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ABSTRACT 

The use of starch-based films with rich phenolics extracts for medical purposes has been 

increasing due to the biocompatible characteristics of starch and the antimicrobial properties of 

phenolic extracts. Therefore, the aim of this work was to evaluate the antibacterial properties of 

octenyl succinated starch (OSS) based films with nut by-product extracts: pecan nutshell extract 

(PSE) and hazelnut skin extract (HSE). The OSS (0.013 degree of substitution) showed a greater 

swelling, pasting and gelatinization properties than native starch (NS), indicating that the film 

forming property was improved after the modification. Pecan nutshell and hazelnut skin were a 

great source of phenolic compounds (PC) (656.46±4.91 and 693.00 ± 5.65 mgEAG per-g of 

extract, respectively). Protocatehuic acid, epicatechin gallate, gallic acid and rutin were majority 

identified compounds. The PSE and HSE showed minimum inhbitory concentrations (MIC) 

against Staphylococcus aureus ATCC 6538P, Staphylococcus epidermidis ATCC 12228 (MIC= 

250 µg/mL) and Klebsiella pneumoniae ATCC 13883 (MIC= 450 and 650 µg/mL, PSE and 

HSE, respectively). Besides, biofilm formation for all bacteria was reduced  at MIC of both 

extracts. The PC of the extracts were dispersed trough the polymeric matrix of the OSS films. 

Resulting in homogeneous films, confirmed by scanning electron microscopy (SEM) and atomic 

force microscopy (AFM). Additionally, both extracts improved the water resistance, UV-Light 

barrier  and mechanical properties (rigidity decrease). Films with 2500 and 5000 µg per-mL of 

extracts, did not show inhibition zone, however, there was not visual growth of Staphylococcus 

spp. below the films. In liquid medium, films with 5000 µg per-mL of extracts decrease the 

growth of Staphylococcus spp., Pseudomonas aeruginosa ATCC and K. pneumonia ATCC 

13883. The OSS films with PSE or HSE presented suitable characteristics and properties that 

demonstrate its potential as a medical material, for the prevention of bacterial infections. 
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GENERAL INTRODUCTION 

Starch is one of the most used polysaccharides in the food and biomedical industries, mainly 

due to be easy to obtain, renewable, cheap, non-toxic, biodegradable and its highly versatile 

characteristics and properties (Chakraborty et al., 2018; Yazid et al., 2018). However, native 

starch (NS) properties are not enough for certain applications, for this reason structural 

modifications are made through chemical, physical and enzymatic processes, changing and 

improving the characteristics and properties of starch (Alcáraz-Alay & Meireles, 2015). 

Chemical modification, based on the aggregation or replacement of hydroxyl groups by other 

groups or molecules, is the most common modification method used in starch (Masina et al., 

2016). Among the chemical modifications, the esterification with octenyl succinate anhydride 

(OSA) is mainly used as emulsifier agent in foods or as encapsulant agent for bioactive 

compounds (Agama-Acevedo & Bello-Perez, 2017; Zhu et al., 2017). On the other hand, 

recently few studies have shown improvement of the film forming properties of starch, and the 

water resistant and mechanical properties of these films (Li et al., 2015; Li et al., 2018; Naseri 

et al., 2019; Punia et al., 2019a). Overall, starch-based films have become a potential option to 

the replacement of plastic materials, food packaging and edible coatings (Gadhave et al., 2018). 

To further enhance the potential application of these films, bioactive compounds or plants 

extracts have been added, then providing new characteristics, such as UV light barrier, 

antioxidant and antimicrobial properties (Silva-Weiss et al., 2013b; Salgado et al., 2015).  

Phenolic compounds (PC) are considered the largest family of bioactive compounds in 

plants and are characterized by their antioxidant potential (Cheynier, 2012). Nevertheless, the 

antimicrobial potential of PC is another characteristic with great impact. Due to this, PC are 

considered as antimicrobial agents (Barbieri et al., 2017; Rempe et al., 2017). Their wide 

distribution in the plant organisms, allow the obtention of PC from different vegetal sources. 

However, by-products generated by the agroindustry are considered as an important source of 

these compounds, due to have higher concentration of PC compared with the initial product 

(edible parts) (Kumar et al., 2017; Nguyen, 2017). In this context, the nut industry generates a 

large amount of by-products such as skin, shell, leaves as a result of the elaboration of processed 

nuts products (Chang et al., 2016). Among nuts, pecan nut [Carya illinoinensis (Wangenh) K. 

Koch] is an important commercial crop from northwest Mexico, from which its shell was 
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established as the main by-product. In addition, it has been reported that nutshell has the highest 

PC content than other by-products from pecan nut (Flores-Cordova et al., 2017; Alvarez-Parrila 

et al., 2018). On the other hand, hazelnut (Corylus avellana) is one of the most popular nuts 

worldwide and one of the main commercial crops from Turkey, especially for the Black Sea 

region. From this one, skin is generated as a by-product from de roasting process, which has a 

high PC content than other hazelnut by-products (Shahidi et al., 2007; Bottone et al., 2019).  

 With respect to the antibacterial potential of PC, some studies have demonstrated the 

antimicrobial activity of different phenolic extracts from pecan nut (Carya illinoinensis) and 

hazelnut (Corylus avellana) by-products against Staphylococcus aureus, Staphylococcus 

epidermidis, Pseudomonas aeruginosa, Klebsiella pneumoniae, among others (Oliveira et al., 

2007; do Prado et al., 2014; Caxambú et al., 2016; Piccinelli et al., 2016). These pathogens are 

commonly related with the health care associated infections (HCAI) which are characterized by 

their high mortality index (Khan et al., 2017). Therefore, the antibacterial potential of PCs could 

be considered a solution to these infections, however the poor stability of PC (in environmental 

conditions) limits their application. In this manner, a protective matrix is required (Biasutto et 

al., 2014). In this way, starch-based films could act as a protective matrix for PC (Quirós-

Sauceda et al., 2014). These films containing phenolic extracts could be used as wound 

dressings, coating materials or as a new material for the development of medical devices, to 

prevent the development of microbial infections (Torres et al., 2013). Recently, some evidences 

confirm that films or membranes based on starch and phenolic extracts or other bioactive 

compounds, are managed to prevent infection in wounds, in addition improved the wound 

healing (Salehi et al., 2017; Hadisi et al., 2018; Hassan et al., 2018; Eskandarinia et al., 2019). 

 According to the above and limited information about the combination of OSS and nut 

by-product extracts in films, the objective of this work was to elaborate, characterize and 

evaluate the barrier, mechanical and antimicrobial properties, of OSS based films with pecan 

nutshell [Carya illinoinensis (Wangenh) K. Koch] and hazelnut skin (Corylus avellana) 

phenolic extracts at different concentrations, in order to know its medical potential.  
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I. LITERATURE REVIEW 

1.1 Starch 

Starch is the main reserve carbohydrate in plants and a product of the photosynthetic process. 

This carbohydrate is stored in form of granules which consist in two glucose polymers, amylose 

and amylopectin. Amylose is a linear chain formed by glucose units linked through α-(1-4) 

bonds with few branches at α-(1-6) linkages. For its part, amylopectin is a highly branched 

polymer formed by glucose units linked through α-(1-4) and α-(1-6) bonds (Figure 1) (Pfister 

& Zeeman, 2016; Bertoft, 2017). Besides being the main energy source in the human diet, this 

polysaccharide is one of the most used in the food, biomedical and pharmaceutical industries.  

Especially because it is easy to obtain, renewable, cheap, biocompatible, biodegradable and 

have highly versatile properties (Chakraborty et al., 2018). In the food industry, starch and its 

derivatives are commonly used as additives for several foods, mainly used to improve texture, 

quality and stability of bakery foods, sauces, pasta or mayonnaise (Yazid et al., 2018; 

Egharevba, 2019). Additionality, its use has been expanded towards the maintenance of food 

quality and safety, through the development of edible coatings or starch-based packaging 

materials (Jabeen et al., 2015; Pelissari et al., 2019). On the other hand, in the pharmaceutical 

and medical industry, starch is usually used as excipient, drug carrier, and recently as a basic 

material in the tissue engineering, mainly due to its excellent biocompatibility (Builders & 

Arhewoh, 2016; Hemamalini & Dev, 2018).  

 

1.1.1 Octenyl succinate starch 

Starch has become a great raw material for the industry, due to its low cost and easy isolation, 

which in addition to expand its application can easily be subjected to modification processes 

(Alcáraz-Alay & Meireles, 2015). Starch modification can be carried out by different physical, 

chemical or enzymatic methods, depending on the properties that need to be improved or 

modified, for a specific application (Bemiller, 1997; Kaur et al., 2012). Within these 

modification processes, chemical modification is considered the most used in the industry level 

and practically consist in the aggregation or substitution of the hydroxyl groups by others 

functional groups or molecules (Chen et al., 2015; Masina et al., 2016). 
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Starch esterification with OSA is one of the modification processes of greater use, 

mainly in the food industry. This process consists in the aggregation of OSA groups within the 

glucose units of the starch, by substitution of the hydroxyl groups, specifically those found in 

the C2, C3 and C6 (Figure 1) (Tizzotti et al., 2011; Sweedman et al., 2013). The inclusion of 

these hydrophobic groups causes significant changes in the starch properties, such as swelling, 

pasting, thermal, textural, digestibility and amphiphilic character or emulsifier properties (Wang 

et al., 2016; Ovando-Martínez et al., 2017; Zhang et al., 2017). Due to these improved 

properties, octenyl succinate starch (OSS) is used as emulsions stabilizer, food additive and as 

encapsulating agent for bioactive compounds (Agama-Acevedo & Bello-Perez, 2017; Zhu et 

al., 2017). Additionally, OSS use has been extended to the starch-based films production, where 

the use of OSS improves certain mechanical properties and the water resistance of films (Li et 

al., 2015; Li et al., 2018; Naseri et al., 2019; Punia et al., 2019a).  

 

1.1.2 Starch-based films 

Starch-based films emerged as a solution for petroleum-based plastics pollution, mainly due to 

be a renewable source and its biodegradable characteristics, being used as food packing material 

or as edible coatings (Versino et al., 2016; Gadhave et al., 2018). Despite this, the different 

modification processes manage to improve certain characteristics and properties of the films, 

which extend its application to new areas (Jiménez et al., 2012; Shah et al., 2016).  

The use of modified starch has shown to cause changes in different film properties, 

compared to NS based films. da Rosa Zavareze et al. (2012) in oxidized starch-based films 

reported a decrease in the solubility, elongation at break (EB), water vapor permeability (WVP). 

Also, an increase in the tensile strength (TS) was observed. In addition, same authors found that 

heat treated starch-based films only increased the TS and WVP, in comparison with the NS 

based film. The same trend was reported in crosslinked starch-based films, which presented a 

high TS and WVP than NS based films (Gútierrez et al., 2015). Li et al. (2015) reported that the 

addition of OSS in the starch films formulation enhanced the moisture proof and optical 

properties, as well as increase the EB and decreases the TS.  
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On the other hand, the characteristics and properties of the starch-based films could be 

improved or modified with the addition of bioactive compounds or with plant extracts rich in 

PC (Silva-Weiss et al., 2013b, Salgado et al., 2015; Benbettaïeb et al., 2019). Pyla et al. (2010) 

reported that the addition of tannic acid in corn starch-based films provides antibacterial and 

antioxidant properties, reducing the lipid oxidation. On the other hand, Romero-Bastida et al. 

(2011) reported that cinnamon essential oil affects the solubility, mechanical and barrier 

properties of oxidized banana starch-based films. Besides, essential oils provided antibacterial 

activity to the films. In the case of corn starch-based films added with Zataria multiflora boiss 

and Mentha pulegium essentials oils an improvement of mechanical, barrier and antibacterial 

properties was reported (Ghasemlou et al., 2013). More studies about the effect of bioactive 

compounds or plants extracts on the starch-based films properties are shown in Table 1. 

 

1.2 Nuts and their by-products as a source of phenolic compounds 

The PC are considered the major group of secondary metabolites in plants, especially due to that 

they have a great diversity of chemical structures and wide distribution in plants. The PC are 

characterized by presenting aromatic rings with hydroxyl groups as substituents in its chemical 

structure. The hydroxyl groups have been related with the antioxidant potential of these 

compounds (Harborne, 1984; Bravo, 1998; Cheynier, 2012).  

In this context, it has been reported that nuts such as almonds, peanuts, cashews, 

hazelnut, pecan and others owe their great popularity to the large number of bioactive 

compounds (including PC), which are responsible for the close relationship between their 

consumption and health benefits. Among these benefits can be mentioned the prevention of 

cardiovascular, neurodegenerative and inflammatory diseases, cancer, diabetes, weight control, 

and others. For this reason, nuts are considered as an important group of food in the human diet 

(Alasalvar & Bolling, 2015; de Souza et al., 2017; Zhang et al., 2017). This last, has caused that 

nut production increases every year. According to the International Nut & Dried Fruit Council 

(ICN) during the season 2018-2019, the production reached closely to 4.5 million metric tons, 

an increase of 62% in 10 years (ICN, 2019). However, the high demand and consumption of 

nuts, mainly in a processed way, has caused that the nut industry generates a large amount of 
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Table 1. Starch and modified starch-based films with bioactive compounds. 

Film Composition Bioactive Compounds Effect Reference 

   
Cassava starch, glycerol and 
ethanolic propolis extract 

- Plasticizing effect 
- Hydrophobic characteristic 
- Antioxidant activity  
- Antibacterial activity 

de Araujo et al. 
(2015) 

   
Cassava starch, glycerol and 
yerba matte extract 

- Plasticizing effect 
- Improve soil biodegradation 

Medina-Jaramillo 
et al. (2016) 

   
Cassava starch, glycerol and 
Rosemary extract 

- Antioxidant properties 
- UV-Light barrier properties 
- Provide hydrophobic characteristic 

Piñeros-Hernández 
et al. (2017) 

   
Hydroxypropyl starch, 
glycerol and tea PC 

- Antioxidant properties 
- Antibacterial properties 

Feng et al. (2018) 

   
OSA sweet potato starch, 
glycerol and oregano 
essential oil 

- Antibacterial Properties 
- Water resistance properties 
- Reduction of film rigidity 

Li et al. (2018) 

   
Hydroxypropyl high amylose 
starch, glycerol and 
pomegranate peel extract 

- Antibacterial properties 
- Mechanical reinforcement 

Ali et al. (2019) 

   
Kamut starch, sorbitol and 
moringa leaf extract 

- Plasticizing effect 
- Antioxidant properties 
- UV-Light properties 
- Improve biodegradation in vegetable 
compost 

Ju et al. (2019) 

   
Modified cassava starch, 
sorbitol, and hibiscus flowers 
extracts 

- pH changes indicator 
- UV-Light barrier properties 
 

Peralta et al. 
(2019) 

   
Cassava starch, glycerol and 
Lycium ruthenicum 

anthocyanins 

- Mechanical reinforcement 
- Barrier properties 
- Antioxidant properties 
- pH changes indicator 

Qin et al. (2019) 
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by-products such as leaves, shells, husks, skins, among others, which are still an important PC 

source (Chang et al., 2016; Alasalvar et al., 2019). As well as other by-products, nut by-products 

could be considered an excellent option for obtaining bioactive compounds (such as PC), which 

can be used in various industries such as food and pharmaceutical, providing added value to the 

initial product (Kumar et al., 2017; Nguyen, 2017). 

 

1.2.1   Pecan Nut [Carya illinoinensis (Wangenh) K. Koch] 

Pecan [Carya illinoinensis (Wangenh) K. Koch] is a large deciduous nut tree (20 to 40 meters) 

belongs to the Juglandaceae family, native from the south of the United States and extended to 

the northern of Mexico (Fronza et al., 2018). During the season 2018-2019, the pecan nut 

worldwide production exceeds 140,200 metric tons (kernels), being Mexico the main producer 

(52%) and exporter (62% of shelled nuts) (INC, 2019). Chihuahua, Sonora and Coahuila states 

were the mainly Mexican states producers of these nuts, becoming this product in one of the 

most important economic crops for them (Zaragoza-Lira et al., 2011; Orona-Castillo et al., 

2013).  

Pecan nut (Figure 2) consumption has reached high popularity as a result of their health-

related benefits. These benefits are attributed to the high content of multiple bioactive 

compounds including fatty acids, vitamins, minerals and antioxidants such as tocopherols and 

PC (Azadmard-Damirchi et al., 2011; Atasanov et al., 2018). This popularity has led to an 

increment of the demand for pecans, with an average annual production increase of 6,753 metric 

tons (INC, 2019). However, the high demand of pecan nut has leading to the generation of large 

quantities of by-products (shells, cakes and leaves), which are important sources to obtain 

bioactive compounds, such PC (Alvarez-Parrilla et al., 2018). Among these pecan nut by-

products, shell goes over than the other by-products by their higher PC content, mainly phenolic 

acids (gallic, ellagic, chlorogenic and hydroxybenzoic) and flavonoids (catechins, rutin and 

kaempferol) (de la Rosa et al., 2014; do Prado et al., 2014; El Hawary et al., 2016; Flores-

Cordova et al., 2017; Hilbig et al., 2018a; Flores-Estrada et al., 2019). Due to this, some studies 

have focused on the use of this source to obtain PC extracts for antifungal (Osorio et al., 2010),  
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hepatoprotective (Müller et al., 2013), antibacterial (do Prado et al., 2014), anti-hyperglycemic 

(El Hawary et al., 2016), anti-hypercholesterolemic (Porto et al., 2015), antiproliferative (Hilbig 

et al., 2018b), and antioxidant agent in biodiesel (Amaral et al., 2018) applications.  

 

1.2.2   Hazelnut (Corylus avellana L.) 

Hazel (Corylus avellana L.) belongs to the Betulaceae family, is a large nut scrub (2 to 5 meters) 

mainly distributed along of the coasts in the Black Sea region (Contini et al., 2011; Ramalhosa 

et al., 2011). Hazelnuts are an important commercial crop for Turkey, being the largest hazelnut 

producer. In the season 2018-2019, Turkey produced the 63% of the worldwide production (460, 

000 metric tons, kernel basis) (INC, 2019). Such production was distributed by 14 provinces in 

the Black Sea region, standing out Ordu, Giresum and Samsun as the main national producers 

(Baojun et al., 2017).  

Hazelnuts (Figure 2) are one of the most popular nuts due to its good organoleptic 

characteristics. Besides, hazelnuts are characterized by the high content of bioactive compounds 

related to health benefits (Contini et al., 2011; Amaral & Oliveira, 2016). Usually, this nut is 

consumed roasted, which has the skin as its main by-product. In addition, its presence in a wide 

variety of processed foods, increases the generation of other by-products such as shells, green 

leafy covers and leaves (Özdemir et al., 2014; Bottone et al., 2019). Among these by-products, 

the skin has the highest PC content (Shahidi et al., 2007). The mainly PC includes phenolic 

acids (protocatechuic, gallic, hydroxybenzoic and vanillic) and flavonoids (catechins, 

procyanidins, quercetin) (Del Rio et al., 2011; Montella et al., 2013; Özdemir et al., 2014; 

Pelvan et al., 2018). According to some studies, hazelnut skin and its extracts has an potential 

application as antioxidant (Contini et al., 2009), antiproliferative (Li & Parry, 2011), functional 

ingredient in beverages (Contini et al., 2012) and foods (Bertolino et al., 2015; Zeppa et al., 

2015; Longato et al., 2019), prebiotic (Montella et al., 2013), anti-Candida albicans agent 

(Piccinelli et al., 2016) and others.  
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1.2.3   Phenolic compounds from nut by-products as antimicrobials 

In addition to the antioxidant activity, PC have antimicrobial activity against a wide variety of 

pathogens and consequently are being considered as antimicrobial agents (Daglia, 2012; 

Albuquerque et al., 2013). Several studies demonstrated that PC or rich phenolic extracts have 

different mechanisms of action against bacteria and yeasts. Among these mechanisms are the 

membrane disruption, protein synthesis inhibition, metabolic activity inhibition, and pathogenic 

mechanisms inhibition such as biofilm (Lee & Lee, 2015; Slobodníková et al., 2016; Barbieri 

et al., 2017; Rempe et al., 2017). Previously reported mechanisms against bacteria are shown in 

Figure 3. 

In this context, phenolic extracts obtained from nut by-products showed antimicrobial 

activity against pathogen microorganisms. Oliveira et al. (2008) and Fernández-Agulló et al. 

(2013) reported antibacterial activity of walnut green husks extracts against Gram-positive 

bacteria such as Bacillus spp. and Staphylococcus spp. On the other hand, Mandalari et al. 

(2010) and Smeriglio et al. (2016) reported that almond skins extracts had antibacterial activity 

against Gram-positive bacteria (Streptococcus mutans, Listeria spp., Staphylococcus spp. and 

Enterococcus spp.), and Gram-negative (Escherichia coli, P. aeruginosa, Salmonella 

Typhimurium and Serratia marcenses). Similarly, Arekemase et al. (2011) and da Silva et al. 

(2016) reported antimicrobial potential of extracts from different parts of cashew nuts against 

Gram-positive and Gram-negative bacteria, also against Candida spp. Recently, antibacterial 

potential of peanut by-products against nine food-borne pathogens was reported (de Camargo 

et al., 2017). In the case of pecan nut and hazelnut by-products extracts, the antimicrobial 

activity has also been reported (Table 2). 

 

1.3 Health care associated infections 

One of the most serious health problems for developed and developing countries are the HCAI 

or nosocomial infections, due to the increase in their incidence and high mortality rate, directly 

related to the presence of resistant microorganisms (Burnham et al., 2017; Ferri et al., 2017; 

Khan et al., 2017). The HCAI include all those infections acquired during the stay in a health 

care unit, without symptoms prior to admission such as pneumonia (ventilator associated),  
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Figure 3. Antibacterial mode of action of phenolic compounds and phenolic extracts. 
Reported mode of action of phenolic compounds and phenolic extracts against Gram-positive 
and Gram-negative bacteria. (1) Engels et al. (2011), (2) Fiamengos et al. (2011), (3) Lou et al. 
2011, (4) Nakayama et al. (2013), (5) Salaheen et al. (2014), (6) Lopez-Romero et al. (2015), 
(7) Nakayama et al. (2015), (8) Carlvaho et al. (2016), (9) Lima et al. (2016), (10) Rodríguez-
Pérez et al. (2016) (11) Gonelimali et al. (2018), (12) Singh et al. (2018). 
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Table 2. Antimicrobial activity of pecan nut and hazelnut phenolics extracts. 

Extract Phenolic Compounds Profile Microorganism Reference 

    
Hazelnut 
Leaves 
(Aqueos 
Extract) 

(3,4 and 5)- caffeoylquinic 
acid, caffeoyltartaric acid, p-
coumaroyltartaric acid, 
myricetin 3-rhamnoside, 
quercetin 3-rhamnoside and 
kaempferol 3-rhamnoside. 

Bacillus spp, 
Staphylococcus aureus, E. 

coli, Klebsiella 

pneumoniae and 

Cryptococcus neoformans 

Oliveira et 

al. (2007) 

    

Pecan Nutshell 
(Aqueos and 
Ethanolic 
Extract) 

Gallic acid, chlorogenic acid, 
p-hydroxibenzoic acid, 
epigallocatechin, epicatechin 
gallate 

S. aureus, Listeria 

monocytogenes, Vibrio 

parahemolyticus, Bacillus 

cereus 

do Prado et 

al. (2014) 

    

Pecan Nutshell 
(Aqueous 
Extract) 

- Staphylococcus aureus, B. 

cereus, Listeria spp., 

Salmonella Enteritidis, P. 

aeruginosa Aeromonas 

hydrophilla 

Caxambú 
et al. 
(2016) 

Hazelnut Skin 
(Methanolic 
Extract) 

Proanthocyanidins C. albicans Piccinelli 
et al. 
(2016) 

    
Pecan Leaves  
(Aqueous and 
Ethanolic 
Extract) 

Gallic acid, ellagic acid, 
catechin, epigallocatechin, 
rutin 

Citrobacter freudii, 

Salmonella spp., S. aureus, 
Streptococcus spp., 
Shigella sonei, 
Acinetobacter baumannii, 
Stenotrophomonas 

maltophilia, Penibacillus 

spp., Candida spp., 
Cryptococcus grubii 

Bottari et 

al. (2017) 
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bloodstream (intravascular catheters), urinary tract infections (urinary catheters) and wounds or 

surgical site infections, all these closely related to the ability to form biofilm by pathogenic 

microorganisms (Percival et al., 2015; Stoica et al., 2017).  

Frequently, the HCAI are caused by microorganisms that belong to normal microbiota. 

However, the hospital environment also plays an important role in these infections, by providing 

an environment for development and dissemination of microorganisms and resistance genes 

(Suleyman et al., 2018; Wohrley & Bartlett, 2019). The main pathogens involved in these 

infections are Gram-positive bacteria (Streptococcus spp, Staphylococcus spp, Enterococcus 

spp. and Clostridium difficile) and Gram-negative bacteria such as the Enterobacteriaceae 

family (Proteus mirabilis, K. pneumoniae, E. coli and S. marcenses), P. aeruginosa and 

Acinetobacter spp. (Khan et al., 2015). Additionally, yeasts such as Candida spp. and others 

with less incidence (Cryptococcus spp., and Malassezia spp.) are considered the main fungal 

pathogens in HCAI (Suleyman & Alangaden, 2016; Enoch et al., 2017). It is important to 

mention, that the distribution and incidence of pathogens varies for each country. For instance, 

the main pathogen associated to pneumonia were S. aureus and P. aeruginosa in US and Spain, 

respectively (Magill et al., 2014; Zaragoza et al., 2014). By type of infection, E. coli is the most 

common pathogen isolated from urinary tract infections, whereas Staphylococcus spp. leads the 

catheter-related bloodstream infections (Salazar-Holguín & Cisneros-Robledo, 2016; Chen et 

al., 2017; Sticchi et al., 2018). Figure 4., shows the most common pathogens isolated from the 

mainly HCAI in different countries.   

 

1.3.1   Staphylococcus spp. 

Around 49 species and 27 subspecies of Gram-positive cocci grouped in clusters, in pairs or 

short chains are part of the genus Staphylococcus (Murray et al., 2015). Only few species, are 

pathogenic for humans, being S. aureus and S. epidermidis the most common species related to 

HCAI (Barberán et al., 2014). 

 Possibly, S. aureus is considered the major pathogen for humans due to the large number 

of virulence factors that it possesses, and for being part of the normal human microbiota in 

different parts of the body. This allows it to cause a wide variety of infections such as bacteremia 



15 

 

F
ig

u
re 4

. C
o

m
m

o
n

 p
a
th

o
g
en

s iso
la

ted
 fro

m
 h

ea
lth

 ca
re a

sso
cia

ted
 in

fectio
n

s. (1) M
agill et a

l., 2014 (U
S

), (2) Z
aragoza et 

a
l., 2014 (S

pain), (3) G
hanshani et a

l., 2015 (India), (4) S
alazar-H

olguín &
 C

isneros-R
obledo, 2016 (M

exico), (5) C
hen et a

l., 
2017(C

hina), (6) B
raga et a

l., 2018 (B
razil), (7) S

ticchi et a
l., 2018 (Italy) (8) H

assan et a
l., 2019 (E

gypt). 

* B
lue bold num

ber indicates the m
ainly pathogen isoleted by study. 

* T
he m

ain species includes: A
cin

eto
b
a
cter spp. (A

. b
a
u
m

a
n
n
ii), C

a
n
d
id

a spp. (C
. a

lb
ica

n
s), E

n
tero

b
a
cter spp. (E

. clo
a
ca

e) 
E

n
tero

cco
cu

s spp. (E
. fa

eciu
m

 and E
. fa

eca
lis), K

leb
siella spp. (K

. p
en

eu
m

o
n
ia

e and K
. o

xyto
ca), P

ro
teu

s spp. (P
. m

ira
b
ilis), 

P
seu

d
o
m

o
n
a
s spp. (P

.a
eru

g
in

o
sa) (S

ta
p

h
yo

co
ccu

s spp. (S
. a

u
reu

s and S
. ep

id
erm

id
is) and S

trep
to

co
ccu

s spp. (S
. p

n
eu

m
o
n
ia

e). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 

 

skin and soft tissue infections, device-related infections, among others (Tong et al., 2015; 

Balasubramanian et al., 2017). Recently, the severity of infections produced by this pathogen is 

increasing, due to the wide repertoire of antibiotic resistance mechanisms that its possess against 

the majority of antibiotics commonly used in medicine (Foster, 2017; McGuinness et al., 2017). 

On the other hand, S. epidermidis is a normal resident of the human skin microbiota, 

maintaining a commensal relationship with the host. However due to its proximity it is capable 

of producing infections in susceptible people, becoming in an opportunistic pathogen, whose 

main pathogenicity mechanism is the formation of biofilm (Sabaté Brescó et al., 2017; Le et al., 

2018). Due to the biofilm formation capacity, this opportunistic pathogen has been considered 

as the main cause of infections associated with medical devices, mainly intravascular catheters, 

causing bacteremia and sepsis, being both of them of great concern for health institutions 

(Büttner et al., 2015; Nguyen et al., 2017).  

 

1.3.2   Klebsiella pneumoniae 

K. pneumoniae belongs to the Enterobacteriaceae family, it is a Gram-negative bacillus 

characterized by its prominent capsule, which is considered as its main pathogenicity factor (Li 

et al., 2014). This opportunistic pathogen is mainly associated with pneumonia, urinary tract 

infections, bacteremia, and medical devices related infections in immunocompromised patients 

(Clegg & Murphy, 2016; Paczosa & Mecsas, 2016). Currently, K. pneumonia is recognized as 

one of the most important pathogenic microorganisms, due to the wide range of virulence 

factors, resistance mechanisms and genes, and the appearance of hypervirulent strains. 

Nowadays, the infections caused by K. pneumoniae are not only limited to health care 

environments, also they are expanding towards the community (Follador et al., 2016; Wyres & 

Holt, 2016; Navon-Venezia et al., 2017; Martin & Bachman, 2018; Russo & Marr, 2019). 

 

1.3.3   Pseudomonas aeruginosa  

The genus Pseudomonas comprises approximately 200 species of Gram-negative mobile bacilli. 

Nowadays, P. aeruginosa is the most clinically relevant specie (Murray et al., 2015). This is 
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one of the main pathogens in HCAI, because is responsible of ventilator-associated pneumonia, 

meningitis, urinary infections, bacteremia, wound and soft tissue infections, among others 

(Gellatly & Hancock, 2013; Chatterjee et al., 2016). The wide variety of infections is mainly 

due to the vast pathogenic arsenal that it possesses, which in turn provides some protection 

against the immune system as well as the action of antibiotics, being the ability to form biofilm 

a specific situation (Streeter & Katouli, 2016). Besides, P. aeruginosa infections have a high 

mortality incidence, related to its great adaptability and high tolerance to antibiotics. In addition, 

it has the ability to obtain resistance genes, generating multiresistant strains (Stefani et al., 2017; 

Pang et al., 2018; Ciofu & Tolker-Nielsen, 2019). 

 

1.4 Medical potential of starch-phenolic extracts films  

Due to the high incidence of HCAI associated with invasive medical devices and surgical site 

or wounds, the development of new medical devices materials, coatings and wound dressings 

with antimicrobial properties, has become the possible solution for the prevention of these 

infections (Ren et al., 2017; Vowden & Vowden, 2017; Ding et al., 2018; Simões et al., 2018). 

Figure 5 shown the mode of action of these new antimicrobial materials and coatings. 

On this context, polymers of natural origin also called biopolymers such as cellulose, 

chitosan, alginate, dextran, and starch, deserve a special attention because they have 

biocompatible characteristics and present some resistance to microbial adhesion (Arora et al., 

2016; Junter et al., 2016; Rebelo et al., 2017). Besides, the antimicrobial potential of PC could 

be the solution to antibiotics resistance problem (Slobodníková et al., 2016; Chandra et al., 

2017; Yang et al., 2018). However, their potential is limited by their poor stability, which could 

be solved, by adding in a polymer matrix that provides protection and stability (Biasutto et al., 

2014; Conte et al., 2016). At this point, combination of biopolymers and PC could be 

representing a solution to reduce the incidence of HCAI. Promising results of the medical 

application of starch in combination with PC rich extracts are described in Table 3. Nowadays, 

there is not information about octenyl succinate starch-based films with nut by-products extracts 

for medical applications. In this way, the obtained results could extend the study of both 

materials and establish their potential in medical applications. 
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Table 3.  Medical applications of starch and phenolic compounds extracts combination.  

Components Founding’s Reference 

   
Chitosan-collagen-
starch and Punica 

granatum pericarp 
extract 

The membrane showed antibacterial activity 
against P. aeruginosa with the disc diffusion 
method (18.1 ± 0.32 mm). The in vivo study 
showed that the membrane achieved 98.3 ± 1.2 % 
of re-epithelialization of 2 cm2 wound in guinea 
pigs at the 25th day.  

Amal et al. 
(2015) 

   
Starch-zeolite 
nanoparticles and 
chamomile extract 

The hydrogel showed a cytocompatibility with 
fibroblasts cells, promoting the proliferation and 
maturation of these cells after 4 and 7 days. The in 

vivo study in rats showed that the hydrogel 
improved the burn wound healing, promoting the 
epithelialization, collagen formation and 
angiogenesis. Finally, the clinical study showed the 
wounds healing in 6 patients, with a mean healing 
time of 31 days.  

Salehi et al. 
(2017) 

   
Poly vinyl alcohol-
starch and turmeric 

The hydrogel membranes showed antimicrobial 
activity against E. coli (DH5-alpha) and S. aureus 
(MRSA) having 9.9 mm and 11.3 mm of inhibition 
zone, respectively. The hydrogel membrane 
presented adequate mechanical, swelling and water 
retention properties. 

Hassan et al. 
(2018) 

   
Gelatin-oxidized 
starch and henna 
extract 

The in vitro studies showed that nanofibrous mats 
improved the fibroblasts proliferation and the 
collagen secretion. In addition, presented 
antibacterial properties against E. coli and S. 

aureus. The in vivo studies showed the accelerated 
closure of burns wounds in mouse. 

Hadisi et al. 
(2018) 

   
Starch, hyaluronic 
acid and propolis 
extract 

Films showed antibacterial activity against E. coli, 
S. aureus and S. epidermidis and cytocompatibility 
with fibroblast cells in vitro. The in vivo studies in 
Wistar rats, showed at reduction of the open wound 
area at the 7 day, while at the 14 the wounds were 
practically healed.  

Eskandarinia 
et al. (2018) 
Eskandarinia 
et al. (2019) 
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II. HYPOTHESIS 

Octenyl succinate starch-based films with nut by-products extracts present suitable 

characteristics and properties with potential for medical use as antimicrobial material.  
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III. OBJECTIVES 

 3.1 General Objective 

To evaluate the antimicrobial properties of octenyl succinate starch-based films with nut by-

products extracts for their potential medical application.  

 

3.2 Specifics Objectives 

1. To determine the physicochemical properties of native starch and octenyl succinate starch. 

2. To determine the antibacterial activity of pecan nutshell and hazelnut skin ethanolic extracts, 

against Gram-positive and Gram-negative bacteria. 

3. To determine the characteristics, physicochemical and antibacterial properties of octenyl 

succinate starch-based films with nut by-products extracts. 
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IV. MATERIALS AND METHODS 

4.1 Starch modification 

The commercial potato starch (Sigma-Aldrich, USA) modification consisted in an esterification 

with the OSA reagent (Dixie Chemical Company) according with the procedure described by 

Ovando-Martínez et al. (2017). Firstly, 100 g of starch were dissolved in 225 mL of deionized 

water with constant stirring (400 rpm). Consequently, 3 mL of OSA reagent were added at 0.1 

mL/min flow speed. The solution was maintained with constant stirring and the pH was keep at 

8.5-9.0 with 1 M NaOH. After 6 h of reaction, the pH was adjusted to 7.0 and centrifugated 

(Allegra X-12 Centrifuge, Beckman Coulter, Indianapolis, IN, U.S.A) during 15 min at 2500 g. 

The supernatant was discarded, and the pellet was first washed with deionized water (x3) and 

later washed with acetone (x3). The modified starch (OSS) was dried 24 h at 40 °C. Finally, the 

degree of substitution was determined with 1H nuclear magnetic resonance (NMR), using a 400 

MHz Bruker Avance III HD (Billerica, U.S.A) according to Whitney et al. (2016).  

 

4.1.1   Proximate composition  

4.1.1.1   Total and damage starch content. Total and damage starch content were determined 

using the Megazyme Kit (International Ireland), according to the American Association of 

Cereal Chemists 76-13.01 (AACC, 1999a) and 76-31.01 methods (AACC, 2014), respectively.  

 

4.1.1.2   Amylose and amylopectin content. High-performance size exclusion chromatography 

(HPSEC) was used to obtain the amylose and amylopectin content according to Simsek et al. 

(2013). Starch samples (30 mg) were dissolved with a 1:10 (v/v) solution of 6 M Urea and 1 M 

KOH, respectively. Solutions were heated at 100 °C for 90 min and neutralized with 1 M HCl. 

Solutions were filtered through 0.45 µm nylon filters and injected (20 µL) in Agilent 1200 series 

high-performance liquid chromatography (HPLC) system (Agilent Technologies, Santa Clara, 

CA, U.S.A.) with a refractive index detector. Ultra hydrogel guard and linear size exclusion 

column (Milford, MA) at 40 °C were the stationary phase. The movil phase was HPLC water 

grade at a flow rate of 0.4 mL/min.  
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4.1.1.3 Ash, moisture and protein content. Ash and moisture content were determined 

gravimetrically, according to the methods approved by the American Association of Cereal 

Chemists, 08-01.01 (AACC, 1999b) and 44-15.02 (AACC, 1999c), respectively. Ash and 

moisture percentage were calculated according to the follow equation (1). 

 

 (1) % !"# $& '$*"+,&- =  
./*+*02 3-*4#+ 5 6*/02 3-*4#+

./*+*02 3-*4#+
 7 188 

 

 

Protein content was determined by the Dumas combustion method following the 

American Association of Cereal Chemists, 46-30.01 method (AACC 1999d). 

 

4.1.2   Swelling property 

Swelling volume was determined with a Rapid Viscosity Analyzer, RVA 4500 (RVA 4500, 

Perten Instruments, Springfield, IL, U.S.A) according to Ovando-Martínez et al. (2017). The 

sample (200 mg dry basis) was weighed in aluminum pans and mixed with 10 mL of distilled 

water. The pans were placed in the Rapid Viscosity Analyzer and maintained at 25 °C for 30 

min. Subsequently, the samples were heated at 50, 60, 70, 80 and 90 ˚C during 30 min. Finally, 

the samples were transferred to 15 mL tubes, centrifuged (1000 g for 15 min), and the 

supernatant was measured. The swelling factor was calculated whit the following equations (2) 

and (3).   

 

(9) :-2 ;$2,<- = (18 <> 5 ?,@-&/0+0/+ ;$2,<-) 

 

(A)  ?B-22*/4 60C+$& =
 :-2 ;$2,<-

?0<@2- 3-*4#+ (D&E F0"*")
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4.1.3   Pasting property 

Rapid Viscosity Analyzer RVA 4500 was using to measure the pasting properties according to 

the method 76-21.02 of the American Association of Cereal Chemists (AACC, 2017). Starch 

samples (3g) were mixed with 25 mL of deionized water in aluminum pans. The pans were 

placed in the RVA instrument and held at 50 °C for 1 min. Later, the pans were heated from 

50°C to 95°C in a rate of 12 °C/min, and held 2 min at 95°C. Finally, the pans were cooled down 

in a rate of 12 °C/min and held 2 min at 50°C. The pasting temperature, time peak, peak 

viscosity, breakdown, setback, and final viscosity were obtained using the software supplied 

with the RVA instrument.  

 

4.1.4   Gelatinization property 

Gelatinization properties were determined by Differential Scanning Calorimetry (DSC), using 

a Perkin-Elmer Differential Scanning Calorimeter DSC-6000 according to Ovando-Martínez et 

al. (2017). Starch (3.5 mg) and 8 µL of deionized water were placed in aluminum pans. The 

pans were hermetically sealed and stored in a room temperature overnight. Next day, the pans 

were placed in the DSC and heated 10°C per-min., from 20°C to 120 °C. Enthalpy of 

gelatinization (∆H), onset, peak and end temperature were obtained using the software supplied 

with the DSC instrument.  

 

4.1.5   Starch granule morphology 

The starch morphology was obtained by scanning electron microscopy (SEM) using a JEOL 

JSM-6490LV scanning electron microscope (JEOL USA, Peabody MA, U.S.A) with 

accelerating voltage of 15 kV. The starch samples were placed in cylindrical aluminum mounts 

with XYZ conductive tape (Electron Microscopy Sciences, Hatfield, NJ, U.S.A) and coated with 

gold using a Cressington 108auto sputter coater (Ted Pella Inc., Redding CA, U.S.A). 
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4.1.6   Amylopectin chain length distribution  

To analyze the chain length distribution of OSS, it firstly was fractionated in amylose and 

amylopectin. For this, a gel permeation chromatography (GPC) system was used. Modified 

starch was dissolved in 2 M NaOH with constant stirring at 80 °C. The dissolved starch was 

filtered and loaded in the GPC column (1.6 x 100 cm) packed with Sephadex CL-2B gel. The 

mobile phase was 10 mM NaOH with a 0.4 mL/min flow rate. The collected fractions were used 

to identify the amylose and amylopectin with the phenol sulfuric acid and blue value assay. 

Once detected the amylopectin fraction, it was combined, subjected to dialysis, and finally 

freeze-dried for further analysis of chain length distribution of amylopectin (Whitney et al., 

2016).  

High performance anion exchange chromatography (HPAEC) was used to determine the 

chain length distribution of amylopectin according to Whitney et al. (2016). Amylopectin 

sample was dissolved in deionized water by heating at 80 °C for 15 min with constant stirring. 

Samples were diluted with sodium acetate buffer (4 mL, 10 mM, pH 3.5) and the α-(1-6) 

linkages were hydrolyzed with isoamylase (48 h, 40 °C). After it, samples were freeze-dried, 

resuspended in deionized water, and filtered thought a 0.45 µm syringe. Finally, the sample (25 

µL) was injected into the HPAEC system (Dionex, CA, U.S.A) equipped with a Carbopac PA-

100 column. The gradient system was as follow: (A) 150 mM NaOH and (B) 600 mM sodium 

acetate with 150 mM NaOH. The gradient started from 100% A to 100% B, for 100 min, 

increasing 1% eluent B per-min. The samples were monitored with the ED-40 detector in pulsed 

amperometric mode. The chain length distribution was calculated with a Dionex software. 

 

4.2 Nut by-products phenolic extraction 

Nut by-products used as a source to obtain the phenolic compounds were pecan nutshell (Carya 

illinoinensis) and hazelnut skin (Corylus avellana). Pecan nuts Wichita (variety) were donated 

by Grupo Alta S.A de C.V., a processing plant located in Hermosillo Coast of Sonora State, 

Mexico. Nutshell was milled in a hammer mill (Tomas Model 4 Willey-Mill) and sifter to a 

particle size less than 1 mm. On the other hand, hazelnut skin was obtained from commercial 
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markets in Ordu, Turkey. The hazelnut skin was milled in a coffee grinder and sifted to a particle 

size between 0.85–0.50 mm. Both by-products were stored at 4°C until further analysis.  

Ethanolic extraction was used to obtain the phenolic extracts according to the method 

described by Liu et al. (2013), with slight modifications. The sample was mixed with 60% 

ethanol (ratio1:30, w/v) and sonicated during 15 min (Branson 1510, Danbury, CT, U.S.A). 

Later, the solution was centrifuged for 15 min at 5000 g and 4 ˚C. The supernatant was filtered 

using a vacuum system with Whatman paper #4. The solvent was removed using a rotavapor 

system at 45°C. The resulting extracts of pecan nutshell (PSE) and hazelnut skin (HSE) was 

freeze-dried (Labconco FreeZone 6-liter, Kansas City, MO, U.S.A) and finally stored at 4°C 

until further analysis.  

 

4.2.1   Total phenol and flavonoid content 

Total phenol and flavonoid content were measured in serial dilutions of extracts resuspended in 

60% ethanol (1 mg per-mL). The assays are described below.  

The total phenolic content (TPC) was determined by the Folin-Ciocalteu assay 

(Singleton & Rossi, 1965), with modifications. The sample (30 µL, PSE or HSE) was placed in 

flat-bottom 96-well microplate. Briefly 150 µL of Folin-Ciocalteu reagent (1:10 v/v) and 120 

µL of 7.5% Na2CO3 were added. Then the microplate was incubated for 30 min in dark 

conditions. Finally, the absorbance was measured at 750 nm using a microplate reader 

(Multiskan Ascent, Thermo Electron Corporation). The results were expressed as mg of gallic 

acid equivalents per-gram of extract (mg GAE/g), using gallic acid as external standard (R2= 

0.9992). Total flavonoids content (TFC) was determined using the aluminum chloride assay 

previously described by Zhishen et al. (1999), with slight modifications. In a test tube 250 µL 

of sample (PSE or HSE), 1000 µL of deionized water and 75 µL of 5% NaNO2 were mixed with 

vortex and incubated for 5 min. After the incubation, 75 µL of 10 % AlCl3 was added and mixed. 

After 1 min, 500 µL of 1M NaOH and 600 µL of deionized water were added and mixed. Finally, 

300 µL of the reaction solution were placed in a flat-bottom 96-well microplate. The absorbance 

was measured at 492 nm using a microplate reader. The results were expressed as mg of catechin 

equivalents per-gram of extract (mg CE/g), using catechin as external standard (R2= 0.9999). 
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4.2.2   Antioxidant activity 

The antioxidant activity was measured in serial dilutions of extracts resuspended in 60% ethanol 

(1 mg per-mL). The assays are described below. 

 

4.2.2.1 ABTS radical inhibition assay. The ABTS•+ radical cation (2,2´-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid)) inhibition assay was realized according to Re et al. 

(1999) whit modifications. In a test tube 20 µL of sample (PSE or HSE) were mixed with 2 mL 

of ABTS•+ radical cation (previously adjusted to an absorbance of 0.7 ± 0.02 at 750 nm). After 

5 min of incubation in darks conditions, 250 µL of the reaction solution were placed in a flat-

bottom 96-well microplate and the absorbance was measured at 750 nm using a microplate 

reader. The results were expressed as µmol of TROLOX equivalents per-g of extract.   (µmol 

TE/g), using TROLOX as external standard curve (R2= 0.9988). 

 

4.2.2.2   DPPH radical inhibition assay. The DPPH• radical (2,2´-diphenyl-1-picrylhydrazyl) 

inhibition assay was realized according to Brand-Williams et al. (1995) with slight 

modifications. In a flat-bottom 96-well microplate were placed 20 µL of sample (PSE and HSE) 

and 280 µL of DPPH• radical, previously adjusted to an absorbance of 0.7 ± 0.02 at 516 nm. 

The microplate was incubated 30 min in darkness conditions. The absorbance was measured at 

516 nm using a microplate reader. The results were expressed as µmol of TROLOX equivalent 

per-g of extract (µmolTE/g), using TROLOX calibration curve (R2= 0.9981). 

 

4.2.2.3 Ferric reducing antioxidant power (FRAP) assay.  The FRAP assay was realized 

according to Benzie & Strain (1996), with slight, modifications. Firstly, the FRAP reagent was 

prepared by mixing sodium acetate buffer (0.03M, pH 3.6), 10 mM TPTZ (2,4,6-Tris(2-

pyridyl)-s-triazine) in 40 mM hydrochloric acid solution, and 20 mM FeCl3 aqueous solution, 

(10:1:1 ratio). Afterwards, in a flat-bottom 96-well microplate 20 µL of sample (PSE or HSE) 

and 280 µL of FRAP reagent were combined and incubated for 30 min in dark conditions. The 
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absorbance was measured at 595 nm using a microplate reader. The results were expressed as 

µmol TE/g, using TROLOX as external standard (R2= 0.9988). 

 

4.2.3   Phenolic profile 

Prior to the identification and quantification of PC present in the extracts by high performance 

liquid chromatography with diode array (HPLC-DAD), an acid hydrolysis was performed 

according to Hilbig et al. (2018b), with modifications. The freeze-dried extract (150 mg, PSE 

or HSE) was mixed 2 M HCl (12 mL) with constant stirring at 175 rpm during 2 h, in a water 

bath at 80 °C. Later, the solution was cool down with sonication for 10 min and then adjusted 

to pH 2, with NaOH. Later, ethyl ether (18 mL) was added, mixed and the organic phase was 

collected. This process was done three times, collecting and mixing all the organic phases. The 

ethyl ether was removed with a rotavapor system at 28°C. The resulting hydrolyzed extracts 

were freeze-dried and stored at -4 °C until their analysis. 

 A modified method of Nour et al. (2012) was used to identify and quantify the PC. 

Firstly, the hydrolyzed extracts were resuspended in methanol and filtered through a nylon filter 

(0.20 µL). The sample (50 µL) was injected in an Agilent 1200 series high-performance liquid 

chromatography (HPLC) equipped with Supelcosil C18 (25 cm x 4 mm x 5 µm) column used 

as stationary phase. The elution phase consisted in acidified water (1% acetic acid) (A) and 

methanol (B) with 1 mL/min of flow rate following the gradient:  90% of A from 0 to 27 min, 

from 90 to 60 % of A in 28 min, 60% of A for 5 min, from 60 to 56% of A in 2 min, 56% of A 

for 8 min, from 56 to 90% in 1 min, and 90% for 4 min. Identification and quantification of PC 

were done at 254, 278, 300 and 360 nm. A calibration curve of different standards was used to 

obtain the concentration of PC in the extracts, which was reported as mg per-gram of extract 

(mg/g). 

 

4.2.4   Antibacterial activity  

The antibacterial activity of the PSE and HSE was evaluated against Staphylococcus aureus 

ATCC 6538P, Staphylococcus epidermidis ATCC 12228, Pseudomonas aeruginosa ATCC 
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27853 and Klebsiella pneumoniae ATCC 13883. The strains were provided by the Laboratorio 

de Microbiología Polifásica y Bioactividades, CIAD Hermosillo, Sonora. The antimicrobial 

activity consisted in the determination of the minimum inhibitory (MIC) and bactericidal (MBC) 

concentrations and biofilm formation inhibition.  

 

4.2.4.1   Inoculum preparation. Inoculum was prepared according to the approved methods of 

the Clinical Laboratory Standards Institute (CLSI): M07-A10 (2015). From 18-24 h previously 

inoculated Müeller-Hinton broth, approximately 1 mL was transfer to 0.85% sterile saline 

solution (SS), mixed and adjusted at 0.08-0.12 absorbance at 625 nm (0.5 McFarland scale, 1 x 

108 UFC). From the adjusted solution, a 1:150 dilution ratio in Müeller-Hinton was prepared to 

obtain 1-2 x 106 UFC. The inoculum was used within 15 min, to maintain the bacteria 

concentration.  

 

4.2.4.2   Extracts preparation. First, the lyophilized extracts (PSE or HSE) were dissolved 

with dimethyl sulfoxide (DMSO) (100 mg/mL, ratio) according to do Prado et al. (2014). The 

dissolved extracts were added to the corresponding culture media approved by CLSI, Müeller-

Hinton for bacteria and RPMI 1640 for yeast. A stock solution of 2 mg of extract per-mL of 

broth medium was prepared and used, to obtain dilutions in a concentration a range from 0 to 2 

mg/mL (each 0.100 mg/mL).  

 

4.2.4.3 Minimum inhibitory and bactericidal concentrations determination. The 

microdilution broth assay was adapted from the M07-A10 (CLSI, 2015). In a sterile flat-bottom 

COSTAR 96-well microplate 100 µL of the prepared inoculum and 100 µL of medium with 

extract (PSE or HSE) at different concentrations were added, and the microplate was incubated 

24 h at 37 ˚C. The final concentration of the extract in the microplate was half of the prepared 

concentration, while the final inoculum was 0.5-1 x 106 and 0.5-2.5 x 103 UFC for bacteria and 

yeast, respectively. After the incubation time, 20 µL of 0.5% TTZ (2,3,5-triphenyltetrazolium 

chloride) solution were added in each well and the microplate was incubated again for 1 h at 37 
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˚C (do Prado et al., 2014). The concentration with absence of red color was established as the 

minimum inhibitory concentration (MIC). To obtain the minimum bactericide concentration 

(MBC), 20 µL from each well of the MIC microplate was inoculated in Petri dishes with 

Müeller-Hinton agar, and incubated 24 h at 37 ˚C. The concentration that did not show any 

growth (colonies) was established as the MBC.  

 

4.2.4.4 Biofilm formation inhibition. Following the crystal violet assay described by 

Stepanović et al. (2004) whit some modifications, 125 µL of the prepared inoculum and 125 µL 

of the MIC of the corresponding extract, were placed in a sterile flat-bottom COSTAR 96-well 

microplate. After 24 h of incubation at 37˚C, the broth was removed, and the wells were washed 

whit sterile water three times. Later, 250 µL of methanol were added to each well to fix the 

attached bacteria. After 15 min, methanol was removed, and the microplate was air-dried. The 

dried wells were stained with 250 µL of 0.1% crystal violet solution and 5 min later the solution 

was removed, washed with distilled water and air dried. Finally, the stained cells were 

resuspended with 250 µL of 33% glacial acetic acid solution and the absorbance was measured 

using a Varioskan Lux, Thermo Scientific, microplate reader at 570 nm. The inhibition 

percentage was calculated according to Shao et al. (2015) using the following equation (4)  

 

(H) % ./#*I*+*$/ =  
!I" J+2 5 !I"'.J

!I" J+2
 7 188 

Where: Abs Ctl was the inoculum without extract at MIC 

 

 

4.3 Films preparation 

Films were prepared with the casting method according to Zamudio-Flores et al. (2015) and Li 

et al. (2018), with modifications. The films components are shown in Table 4. The film forming 

solution was placed in a flask and was mixed at constant stirring (1000 rpm) in a heating plate 
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Table 4. Films formulation with octenyl succinate starch and pecan nutshell extract or 

hazelnut skin extract. 

Film 

Film Forming Solution Extract Solution 

OSS 

(g) 

Glycerol 

(g) 

Water 

(mL) 

60% Ethanol 

Solution (mL) 

PSE or HSE 

(mg/100 mL) 

OSS (Control) 4 2 90 10 0 

OSS-PSE or HSE      

250  4 2 90 10 25 

500  4 2 90 10 50 

750  4 2 90 10 75 

1000  4 2 90 10 100 

  OSS: Octenyl succinate starch, PSE: Pecan nutshell extract, HSE: Hazelnut skin extract. 

 

 

 

at 95 °C for 10 min. Later, the film forming solution was cooling down to 50 °C, and 10 mL of 

the extract solution were added. Both solutions were mixed during 15 min with constant stirring 

at 1000 rpm. The final solution was casting in square plastic plates (12x12 cm) and dried at 60 

°C during 4-5 h. The dried films were removed from the plates and the thickness was measured 

in five aleatory points using a Mitutoyo 2416F micrometer. The films were stored in a 50% of 

relative humidity (RH) chamber and ambient temperature, for 5 days before the analysis. 

 

4.3.1   Surface morphology  

4.3.1.1   Micrographs by Scanning Electron Microscopy (SEM). Surface micrographs were 

obtained using a scanning electron microscope (JEOL JSM-6490LV, JEOL USA, Peabody MA, 

USA) with accelerating voltage of 15 kV. Films were placed in cylindrical aluminum mounts 
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with XYZ conductive tape (Electron Microscopy Sciences, Hatfield, NJ, USA) and coated with 

gold using a Cressington 108auto sputter coater (Ted Pella Inc., Redding CA, USA). 

 

4.3.1.2   Topography by Atomic Force Microscopy (AFM). Surface topography was analyzed 

using a Veeco Dimension 3100 Atomic Force Microscope according to the modified version of 

the American Society of Testing and Materials method E2382-04 (ASTM, 2012). Films were 

attached in 12 mm diameter disk Ted Pella, Incorporated (Product No. 16208). The cantilever 

used was Golden Silicon Probe NSG01 (reflective side: Au; tip height: 14–16 μm; tip curvature 

radius: 10 nm; chip size: 3.4 × 1.6 × 0.3 mm, cantilever length: 125 ± 5 μm; cantilever width: 

30 ± 5 μm; cantilever thickness: 1.5–2.5 μm). 

 

4.3.2   Fourier-Transform Infrared Spectroscopy (FTIR).  

The interactions between the phenolics extracts (PSE or HSE) and OSS were identified by FTIR 

analysis using a Thermo Scientific Nicolet 8700 FTIR instrument. Smart iTR Accessory with a 

diamond crystal was used for the reflectance mode. The FT-IR spectra of PSE, HSE, OSS, OSS-

PSE and OSS-HSE were measured with 128 scans at 4000 to 650 cm-1 wave number range and 

resolution of 4 cm-1. 

 

4.3.3   Optical properties  

4.3.3.1   Color measurement. Using a MacBeth Color Eye 7000 spectrophotometer with Pro 

Palette 5.0 software, the CIELab scale color values were obtained with the standard light source 

D65 at 10° (Luchese et al. 2018). The color values obtained were *L (0 to 100, black to white), 

*a (-a to +a, greenness to redness) and *b (-b to +b, blueness to yellowness). To obtain the color 

values, the films were placed in a standard white calibration surface (*L= 95.69, *a= -0.90 and 

*b= 1.94) and measured in different aleatory points (Khanmani & Rhim, 2014). 
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4.3.3.2   Transparency and UV-vis light absorption. Using a Hach DR/4000 UV-Vis 

spectrophotometer (Hach, Loveland, CO, U.S.A.) the transparency and UV-Vis absorption were 

analyzed according to Khanmani & Rhim (2014) with modifications. The films were cut in 

rectangular pieces (1x4 cm) and placed into a quartz cell. Transmittance (T%) was measured at 

280 and 660 nm. On the other hand, to obtain the UV-Vis spectra the absorbance was measured 

in a wavelength range of 200 to 800 nm. Air was used as a blank.  

 

4.3.4   Water barrier properties 

4.3.4.1   Water content and water solubility. These assays were realized according to the 

method described by Nouri & Nafchi (2014) with slight modifications. Films pieces (2 x 3 cm) 

were weighed before and after drying in an oven at 105 °C for 24 h. The dried film pieces were 

placed in a flask with 80 mL of distilled water with constant stirring at 125 rpm for 1 h. After 

that, the solution of the flasks was filtered through a Steel mesh (45 microns) and the solids 

were placed in the oven at 65 °C overnight. The dried films solids were weighed. The water 

content and solubility percentage were calculated with the following equation (5) 

 

(K) % 30+-& J$/+-/+ $& ?$2,I*2*+E =  
./*+*02 3-*4#+ 5 6*/02 3-*4#+

./*+*02 3-*4#+
 7 188 

 

 

4.3.4.2   Hydrophobicity. Films hydrophobicity was determined by measurement of the contact 

angle according to the American Society for Testing and Materials method D7334-08 (ASTM, 

2013a). Whit a syringe a drop of deionized water was placed in random points of the films. The 

contact angle values were obtained with a Contact Angle Analyzer (First Ten Angstroms 125) 

with a CCD camera, and a First Ten Angstroms 32 Video 2.0 Software. 
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4.3.4.3   Water vapor transmission rate (WVTR). The water dish method was used to obtain 

the water vapor transmission rate (WVTR) according to the American Society for Testing and 

Materials method E96/E96M-15 (ASTM, 2015). Films between two metal plates with inner 

diameters of 5.4 cm were placed over Petri dishes with 20 mL of water. Separation between the 

water and the films was 13 mm. Using parafilm the metal plates and the Petri dishes were held 

and sealed. The whole assembly was weighed with a Mettler Toledo New Classic MF analytical 

balance (Model No. ML203E/03). Mass was recorded at 0, 1, 3, 6, 12 and 24 h and plotted. The 

WVTR was calculated with the follow equation (6). 

 

 (L) 3;MN =  
:M

!
 

Where: 

GT: Slope of the weight variation versus time plot (g/h) 

A: area in m2 

 

 

4.3.5   Mechanical Properties  

Evaluation of the tensile properties, tensile strength (TS), elongation at break (EB) and Young´s 

modulus (YM) were carried out according to the American Society for Testing and Materials 

method D882-18 (ASTM, 2018). An Instron 5545 tensile test machine with a 100 N load cell 

was used for the test. The testing conditions were 51 mm/min strain rate with initial grip 

separation of 25.4 mm. Results were obtained with the Instron Bluehill 2.1 software. 

 

4.3.6   Antimicrobial Properties 

To evaluate the antimicrobial properties against the strains mentioned in section 4.2.4, the films 

were sterilized with UV-Light during 25 min, each side. Inoculums were prepared as described 

in the section 4.2.4.1.  
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4.3.6.1   Antimicrobial Activity in Solid Media. The inhibition zone or agar disc diffusion 

method was carried out. In trypticase soy agar (TSA) plates, 100 µL of inoculum were spread 

using a sterile swab. Circular films with a diameter of 2.5 cm, were placed in the center of the 

plates. The plates were incubated for 24 h at 37°C. After incubation the inhibition zone was 

measured (mm).   

 

4.3.6.2   Antimicrobial Activity in Liquid Media. The growth inhibition in liquid media was 

determined according to Kart et al. (2017), with modifications. The film (1 cm2) and 2 mL of 

inoculum were placed in a sterile flat-bottom COSTAR 12-well microplate and incubated 24 h 

at 37°C. After incubation, the supernatant was collected and absorbance was measured at 600 

nm using (Volova et al., 2018).  

 

4.4 Statistic Analysis 

For the determination of significant differences with a significant level of p ≤ 0.05, student T-

test for the starch and extracts characterization, whereas one-way analysis of variance 

(ANOVA) with post-hoc Tuckey HSD were used with the IBM SPSS 23 version statistic 

software. 
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V. RESULTS AND DISCUSIONS  

5.1 Octenyl succinate starch composition 

Starch was successfully modified showing a degree of substitution of 0.013, which is indicating 

the number (average) of hydroxyl groups that were substituted by OSA group for each unit of 

glucose in the starch structure (Tizzotti et al., 2011). The changes in the proximate composition 

are shown in Table 5 and are discussed below. 

Total starch decreased around 8%, maybe because of the OSA groups, which could 

interfere during the total starch determination. On the other hand, amylose content increased 

after the modification. This result is different to that reported by Simsek et al. (2015), Abiddin 

et al. (2018), Lopez-Silva et al. (2019) and Punia et al. (2019b). These authors reported that 

amylose decrease in different starches, because the inclusion of OSA groups occurs 

preferentially in the amylose chains of the amorphous region of the starch granule (Whitney et 

al., 2016; Won et al., 2017). However, the increase of amylose content has been reported by 

Bajaj et al. (2019) in different starches, including potato starch. This could be due to the 

hydrolysis of the amylopectin chains during the modification process, which led to the formation 

of new amylose chains, then explaining the decrease of the amylopectin content during the 

starch modification. Bai et al. (2014) and Wang et al. (2016) reported that the distribution of 

OSA groups occurs close the branching points of the amylopectin chains. The differences and 

similarities with these studies, could be related to the nature of the starch (botanical source) and 

the conditions of the modification process (Huber & BeMiller, 2001). Starch damage decrease 

significantly (p ≤ 0.05). This trend was reported previously by Ovando-Martínez et al. (2017) 

in potato starch. According with this author, damage starch is more susceptible to be affected 

by the OSA reagent, because this provides a greater area of interaction between OSA groups 

and starch chains. Besides, during the modification process the damage granules could be 

solubilized. Moisture and ash content showed significant changes (p ≤ 0.05), whereas protein 

content was similar both starches. The low moisture content in OSS could be related with the 

reduction of hydroxyl groups by the substitution with OSA groups. On the other hand, the ash 

content increase could be a result of the presence of sodium in the OSA molecules added to the 

starch (Figure 1). 
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Table 5. Proximate composition of native and octenyl succinate starch. 

 

NS OSS 

Total starch (%) 99.31 ± 0.51a 91.51 ± 0.64b 

      Amylose (%) 10.28 ± 0.13b 12.19 ± 0.07a 

      Amylopectin (%) 89.72 ± 0.13a 87.81 ± 0.07b 

Starch damage (%) 1.56 ± 0.03a 1.43 ± 0.07b 

Moisture (%) 17.26 ± 0.04a 11.56 ± 0.26b 

 Ash (%) 0.16 ± 0.05a 0.48 ± 0.07a 

Protein (%) 0.10 ± 0.05a 0.04 ± 0.04a 

Data represent mean ± standard deviation, n=3. Different literals between columns indicate 
significant differences (p ≤ 0.05). NS: Native starch, OSS: Octenyl succinate starch.  

 

 

 

5.2 Octenyl Succinate starch properties  

An improvement in the swelling property was observed after the starch esterification with the 

OSA reagent (Figure 6). The OSS showed a greater capacity to water absorption, and it was 

significative different than the NS (p ≤ 0.05). Results were consistent with those reported by 

Bello-Flores et al., (2014), Ovando-Martínez et al., (2017), Remya et al. (2018) and Punia et al. 

(2019b). According with these authors, the increase of water absorption occurs due to the 

weakening of intermolecular hydrogen bond in the starch structure and the consequent damage 

in the starch granule surface by the inclusion of OSA groups. This facilitates the entry of water 

molecules into the granule, then allowing greater interaction between these molecules with the 

hydroxyl groups of the internal starch chains. The increase in the swelling factor observed in 

the OSS, specifically at 50, 60 and 70 °C temperatures, could facilitate the entry of the PCs of 

the extracts into the starch granules, favoring the distribution throughout the complete structure 

of the starch, during the film formation.  
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Figure 6. Swelling volume of native and octenyl succinate starch at different temperatures. 
Error bars indicate standard deviation (n=3). Different letters between bars at same temperature 
indicates significant differences (p ≤ 0.05). NS= Native starch, OSS= Octenyl succinate starch.  

 

 

 

Pasting properties were improved in OSS (Table 6). Firstly, the pasting temperature decreased 

significantly (p ≤ 0.05) from 68.65 ± 0.05 to 62.72 ± 0.03. This behavior was reported in 

previous studies, indicating that the structural changes caused by the inclusion of OSA groups, 

allow to the starch granules swell at a lower temperature compared to the unmodified starch 

(Bello-Flores et al., 2014; No et al., 2019; No & Shin, 2019; Punia et al., 2019b; Velásquez-

Barreto et al., 2019). The increase in the peak time could be related to the increase in swelling 

property (Figure 6). It means that by having a greater capacity to absorb water, the starch 

granule would take longer time to fully swell. Commonly, viscosity peak, breakdown and 

setback decrease after the OSA groups inclusion into the starch structure (Sweedman et al., 

2013). In this work, these parameters decreased, similar to that reported by Ovando-Martínez et 

al. (2017). Additionally, Won et al. (2017) reported a lower peak and setback viscosity, while 

Velásquez-Barreto et al. (2019) reported a lower setback viscosity compared to unmodified 

starch. Finally, the final viscosity showed a significant increase (p ≤ 0.05), which agrees with  
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Table 6. Pasting and gelatinization properties of native and octenyl succinate starch. 

 NS OSS 

Pasting properties   

     Pasting temp (˚C) 68.65 ± 0.05a 62.72 ± 0.03b 

     Peak time (min) 3.07 ± 0.00b 4.67 ± 0.00a 

     Viscosity peak* 924.64 ± 12.20a 615.00 ± 8.95b 

     Breakdown* 779.83 ± 10.73a 275.58 ± 6.42b 

     Setback * 169.19 ± 9.75a 94.17 ± 10.07b 

     Final viscosity*  314.00 ± 9.46b 433.58 ± 6.91a 

Gelatinization properties   

     Enthalpy (J/g) 15.08 ± 0.14 16.42 ± 0.25 

     Onset temperature (˚C) 62.78 ± 0.20 59.41 ± 0.82 

     Peak temperature (˚C) 66.69 ± 0.24 64.75± 0.30 

     End temperature (˚C) 73.25 ± 0.09 73.15 ± 0.82 

Data represent mean ± standard deviation, n=3. Different literals between columns indicate 
significant differences (p ≤ 0.05). NS: Native starch, OSS: Octenyl succinate starch. *RVU= 
Rapid viscosity units. 
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starch. Finally, the final viscosity showed a significant increase (p ≤ 0.05), which agrees with 

several studies (Bello-Flores et al., 2014; Ovando-Martínez et al., 2017; Bajaj et al., 2018; No 

& Shin, 2019; No et al., 2019). 

Gelatinization values obtained by DSC are shown in Table 6. The low onset and peak 

temperature in OSS indicate that the starch granule requires lower temperature to gelatinize. 

This occurs due to the structural weakening of the modified starch as mentioned above 

(Swedeeman et al., 2013). This is consistent with the swelling and pasting properties observed 

in Figure 6 and Table 6, respectively. Similar behavior was reported in different starches 

including potato starch (Bello-Flores et al., 2014; Wang et al., 2016; Ovando-Martínez et al., 

2017; Zhang et al., 2017; Abiddin et al., 2018; Velásquez-Barreto et al., 2018; No & Shin, 

2019). Regarding to the end temperature, parameter related to the temperature where starch is 

completely gelatinized (Sweedman et al., 2013), no significant changes (p < 0.05) were found 

between NS and OSS. This result was similar to that reported by Won et al. (2017) and No et 

al. (2019). On the other hand, commonly the decrease in temperature associated with structural 

weakness due to the inclusion of OSA groups is confirmed by the decrease in the enthalpy of 

gelatinization (Sweedman et al., 2013). However, in this work and previous work carried out by 

Ovando-Martínez et al. (2017) and Bajaj et al. (2018) reported an increase in the gelatinization 

enthalpy in potato starches after the OSA modification. This could be related to the formation 

of amylose-OSA inclusion complexes and hydrophobic interactions between the OSA chains 

with neighbor amylopectin branch chains, factors which take more energy to break down the 

crystallinity of the modified starch granule (Ortega-Ojeda et al., 2005, Thirathumthavorn & 

Charoenrein, 2006). 

All of these pasting and thermal properties suggest that the OSS has better properties 

than native starch for the film formation. So, it was for this reason, OSS was used in the present 

work to elaborate the films, and also to protect the phenolic compounds presented in the nut by-

products extracts. 
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5.3 Octenyl succinate starch morphology and structure 

To corroborate the results described above, the morphological and structural properties of both 

starches was carried out. Starch granule micrographs obtained by SEM showed that the 

inclusion of OSA groups affected the surface morphology of the granule, showing the presence 

of small fissures and desquamation. Also, it was observed the generation of some cumulus and 

non-morphology changes (size and shape) (Figure 7). Same characteristics were reported 

previously by other authors (Wang et al., 2010; Ovando-Martínez et al., 2017; Zhang et al., 

2017; Lopez-Silva et al., 2019. This damage in the starch granule surface could be related with 

the increase of the swelling, (Figure 6), pasting and gelatinization properties (Table 6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Native and octenyl succinate starch granule micrographs. Native starch (up) and 
octenyl succinate starch (down).   



42 

 

In the case of the amylopectin chain length distribution no significant differences were 

observed (p > 0.05) between NS and OSS (Table 7). However, a tendency to increase short A 

chains (6-12) and a decrease in long B chains (≥13) was observed. This could indicate the 

hydrolysis of long chains, which could explain the increase in amylose content and the decrease 

in amylopectin content (Table 5). On the other hand, the change in the outer chains could 

explain the desquamation observed on the granule surface (Figure 7). 

According to the morphological and structural analysis, it can be inferred that the 

inclusion of OSA groups occurred mainly in the amorphous regions of the granule, along of 

amylose chains and branching points of the B chains of amylopectin.  

 

 

 

Table 7. Native and octenyl succinate starch amylopectin chain length distribution. 

 NS OSS 

Degree of polymerization 

(%) 
  

A (6-12)  16.89 ± 0.31a 17.47 ± 1.14a 

B (13-24)  66.58 ± 0.30a 65.50 ± 0.98a 

B 2 (25-36)  15.82 ± 0.13a 16.21 ± 0.56a 

B 3 (>37)  0.71 ± 0.09a 0.81 ± 0.07a 

DPW 18.31 ± 0.06a 18.34 ± 0.14a 

DPn 15.87 ± 0.06a 15.91 ± 0.19a 

Data represent mean ± standard deviation, n=3. Different literals in same files indicate 
significant differences (p ≤ 0.05). NS: Native starch, OSS: Octenyl succinate starch. DPW= 
Degree of polymerization weight average, DPn= Degree of polymerization number average.  
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5.4 Phenolic composition of nut by-products extracts  

Initial phenolic characterization (TPC, TFC and antioxidant activity) of PSE and HSE extracts 

are shown in Table 8. The TPC obtained in PSE was higher than that reported by Kureck et al. 

(2018) in aqueous (186.02 ± 2.31 mg GAE/g) and 80% ethanolic extracts (275.24 ± 41.88 mg 

GAE/g) in Barton variety. This could be related to the nut variety, as well as the growing area 

and the extraction method, being both important factors involved in the PC content (de la Rosa 

et al., 2010; El Hawary et al., 2016). In the case of HSE, the TPC was higher compared to those 

results reported by Contini et al. (2008) using a different solvent systems (426.7 to 502.3 mg 

GAE/g); and were similar to the results obtained by Contini et al. (2012), whom used an 

ethanolic maceration (680.3 ± 11.6 mg GAE/g). In another study, it was reported that the TPC 

in hazelnut skins from Italy, varied from 166.80 to 869.72 mg GAE/g, and these results were 

related to the solvent type and extraction method (Piccinelli et al., 2016). These results could be 

explained by the extraction method, the hazelnut variety and the previous process to which the 

skin was subjected before the PC extraction (Locatelli et al., 2010; Taş & Gökmen, 2015).  

In the case of TFC, it is not possible to compare the obtained results with other studies, 

because these studies report the TFC in the initial samples and not in the final extracts. However, 

the results obtained are consistent with previous reports in pecan nutshell and hazelnut skin 

samples. In this work, the TFC obtained in PSE represents around 35% of the TPC, which is 

similar to that reported by de la Rosa et al. (2010) in pecan nutshells with values between 30-

40% of the TPC. Contrary to this, lower values of TFC (29%) were reported by El Hawary et 

al. (2016). Respect to hazelnut skin, Taş & Gökmen (2015) reported that the TFC corresponds 

around 60% of the TPC, this agrees with the results obtained in the HSE (61.72 %). In the same 

way as TPC, factors such as variety, the growing area and the extraction method are 

determinants in the TFC values. The significant differences (p ≤ 0.05) found in the TPC and 

TFC values between both extracts (Table 8), could be related mainly to the nature or 

composition of the sample, considering that PCs are interacting with the main components of 

the food matrix (carbohydrates, lipids and proteins) (Jakobek, 2015). In pecan nutshell, close of 

90% of the food matrix corresponds to carbohydrates and crude fiber (lignin) (do Prado et al., 

2013), whereas in in skin close of 50% corresponds to lipids and proteins (Locatelli et al., 2010).  

In this context, the extraction from highly polymeric carbohydrate matrix is the most difficult 
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Table 8. Total phenol content, total flavonoid content and antioxidant activity of pecan 

nutshell and hazelnut skin extracts. 

 PSE HSE 

TPC (mgGAE) 656.46 ± 4.91 693.00 ± 5.65 

TFC (mgCE/g) 235.35 ± 1.50 427.77 ± 1.97 

Antioxidant Activity (µmolTE)   

        ABTS 3564.47 ± 11.42b 3674.78± 12.03a 

        DPPH 3098.61 ± 23.97b 3621.44 ± 13.54a 

        FRAP  3001 ± 17.20b 3767.8 ± 9.46a 

Data are expressed as mg per-g of extract and represent mean ± standard deviation, n=3. 
Different literals between columns indicate significant differences, p ≤ 0.05. PSE= Pecan 
nutshell extract, HSE= Hazelnut skin extract, TPC= Total phenolic content, TFC= Total 
flavonoid content, mgGAE= mg of gallic acid equivalents, mgCE= mg of catechin equivalents, 
µmolTE= micromol of TROLOX equivalents. 

 

 

 

process, due to the large number of intramolecular and intermolecular interactions maintained 

among them, highlighting hydrogen bonds, hydrophobic interactions, covalent bonds and 

complex formation within the structure of carbohydrates (Jakobek, 2015).  

One of the most important properties of the PC and PC extracts is their antioxidant 

activity (Bravo et al., 1998). This property occurs through three main mechanisms, directly 

related to the structure of the PC, (a) single electron transfer (SET), (b) hydrogen atom transfer 

(HAT), and (c) transition metal chelation (Leopoldini et al., 2011). For this reason, it is 

important to evaluate the antioxidant activity of phenolic extracts at least with two of these 

mechanisms. The ABTS and DPPH assays could be used to quantify the antioxidant activity by 

de HAT and SET mechanisms, depending of the reaction conditions (Apak et al., 2017). In this 

work, the conditions in both assays were favorable for HAT mechanism. Having as main 
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difference that the ABTS assay is more easily interacting with lipophilic and hydrophilic 

compounds (Re et al., 1999). In the case of the SET mechanism, FRAP assay has frequently 

used (Apak et al., 2017). Results indicate that the PC of PSE preferably perform their antioxidant 

activity by HAT mechanism. On the contrary, the PC of HSE act by both mechanisms in a 

similar way (Table 8). With respect to previous studies, Kureck et al. (2018) reported 

antioxidant activity values of 1108.50 ± 27.77 and 1207.62 ± 7.68 µmolTE/g for ABTS; and for 

DPPH values of 1130.79 ± 6.04 and 1191.69 ± 10.18 µmolTE/g, in aqueous and hydroalcoholic 

extracts, respectively. These values were lower than the obtained in this work. Such results could 

be related to the TPC, which was also lower than the ones obtained in this work. Contini et al. 

(2012) reported higher antioxidant activity (1549.9 ± 54.7 mgTE/g) for DPPH assay in 

comparison whit this work, in this case TPC was similar, however the difference in the DPPH 

values could be explained to the phenolic profile of the extracts. 

Phenolic profile of the nut by-products extracts used in this work are shown in Table 9. 

The PSE showed a total of 14 PC, from which gallic acid (68.51 ± 3.52 mg per-g) and 

epicatechin gallate (52.30 ± 1.88 mg per-g) were the major compounds. Previous studies have 

reported gallic acid as a majority phenolic acid in PSE (do Prado et al., 2014; Engler Ribeiro et 

al., 2017). Also, it has been reported pyrogallic acid as the most abundant phenolic acid in pecan 

nutshells extracts (El Hawary et al., 2016). However, Hilbig et al. (2018b) and Kureck et al. 

(2018) reported that ellagic acid was the main phenolic acid, followed by gallic acid. According 

with Porto et al. (2013), pecan nuthsell is a matrix rich in hydrolysable tannins (polymer units 

mainly formed by gallic and ellagic acid). This may explain why gallic acid is the major phenolic 

acid after the hydrolysis process prior to the identification and quantification of the PC in the 

PSE. The other phenolic acids identified in this work also has been reported previously (El 

Hawary et al., 2016; Engler Ribeiro et al., 2017; Hilbig et al., 2018a; Kureck et al., 2018). In 

the case of flavonoids, rutin was reported as a majority flavonoid in pecan nutshells by El 

Hawaray et al. (2016). However, in this work rutin was the second main flavonoid, behind of 

epicatechin gallate. According with some authors, pecan nutshell represents a great source of 

the catechins, among them, catechin, epicatechin, epigallocatechin epicatechin gallate and 

others) (Engler Ribeiro et al., 2017; Hilbig 2018a; Hilbig et al., 2018b; Kureck et al., 2018). 

Also, quercetin in PSE has been reported by El Hawary et al. (2016) and Hilbig et al. (2018a). 
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Table 9. Phenolic profile of pecan nutshell and hazelnut skin extracts.   
 

PSE HSE 

Gallic acid 68.51 ± 3.52Aa  20.98 ± 0.42Cb 

Protocatechuic acid 26.93 ± 3.77Db 180.67 ± 0.60Aa 

P-Hydroxybenzoic Acid 10.35 ± 0.30Ga 10.25 ± 1.25Fa 

Vanillic acid 4.73 ± 0.01Jb 5.10 ± 0.01Ia 

Chlorogenic acid 5.42 ± 0.05Hb 17.59 ± 3.37DCa 

Caffeic acid 10.20 ± 0.20Gb 13.17 ± 0.21Ea 

P-Coumaric Acid 5.22 ± 0.02IHb 5.29 ± 0.01Ha 

Ferulic acid 5.36 ± 0.19Hb 6.90 ± 0.22Ga 

Sinapic acid 4.18 ± 0.18Kb 5.11 ± 0.13Ia 

Total phenolic acids 140.9 ± 8.24 265.06 ± 6.22 

Catechin 15.74 ± 0.68Fb  23.49 ± 2.24Ca 

Epicatechin 21.54 ± 0.56Ea 13.23 ± 1.21Eb 

Epicatechin gallate 52.30 ± 1.88Bb 128.84 ± 0.51Ba 

Vitexin - 0.94 ± 0.29Ka 

Rutin 34.73 ± 0.98Ca 1.74 ± 0.27Jb 

Quercetin 1.28 ± 0.36 Lb 1.97 ± 0.06Ja 

Total flavonoids 125.59 ± 4.46  170.21 ± 4.58 

Data are expressed as mg per-g of extract and represent the mean ± standard deviation, n=3. 
Different capital letters in same column and different lower case letter between files indicate 
significant differences, p ≤ 0.05. PSE= Pecan nutshell extract, HSE= Hazelnut skin extract.  
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Fifteen PC were identified and quantified in the HSE (Table 9), being protocatechuic 

acid (180.67 ± 0.60 mg g) and epicatechin gallate (128.84 ± 0.51 mg-per g) the main 

compounds. According to Gültekin-Özgüven et al., (2015), protocatechuic acid was the 

predominant phenolic acid, and presented in higher amount than gallic acid (2.4 and 1.9 mg/100 

g, respectively) in Giresum hazelnut skin, indicating similar behavior in this work. However, 

this behavior was contrary for other varieties. Montella et al., (2013) reported that 

hydroxybenzoic acid was the major phenolic acid in Tonda Gentile Trilobata hazelnut skin, 

whereas Pelvan et al., (2018) reported that gallic acid was the main phenolic acid in Tombul 

hazelnut skin. This indicates that the variety and the growing area, as well as the extraction 

method has an impact on the hazelnut compounds profile. The presence of other phenolic acids 

in this work has been reported in hazelnut skin by other authors (Shahidi et al., 2007; Del Rio 

et al., 2011; Montella et al., 2013; Özdemir et al., 2014; Gültekin-Özgüven et al., 2015; Pelvan 

et al., 2018). It was reported that hazelnut skin is a rich source of catechins, and condensed 

tannins named procyanidins (Taş & Gökmen 2017). This would explain the large amount of 

epicatechin gallate identified in this work. According to Del Rio et al. (2011), catechin 

concentration in aqueous extracts was higher than epicatechin gallate, indicating that water 

favors the extraction of catechin, while the mixture of ethanol and water favors the extraction 

of epicatechin gallate as obtained in this work. Respect to the other identified flavonoids in this 

work, various authors reported a similar profile in hazelnut skins (Del Rio et al., 2011; Montella 

et al., 2013; Özdemir et al., 2014; Gültekin-Özgüven et al., 2015). 

Results showed significant differences (p ≤ 0.05) in the PC profile between both extracts 

(Table 9). The most obvious differences were, a) the major compounds present in each extract, 

b) the concentrations of some PC and c) the presence of vitexin in HSE. Finally, the obtained 

results indicate that both nut by-products were an excellent source to obtain phenolic 

compounds, being HSE the one that showed the highest concentration of TPC, TFC and 

antioxidant activity. However, both extracts were considered candidates to assess their 

antimicrobial potential, since the structure of the PC is decisive in the activity and antimicrobial 

mode of action of these compounds (Xie et al., 2015). 
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5.5 Antimicrobial activity of nut by-product extracts 

Both extracts showed antimicrobial activity against all tested strains (Staphylococcus aureus 

ATCC 6538P, Staphylococcus epidermidis ATCC 12228, Pseudomonas aeruginosa ATCC 

27853 and Klebsiella pneumoniae ATCC 13883).  

 

5.5.1   Minimum inhibitory and bactericide concentration 

Antibacterial activity of both extracts was higher in the Gram-positive than the Gram-negative 

bacteria (Table 10). This agrees with previous studies about the antimicrobial potential of nut 

by-product extracts (Oliveira et al., 2007; Oliveira et al., 2008; Mandalari et al., 2010; Caxambú 

et al., 2016; Smeriglio et al., 2016). This is directly related to the outer layer that Gram-negatives 

have compared to Gram-positive ones, which provides greater protection against antibacterial 

compounds (Livermore, 2012). In this work the extracts only showed inhibitory effect against 

K. pneumoniae, whereas P. aeruginosa showed resistance to the concentrations tested. 

Results were comparable with previous studies of antimicrobial activity of nut and their 

by-products extracts. According to do Prado et al. (2014), S. aureus showed a MIC in a range 

of 230 to 620 µg/mL. Bottari et al. (2017) reported a MIC of 6.25 mg/mL for the same 

microorganism. Besides, MICs values obtained in this study for S. aureus and P. aeruginosa 

were similar to those previously reported by Mandalari et al. (2010) with a rich flavonoid extract 

from almond skins. Non inhibitory effect of Juglans regia bark extracts against P. aeruginosa 

was reported by Chaieb et al. (2013). For its part, Smeriglio et al. (2016) reported MICs values 

lower than 125 µg/mL for S. aureus from natural almond skin, blanched skin and blanched water 

extracts. Also, same authors reported MICs values for S. epidermidis of 125, 1000 and 250 

µg/mL, being the last one similar to the obtained in this work. Finally, these authors reported 

500 and 1000 µg/mL as MIC values for P. aeruginosa. Recently, MICs of 312.5 and 156.25 

µg/mL for Juglans regia leaves extracts against S. aureus and S. epidermidis, respectively, has 

been reported by Nicu et al. (2018). It is important to mention that these results were obtained 

with the same strains tested in this work. With respect to other strains, Santos et al. (2013) 

reported a MIC of 512 µg/mL against S. aureus and P. aeruginosa and MIC higher than 1024 

µg/mL against K. pneumoniae for Anacardium occidentale steam peel ethanolic extracts. Range  



49 

 

Table 10. Minimum inhibitory and bactericide concentrations of pecan shell and hazelnut 

skin extracts against nosocomial impact pathogens. 

 

PSE HSE 

 MIC 

(µg/mL) 

MBC 

(µg/mL) 

MIC 

(µg/mL) 

MBC 

(µg/mL) 

Staphylococcus aureus 

ATCC 6538P 
250  850  250 650 

Staphylococcus epidermidis 

ATCC 12228 
250 800 250 600 

Pseudomonas aeruginosa 

ATCC 27853 
>1000 >1000 >1000 >1000 

Klebsiella pneumoniae  

ATCC 13883 
450 900 650 650 

Data was obtained in three different inoculums (1 x 106). PSE= Pecan nutshell extract, HSE= 
Hazelnut skin extract, ATCC= American Type Culture Collection, MIC= Minimum inhibitory 
concentration, MCB= Minimum bactericidal concentration.   

 

 

 

of MIC from 32 to 1024 µg/mL against some K. pneumoniae strains were reported by Dzotam 

& Kuete (2017) using Coula edulis (African walnut) extract. Aditionally, this extract showed 

no effect against P. aeruginosa strains. For its part, de Camargo et al. (2017) reported a MIC of 

301 µg/mL against S. aureus and P. aeruginosa. Dolatabadi et al. (2018) reported a MIC average 

of 4 ± 3.56 mg/mL for 50 isolates of P. aeruginosa using a Juglans regia L. leaves aqueous 

extract.   

In the case of Staphylococcus spp., both extracts showed the same MIC (250 µg/mL), 

indicating that TPC of the extracts (Table 8) are not directly related to the antimicrobial activity. 

Despite this, the HSE showed a lower MBC (600 and 650 µg/mL for S. aureus and S. 

epidermidis, respectively). Similar behavior was observed in K. peneumoniae. Although the 

PSE has a lower MIC (450 µg/mL) than the HSE (650 µg/mL), the MBC was higher. This could 

indicate that PC of PSE and HSE acts with different mechanisms. According to Salaheen et al. 

(2014), the MBC:MIC ratio values < 2 indicates that the extracts have bactericidal action. In S. 
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aureus the MBC:MIC ratio values were 3.4 and 2.6 for PSE and HSE, respectively. Both 

extracts are considered as bacteriostatic agents. Same was observed in S. epidermidis, where 

MBC:MIC ratio values were 3.2 and 2.4 for PSE and HSE, respectively, both showing 

bacteriostatic effect. Regarding to K. pneumoniae, 2 and 1 were the MBC:MIC ratio values for 

PSE and HSE, respectively. In this case, HSE was bactericidal while PSE was bacteriostatic. In 

all cases HSE had the greater antibacterial activity than PSE. The high MBC:MIC ratio values 

in PSE could be related to the high content of tannins. Hydrolysable and condensed tannins 

could be interacting with the proteins of the media, and form insoluble complexes (Hagerman 

et al., 1992). In this context bacteria lose these nutrients and limit their growth. However, when 

bacteria are transferred to a new medium without extracts, they could growth well. It is 

important to mention that during the assays the PSE generated a large insoluble complex in the 

media, while HSE generated a low insoluble complex. So, this complex formation related to the 

condensed tannins in both extracts could be related to the type of by-product and the complexity 

of its matrix components. 

 

5.5.2   Biofilm formation inhbition  

Biofilm formation capacity is considered one of the most important pathogenic and resistance 

mechanisms of pathogenic microorganisms (Del Pozo, 2018). For this reason, it was important 

to evaluate the potential of PSE and HSE to inhibit the biofilm formation. The highest biofilm 

formation capacity was observed in P. aeruginosa, followed by Staphyloccocus spp. and K. 

penumoniae. Using the corresponding MIC obtained for each of pathogen (Table 10), almost 

100% of biofilm formation inhibition was observed (Figure 8). The biofilm formation assay 

used in this work, consisted in the measurement of the attached bacteria to the microplate wells. 

According to the literature, PC have antibiofilm potential, it means, they can affect various steps 

of this formation, including adhesion, the initial step for biofilm formation (Villa & Cappitelli, 

2013; Slobodníková et al., 2016). Cell membrane hydrophobicity is a determining factor for 

bacterial adhesion. Changes in this property has been reported in phenolics extracts (Rodríguez-

Pérez et al. 2015). Also, cell-cell interactions are determinants during adhesion, aggregation and 

subsequent biofilm formation. These interactions are mediated by the cell membrane surface 
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molecules such as proteins. The binding of PC with these proteins could interrupt the cell-cell 

interactions and reduce the attachment and biofilm formation (Signoretto et al., 2014). These 

mechanisms may have occurred during the trial, in addition to the mechanisms that affect 

bacterial growth (Figure 3). 

Biofilm formation of S. aureus was inhibited around 70% using the half of MIC from 

both extracts, whereas, MIC inhibited around 98%. Previously, 50% of biofilm formation 

inhibition in S. aureus and S. epidermidis was reported at 30 and 43 µg/mL, respectively, with 

ethanolic Juglans regia bark extract (Chaieb et al., 2013). In the same study, 202 and 138 µg/mL 

inhibited the 90% of biofilm formation of S. aureus and S. epidermidis, respectively. These 

results are similar to the obtained ones in this work, but the differences could be related to the 

Staphylococcus spp. strain used. Studies indicating the antibiofilm potential of nut by-product 

extracts against K. pneumoniae were not found. The lack of information gives greater value to 

the results obtained in this work since it could be considered the first report of the antibiofilm 

potential of nut by-product extracts against K. pneumoniae. Biofilm formation reduction was 

around 50% with the half of MIC of both extracts, whereas the MIC inhibits around 92%. For 

P. aeruginosa, HSE (1000 µg/mL) showed the highest biofilm formation inhibition (~70%), 

whereas the lowest concentration of both extracts (250 µg/mL) showed inhibition above of 25%. 

Previously, Chaieb et al. (2013) reported a biofilm formation inhibition around 30% at 512 

µg/mL. In this work, the inhibition at 500 µg/mL obtained was between 32-50%, for both 

extracts. These results showed a major antibiofilm activity from PSE and HSE than Juglans 

regia extract. Recently, around 60% biofilm inhibition was reported for methanolic Juglans 

regia L. leaves extracts at 16 mg/mL on clinical isolates of P. aeruginosa (Dolatabadi et al., 

2018).  

Overall, results demonstrate the antimicrobial potential of both extracts (PSE and HSE), 

capable of inhibiting growth and reducing the formation of biofilm by microorganisms of great 

impact in the medical and food area. Therefore, both were used for the elaboration of the 

antimicrobial OSS-based films. 
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5.6 Octenyl succinate starch films with nut by-products extracts characterization 

5.6.1   Surface morphology 

Surface and cross-section micrographs of OSS, OSS-PSE and OSS-HSE are shown in the 

Figure 9. All films presented a homogenous surface, except for OSS-PSE films which presented 

few irregularities in the surface, but not cracks or holes were not observed. These results indicate 

a good coupling between PSE or HSE and OSA starch in the films. Feng et al. (2018) and Hamdi 

et al. (2019) considered that the homogeneity of the surface indicates the dispersion of the PC 

in the polymeric starch film structure. In another point, the small differences between OSS-PSE 

and OSS-HSE surfaces could be occurred by the different phenolic profile of PSE and HSE 

(Table 9). This behavior was observed by Prietto et al. (2017), where the cassava starch-based 

films with red cabbage anthocyanins showed a heterogeneous (rough) surface, while films with 

black bean anthocyanins showed a more homogeneous surface. In this way, red cabbage and 

black bean presented a different profile of anthocyanins. 

The roughness values (RMS) of film surface obtained by AFM were very variable. For 

OSS the range of RMS was from 72.03 to 166.10 nm, for OSS-HSE films it was from 60.80 to 

124.85 nm, and for OSS-PSE RMS was between 72.03 to 484.44 nm. The variation in RMS 

indicates that films have regions with greater roughness than others (Figure 9). According to 

Ghasemlou et al. (2013) and Medina-Jaramillo et al. (2015) the addition of bioactive compounds 

may increase or decrease the roughness of the films, indicating that the increase of the RMS is 

the result of a non-homogeneous dispersion of the compounds through the film. This could 

explain the slight differences between the surface micrographs obtained in OSS-PSE and OSS-

HSE films. Surface homogeneity and roughness are factors with great impact on the antifouling 

properties of medical materials. Initial colonization of the microorganisms occurs mainly in the 

surfaces irregularities reason why it is preferred to generate materials with homogeneous 

surfaces. Low roughness was associated with the low fouling susceptibility of materials. 

However, there are studies that show the degree of roughness of the material does not have 

impact on microbial adhesion occurring on smooth and rough surfaces. This indicates than other 

properties of the material determine the susceptibility to the microbial adhesion (Gharechahi et 

al., 2012; Yeo et al., 2012; Desrousseaux et al., 2013; Song et al., 2015). 
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5.6.2   Transform Fourier Infrared Spectoscropy 

Interactions between PC and OSS were identified, comparing the FIT-IR spectra of the extracts, 

OSS, OSS-PSE and OSS-HSE films (Figure 10).  

The PSE and HSE presented bands associated to PC previously reported in these nuts 

(do Prado et al., 2013; Battegazzore et al., 2014). The broad band at 3300 cm-1 (OH- stretching), 

the bands at the 2800-3000 cm-1 region (CH stretching of the aliphatic compounds or aldehyde 

groups and CH2 asymmetric stretching), the band at 1600 cm-1 (C=C aromatic rings stretching), 

the band at 1444 cm-1 (CH2 bending), and the bands in the 1000-1400 region (CO and C-C bonds 

stretching). Other bands were observed, close to 1510 cm-1 (C=C aromatic ring) (Feng et al., 

2018) and 900-700 cm-1 region (hydrogen atoms from aromatic rings) (Silva-Weiss et al., 

2013a). Besides, the HSE presented higher intensity in some bands than PSE, also presented a 

new band close to 1715 cm-1 (C=O) (Kim et al., 2018) or a band at 1700 cm-1 corresponding to 

the carbonyl groups (Silva-Weiss et al., 2013a).  

In the case of films, OSS film presented bands at 3300 cm-1 (OH stretching), 2936 cm-1  

(CH stretching) 920-1160 cm-1 (C-O stretching) and 1150 cm-1 (glycosidic bond) typical of 

starch structure (Wang et al., 2010; Silva-Weiss et al., 2013a; Kim et al., 2018). Bands close to 

1724 cm-1 and 1572 cm-1 corresponding to C=O for the ester carbonyl groups and asymmetric 

stretching for carboxylate group (RCOO-) respectively, were presented indicated the presence 

of the OSA groups in to the starch molecule (Wang et al., 2010; Naseri et al., 2019).  The OSS-

PSE and OSS-HSE films spectra did not presented variation with respect to OSS film. 

According to Eskandarinia et al., (2018) and Feng et al., (2018), this indicates the dispersion of 

the PC into the starch-based film matrix. Some bands in the 1800 cm-1 to 800 cm-1 region showed 

a little intensity increase. According to Feng et al., (2018), Kim et al., (2018) and Qin et al., 

(2019), this indicates the intramolecular interactions between the PC and the starch trough 

hydrogen bonds. 

It could be concluded that some PC dispersed along the polymer matrix, whereas others 

PC interacts directly with the starch structure. 
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Figure 10. Nut by-products extracts and octenyl succinate starch with nut by-products 
extracts Fourier-Transform Infrared spectra. PSE= Pecan nutshell extract, HSE= Hazelnut 
skin extract, OSS= Octenyl succinate starch film, OSS-PSE= Octenyl succinate starch film with 
pecan nutshell extract at 1000 µg/mL, OSS-HSE= Octenyl succinate starch film with hazelnut 
skin extract at 1000 µg/mL. 
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5.6.3   Optical properties. 

Results indicates that addition of PSE or HSE provide color to the OSS films (Table 11). The L 

values were decreased, indicating the reduction of the white color. While, the a and b values 

were increased which indicates a color trend towards yellow and red, respectively. This color 

change is a result of the presence of the PC, these compounds are the are responsible for sensory 

characteristics, such as the color of fruits, vegetables or plants in general (Cheynier et al, 2012). 

Likewise, this change in color gives us indications of the formation of the starch-PC complex. 

 On the other hand, OSS films transparency was decreased with the addition of both 

extracts. On the visible region (660 nm), a gradual decrease was observed as the concentration 

of the extract increased, from 86.17 ± 0.30 to 80.26 ± 0.21 and 80.22 ± 0.40 for OSS-PSE1000 

and OSS-HSE1000, respectively. Similar behavior was previously reported in cassava starch-

based films whit yerba matte extract (Knapp et al., 2019) and Lycium ruthenicum anthocyanins 

(Qin et al., 2019). Despite this transparency reduction, the visualization through films is not 

affected. In this context, this could be an interesting property because can be used as patches 

that allow the visualization of wounds or of some medical devices during their monitoring. On 

the other hand, in the UV region (280 nm), there was a more notorious decreased in 

transparency, from 71.24 ± 0.26 of OSS to 1.58 ± 0.11 and 0.22 ± 0.01 for OSS-PSE1000 and 

OSS-HSE1000, respectively. In this case, these results indicate that PSE and HSE provide UV-

light blocking properties to the OSS films. This was proved with the absorption spectra obtained 

from the OSS, OSS-PSE and OSS-HSE films (Figure 11). In these absorption spectra, peaks 

close to 280 nm were observed for both extracts, which indicates the presence of PC. The UV-

light blocking property was previously reported in several studies, concluding that this is 

beneficial for the elaboration of food packaging that prevents the damage caused by UV-light 

(Nouri & Nafchi, 2014; Piñeros-Hernandez et al., 2017; Kim et al., 2018; Knapp et al., 2019). 

 

5.6.4   Water barrier properties 

All films present a similar water content (≈30 %) without significant differences 

(p>0.05) (Table 12). This behavior has been reported in cassava starch-based films with 

rosemary extract (≈18 %) (Piñeros-Hernandez et al, 2017) and hydroxypropyl starch-based  
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Figure 11. UV-light absorption spectra of octenyl succinate starch films with nut by-

products extracts. Octenyl succinate starch film with pecan nutshell extract (up) and Octenyl 

succinate starch film with hazelnut skin extract (down). OSS= Octenyl succinate starch film, 

OSS-PSE= Octenyl succinate starch film with pecan nutshell extract, OSS-HSE= Octenyl 

succinate starch film with hazelnut skin extract. 
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Table 12. Water barrier properties of octenyl succinate starch films with nut by-products 

extracts. 

Film 
Water 

Content (%) 
Water 

Solubility (%) 
Contact Angle 

(°) 

WVTR 

(g/m2 h) 

OSS  29.54 ± 0.28ª 20.34 ± 0.44a 49.25 ± 0.27g 63.13 ± 2.53ab 

OSS-PSE 250 29.22 ± 0.54ª 20.23 ± 0.30a 55.80 ± 1.79f 59.46 ± 2.30ab 

OSS-PSE 500 29.29 ± 0.34ª 19.39 ± 0.55ab 72.35 ± 0.34e 59.34 ± 4.78ab 

OSS-PSE 750 29.44 ± 0.78ª 17.70 ± 0.56c 82.62 ± 0.88c 56.03 ± 1.45b 

OSS-PSE 1000 29.62 ± 0.83ª 17.14 ± 0.21c 96.80 ± 0.21a 61.46 ± 5.24ab 

OSS-HSE 250  29.83 ± 0.35ª 20.72 ± 0.77a 70.38 ± 0.89e 59.42 ± 2.24ab 

OSS-HSE 500 29.74 ± 0.40ª 18.05 ± 0.72bc 77.45 ± 2.91d 66.23 ± 4.59ª 

OSS-HSE 750 30.03 ± 0.41ª 17.78 ± 0.49c 83.96 ± 1.26c 64.07 ± 2.64ab 

OSS-HSE 1000 29.90 ± 0.56ª 17.08 ± 0.68c 92.54 ± 1.28b 61.09 ± 0.68ab 

Data represent the mean ± standard deviation, n=3. Different literals in same column indicate 
significant differences, p ≤ 0.05. WVTR= Water vapor transmission rate, OSS= Octenyl 
succinate starch film, OSS-PSE= Octenyl succinate starch film with pecan nutshell extract, 
OSS-HSE= Octenyl succinate starch film with hazelnut skin extract. 

 

 

 

films with tea polyphenols (≈13 %) (Feng et al, 2018). The high water content in the OSS, OSS-

PSE and OSS-HSE films could be related to the great swelling property of the starch granule 

provide by the OSA groups (Figure 7). Films with high water content are considered a good 

option to use as wound dressings, due to water provides a moisture environment that favors the 

response of the immune and regeneration cells, accelerating the wound healing. This 

environment is also considered a factor that favors microbial growth (Hu et al., 2018).  
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However, materials with high water content are usually resistant to microbial adhesion, 

but, taking into account other factors of the material and the microorganism an opposite behavior 

could be produce (Dutta et al., 2012).   

 The water solubility was gradually decreasing when the extract concentration increased 

(Table 12). Similar behavior was reported by Li et al. (2018) in sweet potato OSS films with 

oregano essential oil. According to Ghasemlou et al. (2013), the hydrophobic compounds 

present in the essential oils reduce the solubility of corn starch films. In the specific case of PC, 

they are characterized by their low solubility directly related to its structural conformation (Kaur 

& Kaur, 2014). For its part, u Nisa et al. (2015) related the low solubility of potato starch films 

and green tea extract, with the strong interaction between the PC and the starch molecule. The 

PC could be interacting with the starch molecule forming simple inclusions (type V) into 

amylose helix or by hydrogen bonds between the hydroxyl groups (Zhu, 2015; Amoako & 

Awika, 2016). These interactions were observed in the FT-IR spectra shown in Figure 11. 

Therefore, the changes in the solubility properties are carried out by the 

hydrophilic/hydrophobic nature of the PC present in the extracts and the interactions between 

the PC and the starch structure. Results indicates that the PSE and HSE improve the films 

resistance in aqueous conditions, which suggests that the integrity of these films would be 

maintained in aqueous conditions, for example in contact with body fluids such as blood and 

urine, if used in catheter materials. 

The contact angle is a value that provides information about the hydrophobicity or 

hydrophilicity characteristic of the material. According to Vogler (1998), the biomaterials 

(surface) with a contact angle lower than 65° are hydrophilic, while materials with a contact 

angle higher than 65° are hydrophobic. In this aspect, only the OSS and OSS-PSE (250 µg/mL) 

could be considerate hydrophilic (Table 12). This behavior is similar to that previously reported 

by other authors (Medina-Jaramillo et al., 2015; Piñeros-Hernandez et al., 2017; Eskandarinia 

et al., 2018; Naseri et al., (2019). These authors associate the increase of the contact angle with 

three factors. First, the hydrophobic nature of PC, they have a relative hydrophobicity, granted 

by the quantity and location of hydroxyl groups (hydrophilic area) (Selvaraj et al., 2015; 

Delmondes & Stefani, 2017), which leads to the second factor. The interaction between the 

hydroxyl groups of the PC and the starch, limited the free hydroxyl groups which could interact 
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with the water molecules, by consequence, the films hydrophobicity increase. The third factor 

is the increase in the roughness of the films, allowing the accumulation of air in the cavities and 

limiting the interaction between the water and the film. The contact angle values obtained in 

this work are comparable with commercial wound dressings. According to Braunwarth & Brill 

(2014) the contact angle of these dressings was between 71° to 120°. Surface hydrophobicity is 

a factor of great relevance for bacterial adhesion; however, it is not established whether 

hydrophobic or hydrophilic surfaces are more susceptible to adhesion. This is mainly due to the 

fact that other factors from the surface and from the bacteria determine their adhesion 

(Krasowska & Sigler, 2014; Song et al., 2015). 

 All films presented similar WVTR (Table 12) with average value of 61.14 (g/m2 h).  

Low WVTR values in materials are suitable for their use as wound dressing. This is important 

because keeping a moisture environment is of great relevance during the healing process (Field 

& Kerstein, 1994). Similar values were reported by Hassan et al. (2018) in PVA/starch hydrogel 

membrane (60.99 ± 4.98 g/m2 h) with turmeric (52.85 ± 2.85 g/m2 h). Moghadas et al. (2016) 

reported a WVTR under 900 g/m2 day in chitosan/montmorillonite nanohybrid films, whereas 

Adeli et al. (2019) reported WVTR values over 2300 g/m2 day in PVA/chitosan/starch 

nanofibrous mats. Comparing the obtained results (1467.36 g/m2 day) with the studies 

mentioned above, these are higher than those reported by Moghadas et al. (2016) and lower than 

those reported by Adeli et al. (2019). According to what was mentioned by the authors, the 

values obtained in this work indicate a potential use of these films (OSS-PSE and OSS-HSE) as 

wound dressings, since the retention or maintenance of the moisture environment would 

accelerate the wound healing process. 

 

5.6.5   Mechanical properties 

The OSS-based films were visually homogeneous (without cracks, bubbles and holes) and easy 

to manipulate. Films thickness are shown in Table 12. Results are similar with those reported 

before (Prietto et al., 2017; Knapp et al., 2019; Nogueira et al., 2019), where thickness increase 

is attributed to the increase of solids by the extract in the films composition. 
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Table 13. Tensile properties of octenyl succinate starch films with nut by-products 

extracts. 

Film Thickness (mm) TS (MPa) EB (%) YM (MPa) 

OSS  0.087 ± 0.002b 9.60 ± 1.38ab 32.41 ± 4.24a 239.55 ± 15.39a 

OSS-PSE 250 0.090 ± 0.00ab 7.94 ± 0.78ab 30.98 ± 3.12a 154.00 ± 7.23c 

OSS-PSE 500 0.090 ± 0.001ab 7.87 ± 0.42ab 25.90 ± 6.20a 171.26 ± 21.00c 

OSS-PSE 750 0.091 ± 0.001a 7.56 ± 1.16b 23.99 ± 1.17a 159.06 ± 17.61c 

OSS-PSE 1000 0.091 ± 0.001a 8.62 ± 1.89ab 27.28 ± 6.93a 176.38 ± 19.83bc 

OSS-HSE 250  0.090 ± 0.001ab 9.36 ± 0.99ab 29.88 ± 1.89a 215.00 ± 5.30ab 

OSS-HSE 500 0.090 ± 0.001ab 10.58 ± 0.52a 29.80 ± 3.15a 224.85 ± 19.30a 

OSS-HSE 750 0.091 ± 0.001a 8.35 ± 0.95ab 31.65 ± 4.75a 161.44 ± 11.58c 

OSS-HSE 1000 0.091 ± 0.001a 7.91± 0.93ab 29.58 ± 4.91a 161.20 ± 13.43c 

Data represent the mean ± standard deviation, n=3. Different literals in same column indicate 

significant differences, p ≤ 0.05. TS= Tensile strength, EB= Elongation at Break, YM= Young´s 

modulus, OSS= Octenyl succinate starch film, OSS-PSE= Octenyl succinate starch film with 

pecan nutshell extract, OSS-HSE= Octenyl succinate starch film with Hazelnut skin extract. 

 

 

 

Evaluation of tensile properties in new materials is decisive, since their function and 

possible application will depend on them. In this study, the addition of both extracts reduced the 

TS of films, however, did not present significant differences (p > 0.05) (Table 13). The Same 

trend has been reported in cassava starch films with propolis extracts (de Araújo et al., 2015), 

and corn starch films with red cabbage anthocyanins (Prietto et al., 2017). According to these 
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authors, this occurs due to the structural weakening in the starch polymer matrix caused by the 

interactions between the PC of the extracts and the starch chains, which decreases the structural 

strength of the film. In comparison with other studies, the obtained TS values of OSS-PSE and 

OSS-HSE films were higher than those reported in wound dressings based on corn starch and 

propolis extracts (Eskandarinia et al., 2018; Eskandarinia et al., 2019) and PVA/chitosan/starch 

(Adeli et al., 2019); and lower than those in chitosan/montmorillonite nanohybrid films 

(Moghadas et al., 2016) and PVA/starch and turmeric hydrogel membrane (Hassan et al., 2018). 

The EB is a parameter that indicates the plastic behavior of the material. All films showed EB 

values around 30 % without significant differences (p > 0.05) (Table 13). Comparing these 

results with other wound dressings (previously mentioned), the EB values were higher than 

those reported by Moghadas et al. (2016) and lower than those reported by Eskandarinia et al. 

(2018) and Eskandarinia et al. (2019). Adeli et al. (2019) mentioned that the EB is influenced 

by the dry and wet state of the material, with EB average value of 160% in the wet state, and 

40% for the dry state. On the other hand, it was observed that, except for OSS-HSE250 and 

OSS-HSE500, the addition of extracts significantly (p ≤ 0.05) decreased the YM (Table 13). 

High values of YM indicates the rigidity of films, in this case, the YM decrease in the films 

indicate the plasticizing effect of HSE and PSE. This is due to the structural discontinuities in 

the polymer matrix caused by interactions between PC and starch (de Araújo et al., 2015). The 

obtained YM values were lower than those reported by Moghadas et al. (2016) and higher than 

the ones reported by Eskandarinia et al. (2018). 

According to the literature, the tensile properties of the human skin have approximate 

values of TS from 10 to 35 MPa, EB values from 30 to 72 % and YM values from 10 to 210 

MPa (Annaidh et al., 2012; Ottenio et al., 2015). In this aspect, the obtained results suggest that 

the OSS-PSE and OSS-HSE could be candidates for use as wounds dressing or tissue 

engineering material.  

 

5.6.6   Antimicrobial Properties 

Initial results (data not showed) indicated that OSS, OSS-PSE and OSS-HSE films apparently 

do not have antimicrobial properties (no inhibition zone) in all bacteria tested. For this reason, 
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it was decided to increase the concentration of the extracts in the OSS films to 250 and 500 mg 

per-100 mL of film forming solution to obtain the new films: OSS-PSE 2500, OSS-PSE 5000, 

OSS-HSE 2500 and OSS-HSE 5000. Despite the increase in the concentration, the OSS-PSE 

did not show inhibition zone (Figure 12). However, the S. aureus and S. epidermidis colonies 

observed below the films were lower in OSS-PSE 1000 than OSS films. Besides, in the OSS- 

PSE 2500 only few colonies were observed in the outline of the films, and in the OSS-PSE 5000 

no colonies were observed in both strains. Similar behavior was observed in the OSS-HSE films 

(Figure 13). Although the number of visible growth colonies under the OSS-HSE films was 

lower, this could indicate that these films have a greater activity against Staphylococcus spp. 

than OSS-PSE films. This is consistent with the antimicrobial results previously obtained 

against S. aureus and S. epidermidis (Table 11). The absence of the inhibition zone could 

indicate that films tested in this work do not possess antimicrobial activity. However, Fang et 

al. (2019) mentioned that the antibacterial compounds were not released from the polymer 

matrix, and therefore did not exert their activity beyond the placement zone. In this point, the 

PC of the extracts were strongly complexed to the polymeric matrix of OSS and remained 

associated with it. The absence of growth under the films could indicate the possible 

antibacterial mechanism of the films (Figure 5). Firstly, bacteria were eliminated at the contact 

with the film surface. Zhu et al. (2019) observed a morphology damage in the cell membrane of 

S. aureus after their contact with antimicrobial chitosan-based hydrogel. On the other hand, 

bacteria were repelled to the periphery of the film surface. Trentin et al. (2015), proposed a 

repulsion mechanism for its proanthocyanidins coatings, where the negative nature of these 

compounds and the cell membrane of S. epidermidis prevents the adhesion of this pathogen to 

the surface.  

Contrary, all OSS-PSE and OSS-HSE films presented K. pneumoniae growth below of 

the placement zone, even the presence of bubbles was observed. These could be result of the 

gas production (carbohydrate fermentation) by K. pneumoniae, which belongs to coliforms, a 

fermenting group of Gram-negative bacteria (Martin et al., 2016). What was observed could be 

similar to that expected in the Durham tube test for coliforms. In the case of P. aeruginosa, the 

plates turned slightly green, and it could be due to the presence of pyoverdine pigment produced 

by P. aeruginosa (Meyer, 2000). Besides, OSS-PSE and OSS-HSE (2500 and 5000) presented  
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Figure 12. Disc diffusion assay of octenyl succinate starch films with pecan nutshell 
extract. (A) OSS, (B) OSS-PSE 1000, (C) OSS-PSE 2500 and (D) OSS-PSE 5000. ATCC= 
American Type Culture Collection, OSS= Octenyl succinate starch, OSS-PSE= Octenyl 
succinate starch with pecan nutshell extract.  
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Figure 13. Disc diffusion assay of octenyl succinate starch films with pecan nutshell 
extract. (A) OSS, (B) OSS-HSE 1000, (C) OSS-HSE 2500 and (D) OSS-HSE 5000. ATCC= 
American Type Culture Collection, OSS= Octenyl succinate starch, OSS-PSE= Octenyl 
succinate starch with pecan nutshell extract.  
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changes in the color of films, and a halo of color that contrasted with the color of the medium. 

The color change of the films could be related with changes in the pH of the medium during the 

P. aeruginosa growth. According with some authors, films with phenolic extracts changed their 

coloration at different pH, due to the structural changes that the PC suffer (Prietto et al., 2017; 

Peralta et al., 2019). These results could be indicating that OSS-PSE and OSS-HSE films did 

not have the same repulsion or contact killing mechanism as observed in Staphylococcus spp. 

 Finally, antibacterial activity was evaluated in liquid medium, where favorable results 

were obtained (Figure 14 and Figure 15). In the case of S. aureus, OSS-PSE 1000 and OSS-

HSE 1000 reduces the OD around 40%, the OSS-PSE 2500 close to 70%, and the OSS-HSE-

2500, OSS-PSE 5000 and OSS-HSE 5000 around 90%. Similarly, in S. epidermidis, OSS-PSE 

1000 reduces the OD to 40%, OSS-HSE 1000 and OSS-PSE 2500 close to 60%, OSS-HSE 2500 

around 90%, and OSS-PSE 5000 and OSS-HSE 5000 at 97% OD reduction. These results are 

similar to previous studies against S. aureus. Adeli et al. (2018) reported an antibacterial activity 

around 60-80% using PVA/chitosan/starch nanofibrous mats. For its part, Hadisi et al. (2018) 

reported bacterial inhibition of 20 - 40% after 24h and 20 - 100% after 48h using 

gelatin/oxidized-starch/henna extract mats. Finally, Fang et al. (2019) observed a similar trend 

in the OD reduction with ionic/PVA hydrogel. In the case of S. epidermidis, no comparable 

studies were found. mainly because S. aureus is considered as the Gram-positive reference 

bacterium for the antibacterial evaluation of any material or molecule. The observed 

antibacterial activity, could indicate that PC are released in liquid medium and thus affecting 

the growth of Staphylococcus spp.  

In the case of the Gram-negative bacteria, only OSS-HSE 2500, OSS-PSE 5000 and 

OSS-HSE 5000 reduced the OD of K. pneumoniae, being the maximum observed reduction 

around 23% in OSS-HSE 5000 film. This indicates that K. pneumoniae is more resistance than 

Staphylococcus spp. It means that the PC released to the liquid medium do not have an efficient 

activity against K. pneumoniae. Perhaps the compounds that are still bound to the film are those 

that have the potential against K. pneumoniae. Regarding to P. aeruginosa, a distinctive 

behavior was observed: a) the culture medium took on a green coloration, possibly due to the 

production of pyoverdine (Mayer, 2000), and b) the presence of biofilm, in all films. However, 

the color intensity and the formed biofilm were lower as the concentration of the extracts  



69 

1.08 ± 0.04 1.07± 0.12 0.65 ± 0.06 0.55 ± 0.05 0.33 ± 0.07

0.11 ± 0.08
0.07 ± 0.03 0.08 ± 0.01

0

0.4

0.8

1.2

Control OSS OSS-PSE

1000

OSS-HSE

1000

OSS-PSE

2500

OSS-HSE

2500

OSS-PSE

5000

OSS-HSE

5000

O
D

6
0

0
n

m

Staphylococcus aureus ATCC 6538P 

d

a
a

b

b

c

d

d

0.91 ± 0.04 0.90 ± 0.09 0.57 ± 0.02 0.37 ± 0.02 0.39 ± 0.05

0.10 ± 0.03 0.03 ± 0.00 0.032 ± 0.01

0

0.4

0.8

1.2

Control OSS OSS-PSE

1000

OSS-HSE

1000

OSS-PSE

2500

OSS-HSE

2500

OSS-PSE

5000

OSS-HSE

5000

O
D

6
0
0

n
m

Staphylococcus epidermidis ATCC 12228

a
a

b

c
c

d

e e

Figure 14. Gram-positive bacteria growth inhibition in liquid media of octenyl succinate 
starch films with nut by-products extracts.  Error bar indicate standard deviation, n=3.  
Different letter in bars indicates significant differences (p>0.05). ATCC= American Type 
Culture Collection, OD= Optical density, OSS= Octenyl succinate starch, PSE= Pecan nutshell 
extract, HSE= Hazelnut skin extract. *Control was bacteria without film. 
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Figure 15. Gram-negative bacteria growth inhibition in liquid media of octenyl succinate 
starch films with nut by-products extracts.  Error bar indicate standard deviation, n=3.  
Different letter in bars indicates significant differences (p>0.05). ATCC= American Type 
Culture Collection, OD= Optical density, OSS= Octenyl succinate starch, PSE= Pecan nutshell 
extract, HSE= Hazelnut skin extract. *Control was bacteria without film. 
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increased, and it was more evident in OSS-HSE films. This could indicate two things, a) released 

PC from the film decrease the production of pyoverdine, and b) the presence of the PC decreases 

the biomass of biofilms. Due to the formed biofilm and its contribution to the OD measurement, 

the biofilms were removed. An OD reduction was observed in all films, OSS-HSE 5000 

presented the greatest OD reduction (approximately 85%). Similar to previous studies, the 

reduction of Gram-negative bacteria (E. coli) growth was lower compared to Gram-positive 

bacteria (Adeli et al, 2018, Hadisi et al., 2018, Fang et al., 2019). Which agrees with the MICs 

obtained previously (Table). 

These results demonstrated the antibacterial potential of OSS-PSE and OSS-HSE films, 

against S. epidermidis, S. aureus, P. aeruginosa and K. pneumoniae (in order of effectiveness), 

especially in liquid medium. 
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VI. CONCLUSIONS 

Interactions between antimicrobial nut by-product extracts and succinate starch resulted in films 

with suitable characteristics and properties for wound dressings materials. Also, showed 

antimicrobial properties: resistance to bacterial adhesion and inhibitory effect in liquid media. 

These results suggest their potential use in the medical area as a new antibacterial material. 

Interactions between succinate starch and the antimicrobial nut by-product extracts resulted in 

films with suitable characteristics and properties for medical applications. Highlighting their 

antimicrobial properties, which are the resistance to bacterial adhesion and the inhibitory effect 

in liquid media. Therefore, these films could be used as antibacterial material to the development 

of wound dressings or antibacterial coating for medical devices, to prevent the health care 

associated infections caused by S. aureus, S. epidermidis, K. pneumoniae and P. aeruginosa.  
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VII. RECOMMENDATIONS 

- Continue evaluating the antimicrobial potential of both extracts against other bacteria 

and yeasts, as well as multi-resistant or isolated strains. 

- Elucidate the antimicrobial modes of action of the extracts. 

- Perform cytotoxicity and biocompatibility tests of the extracts. 

- Evaluate the physicochemical properties of films with high extracts concentrations, as 

well perform new tests related with medical applications. 

- Perform cytotoxicity and biocompatibility tests of octenyl succinate starch films with 

nut by-products extracts.  
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