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Abstract

This study developed and characterized bio-based active packaging materials using pectin (PEC) films enriched 
with clove essential oil (CEO)-loaded chitosan nanoparticles (CHNPs). CEO was encapsulated within CHNPs via 
an emulsion ionic gelation technique, with varying concentrations investigated. The extracted CEO exhibited 
potent antioxidant activity (IC50 of 2.7 ± 0.13 μg/mL). Optimal encapsulation efficiency reached 16% (0.04 g 
CEO), and maximum loading capacity was 8% (0.16 g CEO). CHNPs averaged 200 nm with zeta potential up to 
+27 mV. These CEO-CHNPs were then incorporated into PEC films via polyelectrolyte complexation. 
Physicochemical characterization showed that integrating CEO-CHNPs into the PEC matrix enhanced the films' 
mechanical and thermal properties and improved their stability. Crucially, the in vitro antibacterial activity against 
Pectobacterium carotovorum subsp. carotovorum (Pcc), a significant post-harvest phytopathogen, was rigorously 
assessed. All tested formulations exhibited inhibitory activity against Pcc. Notably, CEO-CHNPs (0.16 g CEO 
initial load) at 0.3% (w/v) achieved total inhibition of Pcc growth at both 1- and 2-days post-inoculation. While 
some formulations showed decreased inhibition over time, the CHNPs+0.16 CEO formulation consistently 
demonstrated strong inhibitory capacity even at its lowest tested concentration (0.003% w/v). This enhanced 
potency is attributed to the synergistic action of CHNPs and CEO. These findings suggest CEO-CHNPs/PEC films 
are promising for extending food shelf-life, contributing to sustainable active packaging solutions.

Keywords: Chitosan nanoparticles. Clove oil encapsulation. Edible films. Enhanced film properties antimicrobial 
activity. Post-harvest spoilage
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1
2 1. Introduction

3 Active packaging technologies are gaining prominence in the food industry due to their potential to extend shelf 
4 life, enhance safety, and maintain the quality of food products (Sabbah et al., 2023; Al-Asmar et al.,2020; Mirpoor 
5 et al., 2024; Corrado et al., 2021). A relevant example of this approach is the bioactive packaging developed by 
6 Abdalrazeq et al. (2021) from whey proteins and essential oil extracted from the Palestinian wild plant Thymbra 
7 (Satureja capitata, L.) (Abdalrazeq et al., 2021). Their research demonstrated that the addition of this essential oil 
8 significantly improved the films' antimicrobial activity against the foodborne bacteria Enterococcus faecalis and 
9 Salmonella enterica in a dose-dependent manner (Abdalrazeq et al., 2021; Arciello et al., 2021). 

10 Beyond proteins, polysaccharides are also prominent bio-based materials gaining attention for active packaging. 
11 Pectin (PEC), an anionic polysaccharide primarily derived from Citrus fruits (e.g., Citrus sinensis), is widely used 
12 in the food industry due to its film-forming and gelling properties, often demonstrating favorable mechanical and 
13 barrier characteristics comparable to commercial plastics (Iijima et al.,2000; Giosafatto et al., 2014). To further 
14 enhance these properties and incorporate active functionalities, chitosan (CH), a linear cationic polysaccharide 
15 from crustacean shells, can be employed. CH's positive charge allows it to interact with PEC's negative charge 
16 through polyelectrolyte complexation, resulting in improved film properties (Hosseiniet al., 2023).

17 Additionally, CH can be formed into nanoparticles (CHNPs), which offer advantages such as biocompatibility, 
18 biodegradability, and non-toxicity (Hu et al., 2016; Younes et al., 2015). CHNPs are excellent carriers for active 
19 ingredients like clove essential oil (CEO), extracted from the buds of Syzygium aromaticum. This aromatic plant, 
20 cultivated in tropical and subtropical countries, is rich in bioactive compounds including eugenol, eugenyl acetate, 
21 and β-caryophyllene (Hasheminejad et al., 2019; Chaieb et al., 2007; Sebaaly et al., 2015). These compounds 
22 imbue CEO with potent antimicrobial and antioxidant properties, making it valuable for extending food shelf life 
23 and inhibiting spoilage (Hasheminejad et al., 2019; Chaieb et al., 2007; Sebaaly et al., 2015; Jamil et al., 2016). 
24 However, the direct application of CEO is limited by the volatile and slightly water-soluble nature of its 
25 components (Woranuch et al., 2013; Katouzian et al., 2016). Encapsulation of CEO within CHNPs offers an 
26 effective strategy to overcome these limitations and facilitate its incorporation into edible films (Giosafatto et al., 
27 2014). The ion gelation process, particularly the emulsion-ionic gelation technique, is a straightforward method 
28 that utilizes tripolyphosphate (TPP) as a crosslinker to form CHNPs. This technique is well-suited for enhancing 
29 active compound stability, preserving their beneficial properties, and controlling their release profile (Hejazi et 
30 al., 2023a, 2024b) 

31 While active packaging offers broad benefits, a critical challenge in extending the shelf life of fresh produce is 
32 the control of post-harvest phytopathogens. Among these, Pectobacterium carotovorum subsp. carotovorum (Pcc) 
33 poses a significant threat. This Gram-negative bacterium causes destructive soft rot, wilt, and black leg in various 
34 crops by producing enzymes that degrade plant cell walls (Lim et al., 2013). The widespread distribution and 
35 severe pathogenicity of Pcc underscore an urgent need for effective antimicrobial strategies to safeguard food 
36 products post-harvest.

37 In this study, we employed ion gelation to encapsulate clove essential oil (CEO) within chitosan nanoparticles 
38 (CHNPs), which were then incorporated into pectin (PEC) films via polyelectrolyte complexation, as described 
39 by Hejazi et al. 2023a, 2024b. We comprehensively characterized the resulting CEO-CHNPs/PEC films, 
40 evaluating their physicochemical properties (including CEO antioxidant activity, encapsulation efficiency, and 
41 loading capacity), mechanical and thermal properties, morphology, and water vapor permeability. Importantly, 
42 we also assessed the antibacterial activity of these films against the significant post-harvest phytopathogen, 
43 Pectobacterium carotovorum subsp. carotovorum (Pcc). This research aims to provide a comprehensive 
44 understanding of the properties of CEO-CHNPs/PEC films, contributing to the development of novel bio-based 
45 active packaging materials for enhanced food preservation.

46
47
48
49
50
51
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52
53 2. Materials and methods

54 Materials

55 PEC from Citrus peels (galacturonic acid content 93.5%; methoxyl content 9.4%; dry matter 55.3%; pKa=3.0–
56 4.5), CH (75–85% deacetylated chitin, poly-D-glucosamine, 50–190kDa), glycerol (GLY), sodium 
57 tripolyphosphate (STPP), Tween 80, and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were purchased by Sigma 
58 Aldrich, St. Louis, MO, USA); clove pods were from a local market in Naples, Italy, n-hexane was purchased 
59 from Carlo Erba Reagents (Val de Reuil, France). 

60

61 2.1. Clove essential oil (CEO) extraction and antioxidant activity evaluation

62 Clove flower buds were crushed using a Knife Mill (Retsch GmbH, Haan, Retsch-Allee, Germany) to extract 
63 clove oil using the Soxhlet apparatus for oil extraction through distillation as described by Mirpoor et al., 2022 
64 with some modifications. Approximately 25 g of clove buds were ground for oil extraction using n-hexane 
65 distillation. The resulting powder was placed into a filter paper extraction thimble, which was then inserted into 
66 the lower part of the Soxhlet extractor. A flask containing 200 mL of n-hexane was positioned below, and the 
67 system was heated to a temperature of 100ºC. The Soxhlet column was connected to a reflux condenser, and the 
68 entire setup was heated on a mantle until n-hexane began to boil. During the process, the boiling vapor ascended 
69 through the condenser, condensed, and fell back onto the porous thimble containing the powdered sample. This 
70 mixture was collected in the receiver of the Soxhlet extractor setup over 6 hours. Subsequently, the extracted oil 
71 was concentrated using a rotary evaporator (STRIKE 300, Steroglass S.r.l -Perugia, Italy), and the CEO yield was 
72 calculated as follows:

73 %𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑒𝑠𝑠𝑒𝑛𝑡𝑖𝑎𝑙 𝑜𝑖𝑙 = [𝐸𝑠𝑠𝑒𝑛𝑡𝑖𝑎𝑙 𝑜𝑖𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
𝑆𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

× 100]     (1)

74 The antioxidant activity of CEO was evaluated using the technique of radical scavenging capacity with 1,1-
75 diphenyl-2-picrylhydrazyl (DPPH) radical according to the method of Lesjak et al., 2018. Ten microliters of each 
76 sample, with initial concentrations of CEO from 0.01 to 10 mg/mL were combined with 100 μL of 67.5 μmol/L 
77 DPPH solution in methanol. The resulting mixture was then diluted with an additional 190 μL of methanol. In the 
78 control group, 10 μL of the sample was replaced with distilled water. For blank probes, 290 μL of methanol was 
79 mixed with each sample (10 μL), while the blank probe for the control involved the addition of only 300 μL of 
80 methanol. Absorbance measurements were taken at 515 nm after 1 hour using a microplate reader (Benchmark 
81 Plus, BIO-RAD Laboratories, Inc, Italy), and all samples and controls were prepared in triplicate. The antioxidant 
82 potential of each sample concentration was determined by calculating the percentage of inhibition using the 
83 formula (2) where the absorbance was corrected for the corresponding blank probe values.

84 % 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = ⌊𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 ― 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

× 100⌋     (2)

85

86 Inhibition-concentration curves were constructed using OriginLab software, version 2023b for Windows with the 
87 Growth/ Sigmoidal function category (Roundhouse Plaza, Northampton, MA, USA), and IC50 values (the 
88 concentration of the extract inhibiting DPPH radical formation by 50%) were determined. The results for each 
89 assay were expressed as the mean ± standard deviation (SD) based on three measurements.

90 2.2. Clove essential oil (CEO) encapsulation

91 Oil-loaded and unloaded particles were prepared in two steps: droplet formation and solidification, adapting the 
92 methodology of Hosseini et al., 2019. First, CH solution (1% w/v) was dissolved in 1% (v/v) acetic acid solution 
93 by stirring overnight at 25°C. The pH was then adjusted to 4.6 with 0.5 N NaOH, and 0.45 g of Tween 80 (HLB 
94 15.9) was added as an emulsifier to 40 mL of the CH solution. After stirring at 45°C for 2 hours, the desired 
95 amount of CEO (0.04, 0.16, or 0.32 g) was dissolved in 4 mL of CH₂Cl₂ and gradually dropped to the aqueous 
96 CH solution. The mixture was then agitated at 700 rpm for 10 minutes at 25°C in an ice bath using an Ultra-Turrax 
97 T25 basic (IKA, Germany) to create an oil-in-water emulsion. Next, 40 mL of 0.4% (w/v) STPP solution was 
98 prepared in distilled water and added to the emulsion. The mixture was agitated for 30 minutes to facilitate 
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99 crosslinking, and the final pH was adjusted to 4.6. Unloaded particles were prepared using the same procedure, 
100 omitting the addition of CEO. The resulting CEO-CHNPs were collected by centrifugation (Avanti J-20 XP, 
101 Beckman Coulter, Brea, CA, USA) at 9000×g for 30 minutes at 4°C, washed multiple times with a 1% (v/v) 
102 aqueous Tween 80 solution, and then dispersed in distilled water. The dispersion was sonicated for 10 minutes 
103 using a Bandelin SONOPULS ultrasonic homogenizer (Binder, Tuttlingen, Germany) with a sequence of 3 
104 seconds sonication and 7 seconds rest. The homogenized dispersions were stored at 4°C until further analysis. A 
105 portion of the prepared dispersions was freeze-dried at −40°C for 24 hours (Thermo Savant Modulyo Benchtop, 
106 USA).

107

108 2.3. Encapsulation efficiency (EE), loading capacity (LC) and yield determination

109 To assess the effectiveness of the encapsulation process, the loading capacity (LC) and encapsulation efficiency 
110 (EE) of CEO in CHNPs were analyzed using UV-vis spectroscopy (SmartSpec™ 3000, Bio-Rad Laboratories, 
111 Inc - Italy). A 1:1 (w/w) ratio of CH to STPP was used for the preparation of CHNPs. The methodology followed 
112 the procedures outlined by Rahaiee et al., 2015; Feyzioglu and Tornuk, 2016 with some modifications. For the 
113 determination of CEO encapsulation, 10 mg/mL CEO-CHNPs were mixed with an aqueous hydrochloric acid 
114 solution (2M, 5 mL) and boiled at 95°C for 30 min. After cooling, 1 mL of ethanol was added, and the mixture 
115 was centrifuged. Blank CHNPs were also prepared using the same method. CEO loading was determined by UV-
116 vis spectroscopy at 282 nm using a standard curve. The measurements were conducted in triplicate. Encapsulation 
117 efficiency (EE), loading capacity (LC) and yields were calculated using the following formulas:

118 % 𝐸𝐸 = ⌊𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝐶𝐸𝑂
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐶𝐸𝑂

× 100⌋        (3)

119 % 𝐿𝐶 = ⌊𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝐶𝐸𝑂
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑟𝑒𝑒𝑧𝑒 𝑑𝑟𝑖𝑒𝑑 𝑁𝑃𝑠

× 100⌋        (4)

120 % 𝐶𝐻𝑃𝑠 𝑌𝑖𝑒𝑙𝑑 = ⌊ 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑟𝑒𝑒𝑧𝑒 𝑑𝑟𝑖𝑒𝑑 𝑁𝑃𝑠
𝑆𝑢𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡𝑠 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠

× 100⌋   (5)

121 2.4. Fourier Transform Infrared Spectroscopy Analysis (FTIR)

122 Spectra were recorded by an FTIR instrument (JASCO FT/IR-4700, JASCO EUROPE S.R.L., Italy), and 64 scans 
123 interferogram was collected with a variable path length cell and KBr windows. Samples were combined with dry 
124 KBr. The grounded mixture was then pressed into a transparent desk. The spectra were recorded at a straight 
125 baseline of 400–4000 cm-1.

126 2.5. Pectin-based films prepared with clove essential oil-chitosan encapsulated nanoparticles (CEO-
127 CHNPs/PEC)

128 Pectin-based films were prepared by incorporating CEO-CHNPs. Citrus pectin (PEC) was used to prepare a 2% 
129 (w/v) stock solution. A 40 mL aliquot of this solution was mixed with 30% GLY (w/v, relative to PEC) as a 
130 plasticizer, and the pH was adjusted to 7.2 using 0.1N NaOH. Three experimental groups were prepared, each 
131 containing 5 mg of freeze-dried CEO-CHNPs (prepared at CH to CEO mass ratios of 1:0.1, 1:0.4, and 1:0.8) 
132 dissolved in 10 mL of 1% acetic acid and blended with the PEC solution using a polyelectrolyte complexation 
133 approach Hejazi et al., 2023a, 2024b. Two control groups were also prepared: one containing 5 mg of freeze-dried 
134 CHNPs without CEO, dissolved in 10 mL of 1% acetic acid and added to the PEC solution, and another consisting 
135 of a pure PEC film (40 mL PEC with 30% GLY mixed with 10 mL distilled water). The resulting film-forming 
136 solutions (FFSs) were cast onto leveled 8 cm diameter polystyrene Petri dishes and dried at 25°C and 50% relative 
137 humidity for 48 hours. The dried films were then conditioned in a desiccator at 25 °C and 50-55% RH using a 
138 saturated Mg (NO3)2.6H2O before analysis. This resulted in the formation of a homogeneous and handleable PEC 
139 film containing CEO-CHNPs. These films were named as follows: 0 CEO-CHNPs/PEC, 0.1 CEO-CHNPs/PEC, 
140 0.4 CEO-CHNPs/PEC, and 0.8 CEO-CHNPs/PEC, corresponding to the following ratios between CH to CEO: 
141 1:0.0, 1:0.1, 1:0.4, and 1:0.8 (where PEC stands for 800 mg of pectin).

142

143

144

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5369473

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



145 2.6. In vitro evaluation of antibacterial activity against Pectobacterium carotovorum subsp. carotovorum 
146 (Pcc)

147 CEO,CH, CHNPs and CEO-CHNPs (CHNPs+0.04CEO, CHNPs+0.16CEO, CHNPs+0.32CEO) were tested to 
148 evaluate the bacterial growth (BG) inhibition of Pcc. The substances were tested at 0.3%, 0.03% and 0.003% (w/v 
149 or v/v only for CEO) dilutions. All the substances are soluble in water, only CEO was dissolved in dimethyl 
150 sulfoxide (DMSO): 40 μL of CEO were added to 525 μL DMSO. Each substance at different concentrations was 
151 tested in three replicate wells containing bacteria and three wells without bacteria. Each well was filled with 
152 180 μL of the test substance and 20 μL of either the bacterial suspension in nutrient broth (NB) (OD600= 0.01) or 
153 sterile NB for the blanks. Additionally, three wells with bacteria in NB and three with sterile NB were prepared 
154 as positive and negative controls respectively. For CEO, dissolved in DMSO, references with a corresponding 
155 concentration of DMSO but without the compound were used as background. The microplate was incubated at 26 
156 °C at 100 rpm and the bacterial growth was evaluated measuring OD600 after 1- and 2-day post inoculation (dpi). 
157 The experiment was repeated twice. CREA-DC 1241 Pcc strain was selected from the collection of Research 
158 Centre for Plant Protection and Certification, Council for Agricultural Research, and the Analysis of Agricultural 
159 Economics (CREA-DC). The strain was freeze-dried for preservation and grown on Nutrient Agar 0.25% d-
160 glucose (NAG) for three days at 26 °C before proceeding with in vitro analysis. After three days the bacteria were 
161 collected from NAG plates and suspended in NB and the optical density were adjusted to OD600= 0.01.  
162 Statistical analysis was carried out using GraphPad Prism 8 Software (GraphPad Software, San Diego, CA, USA). 
163 Differences between the control and treated samples were evaluated using one-way ANOVA and means were 
164 separated by Tukey’s test, with statistical significance defined as P < 0.05.

165

166 2.7. Film forming solution (FFS) and film characterization
167 2.7.1. Size and zeta potential

168 A Zetasizer Nano-ZSP (Malvern®, Worcestershire, UK) was employed to determine the size and zeta potential 
169 of both FFS and CHNPs. Three independent measurements were carried out on each sample (0.5 mg/mL).

170 2.7.2. Mechanical properties 

171 Evaluation of film mechanical behavior including Young's modulus (YM) tensile strength (TS) and elongation at 
172 break (EB) was performed using an Instron 5543A instrument (Instron Engineering Corp., Norwod, MA, USA) 
173 following the instructions of ASTM standard D882-97.

174 2.7.3. Water vapor permeability (WVP)

175 WVP of the film was assessed using a MultiPerm apparatus (ExtraSolution s.r.l, Pisa, Italy) following the standard 
176 method ASTM F1249-13. The WVP permeability was measured at 50% RH, 25°C, and 1.585 kPa. Before testing, 
177 the films underwent a 24-hour conditioning period at 50% RH and were enclosed in aluminum masks to decrease 
178 the film test area to 2 cm2. 

179 2.8. Thermal analysis

180 Thermal characteristics of freeze-dried CHNPs and PEC-based films were determined by thermogravimetric 
181 analysis (TGA) and differential scanning calorimetry (DSC). TGA was conducted with a TA Q50 (TA Instrument, 
182 New Castle, DE, USA) in an oxidative atmosphere (air, 600ml/min), heating the samples at 10°C/min up to 600°C. 
183 DSC was performed with a TA Q2000 (New Castle, DE, USA) equipped with a refrigerator cooling system (RCS), 
184 heating the samples from -50°C to 150°C at a 10°C/min heating rate.

185 2.9. Statistical analysis

186 The results are expressed as mean ± standard deviations from three replicates. Statistical analyses were conducted 
187 using Microsoft Excel software (Microsoft Office 2017). The data underwent t-test analysis, and significance was 
188 attributed to values with p<0.05.

189

190
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191 3. Results and Discussion

192 3.1. Clove essential oil (CEO) yield 

193 The final yield of CEO obtained was 18% ± 1. This yield is comparable to previously reported values of 19.5% 
194 obtained using supercritical fluid extraction (Guan et al., 2007). However, the Soxhlet extraction method, known 
195 for its milder conditions, is expected to favor the extraction of volatile compounds like eugenol, the primary 
196 component of CEO. It is worth noting that the particle size of the starting material can influence extraction yield, 
197 with smaller particles generally leading to higher yields due to increased surface area (Khajehet al., 2004; 
198 Reverchon 1997). However, a balance must be struck between maximizing extraction yield and preserving the 
199 desired composition of the CEO.

200 3.2. Clove essential oil antioxidant activity 

201 The effectiveness of antioxidants is often measured by IC50, which is the concentration needed to neutralize 50% 
202 of free radicals. Lower values indicate stronger antioxidant activity. In this study, CEO's antioxidant potential 
203 against DPPH radicals was evaluated at various concentrations (0.002 - 2.5 mg/mL). Fig. 1 shows a graph 
204 depicting the scavenging capability (ability to neutralize free radicals) increasing with concentration. Notably, 
205 CEO exhibited a potent scavenging ability with an IC50 of 2.7 ± 0.13 μg/mL obtained by DPPH, indicating its 
206 effective antioxidant potential. The robust antioxidant efficacy of CEO may be attributed to its high phenolic 
207 content, notably eugenol, which serves as a protective agent against damage induced by reactive oxygen species 
208 (Kiki et al., 2023). This aligns with findings from Selles et al. 2020 who reported an IC50 value of 4.82 ± 0.06 × 
209 10−2 μg/mL for the antioxidant activity of the same CEO by means of the DPPH assay.

210

211

212

213

214

215

216

217

218

219

220 Fig. 1. Dependence of inhibition (I mean %) on working concentration (C, μg/mL) of the clove essential oil (CEO) 
221 as investigated by DPPH free-radical-scavenging activity of CEO.  

222

223 3.3. Encapsulation efficiency (EE), loading capacity (LC), and yield

224 Table 1 presents the yield percentage of the encapsulated particles, with the loading of CEO into CHNPs 
225 decreasing as the amount of CEO increased, consistent with findings from Hosseini et al. 2023 EE ranged from 
226 3% to 16%, with the highest EE (16%) at CEO content of 0.04 g. Maximum EE was achieved at a CH to CEO 
227 weight ratio of 1:0.1. LC ranged from 8% to 3% with varying CEO content. The decline in EE at higher CEO 
228 concentrations is likely due to the saturation of CEO in CHNPs, as supported by previous research (Hasheminejad 
229 et al., 2019; Ajunet al., 2009; Yoksanet al., 2010).

230

231

232
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233 3.4. In vitro evaluation of antibacterial activity against Pectobacterium carotovorum subsp. 
234 carotovorum (Pcc)

235 As can be seen in Fig. 2 and 3, all tested products showed inhibitory activity against Pcc. In fact, all of them show 
236 statistically significant differences compared to their respective controls, except for CEO 0.003% v/v which shows 
237 the same BG as its control in DMSO (Fig 2a, 3a) and for Chitosan 0.003% w/v (Fig. 2b) and CHNPs+0.04CEO 
238 0.003% w/v (Fig. 2d) after 1 dpi. In many of the theses, BG values increased after two days and inhibition 
239 decreased at 2 dpi. This is probably due to degradation of the inhibitor molecules, but further investigations are 
240 needed. In Fig. 2a, 2c, 2e, 3a, 3c and 3e it’s possible to see that the most effective theses were CEO, CHNPs and 
241 CHNPs+0.16CEO at the highest concentration (0.3%) both 1 and 2 dpi, which showed total inhibition of BG. 
242 CEO 0.03% v/v showed very high inhibition, reducing BG by approximately half compared to the DMSO control 
243 0.03% v/v at both 1 and 2 dpi (Fig. 2a, 3a). Chitosan 0.3% w/v also caused a reduction in BG compared to the NB 
244 control at 1 dpi, but its activity appeared to have decreased at 2 dpi (Fig 2b, 3b). Chitosan 0.03% w/v showed a 
245 BG OD600 of 0.26 at 1 dpi and 0.37 at 2 dpi, also demonstrating a good inhibitory capacity related to NB control 
246 which had a BG OD600 respectively of 0.4 and 0.46 (Fig. 2b, 3b). Chitosan 0.003% w/v at 2 dpi achieved a similar 
247 result to Chitosan 0.03% w/v (Fig. 3b). CHNPs 0.03 and 0.003% w/v had similar inhibition as Chitosan 0.03% 
248 w/v at 1 dpi, but at 2 dpi reduced their activity (Fig. 2c, 3c). As for the CHNPs+0.04CEO thesis, the concentrations 
249 that achieved performances like Chitosan 0.03% w/v were 0.3 and 0.03% w/v at 1 dpi and 0.3 and 0.003% w/v at 
250 2 dpi (Fig. 2d, 3d). CHNPs+0.04CEO 0.03% w/v reduced its activity at 2 dpi, but there are no statistically 
251 significant differences compared to CHNPs+0.04CEO 0.003% w/v (Fig. 3d). CHNPs+0.16CEO 0.03% w/v had 
252 a good inhibition at 1 dpi showing a BG OD600 of 0.27 and at 2 dpi approximately halved the BG compared to NB 
253 control (Fig. 2e, 3e). CHNPs+0.16CEO 0.003% w/v showed a BG OD600 of 0.27 at 1 dpi and 0.33 at 2 dpi, 
254 demonstrating a good inhibitory capacity also at the lowest concentration (Fig. 2e, 3e). CHNPs+0.32CEO 0.3% 
255 w/v showed similar inhibition as Chitosan 0.03% w/v both at 1 and 2 dpi (Fig. 2f, 3f). CHNPs+0.32CEO 0.03% 
256 w/v demonstrated the same activity only at 2 dpi (Fig. 3f). At the lowest concentration CHNPs+0.32CEO had 
257 inhibition but very low (Fig. 2f, 3f). Analyzing these results, it is possible to mention the CHNPs+0.16CEO as a 
258 performing product, since its inhibition of BG it’s good even at the lowest concentration tested both after one and 
259 two days from inoculation.

260 The antibacterial activity of CH, CHNPs, CHNPs+EOs, and CEO against Pcc was confirmed in this study, in line 
261 with previous research (Sotelo-Boyas et al., 2015; Zhang et al., 2023; Jilkova et al., 2024). However, to the best 
262 of our knowledge, this is the first report demonstrating the antibacterial efficacy of the CHNPs+CEO combination 
263 specifically against Pcc. The results suggest that the simultaneous action of CHNPs and CEO enhances the 
264 antimicrobial effectiveness of the CHNPs+CEO formulation. This synergistic effect may be attributed to the 
265 unique properties of each component. Nanoparticles, due to their high surface area and ability to agglomerate on 
266 microbial membranes, increase contact with the cell wall and thus exhibit heightened reactivity (Sanpui et al., 
267 2008; Chen et al., 2009; Radzig et al., 2013). Meanwhile, CEO, particularly its main component eugenol, has 
268 been shown to inhibit the transcription of quorum sensing genes in bacteria, thereby reducing biofilm formation 
269 and the production of extracellular enzymes (Joshi et al., 2016). Together, these mechanisms likely contribute to 
270 the increased antimicrobial potency observed in the CHNPs+0.16CEO treatment.  

271
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272

273 Fig. 2. Bacterial growth in in vitro test of Pectobacterium carotovorum subsp. carotovorum after 1 dpi. (a) 
274 comparison of effect of CEO thesis with DMSO controls; (b) comparison of effect of chitosan thesis with NB 
275 control; (c) comparison of effect of CHNPs thesis with NB control; (d) comparison of effect of CHNPs+0.04CEO 
276 thesis with NB control; (e) comparison of effect of CHNPs+0.16CEO thesis with NB control; (f) comparison of 
277 effect of CHNPs+0.32CEO thesis with NB control. Different letters on top of the bars indicate a significate 
278 difference between the treatments according to Tuckey test P < 0.05. Identical letters indicate a no significant 
279 difference between the treatments.

280
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281

282 Fig. 3. Bacterial growth in in vitro test of Pectobacterium carotovorum subsp. carotovorum after 2 dpi. (a) 
283 comparison of effect of CEO thesis with DMSO controls; (b) comparison of effect of chitosan thesis with NB 
284 control; (c) comparison of effect of CHNPs thesis with NB control; (d) comparison of effect of CHNPs+0.04CEO 
285 thesis with NB control; (e) comparison of effect of CHNPs+0.16CEO thesis with NB control; (f) comparison of 
286 effect of CHNPs+0.32CEO thesis with NB control. Different letters on top of the bars indicate a significate 
287 difference between the treatments according to Tuckey test P < 0.05. Identical letters indicate no significant 
288 difference between the treatments.

289

290 3.5. Particle size and surface charge measurements of encapsulated particles

291 The impact of CEO addition on both size and surface charge, utilizing the ion gelation technique, was examined 
292 by means of a Zetasizer Nano, and is detailed in Table 1. Employing this method and introducing STTP led to a 
293 significant reduction in the average particle size. While it did not reach the typical nanoparticle range of 1-100 
294 nm, the resulting particles are still considered polymeric nanoparticles (Rodríguez et al., 2016; He et., 2010). 
295 Table 1 illustrates that untreated CH had an initial size of 1271 d.nm, while the addition of STPP reduced it to 
296 353 d.nm. This size reduction may be attributed to enhanced polymer chain packing, facilitated by the abundant 
297 amino groups in CH that interact with the STPP (Russo et al., 2014). Furthermore, the influence of increasing 
298 CEO concentration on the average size and surface charge of CEO-loaded particles was investigated. In our study, 
299 the addition of varying amounts of oil resulted in decreasing average size, measuring 261 d.nm, 287 d.nm, and 
300 212 d.nm for 0.04 g CEO, 0.16 g CEO, and 0.32 g CEO, respectively. Regarding surface charge, it was +67 mV 
301 for CH, decreasing significantly to +24 mV for the 1:0.0 CH: CEO ratio, and experiencing a slight increase with 
302 the highest CEO amounts, reaching +27 mV for the 1:0.8 CH: CEO ratio. Higher stability with a higher surface 
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303 charge might be attributed to the completion of ion crosslinking due to increased protonation of amino groups 
304 (Table 1) (Hasheminejad et al., 2019; Woranuch et al., 2013).

305

306 Table 1. Encapsulation efficiency (EE%) and loading capacity (LC%) of CEO in CH nanoparticles (CHNPs) 
307 determined by UV–vis spectrophotometry, and Z-average diameter and zeta potential of 0.5 mg/mL CHNPs 
308 loaded with CEO using dynamic light scattering.

CHNPs: CEO
mass ratio (w/w) %EE %LC Yield (%) Z-average diameter 

(d.nm)
Zeta potential 

(mV)
1:0.0:0.0 0 0 - 1271±170 67±1

1:1:0.0 0 0 11.6±2 353±15 a 24±3 a

1:1:0.1 16±0.83 3±0.3 17.6±1 b 261±31 a,b 23±2 a

1:1:0.4 13±2.0 8±0.5 18.5±3 b 287±34 a,b 26±3 a

1:1:0.8 3.0±0.4 c 4±0.1 c 14.2±1 b          212±40 a,b                 27±4 a

309 The values that are significantly different compared to CH indicated by “a” (p < 0.05); the values indicated by 
310 “b” are significantly different (p < 0.05) from CH unloaded with CEO; the values indicated by “c” are significantly 
311 different (p < 0.05) from 1:1:0.1 of CHNPs: STPP: CEO. 

312

313 3.6. Fourier transform infrared (FTIR) characterization

314 The chemical structure of CH powder, CEO, CHNPs, and CEO-loaded CHNPs were characterized by FTIR as 
315 illustrated in Fig. 2. The spectrum of CH exhibited distinctive peaks, including those at 3439 cm⁻¹ (O–H 
316 stretching), 2883 cm⁻¹ (C–H stretching), 1659-1553 cm⁻¹ (amide I stretching vibration), 1259 cm⁻¹ (C-N stretching 
317 and bending vibrations), 1378 cm⁻¹ (C–N stretching), 1157 cm⁻¹ (β−(1–4) glycosidic linkage), and 1074 cm⁻¹ (C–
318 O–C stretching of glucose ring) (Fig. 2a) (Woranuch  et al., 2013; Russo et al., 2014). The FTIR analysis identified 
319 characteristic peaks at 3439, 1659, 1550, 1324, 1594, 1422, and 1378 cm⁻¹, corresponding to N-H and O-H 
320 stretching vibrations, amide I and II, C-N stretching, and CH2 and CH3 deformations, respectively (Hejazi at al., 
321 2023a; 2024b). In the context of CHNPs, a comparative analysis of the CH spectrum (Fig. 2b) reveals notable 
322 changes. Most peaks in the CHNPs spectrum are sharper, and a shift to the right is observed, indicative of 
323 interactions between the functional groups of CH and STPP. The emergence of a new peak at 2926 cm-1 in the 
324 FTIR spectrum of CH with STPP, in contrast to neat CH, suggests the presence of aliphatic C-H stretching 
325 vibrations. This new peak is likely indicative of alterations in the aliphatic C-H bonding resulting from the 
326 interaction between CH and STPP.  Another new peak at 1740 cm-1 suggests that STPP may induce crosslinking 
327 reactions between CH molecules, potentially leading to the formation of new chemical bonds and the appearance 
328 of a carbonyl stretching peak. The interaction with STPP might also influence the degree of acetylation in CH, 
329 potentially resulting in the appearance of carbonyl groups. Moreover, specific changes in the FTIR spectrum 
330 include the shifting of the N–H₂ bending peak of amide II from 1553 to 1540 cm⁻¹. Additionally, new peaks at 
331 1096 and 1250 cm⁻¹ are observed, attributed to the stretching vibrations of PO₃ groups and P=O, respectively. 
332 These findings suggest complex formation through electrostatic interaction between the ammonium groups of CH 
333 and the phosphoric groups of STPP (Fig. 2b) (Sotelo-Boyás et al., 2017). The spectrum of pure CEO revealed 
334 numerous peaks corresponding to various volatile compounds, with notable peaks at 3525 cm⁻¹ (O–H stretching), 
335 2927–2850 cm⁻¹ (C–H stretching), and 1603 and 1431 cm⁻¹ (C=C stretching of the aromatic ring) (Fig. 2f) 
336 (Woranuch et al., 2013; Yoksan et al., 2010; Keawchaoonet al., 2011). Eugenol, a major component of CEO, 
337 exhibited characteristic peaks at 1511 cm⁻¹ and 1614 cm⁻¹, corresponding to the C=C stretching of the aromatic 
338 moiety. Additional peaks observed at 1265, 1236, 915, 818, and 795 cm⁻¹ were attributed to specific vibrational 
339 modes of eugenol and eugenol acetate (Fig. 2f). In the spectrum of CHNPs-CEO, where different amounts of 
340 CEO (0.04, 0.16, and 0.32 g) were encapsulated, peaks at 1731 cm⁻¹ (related to CH spectrum) and several peaks 
341 at 1539, 1265, 953, and 850 cm⁻¹ (related to CEO spectrum) were monitored (Fig. 2c-e). The increased intensity 
342 of peaks at 2926–2849 cm⁻¹ (C–H stretching) and 1454 cm⁻¹ (C=C stretching vibration of the aromatic ring) 
343 suggested potential interaction between CEO and CH matrix (Fig. 2c-e) (Woranuch et al., 2013; Yoksan et al., 
344 2010; Keawchaoonet al., 2011). Notably, the spectra of CEO-loaded CHNPs (Fig. 2 c-e) exhibited a new and 
345 intense peak at 1652 cm⁻¹, indicating the successful encapsulation of CEO within CHNPs. The shifting of this 
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346 peak to the right with increasing CEO amount further supported successful encapsulation and suggested changes 
347 in the chemical environment (Fig. 2c-e).

348

349

350 Fig. 2. FTIR spectra of (a) CH powder; (b) CH nanoparticles (CHNPs), (f) Clove Essential Oil (CEO), and CEO-
351 loaded CHNPs (c-e). The CHNPs/CEO ratios examined include (c) 1:0.1; (d)1:0.4; (e) 1:0.8.

352

353 3.7. CEO-loaded CHNPs thermal stability

354 The thermograms from the DSC investigations are shown in Fig. 3a, where a large exothermic peak can be 
355 recognized for each sample. This is related to the loss of water during the dehydration of CH (Keawchaoon et al., 
356 2011; Alkhader et al., 2017; De Mouraet al., 2008). When pristine CH is crosslinked to generate CHNPs, its 
357 dehydration temperature (TD) rises from 77°C to 91°C. Furthermore, the total heat released during the dehydration 
358 process increases significantly, indicating a greater interaction between water and CH in the form of nanoparticles. 
359 The addition of the CEO to the CHNPs leads to a decrease in the TD (about 83-85°C), in agreement with the CEO 
360 LC previously reported: the higher the CEO loading, the lower are TD and the related reaction enthalpy. These 
361 results are in good agreement with the TGA analysis (Fig. 3b), where it can be noticed that the CH sample 
362 experienced a lower weight loss up to 100°C (i.e., loss of hydration water), compared to the CHNPs at the various 
363 loadings. The thermal stability of CHNPs decreases if compared to that of CH, as reflected by the decrease in 
364 degradation temperature from 300°C for CH to 242°C for the CHNPs. However, the nanoparticles show a higher 
365 thermal resistance at high temperatures (above 400°C), as also reflected by the presence of a residue at 600°C.

366
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367 Fig. 3. (a) DSC and (b) TGA thermograms of CH powder, CH nanoparticles (CHNPs) and CEO-loaded CHNPs 
368 at different CHNPs/CEO ratios: 1:0.1, 1:0.4, 1:0.8.

369

370 3.8. Characterization of film forming solutions (FFSs) and the derived films 
371 3.8.1. Particle size and surface charge measurements

372 Table 2 presents the average particle size, zeta potential and polydispersity index (PDI) of the FFS prepared with 
373 varying CEO concentrations. The average particle size of the FFSs increased with increasing CEO concentration, 
374 reaching 1431 ± 38 d.nm for the 0.8 CEO-CHNPs/PEC film. This expansion in particle size is attributed to the 
375 hydrophobic nature of CEO, which promotes aggregation of the CHNPs. The zeta potential, a measure of 
376 electrostatic stability, decreased with increasing CEO concentration, indicating a reduction in electrostatic 
377 repulsion among the CHNPs. The negative zeta potential of -58 ± 1 mV of PEC FFS prepared at pH 7 is primarily 
378 due to the carboxyl groups of the carbohydrate (Esposito et al., 2016). These findings suggest that the 
379 incorporation of CEO into CHNPs leads to increased aggregation and reduced electrostatic repulsion due to its 
380 hydrophobic nature. It is worth noting that the size of the particles is quite homogeneous, being the PDI≤0.05.

381 Table 2. Z-average diameter (d.nm) and zeta potential (mV) of PEC films. The CHNPs: CEO ratios examined 
382 include 1:0.0, 1:0.1, 1:0.4, and 1:0.8.

FFS Z-average diameter (d.nm) %PDI Zeta potential (mV)
PEC 867±4.0 0.32±0.03 -58±1

0.0 CEO-CHNPs/PEC 766 ±21 0.31±0.01 -57±2
0.1 CEO-CHNPs/PEC 929±17 a,b 0.42±0.03 a,b -53±3
0.4 CEO-CHNPs/PEC 879 ±26 b 0.51±0.01 a,b -55±1 a

0.8 CEO-CHNPs/PEC 1431±38 a,b 0.44±0.02 a,b -50±3 a,b

383
384 The values that are significantly different compared to PEC FFS indicated by “a” (p < 0.05); the values indicated 
385 by “b” are significantly different (p < 0.05) from PEC unloaded with CEO. PDI, Polydispersity Index.

386 3.8.2. Mechanical characterization

387 The mechanical properties of PEC films were assessed with and without the incorporation of CHNPs (5 mg) and 
388 CEO. The addition of CHNPs into PEC films significantly enhanced their TS and YM, with TS values increasing 
389 from 2.00 ± 0.05 MPa to 6.00 ± 0.002 MPa and YM values increasing from 219.00 ± 60 MPa to 699.00 ± 50 MPa, 
390 respectively (p<0.05). These substantial increases in film strength and stiffness might be attributed to the 
391 interactions between CHNPs and PEC chains, which effectively crosslink and strengthen the polymer network 
392 which is likely attributable to the strengthened intermolecular interactions between biopolymer chains induced by 
393 nanoparticles. Comparable results were reported by Younis et al. 2019, who demonstrated that the addition of CH 
394 to PEC films resulted in a significantly enhanced TS of 6.49 MPa. Lorevice et al. 2016 demonstrated a similar 
395 trend, employing higher concentrations of PEC and CH while observing similar enhancements in film stiffness 
396 upon incorporating CHNPs. The authors attributed this improved stiffness to the complementary interactions 
397 between CH's amine groups and PEC carboxylic groups. When films are subjected to stress, they absorb energy 
398 through various mechanisms. Part of this energy is absorbed by stretching the bonds between polymer chains, 
399 enabling alignment without breakage. The addition of CHNPs to PEC matrices necessitates the alignment of more 
400 polymer chains, requiring more energy (dos Santos et al., 2023). Additionally, CHNPs are likely to disperse 
401 between adjacent chains, strengthening intermolecular interactions, reducing chain mobility, and consequently 
402 producing more resistant films. This mechanism could potentially explain the observed stiffness enhancement in 
403 this study (Fig. 4). The presence of CEO appeared to enhance the stiffness of the films, which is evident from the 
404 observation that the TS of the CEO-loaded films increased from 6.3 MPa for the unloaded film to 7.5 MPa for the 
405 0.8 CEO-CHNPs/PEC film (Fig. 4). Conversely, the elongation at break (EB) decreased with increasing CEO 
406 content, indicating a reduction in film flexibility. The EB values ranged from 11% for the unloaded film to 4% 
407 for the 0.8 CEO-CHNPs/PEC film, suggesting that CEO-loaded films offer improved resistance. These findings 
408 align with previous studies, such as those of dos Santos et al. 2023, who investigated the effect of garlic oil-based 
409 CH nanocomposites on PEC films. The enhancement in mechanical properties can be attributed to the synergistic 
410 interactions between CEO, PEC, and CHNPs. CEO's aromatic compounds are known to interact with the hydroxyl 
411 groups on PEC molecules, forming hydrogen bonds that strengthen the polymer network. Additionally, the CEO's 
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412 hydrophobic nature can induce interactions with the CHNPs, further crosslinking the film matrix and enhancing 
413 its mechanical integrity. 

414 The incorporation of CEO into CHNPs/PEC films not only improves their mechanical properties but also imparts 
415 antimicrobial and antioxidant properties which make CEO-CHNPs/PEC films a promising alternative to 
416 conventional synthetic packaging materials.

417

418

419 Fig. 4. Mechanical characterization (T, Thickness, TS; tensile strength; EB, elongation at break; YM, Young’s 
420 modulus) of PEC-based films (A: PEC; B: 0.0 CEO-CHNPs/PEC; C: 0.1 CEO-CHNPs/PEC; D: 0.4 CEO-
421 CHNPs/PEC and E: 0.8 CEO-CHNPs/PEC). The values that are significantly different compared to PEC unloaded 
422 with CH nanoparticles indicated by “a” (p < 0.05); the values indicated by “b” are significantly different (p < 
423 0.05) from the films with CH nanoparticles- unloaded with CEO. 

424 3.8.3. Morphological analysis

425 SEM images revealed distinct differences in surface morphology among unreinforced PEC films (Fig. 5a), PEC 
426 films loaded with CHNPs (Fig. 5b), and PEC films loaded with the highest amount of CEO (0.8 CEO-
427 CHNPs/PEC) (Fig. 5c). The incorporation of CHNPs and CEO led to a rougher and more textured surface, with 
428 visible grooves and cracks, in contrast to the smoother surface of the unreinforced PEC film. The observed 
429 structural changes suggest that the addition of CHNPs and CEO influences the film formation process (Lei et al., 
430 2016; Bravin et al., 2004). This aggregation, likely driven by the hydrophobic nature of CEO, could lead to the 
431 formation of a network of interconnected nanoparticles, potentially contributing to enhanced mechanical 
432 properties and water vapor barrier properties.

433
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434

435 Fig. 5. Scanning electron microscopy analysis (SEM) of (a) PEC films;(b) PEC films containing CH nanoparticles 
436 (CHNPs); (c) PEC films with CEO (0.8 CEO-CHNPs/PEC) at magnification 10000 x.

437 3.8.4. Water vapor permeability (WVP)

438 Table 3 summarizes the effects of incorporating CEO-CHNPs at varying concentrations on the WVP of PEC-
439 based films. The WVP of films containing CEO was initially higher compared to the control film (PEC alone, 3.9 
440 ± 0.2 g mm m−2 d−1 kPa−1). However, the WVP gradually decreased as the CEO concentration increased, indicating 
441 that CEO and CHNP-modified films significantly improved barrier properties compared to films without CEO. 
442 The CHNPs/PEC film exhibited a WVP value of 5.7 ± 0.2 g mm m−2 d−1 kPa−1, and the lowest WVP was for PEC-
443 based films with the lowest CEO, mainly for 0.4 CEO-CHNPs/PEC and 0.8 CEO-CHNPs/PEC. These values 
444 suggest the effectiveness of CEO, a mixture of hydrophobic compounds, such as allicin, in reducing WVP and 
445 permeance through the film.  The observed result can be ascribed to the collaborative impact of the film matrix 
446 and the hydrophobic nature of the CEO. The uniform distribution of CEO within the polymer chains generates 
447 hydrophobic regions that effectively repel water molecules, diminishing interactions among hydrophilic groups. 
448 This, in turn, enhances the film barrier properties (Espitia et al., 2014; Martelli et al., 2013; Cazón et al., 2017; 
449 Aitboulahsen et al., 2020). Moreover, the high-methoxylated PEC contains fewer carboxyl groups, further 
450 reducing available hydrophilic sites for water interaction and permeation (Aitboulahsenet al., 2020). In 
451 conclusion, the incorporation of CEO-CHNPs into PEC- films significantly improved their barrier feature toward 
452 water. The synergistic interactions between CEO-CHNPs and PEC resulted in a more hydrophobic film matrix.

453 Table 3. Water vapor permeability (WVP) of PEC films. The CHNPs/CEO ratios examined include 1:0.0, 1:0.1, 
454 1:0.4, and 1:0.8.

Films Water vapor permeation
[g mm m−2 d−1 kPa−1]

PEC 3.9±0.2
0.0 CEO-CHNPs/PEC 5.7±0.2 a
0.1 CEO-CHNPs/PEC 5.1±0.1 a
0.4 CEO-CHNPs/PEC 4.4±0.2 a,b

0.8 CEO-CHNPs/PEC 4.4±0.4 a,b

455

456 The values that are significantly different compared to PEC unloaded with CH particles indicated by “a” (p < 
457 0.05); the values indicated by “b” are significantly different (p < 0.05) from the films with CH particles unloaded 
458 with CEO. 

459 3.8.5. Thermal properties

460 The results of DSC and TGA analysis on PEC-based films are reported in Fig. 6. As with CHNPs, PEC exhibits 
461 an exothermic peak associated with dehydration at 73°C. The addition of CHNPs at various CEO loadings to the 
462 PEC film does not affect the amount of water absorbed, as shown by the TGA thermogram, but decreases the 
463 entity of water-polymer interactions (Martelli et al., 2013), as deducible by the decrease of TD to ~65 °C. 
464 Furthermore, the degradation temperature (~200°C) is only slightly affected by the addition of CEO-CHNPs, as 
465 well as the residue at 600°C, which is increased from 20% for PEC to 25% for the CEO-CHNPs/PEC.

CBA
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466

467

468 Fig. 6. (a) DSC and (b) TGA thermograms of PEC films and PEC films loaded with different CEO-loaded CHNPs.

469

470 4. Conclusion 

471 In this study, we successfully encapsulated clove essential oil (CEO) within chitosan nanoparticles (CHNPs), 
472 achieving a maximum encapsulation efficiency of 16% and a loading capacity of 8%. The encapsulated CEO 
473 exhibited strong antioxidant activity against DPPH radicals (IC50 2.7 ± 0.13 μg/mL), demonstrating its potential 
474 to protect food products from oxidative damage. These CEO-CHNPs were then incorporated into a Citrus pectin 
475 (PEC) matrix via polyelectrolyte complexation, yielding CEO-CHNPs/PEC films.

476 While the resulting films didn't show significantly enhanced barrier properties compared to pure pectin films, they 
477 did exhibit improved mechanical properties (increased stiffness) and enhanced thermal stability, which are 
478 desirable attributes for food packaging. Scanning electron microscopy revealed a porous microstructure, 
479 potentially influenced by the CHNPs.

480 Crucially, the developed CEO-CHNPs/PEC films demonstrated significant in vitro antibacterial activity against 
481 Pectobacterium carotovorum subsp. carotovorum (Pcc). Specifically, the CHNPs+0.16CEO formulation 
482 achieved total inhibition of Pcc growth at its highest concentration (0.3% w/v) and maintained strong inhibitory 
483 capacity even at its lowest concentration (0.003% w/v) after 2 days. This highlights the synergistic antimicrobial 
484 effect of CEO and CHNPs. Our findings confirm the feasibility of developing PEC-based films grafted with CEO-
485 CHNPs as promising bioactive materials with both antioxidant and antimicrobial properties. Further research 
486 involving in-situ evaluation of their antioxidants and antimicrobial performance in real-world food systems is 
487 essential to validate their potential for practical post-harvest food preservation applications.
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