion in a
CaCl, solution for 5 minutes. Samples without coating treatment were assigned as the control. The coating was applied
onto the surface of both samples using a brushing technique, then dried at room temperature for 1 hour to remove the
excess coating (kept under a UV lamp to prevent microbial contamination). Both samples were packed in polyethylene
terephthalate (PET) clamshell containers and stored at room temperature (28 °C + 5 °C).

2.6 Characterization of edible film

2.6.1 Film thickness

The film thickness was measured with a digital caliper at a precision of 0.01 mm. Measurements were taken at five
distinct spots across the film’s surface with uniform thickness and a smooth surface. The thickness value was reported as
the average of five measurements, referencing the method of Zhang et al. (2023).

2.6.2 Mechanical properties

The tensile strength (TS) and elongation at break (EAB) were determined using a Universal Testing Analyzer
(IMADA). The samples were cut into a specific dumbbell shape, as illustrated in Figure 1. Each sample was secured onto
the instrument’s probe with the initial grip separation set at 60 mm at a speed of 1 mm/s. Mechanical properties were
measured in triplicate for each formulation, under controlled environmental conditions (RH 50%, 25 °C).
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Figure 1. Film specimen used for TS and EAB testing.

2.6.3 Water solubility and water vapor transmission rate (WVTR)

The water solubility of the film was determined by a gravimetric method based on the previous study (Abdillah &
Charles, 2021). Films were cut to a length of 30 mm and a width of 10 mm, then dried for 24h at a temperature of 105 °C.
The dry weight of the film was recorded as the initial dry weight (W, ). The film was immersed in 50 mL of deionized water
for 24h at room temperature and then filtered using Whatman No. 40. The undissolved film residue on the filter paper was
subsequently dried at 105 °C for 24h. The final weight of the dried residue was recorded as W,. The percentage of film
solubility (%) was calculated using the following Equation 1:

S (%) = x100% )

_Wo-w1

w1
where: W represents the initial dry weight of the sample (g), and W, represents the final weight of film residue after
immersion (g).

The film’s water vapor transmission rate (WVTR) was determined using a modified gravimetric method based on
ASTM E-96 (American Society for Testing and Materials, 2017). A 50 mL polypropylene Falcon tube was filled with 30
grams of dried silica gel. The films, measuring 50 mm x 50 mm, were then sealed tightly using a rubber band to ensure
full coverage of the tube mouth. The tubes were then placed inside a desiccator loaded with a saturated NaCl solution to
maintain a controlled environment of 75% relative humidity (RH). The weight of the tubes was measured every 30 minutes
for 8h. The WVTR was calculated using the following Equation 2:

WVTR (g/mz.day) -5 2)
A xt

where: g represents the weight change (mass gain) of the silica gel in grams, A represents the exposed surface area of the
film contact on the tube (m?), and t represents the storage time interval (Togas et al., 2017).

2.7 Antimicrobial activity

The antimicrobial activity of the film was evaluated using the Kirby-Bauer disc diffusion method (Semeniuc et al., 2017).
The test bacteria used in this study were E. coli (Gram-negative) and S. aureus (Gram-positive). A sterile cotton swab was
immersed in the microbial suspension for 5 seconds, and excess liquid was removed by pressing the cotton against the side
of the tube. The swab was then streaked evenly across the entire surface of the Mueller Hinton Agar (MHA) and allowed to
dry. The films were cut into 6 mm diameter, sterile paper discs were loaded with 20 uL. Chloramphenicol (positive control)
and deionized water (negative control). All test samples were placed onto the MHA using sterile tweezers. The petri dishes
were incubated at 37 °C for 10-12h. The diameter of the inhibition zone (clear zone around the film and paper disc) was
measured using a digital caliper and reported in millimeters (mm).

2.8 Effect of edible coating application based on the physicochemical analysis

2.8.1 Surface colour

The colour properties of the food samples were measured using a colour reader. This instrument operates based on
the Beer-Lambert Law, using the absolute L*, a*, b*. The colour parameters recorded as L* (lightness), a* (red-green),
b* (yellow-blue). Measurements were taken at five distinct spots across the surface of each food sample.
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2.8.2 Texture: puncture testing

The texture of the food samples was determined using a Universal Tester Analyzer (IMADA) (De Bruno et al., 2023).
A cylindrical flat probe with a 5 mm diameter was used in this test. To determine the hardness, the probe was penetrated
the samples (samples were positioned perpendicular to the probe). This testing was carried out with three replicates for
each sample type.

2.8.3 Weight loss percentage

The weight loss of the sample during storage was determined by calculating the percentage of total mass loss of the
initial sample weight. The measurement was performed with three replicates, and the result was calculated using the
following Formula 3:

%Weight Loss = Mx 100% 3)
Winitial

where: W initial represents the initial weight of the sample (g) and W final represents the final weight of the sample after

the storage period (Khodaei et al., 2021).

2.8.4 Total plate count

The total microorganism count of the sample was evaluated using the total plate count (TPC) method. The food
samples were mashed with peptone solution at a 1:10 ratio (w/v) using a stomacher for 2 minutes to homogenize the
mixture. The suspension was inoculated onto Plate Count Agar (PCA) using the spread plate method, then incubated
for 48h at 37 °C. Microbial colonies were counted using a colony counter, and all counts were expressed as log
CFU/mL.

2.9 Statistical analysis

RSM and model development were conducted using Design Expert 13.0.5.0. Subsequently, Analysis of Variance
(ANOVA) for the experimental data, including film properties and food application, was performed using Minitab 19.
A model was considered accurate if it met the following criteria: significant response model (p < 0.05), non-significant
lack of fit (p > 0.05), maximum difference between adjusted R* and predicted R? less than 0.2, and adequate precision
greater than 0.4. The optimal formulation was selected based on high TS, EAB, and low solubility, WVTR. The software
generated a new optimal formula, characterized by the highest desirability score. The recommended formula was then
verified to validate the accuracy of the predicted response (T-test using Minitab 19).

3 Results and discussion

3.1 Experimental design and optimization

The measured values for the responses, including Y, = solubility; Y, = water vapor transmission rate (WVTR); Y, =
tensile strength (TS); Y, = elongation at break (EAB); Y = thickness across the various edible film formulations are
shown in Table 1. The results of the ANOVA, presented in Table 2, indicated that all selected models were statistically
significant (p < 0.05). The models were recommended by the software based on the highest R? value: linear for thickness;
quadratic for elongation; and 2FI for tensile strength, WVTR, and solubility. These high R? values demonstrate that the
chosen models offer an acceptable fit to the experimental data and are reliable for predicting the trend of the responses
under the experimental conditions.

Based on the models recommended by Design Expert (Table 2), all responses showed statistically significant
models, evidenced by a p-value less than 0.05 and a non-significant lack of fit (p > 0.05). A non-significant lack of
fit confirms that the recommended model is well-fitted and appropriate for predicting the response (Greenland et al.,
2016). The experimental ranges of each response, along with the corresponding RSM model equations, are summarized
in Table 3.
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Table 1. Experimental design showing the measured mechanical properties of the edible film with X (sodium alginate, % w/v) and
X, (CPE, % v/v) as variables.

Responses
Runs X, X, — -
Y1 Solubility (%) Y2 WVTR (gm?h) Y3 TS (MPa) Y4 EAB (%) Y5 Thickness (mm)

Run 1 1.50 15.00 68.25 0.2813 0.0053 69.00 0.145
Run 2 1.50  22.07 72.19 0.3006 0.0047 71.00 0.149
Run 3 1.50 15.00 68.34 0.2681 0.0057 69.00 0.153
Run 4 1.00  20.00 68.12 0.2691 0.0047 80.33 0.101
Run 5 1.50 15.00 67.82 0.2888 0.0040 68.33 0.146
Run 6 2.21 15.00 79.86 0.2848 0.0067 65.00 0.196
Run 7 2.00 10.00 78.77 0.2481 0.0083 69.00 0.166
Run 8 0.79 15.00 57.35 0.2639 0.0033 76.67 0.082
Run 9 2.00  20.00 71.35 0.3338 0.0040 63.33 0.180
Run 10 1.50 7.92 64.67 0.2631 0.0049 67.00 0.155
Run 11 1.00 10.00 50.53 0.2621 0.0025 68.00 0.094
Run 12 1.50 15.00 67.20 0.2709 0.0043 68.00 0.127
Run 13 1.50 15.00 68.33 0.2898 0.0054 69.23 0.146

CPE = coffee pulp extract; WVTR = water vapor transmission rate; TS = tensile strength; EAB = elongation at break.

Table 2. Analysis of variance (ANOVA) for the fitted models.

Responses Model Significant (p <0.05)  Lack of Fi t (p > 0.05) R? Adj. R? Pred. R? Adeq. P
Thickness Linear <0.0001 0.5432 0.9300 0.9160 0.8766 23.9771
EAB Quadratic <0.0001 0.9634 0.9944 0.9903 0.9848 57.0424
TS 2F1 <0.0001 0.9601 0.8976 0.8635 0.8336 18.9023
WVTR 2F1 0.0002 0.6885 0.8749 0.8332 0.7217 15.3170
Solubility 2F1 <0.0001 0.1521 0.9936 0.9914 0.9775 71.4519

R? = coefficient of determination; Adj. R* = adjusted R?; Pred. R? = predicted R* Adeq. P =adequate precision; EAB = Elongation at Break; TS = Tensile Strength;
WVTR = Water Vapor Transmission Rate.

Table 3. Summary of experimental ranges and model equations for response variables.

Responses Unit Experimental Range (Min-Max) RSM Model Equation
Thickness mm 0.082-0.196 y=0.1415 + 0.0390X, +0.0016X,
EAB Mpa 63.33 -80.33 y=68.71 —4.06X, + 1.54X, - 4.50X X, + 1.12X >+ 0.2059X ?
TS % 0.0025 —0.0083 y =0.0049 + 0.0012X, - 0.0003X, —0.0016X X,
WVTR gm>h’! 0.2481 —0.3338 y =0.2788 + 0.1000X, + 0.0182X, +0.0197X X,
Solubility % 50.53 -79.86 y=6791+791X, +2.60X,-6.25X X,

EAB = Elongation at Break; TS = Tensile Strength; WVTR = Water Vapor Transmission rate.

3.1.1 Thickness

Thickness is a crucial factor of edible films, significantly influencing the shelf life of food products. According to the
Japanese Industrial Standard (JIS), the ideal thickness for edible film is < 0.25 mm. The response model analysis shown in
Table 2 indicates that both of the variables significantly affect film thickness (p < 0.05), and the interaction is best described
by a linear model. The observed film thickness for all formulations in this study ranged from 0.082 mm to 0.196 mm. The
contour surface plot for the thickness response, illustrated in Figure 2, presents a 3D view of the interaction between the
independent variables. Figure 2e demonstrates that increasing the concentration of both alginate and CPE directly correlates
with an increase in film thickness. The primary mechanism is due to sodium alginate’s role as a polysaccharide. Thus, an
increase in its concentration leads to higher solution viscosity, so the film thickness increases. Similar findings confirm
that the concentration of dissolved solids in the film solution is a key factor affecting thickness. Higher concentrations of
alginate result in a more viscous solution and, subsequently, a thicker film (Tan et al., 2024).
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3.1.2 Tensile strength (TS) and elongation at break (EAB)

The composition of the edible film is closely related to TS and EAB. TS is defined as the maximum stress that a material
can withstand when subjected to tension or strain before breaking, while EAB represents the percentage of maximum change
in the edible film’s length when stretched before the film breaks. The response model analysis shown in Table 2 indicates
that the interaction between alginate and CPE significantly affects TS. An increase in sodium alginate concentration directly
correlates with an increase in TS. This phenomenon is attributed to the increasing bonding between monomers, leading to the
formation of a denser and more compact film matrix. Consequently, a greater force is required to break the film (Tan et al.,
2024). The contour surface plot shown in Figure 2b also shows that the TS increases with the increasing concentration of
sodium alginate, but decreases with the increasing concentration of CPE. In the present study, the addition of polyphenolic
extract tended to increase the TS. This enhancement is likely due to the strengthened intermolecular hydrogen bonding
between the polymers (Pan et al., 2025). However, the effect of CPE on TS depended on its concentration and formulation
conditions, where lower concentrations improve the film structure, while excessive addition may disrupt the polymer matrix,
leading to reduced TS. In this study, at the concentrations applied, the concentration of CPE may be attributed to differences
in the formulation composition, particularly the ratio between CPE and sodium alginate and the incorporation method. This
finding supports the hypothesis that at those concentrations used in our study, the CPE may form aggregates, which prevents
the uniform integration of the active compounds, thus weakening the matrix and decreasing the intermolecular interactions
(Lopez-Polo et al., 2024). Based on the analysis generated by the program, the best-fit model suggested for this response
was the Two-Factor Interaction (2FI). Although the experimental design supported a quadratic model, the ANOVA results
indicated that the quadratic component was not statistically significant, making the 2FI model more suitable.

Based on the response model analysis shown in Table 2, both variables significantly affect EAB (p <0.05). The quadratic
model suggested by the program indicates that the elongation response is influenced by the concentration of alginate, CPE
and the interaction between them. The contour surface plot (Figure 2c) shows that the addition of alginate has an inverse
correlation with EAB, but a direct correlation with the CPE. The brittle characteristic of sodium alginate films is attributed
to their molecular structure, which is composed of long chains of mannuronate (M) and guluronate (G) blocks. This M/G
block pattern forms a rigid and less flexible film matrix, consequently leading to lower elongation values. The addition of
CPE also influences elongation, at a certain concentration, the extract’s polyphenol has been shown to enhance the EAB
value. This enhancement is due to the hydrogen bonds formed between the amino groups of chitosan and the polyphenol
compounds within the extract (Florez et al., 2022).

3.1.3 Water solubility and water vapour transmission rate (WVTR)

Solubility describes a material’s capacity to dissolve in water, and is closely related to its hydrophilic nature. Edible
films made from polysaccharides generally exhibit high solubility values due to their hydrophilicity. The response model
analysis presented in Table 2 shows that both variables significantly affect the solubility and WVTR. The contour surface
plot (Figures 2a and 2d) demonstrates that increasing the concentrations of both alginate and CPE, directly correlates
with a simultaneous increase in solubility and WVTR. Generally, an increase in polysaccharide concentration in the
solution should reduce the solubility and WVTR of the edible film. This is because increasing the dissolved solids should
enhance the film matrix density, thereby reducing both values. However, the observed phenomenon of increased solubility
in this study may be attributed to the high affinity of the solution, which is driven by the hydrophilic nature of the film
matrix components such as chitosan, sodium alginate, and CPE (Herrera-Vazquez et al., 2022). Furthermore, increasing
the alginate concentration in the formula can increase the number of water-conjugated hydrogen bonds formed between
the film components and sodium alginate. This structural modification facilitates water diffusion and vapor transmission,
thereby increasing both solubility and WVTR. Additionally, the thickness of the edible film directly affects the WVTR, a
thicker edible film results in a lower water vapor transmission rate because the matrix is denser. Despite this expectation,
similar findings were reported that this phenomenon may indicate that the ratio and combination of components in the
formulation is unbalanced, resulting in a low water vapor barrier capability (Chen et al., 2022).

3.1.4 Optimal formulation and validation

The optimal edible film formula was determined by optimizing the alginate and CPE concentrations against the defined
responses. The Response Surface Methodology (RSM) CCD, executed via the Design Expert 13.0, was utilized for this
formula optimization. The program recommended a total of four best formula solutions, and one specific formula was
selected for validation based on the highest desirability, which was performed in triplicate. Based on the analysis of factor
responses, the best formula within the given factor ranges was 1% (w/v) alginate and 20% (v/v) CPE, with a desirability
value of 0.654 (65.4%). The T-test between the predicted and actual values for all responses concluded that the p-value
was 0.185 (> 0.05), indicating that the actual data did not significantly differ from the predicted data (Table 4). Therefore,
it is concluded that the optimization targets determined by the program were confirmed by the actual validation results.
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Table 4. Verifications results of the optimum formula and predicted response values.

95% Interval Prediction

Responses Validated Responses Predicted Responses
Lower Upper
Thickness (mm) 0.1010 £ 0.0011 0.1040 0.0920 0.1160
TS (MPa) 0.0046 £ 0.0002 0.0050 0.0041 0.0059
EAB (%) 77.3766 + 3.9870 80.1440 79.3200 80.9700
WVTR (gm?h') 0.2692 £ 0.0009 0.2673 0.2520 0.2826
Solubility (%) 64.9800 + 1.8256 68.8460 67.6200 70.0700

The validation data are presented as the average of 3 replicates + standard deviation. TS = tensile strength; EAB = elongation at break; WVTR = water vapor
transmission rate.

3.2 Nano Coffee Pulp Extract (NCPE) edible film

In the development of active packaging, such as edible films, nanotechnology has been widely employed to enhance the
film’s physical properties and its functional activity, including antimicrobial and antioxidant properties (Zhao et al., 2023).
In this study, the best formula was further developed using nanotechnology, using ultrasonication, and characterized by the
same five responses: thickness, elongation, tensile strength, water vapor transmission rate, and solubility (Table 5). Based
on Table 5, the edible film with the addition of NCPE and treated with ultrasonication resulted in a decrease in thickness,
WVTR, and solubility, but an increase in TS and EAB. Ultrasonic waves are commonly utilized in food processing to
improve physical and functional characteristics through cavitation energy. The waves break down particles, causing the
old macrostructure to disintegrate and form a new matrix with the aid of cavitation bubbles. The cavitation bubbles rapidly
expand and collapse, generating intense shear force, high pressure, and an extreme local temperature increase that can alter
particle structure and break up aggregates within the sample (Prempeh et al., 2025). In this process, ultrasonic waves assist
in the breakdown and rearrangement of molecular structures, as well as the enhancement of non-covalent bonds (hydrogen
and electrostatic) between molecules. This leads to the formation of a film with a denser and more compact composition.
Furthermore, these waves improve solution homogeneity by intensifying the destruction mechanism of incompletely
dissolved molecules. This mechanism successfully explains the observed increase in tensile strength and EAB, and the
decrease in thickness, WVTR, and solubility (Keawpeng et al., 2022).

Table 5. Comparison of edible film characteristics with coffee pulp extract (CPE) and nano coffee pulp extract (NCPE) film.

Extracts Thickness (mm) EAB (%) TS (MPa) WVTR (g/m?/h) Solubility (%)
CPE film 0.1010 +£0.0010* 77.3766 + 3.9870* 0.0046 +0.0002* 0.2692 +0.0009* 64.9800 + 1.8256*
NCPE film 0.0820 + 0.0013° 91.1100 + 3.8490° 0.0082 +0.0013° 0.1794 + 0.0050° 58.4094 + 0.6020°

Data are presented as the average of 3 replicates + standard deviation. Different letter superscripts denote a significant difference between treatments (p < 0.05).
CPE = coffee pulp extract; NCPE = nano coffee pulp extract; EAB = elongation at break; TS = tensile strength; WVTR = water vapor transmission rate.

Table 6. Comparison of NCPE film properties with previously reported chitosan-alginate films.

References Thickness (mm) EAB (%) TS (Mpa) WVTR (gm?h) Solubility (%)
NCPE 0.0820 91.1100 0.0082 0.1794 58.4094
Orhotohwo et al. (2025) 0.0810 36.1900 6.8500 - 43.2800
Bhatia et al. (2023) 0.0530 21.4750 1.0460 - 100
Guzman-Pincheira et al. (2025) 0.0380 12.5000 30.000 - -

NCPE = nano coffee pulp extract; EAB = elongation at break; TS = tensile strength; WVTR = water vapor transmission rate.

As shown in Table 6, the thickness of the NCPE film was comparable to some reported values, but higher than others. This
variation may be attributed to the incorporation of coffee pulp nanoextract, which increases the total solid content, resulting
in a thicker film structure. TS of the NCPE film was significantly lower than those reported in previous studies, indicating
weaker mechanical strength. However, the EAB was substantially higher compared to literature values, suggesting a
more flexible and extensible film structure. Compared to other films, the NCPE film in this study exhibited a highly
flexible but mechanically weak structure, indicating a dominance of plasticization effects over reinforcement mechanism.
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Furthermore, the solubility of the NCPE film was higher than some reported values, but remained below highly soluble
systems, indicating moderate water sensitivity. Overall, compared to previously reported chitosan-alginate films containing
plant extracts, the incorporation of ultrasonication in this study shifts the film characteristics from a rigid toward a more
flexible and moisture-permeable structure.

3.3 Antimicrobial activity

The antimicrobial activity of the NCPE was tested to determine its effectiveness in inhibiting the growth of bacteria,
specifically E. coli and S. aureus (Figure 3). The antimicrobial assay was performed using the disc diffusion method, with
chloramphenicol as the positive control and distilled water as the negative control. The results showed that NCPE was
effective in inhibiting both E. coli and S. aureus, with inhibition zone diameters of 21.82 + 0.83 mm and 24.82 + 0.25 mm,
respectively. For comparison, the results for the CPE were obtained from a preliminary study, with inhibition zones of
18.00 £ 0.50 mm for E. coli and 14.50 £ 0.50 mm for S. aureus. The nano fabrication of CPE significantly enhanced the
diameter of the inhibition zone (p < 0.05). The film testing results (Table 7 and Figure 3) showed that the NCPE film
exhibited a larger inhibition zone diameter compared to the CPE film. A similar finding was reported, where ultrasonication
of edible films proved effective in improving the antimicrobial activity against Campylobacter jejuni, Escherichia coli, and
Pseudomonas aeruginosa (Keawpeng et al., 2022).

The applied ultrasonic waves are capable of breaking down particles, disrupting the film structure, and increasing the
release of bioactive compounds like polyphenols. Furthermore, the micro-cavitation within the film caused by the ultrasonic
waves can entrap the extract into the polymer pores, thereby boosting the antimicrobial activity. Several previous studies
have established that the use of nanotechnology enhances antimicrobial activity because the small and specific particle size
allows for complete penetration to the bacterial cytoplasmic membrane (Akhtari et al., 2025). Nano-fabricated particles
are more effective at inhibiting microbes due to their larger surface area (Naqvi et al., 2019). This phenomena due to the
characteristic of the E. coli is a Gram-negative bacterium, which have more complex cell wall structure and an outer
membrane containing lipopolysaccharides, which make it more selective and resistant to foreign substance penetration
compared to the Gram-positive S. aureus.

Table 7. Antimicrobial activity: comparison of NCPE film and CPE film against E. coli and S. aureus.

Diameter of Inhibition Zone (mm)

Edible Film Type

E. coli S. aureus
CPE 11.77 £0.91 15.18+1.33
NCPE 16.96 £0.78 19.75 £ 0.36

Data are presented as the average of 3 replicates + standard deviation. CPE = coffee pulp extract; NCPE = nano coffee pulp extract.

E. coli S. aureus

Figure 3. Antimicrobial activity of CPE film and NCPE film against E. coli and S. aureus.
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3.4 Particle size

Particle size measurement is an essential parameter for determining the encapsulation efficiency and the release of
active compounds. Furthermore, an uniform size distribution is also crucial for determining the homogeneity of molecular
size (Akhtari et al., 2025). The cumulative NCPE curve in Figure 4 exhibits a sharp peak, indicating that the particle
distribution is homogeneous. The mode, which represents the most dominant particle size in the extract, was 0.032 pm,
while the mean, representing the overall average particle size in the sample, was 0.031 pm (31 nm). Therefore, it can be
concluded that the ultrasonic waves were effective in breaking down primary particles and aggregates, resulting in a particle
size reduction up to 99.99% (from the previous size of 5.820 um). This small size facilitates the complete penetration of
particles into bacterial cells, thereby enhancing the antimicrobial activity.
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Figure 4. Graph representing the particle size measurement of (a) CPE and (b) NCPE.

3.5 Application on food products: strawberries and white shrimp

3.5.1 Colour

Color is a critical parameter for assessing the quality of food products. The spoilage is often marked by melanosis
in shrimp or rapid color loss in strawberries. The results demonstrated that NCPE coating was effective in maintaining
brightness (L*) in shrimp compared to the control (Table 8 and Figure 5d-f). This protective effect, also reflected in the
a* value, indicated that the coating successfully inhibited oxidation and minimized protein denaturation, which causes
astaxanthin pigment release. The oxidation of unsaturated fats in shrimp produces compounds such as aldehydes, ketones,
secondary pigments, and damages astaxanthin so that the shrimp color intensity decreases and the L* value increases
(Li et al., 2024). Similarly, for strawberries (Table 9), the NCPE coating effectively maintained a stable L* from 24 to
120 h. While control strawberries showed a drastic decrease in the a* value within 12 hours, the NCPE coating samples
exhibited a significantly more stable and gradual decrease thereafter (p < 0.05). The enhanced stability of the a* and b*
values confirmed that the NCPE coating preserved the external quality of both fresh products.

In a similar study, the L* value of strawberries was not affected by the coating layer. However, changes in the L* value
can be related to environmental contamination, such as the growth of mold and mildew on the surface of the fruit skin
(Khodaei et al., 2021). The L* value can also be affected by the level of fruit ripeness; the riper the fruit, the lower the
brightness value. The application of the NCPE coating to strawberries and shrimp provides a barrier that prevents oxygen
absorption, thereby slowing the oxidation reaction. In addition, the presence of bioactive compounds such as phenolic
compounds from CPE can inhibit the growth of microbes, mold, and fungi, so that strawberries and shrimp can have a
longer shelf life. The results of colour tests conducted on strawberries and shrimp proved that NCPE coating can maintain
the colour of strawberry samples.
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Table 8. Effect of edible coating on vannamei shrimp appearance during storage at 25 °C + 5 °C.

Storage Time (h)

Control

NCPE coating

Table 9. Effect of edible coating on strawberries appearance during storage at 25 °C + 5 °C, 36 hours.

Storage Time (h)
0 12 24 36
Control @
bl ’ ‘-‘"'»
T \
NCPE coating

3.5.2 Weight loss

Weight loss during storage is a critical factor directly affecting the texture and quality of food products (Kamali et al.,
2024). As shown in Figure 6, the percentage of shrimp weight loss in the control treatment was generally and significantly
higher than in NCPE coating treatment. Specifically, at 12 hours, control shrimp showed a sharp decrease to 6.3% weight
loss, whereas NCPE coated shrimp only exhibited a smaller decrease of 1.85%. This protective effect is consistent with
other studies, where the chitosan-alginate coating acts effectively as a barrier and moisture-sacrificing agent, delaying the
immediate loss of moisture from the shrimp. The inclusion of nano-extracts further supports this mechanism by contributing
phenolic compounds that inhibit the oxidation of myofibrillar proteins and suppress microbial growth, thereby helping to
maintain the internal water content (Farajzadeh et al., 2016; Liu et al., 2020).

The trend was similar for strawberries. Control samples experienced a continuous and high percentage of weight loss over the
storage period, showing the highest decrease between 24 and 36h. In contrast, the NCPE coated strawberries exhibited a more
stable and significantly slower rate of weight loss. These findings align with previous research showing that coated strawberries
have a lower transpiration rate, confirming that the alginate-chitosan layer successfully prevents excessive water or moisture
loss, thereby effectively reducing the rate of weight loss and extending the product’s shelf life (Ali et al., 2021; Lee et al., 2022).
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Figure 5. Colour properties (L*, a*, b*) changes during storage at 25 = 5 °C of untreated control and edible coating
nanoextract (NCPE coating) on (a-c) strawberries and (d-f) vannamei shrimp.
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Figure 6. Weight loss of (a) vannamei shrimp and (b) strawberries during storage at 25 °C = 5 °C of untreated control
and edible coating nano coffee pulp extract (NCPE coating).

3.5.3 Texture/puncture

The texture analysis revealed a significant difference (p <0.05) in firmness retention between the NCPE coating samples
and the controls for both shrimp and strawberries (Figure 7). In the control shrimp, the rapid loss of texture was driven by
the denaturation of myofibrillar proteins, influenced by the migration of endogenous proteinase enzymes from the head to
the body during storage, which rapidly degraded the muscle structure. Conversely, the NCPE coated shrimp maintained
a stable texture because the bioactive phenolic compounds (such as phenol, chlorogenic acid, and gallic acid) from the
NCPE actively inhibited the activity of microbial proteolytic enzymes, keeping the shrimp texture denser for longer. In
addition, the covalent-non-covalent bond between chitosan and myofibrillar protein also improves the texture of shrimp
during storage (Huang et al., 2023). Similarly, in strawberries, the control exhibited a significant decrease in firmness that
is directly linked to water loss and the corresponding decrease in cell turgor pressure. The NCPE coating successfully
prevented this problem by acting as a semipermeable barrier that restricts respiration and moisture loss. The nanoparticles
within the coating played a crucial role by reinforcing this barrier structure, creating a zigzag diffusion path that efficiently
blocked permeates such as water vapour. This mechanical barrier, coupled with the antimicrobial properties, preserved the
cell structure and turgor, resulting in a significantly more stable and gradual decline in strawberry firmness throughout the
storage period (Shahat et al., 2020).
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Figure 7. Puncture test of (a) vannamei shrimp and (b) strawberries during storage at 25 °C + 5 °C of untreated control
and edible coating nano coffee pulp extract (NCPE coating).
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3.5.4 Total Plate Count (TPC)

The TPC test results confirmed the effectiveness of the NCPE coating on both products (Table 10). The highest
bacterial growth was observed in the control shrimp, reaching 4.76 x 10® CFU/mL at 24h of storage. In sharp contrast,
shrimp coated with the NCPE had the lowest value at 24 hours (4.57 x 10° CFU/mL). The control sample’s rapid
growth confirms that the bacteria grow, leading to spoilage, whereas the coated sample showed inhibited growth,
which is consistent with other studies using similar antimicrobial coatings (Yuan et al., 2016; Kim et al., 2018).
Similarly, the strawberry samples with NCPE coating successfully survived at room temperature for 120h. While the
TPC value for the coated strawberries did increase 4.68 x 10'° CFU/mL by the end of the storage period, the survival
time confirmed that the coating significantly delayed spoilage compared to the rapid bacterial development observed
in the control.

This inhibitory capability is attributed to the dual antimicrobial mechanism of the coating components. First,
chitosan’s positive charged of amino groups interact with the negative charged of microbial cell membrane, causing
intracellular leakage, inhibiting protein synthesis, and microbial death. Second, the NCPE contains bioactive compounds
(alkaloids, flavonoids, saponins, and tannins) that disrupt cell permeability and inhibit bacterial respiration. Crucially,
the nano-sized particles significantly enhance this activity by enabling the bioactive compounds to completely damage
and penetrate the bacterial cell membrane, leading to more effective microbial death. Additionally, the chitosan-alginate
layer serves as a physical barrier against oxygen exchange, further inhibiting the growth of aerobic bacteria. These
results are consistent with findings that the ability of edible coatings to inhibit microbial growth gradually decreases
with prolonged storage periods (Oliveira Filho et al., 2021).

Table 10. Total Plate Count analysis of shrimp and strawberry during storage at 25 °C + 5 °C.

CFU/mL
Samples Treatments
12h 24h 36h 120h
. Control 8.67x 10°+0.73 4.76 x 108+ 0.87 R R
Shrimp -
NCPE coating 4.36x 10°+0.79 4.57x 10°+0.79 5.21x 108+ 0.8 R
Control - - 5.25x 10"+ 1.37 R
Strawberry -
NCPE coating - - 4.59x 107+ 0.47 4.68x 10'°+£0.97

Data are presented as the average of 3 replicates + standard deviation. R = the sample has been discarded (rotten).

4 Conclusions

The nano-fabrication of the optimal chitosan-alginate film, achieved through ultrasonication, proved to be a highly
effective strategy for developing advanced active packaging. The process successfully produced nano coffee pulp
extract (NCPE) with a particle size of 31 nm, significantly enhancing the film’s structural and functional properties,
including an increase in tensile strength (TS) by 78% and elongation at break (EAB) by 17.75%, along with
decreases in thickness by 18.81%, water vapour transmission rate (WVTR) by 33.36%, and solubility by 10.11%.
The NCPE coating improved food quality retention, as indicated by better maintenance of color and texture, and
provided a strong antimicrobial effect through nano-sized bioactive compounds. Consequently, the NCPE coating
extended the shelf life of fresh whiteleg shrimp by 36 hours and strawberries by 5 days at room temperature. This
research validates that ultrasonication modified the film structure toward desirable mechanical and barrier properties.
Nanotechnology is essential for unlocking the full potential of natural residues for sustainable and high-performance
food preservation applications.
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