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SUMMARY 

 

In recent years, great advances have been made in the development of biomaterials 

for wound healing and tissue regeneration, so they can cover the necessary requirements 

to be ideal treatments for wounds of difficult healing. Current treatments are materials 

focused on the protection, absorption of wound exudate and wound healing, however, 

there are different types of wounds which due to the complexity of healing of the damage 

tissue, diseases such as diabetes and arterial hypertension or the type of accident that 

caused them, such as burns or necrosis, the regeneration of the new tissue is more 

complicated.  

Therefore, this project proposes the developments of photo crosslinked hydrogel 

matrices of alginate and gelatin and nanocapsules of polycaprolactone loeaded with a-

tocopherol that have a potential use for a natural regenerative response of the skin by 

eliminating excessive free radicals.  

Based on what previously explained the question was raised: Will hydrogels made 

with biopolymers and loaded with nanoencapsulated a-tocopherol promotes a faster and 

more effective cell proliferation response? 

During this investigation, the synthesis of the hydrogels was made by photo 

crosslink and their physicochemical characteristics were analyzed by gravimetric, 

spectrophotometric and rheological techniques, while the nanocapsules were formed 

using nanoprecipitation method and their physicochemical characteristics were also 

analyzed. 

In this work, 12 hydrogel formulations were made and analyzed using different 

crosslinking methods, and it was observed that Photo-crosslinking had no negative effect 

on its physicochemical characteristics, due to its firmness and its solubility rate are further 

improved. Also, 13 nanocapsule formulations were made and analyzed employing the 

nanoprecipitation technique, where it was observed that by modifying the concentrations 

of the solvents, smaller diameters of the nanocapsules were obtain and using different 

extraction methods, its encapsulation efficiency and antioxidant activity were improved  

 

 



 

RESUMEN 

 

En los últimos años se han realizado grandes avances en el desarrollo de 

biomateriales para la curación de heridas y la regeneración de tejidos, de tal modo que 

puedan cubrir los requisitos necesarios para ser tratamientos ideales para heridas crónicas 

de difícil cicatrización. Los tratamientos actuales son materiales enfocados en la 

protección, absorción de exudado de las heridas y curación de estas mismas. Sin embargo, 

existen diferentes tipos de heridas crónicas que, debido a la complejidad de la curación 

del tejido dañado por enfermedades tales como la Diabetes y la Hipertensión arterial o el 

tipo de accidente que las causó, como quemaduras o necrosis, la regeneración del nuevo 

tejido se vuelve más complicado. 

Por lo tanto, este proyecto propone el desarrollo de matrices de hidrogel de alginato 

y gelatina, incorporando nanocápsulas de policaprolactona con a-tocoferol para crear un 

microambiente óptimo y servir como guía para una respuesta regenerativa natural de la 

piel al eliminar el exceso de radicales libres. 

Con base en lo que se explicó anteriormente, se planteó la pregunta: ¿Los 

hidrogeles hechos con biopolímeros y cargados con a-tocoferol nanoencapsulado 

promueven una respuesta de proliferación celular más rápida y efectiva? 

Durante esta investigación, la síntesis de los hidrogeles se realizó mediante Foto 

entrecruzamiento y sus características fisicoquímicas se analizaron mediante técnicas 

gravimétricas, espectrofotométricas y reológicas, mientras que las nanocápsulas se 

formaron utilizando el método de nanoprecipitación y también se analizaron sus 

características fisicoquímicas. 

En este trabajo, se realizaron y analizaron 12 formulaciones de hidrogeles 

utilizando diferentes métodos de entrecruzamiento y se observó que la foto 

entrecruzamiento no tuvo un efecto negativo sobre sus características fisicoquímicas, ya 

que su firmeza y su tasa de solubilidad mejoraron. Además, se realizaron y analizaron 13 

formulaciones de nanocápsulas empleando mediante nanoprecipitación y se observó que 

al modificar las concentraciones de los solventes, se obtuvieron diámetros más pequeños 

y utilizando diferentes métodos de extracción, su eficiencia de encapsulación y actividad 

antioxidante mejorado.  
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INTRODUCTION 

 

 Chronic wounds represent a latent problem in health systems affecting around 5.7 

million patients and costing around 20 billion dollars annually in the United States of 

America (USA) alone, while in Mexico, there are no specific statistical studies, the 

Instituto Nacional de Enfermedades Respiratorias (INER), reported an incidence of ulcers 

by 80 % of its patients. Diseases such as diabetes have a surprisingly high correlation with 

wounds in Mexico, diabetes affects 9.2 % of the population, of which 7.2. % of these 

patients have ulcers that can be complicated and increase the mortality of affected people.  

 The most common chronic wounds in the USA are; diabetic foot ulcers, burns, 

venous ulcers and pressure ulcers. During the second day for the prevention of pressure 

ulcers by the Ministry of Health, it was pointed out that the treatments of these wounds at 

the outpatient level have a cost of $ 1,259 Mexican pesos (MXN) a week and $ 5,036 

MXN a month and at the hospital level it has a weekly cost of $ 41,046 MXN and monthly 

of $ 175,552 MXN.  

 Currently, the first instance treatments are based on the use of wet occlusive or 

semi-occlusive dressings so that they can promote cell proliferation and tissue 

regeneration, however, these do not grant an ideal healing, since at the time of changing 

or cleaning them, they bring with them novo-tissue and do not produce an adequate 

absorption of exudate, however, tissue engineering is frequently used to create autologous 

graft, but these are very expensive and have a probability of being rejected by the host.  

 For these reasons, the possible use as an adjunctive treatment for chronic wounds, 

the application of hydrogels with biocompatible polymers as an environmental and 

mechanical protection system, absorption of exudate and release of active agents in 

nanocapsules will be evaluated to be evaluated as an accelerating agent for cell 

proliferation and an oxidative stress reducer product of chronic wounds.  
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BACKGROUND 

Skin Structure 

The skin (Fig. 1) is known as the “Integumentary System”, this being the skin and 

its accessory organs (e.g. Hair, nails and glands), this consists of three layers: Epidermis, 

Dermis and Hypodermis (Saladin et al., 2015), some of the most important functions of 

the skin are: barrier function, Vitamin D synthesis, sensation and thermoregulation 

(Kolarsick et al., 2011).  

 
Figure 1. Skin Structure 

 

Epidermis 

 It is a stratified keratinized squamous epithelium, since its surface consists of dead 

cells packed with a hard protein (Keratin), lacks blood vessels and depends on the 

diffusion of nutrients from connective tissues (Saladin et al., 2015). It consists of five 

types of cells: Cytoblasts (divide and give rise to Keratinocytes), Keratinocytes (perform 

keratin synthesis), Melanocytes (perform melanin synthesis), Merkel cells (sensory 

receptors) and Langerhans cells (immune cells) (Kolarsick et al., 2011). 

Epidermis

Dermis

Hair Follicle

Adipose Tissue Sebaceous Gland

Nerve

Sweat Gland
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Dermis 

A layer of connective tissue composed mainly of: Collagen, elastic fibers and 

reticular fibers (Saladin et al., 2015), it has a wide supply of blood vessels, skin glands 

and nerve endings (Kolarsick et al., 2011) consists of two layers: the papillary layer and 

the reticular layer (Saladin et al., 2015). 

 

Hypodermis 

Also called subcutaneous tissue, its main function is to serve as an energy deposit 

and thermal insulation (Saladin et al., 2015), since it is composed of adipose tissue and 

joins the skin with adjacent tissue (Kolarsick et al., 2011). Next, in Table 1, a summary 

of the characteristics of the epidermal layers is presented: 

 

Table 1. Skin Stratifications (Saladin et al., 2015) 

Layer Description 

Epidermis Keratinized stratified squamous epithelium 

Stratum corneum Keratinized and dead skin Surface cells 

Lucid layer  Narrow, clear area, without features, which is only seen on thick 

skin 

Granular layer Two to five layers of cells with keratohyalin granules that strain 

them dark. 

Stratum Spinosum Many layers of keratinocytes that flatten as they move away from 

the dermis and abundant dendritic cells 

Basal Stratum Single layer of cubic to cylindrical cells, melanin is notorious in the 

keratinocytes of this layer 

Dermis Fibrous connective tissue, with abundant blood vessels and nerve 

endings 

Papillary Layer It consists of areolar tissue and covers a fifth of the surface of the 

dermis 

Reticular layer It is irregular dense connective tissue 

Hypodermis Adipose tissue between the skin and muscle 
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Wounds 

According to the National Pressure Ulcer Advisory Panel (NPUAP) a wound is 

defined as “Any disruption of normal anatomical and functional structures” and these can 

be classified as acute or chronic. According to the NPUAP, if a wound does not restore 

the anatomy and functionality of the affected skin within a period of less than thirty days, 

it is considered an evolving chronic wound (Heasler 2014). 

 

Pressure Ulcers 

Diseases such as diabetes mellitus (DM), have a correlation with chronic wounds, 

in Mexico, DM affects 9.2 % of the Mexican population, of which 7.2 % of these, have 

ulcers that can complicate and increase mortality of affected people (Guitierrez et al., 

2012). 

This type of chronic wound is caused by the lack of blood supply in an area, due to 

a vascular pathology of a constant weight in the area (Fig. 2), resulting in a necrosis due 

to the lack of oxygen irrigation (Talens 2016). Chronic ulcers can be classified according 

to the degree of epithelial loss, their etiology (Vela-anaya 2013). The most common 

chronic ulcers are pressure ulcers (UPP) (Monsonis 2013), this type of wounds lacked 

interest for health professionals, being assumed as “Irremediable situations of the disease” 

(Talens 2016) being the reasons for which, at the time, did not favor the development of 

studies on this condition. 

 
Figure 2. Pressure Ulcer Process 

Muscle

Subcutaneous

Tissue
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Deep necrosis

Superficial 

necrosis
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Body Weight
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The NPUAP created a classification according to the extent of the ulceration by 

dividing it into different stages, as explained in Table 2: 

 

Table 2. Stages of Pressure Ulcers 

Stages Characteristics Examples 

Stage I. Non-

Bleaching 

Erythema 

Intact skin with non-bleachable redness of a 

localized area, usually on a bony prominence. 

The area can be painful, firm, soft, hotter or 

colder compared to adjacent tissues.  

 

Stage II. Partial 

thickness ulcer 

Loss of partial thickness of the dermis, it 

presents as a shallow open ulcer. It can also be 

presented as an intact ampoule filled with 

serum (sometimes bloody) or open. 

 

Stage III: Total 

loss of skin 

thickness 

Complete tissue loss. Subcutaneous fat may 

be visible, but bones, tendons or muscles are 

not exposed. The depth of the ulcer by Stage 

III pressure varies according to the anatomical 

location of the wound.  

 

Stage IV: Total 

loss of tissue 

thickness 

Total loss of tissue thickness with exposed 

bone, tendon or muscle. Stage IV ulcers may 

spread to muscle and/or support structures and 

osteomyelitis or osteitis may be likely to 

occur.  
 

 

Epidemiology 

The main risk factor for this pathology are; age, sedentary lifestyle, overweight, 

chronic degenerative diseases and vascular diseases (Cañon et al., 2005).  
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Treatment 

Currently, two healing systems are established for this type of wounds: the 

traditional treatment, which is based on the use of antiseptics and “Leaving the wound in 

the open air” and on the other hand the wet treatments, being the use of products that 

generate the wound area is a humid environment that controls exudate and stimulates 

healing (Talens 2016). Falanga (2004) was the one who developed the term “Preparation 

of the wound bed” and defines it as “A form of global wound treatments, which accelerates 

endogenous healing and facilitates the efficiency of other therapeutic measures”.

 Experimental studies have shown that maintaining a moist microenvironment in a 

wound, either through occlusive or semi-occlusive dressings, accelerates reepithelization 

twice as much as that obtained by traditional treatment (Winter, 1962, 1963; Falanga 

2004). 

 

Wound Care Cost 

Regarding studies related to the issue of the cost of the care service for these wounds 

in Mexico, one study (Mejía et al., 2015) indicated that, in 14 units of first level of care, 

the cost of treatment of UPP can amount up to $ 30,194.19 MXN for these units, but the 

data are not available as a nation of said condition. However, in the United States of 

America (USA), this type of injury represents an annual expenditure of 25 billion US 

dollars (USD) (Sen et al., 2009) while in Spain and the United Kingdom it is estimated 

more than 1,687 million euros (EUR) (Agreda Soldevilla et al., 2008) and 1769 million 

pounds (GBP) (Bennett et al., 2004) annually respectively. 
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Tissue Regeneration 

The epithelia are always in permanent regeneration due to the continuous wear to 

which they are subjected (Saladin et al., 2015), when a wound occurs, the regeneration 

process is activated and goes hand in hand with the healing process (Kolarsick et al., 

2011). 

 

Cicatrization 

The repair of a wound is a set of processes that comprises three phases: 

Inflammatory, Proliferative and Tissue remodeling, which are explained below: 

- Inflammatory Phase: Platelet adhesion to damaged tissue are activated by 

thrombin and fibrillar collagen and as a result, degranulation occurs that intervene 

in platelet aggregation (Gonzales et al., 2016); Neutrophils release enzymes 

(hydrolases, proteases and lysozymes). 

- Proliferative phase: There are four important processes: (A) Fibroplasia; the 

arrival of fibroblast to the wound to create a mold of collagen, (B) Angiogenesis; 

starts simultaneously with fibroplasia to create new capillary vessels, (C) Re-

epithelialization; Keratinocytes migrate from the wound edges to restore skin 

integrity activated by Interlucin-1 (IL-1) and (D) Wound contraction; Myoblast are 

rich in actin microfilaments and will establish cell-cell binding (Gonzales et al., 

2016). 

- Tissue remolding phase: Fibroblasts will produce fibronectin, hyaluronic acid, 

proteoglycans and collagen (Gonzales et al., 2016). 
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Biomaterials 

 Biomaterials can be defined as “Materials with the functions of repairing, replacing 

or improving an existing tissue in the body” (H. A.as Currie et al., 2007), the biomaterials 

that are most used are polymers, such as polysaccharides and proteins (H. A. Currie et al., 

2007). In general, the use of polymeric materials in the regeneration of tissue and organs 

has had a use in many different applications, such as in the use of polymeric biomaterials 

for drug delivery (Pohlman et al., 2013), regeneration of striated (Kwee and Mooney 

2017) and cardiac (Sewell-Loftin et al., 2011) muscles and tendon reconstruction (Walden 

et al., 2017) to name a few.  

 

Biopolymers 

Biopolymers are polymers produced by living organisms, they contain monomers 

that are covalently linked to form larger structures (Mohanty et al., 2005). There are three 

main classes of biopolymers based on the different monomer units used and the structure 

of the biopolymer formed, like; 

- Polynucleotides are long polymers that consist of 13 or more nucleotide 

monomers.  

- Polypeptides are short polymers of amino acids  

- Polysaccharides are often linearly linked polymeric carbohydrate structures 

(Mayers et al., 2008) 

A network of interpenetrated polymers (IPN) is a polymer that comprises two or 

more networks that are intertwined or at least partially, but are not covalently bonded 

together (Thomas et al., 2012) the simple mixing of two or more polymers does not create 

an IPN, since there are semi-interpenetrating polymer networks (SIPN) and pseudo-

interpenetrating polymer networks (PIPN) (Thomas et al., 2012). 
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Alginate 

Alginate Properties 

It is an anionic polymer of natural origin and is widely researched and used for many 

biomedical applications due to its biocompatibility, low toxicity, relatively low cost and 

gentle gelation by adding divalent cations (e.g. Ca+) according to (Szakalska et al., 2016), 

and is made up of Glucuronic and Mannuronic monomers (Fig. 1) 

 
Figure 3. Alginate Structure. Where (a) are the monomers (B) is the conformation of the chain, (c) is the 
distribution of the blocks.  
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Alginate Production 

Commercial alginate is typically extracted from brow algaes, mainly 

Phaeophycecae by treatments with alkaline solutions, typically Sodium Hydroxide 

(NaOH) (Szekalska et al., 2016) and other acid solutions (Fig. 2). 

 
Figure 4. Method of Alginate Purification. 
 

Alginate Degradation 

Alginate is not degradable in mammals, since they lack the enzyme Alginase 

(Remminghorst and Rehm, 2006) but there are methods to make alginate degradable under 

physiological conditions, as (Bouhadir et al., 2001) explained by a partial oxidation of the 

alginate chains in an aqueous medium, in the same way (Yang et al., 2011) showed that 

the degradation rate and its mechanical properties can be controlled by modifying the 

molecular weight distribution of the polymer. 

 

Alginate Current Uses 

Alginate has been used in the food, textile, printing and chemical industries 

(Szekaskla et al., 2016) and one of the most frequent use is in the field of regenerative 

medicine, it is the creation of hydrocolloids that can be prepared by various method of 

crosslinking, since, due to its similarity with the extracellular structures of living tissues, 

it allows wide applications in the field of tissue engineering and wound healing (Szekalska 

et al., 2016).  
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Gelatin 

Gelatin Properties 

Gelatin is a Polypeptide (Fig. 3) of greater molecular weight and an important 

polymer as it is a mixture of different polypeptide chains, including a, b and g chains, 

with a molar mass, approximately of 90, 180 and 300 g/M respectively (Mariod and Fadul, 

2013). 

 
Figure 5. Gelatin Structure 
 

Gelatin Production 

It can be contained from different sources of collagen such as; cattle bones, pig and 

fish skin, that are the main commercial sources (Djagny et al., 2001) and their extraction 

can be by two different processes, either by acid or alkaline methods (Djagny et al., 2001).  

 

Gelatin Degradation 

Matrix metalloproteinases (MPPs) are zinc-dependent endopeptidases and have an 

important role in tissue development and repair (Perez-Garcia 2004). MPPs or also called 

“Gelatinases” are enzyme responsible for the natural degradation of denatured collagen 

and collagen IV (Perez-Garcia 2004). 
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Current Uses of Gelatin 

Gelatin is commonly used as a stabilizer in yogurt (Karim and Bhat, 2008) both as 

an emulsifier and preservative in the food industry (Manbeck et al., 2017) and also in 

pharmaceutical applications due to its active surface properties (Mironova and Kovaleva, 

2017). 

In a study exposed by (Saarai et al., 2012) it was shown that gelatin hydrogels have 

the ideal rheological characteristics to be used in tissue engineering, where the results 

showing comparisons of crosslinked hydrogels are shown, where the comparison of 

crosslinked hydrogels are shown, when varying polymer concentrations, significant 

differences were observed in water absorption, morphology and viscosity, concluding the 

polymeric relationships has a great influence on these biomaterials characteristics.  
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Hydrogels 

They are one of the most used biomaterials, since they have viscoelastic properties 

and network structure caused by the crosslinker and solvent (Ahmed 2015). 

 

Uses of Hydrogels 

Hydrogels are present in daily life in different forms such as soap, shampoo, 

toothpaste and contact lenses (Gulrez et al., 2011) and in advances industrial applications 

such as oil recovery, agriculture, water treatment and pharmaceutical products (Peppas et 

al., 200). Due to the ability to absorb water and its high biocompatibility, hydrogels are 

used in tissue engineering and wound regeneration (Nho et al., 2014) in Table 1 you can 

see a list of the pharmaceutical applications given to the hydrogels:  

 

Table 3. Pharmaceutical applications of Hydrogels  

Applications Polymers Reference 

Wound Healing 

Tragacanth gum 

Gelatin 

Alginate 

Agar 

(Singh et al., 2016) 

(Yue et al., 2015) 

(Hooper et al., 2012) 

(Benamer, 2006) 

Polyethylene Glycol (Dutta 2012) 

Tissue Engineering 

Chitin 

Polyvinyl alcohol,  

(Mi et al., 2002) 

(Yu et al., 2006) 

Hyaluronic Acid (Fahmy et al., 2015) 

Injectable Polymers 
Alginate 

Dextran 

(Li et al., 2012) 

(Cascone et al., 1999) 

 

Type of Hydrogels 

Hydrogels can be classified in different ways as their morphology; particles, 

powders, spherical, fiber, membrane and emulsion (Gulrez et al., 2011), the type of 

material; Natural macromolecules, semi-synthesized polymers and synthesized polymers 

(Ahmed 2015) and the type of crosslinking agents, but can also be classified according to 

the type of crosslinking.  
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Physical Stimuli 

 These types of hydrogels are generally created by reversible molecular interactions 

(Vorhaar and Hoogenboom 2016) such as: ionic (electrostatic) interactions, hydrogen 

bonds, hydrophobic/hydrophilic interactions and crystallization (Berger et al., 2004) (Kuo 

and Ma et al., 2001).  

 

Thermal Crosslinking 

The balance between the hydrophobic and hydrophilic segments is the key to 

controlling the properties of a thermal crosslinking (Chai et al., 2017). The temperature 

has a remarkable effect on the hydrophobic interactions between the hydrophobic polymer 

segments and the hydrophilic interaction between the hydrophilic polymer segments and 

the water molecules, whereby a temperature change can disrupt the original equilibrium 

and induce the solitary of sol-gel transition (Bajpai et al., 2008). 

 

Chemical Stimuli 

 Hydrogel that are chemically crosslinked have covalent bonds between the 

polymer chains (Hu et al., 2019). So far, several methods of chemical crosslinking, have 

been reported and typically involve free radical-induced, enzymatic, “Click” crosslinking 

with Diels-Alder reactions and Schiff base formation (Li et al., 2018). In comparison to 

the physical crosslinking hydrogels, these demonstrate better stability and better 

mechanical properties.  

 

Photo crosslinking 

It is a process where a liquid formulation is transformed into a hydrocolloidal 

solution by means of photoreceptor and its reactions with light (Li et al., 2013). 

Photoreceptors break into C-C, C-CL, C-O or C-S bonds to form radicals when exposed 

to light and can have two types of reactions; radical by rupture or radical by hydrogen 

extraction. The advantage of this method is the rapid formation of IPN at room 

temperature and the control of mechanical properties by the crosslink agent (Nguyen and 

West 2002). Photo crosslinking is related to the presences of unsaturated groups and in 

most cases, they are methacrylate (Dijk-Wolthuis et al., 1995). 
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Photoreceptors 

Also known as photo initiators (PI), they are light sensitive (Fouassier and Laleva, 

2012) that after absorbing it suffer a photochemical breakdown that produces free radicals 

(Li et al., 2013) that interact with the formulations. There exist two types of PI: Type I 

(Fig. 7 A) they are those that absorb photons and decompose into radicals to initiate 

crosslinking and Type II (Fig. 7 B), they extract a hydrogen from a co-initiator to generate 

radicals and initiate crosslinking (Shih and Lin, 2013), only few PIs are considered 

cytocompatible such as: lithium arylphosphanate (Fairbanks et al., 2009), eosin Y (Elbert 

and Hubell 2001) and Irgacure-2959 (I-2959) (Williams et al., 2005). 

 
Figure 6. Diagram of Photo crosslinking types. Where (A) is the reaction of radical crosslinking by rupture, 
since after exposure to light, PI forms radicals. (B) The radical photo crosslinking by extraction of hydrogen, 
after irradiation, these PI go through an extraction of hydrogen by a donor to generate radicals and create 
links with the components of the formulation (Fouassier and LalevÃ, 2012). 
 

Irgacure 2959 

1-[4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one best 

known as I-2959 (Fig. 8) is a highly efficient Type I radical PI used for UV crosslinking, 

which is also suitable for use in water-based systems (Coimbra et al., 2008), due to its 

properties and its low cellular toxicity this PI can also be used in the polymerization of 

polymers and copolymers intended for biomedical and tissue engineering applications 

(Leach and Smith 2005). 

 
Figure 7. Chemical Structure of Irgacure 2959 ®. 
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Properties of Hydrogels 

 Hydrogels have a wide variety of properties that make them promising materials 

for a wide variety of applications. 

 

Physicochemical Properties 

Swelling 

 The mechanisms of swelling in hydrogels, can be explained when hydrogels 

encounter water, the latter, hydrates the polar groups and starts to make bounds with water 

(Barbucci and Pasqui 2013), when the groups are hydrated, the network starts to swell. 

There exist some characteristics that improve the swelling in hydrogels, for example; 

increasing the ionic groups, the amount and type of crosslinking and porosity. 

The properties and characteristics of a gel depend on the organization of the water 

(Singh et al., 2018), while in hydrogels is classified by different classes, such as Freezing 

and non-freezing mobile or stationary and free or trapped water (Khalid et al., 2002). The 

best classification (Singh et al., 2018), considers that the water in the hydrogel can exist 

in three physical states (Fig. 10): 

 1.- Free Water; it is not bound to the polymer chain and freezes at 0 ºC. 

 2.- Interstitial Water; weakly bound to a polymer chain or interacts with bound 

water. It freezes at a temperature lower than the usual freezing point.  

 3.- Bound Water; it is tightly bound with the hydrophilic segments of the polymers 

and does not freeze at a usual freezing point.  

 
Figure 8. Physical states of Water within Hydrogels 
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The water content is affected by the polymer and the nature of the crosslinking 

(Singh et al., 2018), therefore, it is assumed that the bound water content increases with 

the proportion of hydrophilic groups (Valles et al., 2000) and decreases with the increases 

of hydrophobic groups (Kim and Peppas 2003). 

This capacity of the hydrogels depends on the amount of carboxylic group present 

in the polymers, since they remain free after crosslinking and these are responsible for 

their swelling (Vashuk et al., 2001). These characteristics can also be determined by the 

density of the hydrogel using a pycnometer with a non-polar solvent (e.g. N-hexane). The 

density of the dry hydrogel (Pr) and the density of the swollen hydrogel (Ps), are 

calculated using the following equation (Ganji et al., 2010): 

 

𝑃r(𝑃𝑠) = 𝑀𝑠
𝑀1 −𝑀2 +𝑀𝑠 𝑥𝑃𝑖 

 

Equation 1. Formula for calculating the Density of Dry Hydrogels. Where Pi is the density of the solvent, 
Ms is the weight of the dry hydrogel (for the density of the dry hydrogel) or the weight of the swollen 
hydrogel (for the density of the swollen hydrogel), M1 is the weight of the pycnometer with the solvent and 
M2 is the weight of the pycnometer with the sample and solvent.  
 

 The diffusion of a solvent into the hydrogel, has three different models of swelling 

process, and was propose by (George et al., 2004); 

- Case I or Fickian Diffusion: The diffusion is slower than the rate of relaxation 

of the polymer chains. The mass uptake is proportional to the square root of 

diffusion time, Q~t1/2 

- Case II Diffusion: The rate of diffusion is higher that the relaxation rate of the 

polymer chains. The mass solvent uptake is proportional to the time, Q~t.  

- Case III or Anomalous Diffusion: Both rates are comparable, Q~ta. 

 

Mechanism of De-Swelling 

 The de-swelling mechanisms occurs through three different process; the loss of 

free water, the loss of interstitial water and only partially the loss of bound water (Barbucci 

and Pasqui 2013). 
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Morphology (Porosity) 

 A hydrogel is composed of distributed microchannels or pores created by the 

mobility of the polymer segments within an IPN in the presence of a solvent (Dorkoosh 

et al., 2002). These pores are formed as a result of the thermal movement of the chain, the 

presence of pores in the hydrogels is relevant for the application that is indented to give 

the biomaterial, for example tissue regeneration (Gasperini et al., 2014), since the size of 

the pores strongly affects the ability of the cells to adhere and proliferate. The porosity of 

hydrogels may be divided into four main classes: 

- Non-porous hydrogels; show a molecular size pores equal to the 

macromolecular correlation length (10-100 A) 

- Microporosity Hydrogels; found on a scale from 100 to 1000 A and the  

- Macroporosity Hydrogels; they enter a scale of .1 to 1 µm 

- Super-porous hydrogels; porosity bigger than 1 µm 

 

The porosity is the restoring of the solvation of the hydrophilic polymer with water, 

which induces the polymer chains to swell, Some studies have shown the optimal size for 

neovascularization, which is 5 µm, from 5 – 15 µm for fibroblast growth, 20 – 125 µm for 

mammalian skin regeneration and for bone regeneration from 100 – 350 µm (Whang et 

al., 1999). The degree of porosity of the biomaterial influences the mechanical properties, 

since increasing porosity decreases the stiffness (Gerecht et al., 2007). 

 

Wettability (Contact Angle) 

 The contact angle is a common measure that determines the hydrophobicity of a 

surface (Chau et al., 2009), it can be defined as the “Angle formed by the intersection of 

the liquid-solid interface and the liquid-vapor interface” (Lafuma and Quéré 2003). The 

small contact angles (< 90º) correspond to those of high wettability, while the angles (> 

90º) correspond to those of low wettability (ref) (Fig. 11). 

 
Figure 9. Different contact angles 

∠< 90 º ∠= 90 º ∠> 90 º
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Ideally, the shape of a drop of liquid is determined by the surface tension of the 

liquid. In a pure liquid, each molecule in the volume is attracted equally in each direction 

by the neighboring liquid molecules, resulting in a net force of zero, however, the 

molecules, resulting in a net force of zero, the molecules exposed on the surface do not 

have adjacent molecules in all directions to provide a balanced net force,  instead are 

pushed inwards by the neighboring molecules (Fig. 12), creating an internal pressure 

(Lafuma and Quéré 2003). 

 
Figure 10. Superficial Tension. its caused for unbalance forces or liquid molecules on the surface 
 

Rheological Behavior 

A “Fluid” is a substance that cannot stand an effort without moving, we can say 

that the rheology is “The science of flow and deformation” (Cherizol et al., 2015). As 

much as the rheological properties and the flow behavior of the suspensions, depends on 

parameters such as: particle shape, size and concentration, particle-particle interactions 

and particle surface properties (Datt and Elfring 2018). Fluids can be divided in two types 

(Brookfiel Enfineering Labs 2017):  

- Newtonian Fluids; which are fluids that its viscosity (h) remains constant as 

the shear rate (�̇�) is varied. 

- Non-Newtonian Fluids; the relationship between Shear stress (t) and Shear 

Rate (�̇�) is not constant 

 
Figure 11. Types of Rheological Behaviors  

Bingham

Pseudoplastic

Newtonian

Dilatant

Rheoxitropic

Independent

Thixitropic

S
h
e
a
r	
S
tr
e
ss
	τ

V
is
co
si
ty
η

Shear	Rate	,̇ Time	



 

 20 

Classic Rheological Models 

 A rheological model is an empirical mathematical expression that relates the shear 

stress to the speed of deformation (Cherizol et al., 2015). There are several models, such 

as the Newton Model (Krizek and Pepper 2004), Bingham Model (Sevssiecg et al., 2003), 

Carreau Model (Li et al., 2009), Maxwell Model (Larson 2013) and Ostwald-de Waele 

Model or better known as Power Law (Ng et al., 2011) 

 

Model of Ostwald – de Waele (Power Law) 

 This model is applied to shear thinning fluids, those which do not present yield 

stress (Pevere et al., 2006), the Flow Performance Index (𝜂), gives fluid behavior 

according to:(Eq. 2): 

𝜂 = 𝐾�̇�345 

Equation 2. Power Law formula. Where 𝜂 is the apparent viscoity, �̇� is the shear rate and K represent the 
Power Index or flow behavior, respectively. 
  

When the values of n are greater than 1, this model predicts a Pseudoplastic 

behavior and when they are less than 1 predicts a Dilatant behavior, when the value of n 

is equal to 1, the model is reduced to Newton Law, where the viscosity is equal to the 

consistency index (Pevere et al., 2006).  

 
Figure 12. Representation of Pseudoplastic behavior 
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Water vapor permeability 

 One of the basic physical properties of biomaterials for wound healing, which 

can influence the healing process, is the rate of water vapor transmission (WVTR), which 

directly regulates the moisture microenvironment of wound (Xu et al., 2016). Diffusion 

across a film or membrane is influenced by; the structure, permeability to a specific gases 

or vapor, thickness, area, temperature, difference in pressure (Siracusa 2012). According 

to (Xu et al., 2016) an optimal WVTR that has a range equal to or greater than 2028.3 

g/m2 in 24 hours, are those that provide an optimal humid environment at the local level 

to promote wound healing.  

 

Permeation Theory  

 Permeability is defined according to (Gaidos et al., 2000) as “The quantification 

of permeate transmission, gas or vapor through a resisting material”. The second step of 

the permeability phenomenon, “The Diffusion”, depends on; size, shape, polarity and 

crystallinity of the membrane (Siracusa 2012). The theory that explain the mechanism of 

permeation is the Henry and Fick’s Law, that explained that “The diffusion takes place 

only in one direction, through the film and not along or across it” (Fig. 14) (Lee et al., 

2008), the formula (Eq. 3): 

𝐽 = −𝐷 ∗ D𝑐 

Equation 3. Fick’s first law. The permeate (gas or vapor) flux indicated by J expressed in mol cm-2s-1, the 

diffusion coefficient or diffusivity indicated by D and expressed in cm2/s and the concentration difference 

indicate by Dc expressed in mol/cm3. 

 
Figure 13. Diagram of Vapor or gas permeation on membrane  
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Drug Entrapment 

 Drug loading is one of the most important applications of hydrogels, according to 

(Lin and Metter 2006), active agents can be incorporated into hydrogels matrices by two 

ways: 

- Post-Loading Method; Generally, the hydrogel, in the dry state meets a 

solution containing the drug, the concentration of the solution is determinant, 

a high concentration of the drug in solution increases it viscosity and delays 

the drug diffusion within the hydrogel. 

- In situ loading Method; A polymer precursor solution is mixed with drug or 

drug-polymer conjugates with or without a crosslinker and allowed to 

polymerize, trapping the drug within the matrix. 

 

A diagram (Fig. 15) explain the two ways of drug loading we explained before: 

 

Figure 14. Representation of Drug entrapment. (A) post loading (B) In situ loading into the Hydrogel. 

  

Drug loading is dependent on many variables, such as; the molecular weight and 

charge density of both (the drug and hydrogel), degree of cross-linking, nature of the 

solvent and mixing conditions. Drug loading (DL) range per unit mass of a polymer can 

be estimated from the following relationship: 

: 𝑉𝑠𝑊𝑝> 𝑥	𝐶𝑜 = 𝐷. 𝐿. 𝐿𝑖𝑚𝑖𝑡 
Equation 4. Drug Loading Formula. Where Vs is the adsorbing solvent, Wp is the dried polymer weight, Co 

is the drug concentration in a solution (Kim et al 1992) 
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Nanotechnology 

This science was introduced by Nobel prize winner Richard P. Feynman in 1965, as 

a result of multiple advances in science to manipulate matter on an extremely small scale. 

Nanotechnology, defined by its main pioneer (Feynman 1960) is “The development of 

materials in the order of nanometers (less than 100 nm) to create materials with new 

properties and functions” and can be defined in two types of approaches according to the 

synthesis of the structure: the “Top-Down” approach that is defined as “The largest 

structures are reduced in nano-scale size, while maintaining their original properties, and 

the “Bottom-Up” approach, also called “Molecular Nanotechnology” developed by 

(Drextler et al., 1991), in which “Materials are manipulated from atomically or molecular 

components by a process of assembly or self-assembly” a summary scheme can be 

observed in (Fig. 16). 

 
Figure 15. Different approaches in nanotechnology  
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Type of Nanosynthesis 

There are different methods for the synthesis of nanocapsules (NCs) such as: 

Emulsion-diffusion, double emulsification, coacervation method, layer by layer and 

nanoprecipitation method (Maynard and Baxter 2007) to mention some, while the 

selection criteria for each method is the desired particle size to obtain (Jagadeesh et al., 

2016). 

 

Nanoprecipitation 

This technique was described by (Fessi et al., 1989) and since its development, it is 

the standard technique for encapsulation different active agents, mainly hydrophobic in 

either NCs or nanospheres (Lasalle and Ferreira 2007), it is also called “Solvent 

displacement” or “Interfacial deposition”, and this technique has many advantages such 

as: simplicity, scalability, reproducibility and toxic solvents can be avoided (Lasalle and 

Ferreira 2007). 

 

Mechanisms of Nanoprecipitation 

 In the investigation of (Quintanar-Guerrero et al., 1998), explained the formation 

of nanoparticles as a result of the differences in surface tension, a liquid with high surface 

tension (aqueous phase) attracts more strongly the surrounding liquid with low surface 

tension (organic phase), this difference between tension causes interfacial tension, the 

organic solvent “diffuses” from low voltage regions, which causes a gradual precipitation 

of the polymer and the formation of NCs (Fig. 17) (Mora-Huertas et al., 2010). 

 

 
Figure 16. Nanoprecipitate process  
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Aqueous Phase 

 This phase is usually water with other excipients such as hydrophilic surfactants, 

these are added to avoid particle aggregation (Miladi et al., 2016) also some polymers can 

also be added.  

 

Organic Phase 

 It consists of an organic solvent that is miscible with water, such as ethanol or 

acetone, this phase contains the polymer and the hydrophobic agent, other compound can 

be added such as mineral or vegetable oils, which allow to obtain nanospheres (Miladi et 

al., 2016). 

 

Most used Polymers 

 Numerous polymers can be used by this technique, but they must meet certain 

criteria to be used in in vivo applications, such as being biodegradable and biocompatible 

(Miladi et al., 2016). The most used polymers by this technique are referenced in the Table 

4. 

 

Table 4. Examples of polymer most used in the nanoprecipitation technique  

Polymers Reference 

PLGA 

(Bazvlinska et al 2014) 

(Shah et al., 2014) 

(Siqueira-Moura et al., 213) 

PLA 
(Barwal et al., 2013) 

(Pavot et al., 2013) 

PEG 
(Suen and Chau 2013) 

(Nafee et al., 2013) 
PBLG (de Miguel et al., 2014) 

PCL 

(Noronha et al., 2013) 

(Neves et al., 2013) 

(Mazzarino et al., 2012) 
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Polycaprolactone 

Polycaprolactone (PCL) is a biodegradable aliphatic polyester with a low melting 

point of around 60 ºC (Mark 1999) is obtained from the polymerization of caprolactone 

and its name according to the International Union of Pure Applied Chemistry (IUPAC) it 

is 1,7-poliozepan-2-ona. 

 

Properties of Polycaprolactone  

PCL is often used as an additive for other polymers, is used as plastic that can be 

molded and in the manufacture of plastic parts (Labet and Thielmans, 2009), also it has 

received great attention for its use as a biomaterial (Ulery et al., 2011) and its method of 

synthesis is by polymerization catalyst (Mark 1999) explained in Figure 18. 

 
Figure 17. Synthesis of Polycaprolactone 

 

Degradation of Polycaprolactone 

At room temperature PCL is highly soluble in chloroform, dichloromethane, 

benzene, toluene and acetone while insoluble in alcohols, petroleum and water (Pohlmann 

et al., 2013). The PCL can be degraded in several months to years, since the degradation 

rate depends on molecular weight, crystallinity level and degradation conditions 

(Sravanthi 2009) and many microorganisms in nature are capable of degrade the polymer 

(Sravanthi 2009). 

 

Current uses of Polycaprolactone  

One of the most important current uses of this polymer is as a bioplastic (Tokiwa et 

al., 2009) also in pharmacology (Colinet et al., 2009) and in the area of tissue engineering 

(Wang et al., 2009), PCL has been used in medicine as sutures with varying degradation 

rates (Sava et al., 2004). 

ε-caprolactone

Catalyst

Polycaprolactone



 

 27 

Characterization of the Nanocapsules 

 The properties of a material changes dramatically when their size is reduced to a 

nanoscale range and in order to cope with these properties, the following parameters needs 

to be analyzed, such as; shape, degree of aggregation and agglomeration, size distribution, 

surface chemistry, crystal structure and surface composition (Kumar and Kumbhat 2016). 

 

Particle Size 

 The smaller the particle size, the greater the surface area, and this results in a rapid 

release of the active agent (Choi et al., 2003), and consequently smaller particles tend to 

aggregate during storage, also the degradation rate it is affected by the particle size (Pal 

et al., 2011). 

 

Surface Load (Z Potential) 

 This determines the interaction of particles with the environment such as 

electrostatic interaction with bioactive agents. The stability of the colloidal suspension is 

analyzed by potential Z, which is an indirect measurement of the surface charge. High 

Potential Z values (whether positive or negative) are sought to ensure stability and prevent 

particle aggregation (Dadwal et al., 2014).  

 

Polydispersity Index (PDI) 

 Dynamic light scattering (DLS) is an important tool for characterizing the particle 

size and its distribution (PSD) or Polydispersity Index (PDI) in a solution (Maherani and 

Wattraint 2017). DLS measures the light scattered that passes through a colloidal solution 

and analyzing the intensity of the scattered light intensity. This index is dimensionless and 

values of 0.2 and below are most commonly acceptable for polymer-based nanoparticle 

materials (Clarke 2013).  
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Drug Release and Encapsulation Efficiency 

 In order to be able to determine the release of active agent, it is essential to be able 

to determine the encapsulation efficiency, this is defined as “The amount of active agent 

bound to the polymer” or in another term, the concentration of the active agent within NCs 

(Kreuter 1983), there’s exists different methods to quantify the active agents, but  high-

performance liquid phase chromatography (HPLC) it’s the most used (Magenheim et al., 

1993).  

 

Oxidative Stress 

Oxygen is responsible for the formation of active intermediates known as ROS (San-

Miguel and Martin-Gil 2009). Among these species, free radicals (FR) such as: superoxide 

ion (O2), hydroxyl (OH), alkoxy (ROO) and nitrogen oxide (San-Miguel and Martin-Gil 

2009). 

 

Free Radicals in Chronic Wounds 

The FR according to (San-Miguel and Martin-Gil, 2009) are “Chemical species that 

contain in their structure one or more missing electron, which makes them highly unstable 

compound due to the need to take or transfer an electron from adjacent molecular structure 

in order to stabilize”, the radicals with the highest reactivity are:  

- Radical superoxide (O2): lacks reactivity to attack macromolecules directly, 

although it can act as a weak oxidant.  

- Hydrogen peroxide (H2O2): it is not an FR but is considered the main 

intermediate in the metabolisms or ROS 

- Hydroxyl radical (OH): its missing electron can react with almost any molecule. 

The most reactive ROS in the body is the hydroxyl radical (Fig. 19), and it is also 

responsible for the propagation of oxidative damage between subcellular fractions. 

 

 
Figure 18. Hydroxyl Radical 
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Different biochemical processes can generate ROS (San-Miguel and Martin-Gil 

2009) and can be classified into: 

- Endogenous processes: FR will be generated through the mitochondrial electron 

transport chain or by phagocytic cells. 

- Exogenous processes: by catalytic activation of various enzymes or cellular 

metabolism 

 

Figure 19. Phases of a normal wound repair. The relationship between wound healing and ROS. In the 
inflammatory and homeostatic phase, large amount of superoxide are generated from molecular oxygen 
mostly by NADPH oxidase expressed in the immune system. Redox signaling is also critical for modulating 
key events that occur during the phases of migration and cell proliferation, fibrosis and remodeling.  
 

Molecular oxygen plays a crucial role in many processes, however, the O2 that 

exists as a biradical molecule is also toxic, especially when converted to superoxide 

radicals, which are considered the main ROS in biological systems (Schafer and Werner 

2008). In an aqueous solution O2- spontaneously decreases to hydrogen peroxide (H2O2), 

while in the presence of metals, such as copper or iron, H2O2 and O2 generate hydroxyl 

radicals (OH.) (Novo and Parola 2008). 

Whiles theses ROS are products of a normal aerobic metabolisms and their 

production increases during infection processes (Moseley et al., 2004), the overproduction 

of theses ROS is the largest factor that allows cornification wounds (Nyanhongo et al., 

2013). This is because these FR are kept oxidizing new biomolecules in wounds and act 

as a promoter of pro inflammatory responses (Guo and DiPietro 2010). Currently, great 

progress has been made in the control of wound exudates, protecting the wound from 

physical damage (Widgerow 2011) control of the inflammation, proteases and FR is a 

great challenge.  
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Antioxidants 

The term is defined as “Any substance that, being present at low concentrations in 

relation to those of the oxidizable substrate, significantly delays or inhibits the oxidation 

of said substrate” (Coronado et al., 2015). These agents are found in all aerobic cells and 

their purpose is the decrease of ROS (Coronado et al., 2015).The human antioxidant 

system is divided into two major groups: Enzymatic antioxidant and non-enzymatic 

oxidants (Carocho and Ferreira 2013), regarding the latter mentioned, there are quite a 

number of them such as: peptides (glutathione), nitrogen compounds (uric acid), enzyme 

cofactors (Q10) and vitamins. 

 

Vitamins 

The discovery of vitamins was made by Hopkins 1912, currently they can be defined 

as “Group of organic compounds required in the daily diet in small quantities for the 

maintenance of good health and metabolic integrity” (Bender 2003) and have been 

classified in two groups: 

Group A: they are fat-soluble vitamin, being A, D, E and K  

Group B: they are water soluble vitamins, B and C.  

 

Vitamin E 

Vitamin E was discovered by Evans and Bishop 1922 and is composed of four 

tocopherols and four tocotrienols, designated as a, b, g and d (Fig. 21) (Bender 2003) 

being a-tocopherol (a-Toc) the most active form. 

 

Figure 20. Chemical structures of a,-tocopherol y a-tocotrienol 

!-Tocopherol

!-Tocotrieol
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Functions of a-tocopherol 

The best know function of vitamin E is to be an antioxidant soluble in lipoproteins 

and plasma cell membranes (Bender 2003), recent studies indicate that it is involved in 

inhibition of protein Kinase C (PKC), cell proliferation and activation (Hobson 2016). The 

chroman head group confers the antioxidant activity to tocopherols (Carocho and Ferreira 

2013) and this halts lipid peroxidation by donating its phenolic hydrogen to the peroxyl 

radicals forming tocopheroxyl radicals that, despite also being radicals, are unreactive and 

unable to continue the oxidative chain reaction. 

 

a-tocopherol Degradation 

The absorption of vitamin E is relatively low, since only 20 to 40 % of an intake is 

absorbed in the small intestine (Rigotti 2007) and is carried out by triglycerides and 

inhibited by polyunsaturated fatty acids, being secreted by the liver (Rigotti 2007). 

 

Current uses of a-tocopherol 

The use of vitamin E in nutrition is rare, due to its low absorption rate in the digestive 

system, but its antioxidant effects are mostly used in the area of cosmetology as a 

photoprotector (Thiele et al., 2005). 

Another use that has been considered for a-tocopherol is as a drug presented in 

nanospheres and NCs (Mu and Feng, 2002) as evidenced by a recent study, where 

nanospheres of polylactic-co-glycolic acid (PLGA) were made with a-tocopherol as its 

active agent (Goankar et al., 2017) for its potential use as an anticarcinogenic drug to 

eliminate excess FR formation present in the body during the disease process.  
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JUSTIFICATION 

 

Chronic wounds are an important cause of morbidity and deterioration of the 

quality of life that affects approximately 8.6 million patients in the US, since in the 

hospital setting, the appearance of ulcers is a minor problem until they evolve to a stage 

II, which lead to the formation of larger ulcers, that they are more likely to suffer an 

infection and that subsequently cause necrosis of the affected tissue until they become an 

important risk factor for the patients’ health. Diseases such as diabetes have a high 

correlation with chronic ulcers, and in Mexico, diabetes affects 9.2 % of the population, 

of which 7.2 of these patients have ulcers that can complicate and increase the mortality 

of affected people. This type of injury is very disabling and expensive and current 

treatments do not cover all needs and can be expensive as they often need to be 

reconstructed with autologous skin grafts.  

Currently, due to their applications, biomaterials are considered one of the best 

alternatives for this type of problem and currently the research of the global biomaterial 

market has an income of 18.9 billion dollars and by 2021 it is thought that it will grow to 

53.7 billion dollars.  

Therefore, this project proposes the development and characterization of photo 

responsive hydrogels made with biopolymers (Alginate and Gelatin) and 

Polycaprolactone nanocapsules loaded with a-tocopherol that promotes antioxidant 

activity with a potential use in chronic wounds. 
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HYPOTHESIS 

 

Photo responsive hydrogels made with Alginate and Gelatin will serve as an 

absorbent, resistant and permeable structure and Polycaprolactone nanocapsules loaded 

with a-tocopherol after nanoprecipitation will maintain their antioxidant activity  
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OBJECTIVES 

 

General Objective 

 

Develop and Physicochemical characterize of Photo crosslinked hydrogels of 

Alginate/Gelatin and Polycaprolactone nanocapsules loaded with a-tocopherol 

 

Specific Objective 

 

1. Synthesize and physiochemically characterize matrices of Alginate and Gelatin 

hydrogels at different concentrations by Thermal crosslinking 

2. Synthesize and physiochemically characterize matrices of Alginate/Gelatin 

hydrogels by Photo crosslinking 

3. Synthesize and physiochemically characterize Polycaprolactone nanocapsules 

with different concentrations of a-tocopherol 

4. Synthesize and physiochemically characterize the Polycaprolactone nanocapsules 

with different concentrations of Polycaprolactone 

5. Synthesize and physiochemically characterize the Polycaprolactone nanocapsules 

with different solvents (Acetone and Methanol) concentrations 

6. Evaluate the encapsulation efficiency of the a-tocopherol in the Polycaprolactone 

nanocapsules by HPLC 
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METHODOLOGY 

 

Thermal Crosslinking of Hydrogels (Alginate or gelatin) 

The method on which the synthesis of the biomaterials was based on, was reported 

by (Saarai et al., 2102), where we modified the polymer concentrations and the 

crosslinking agent at different ratios to verify which component will improve the 

physicochemical characteristics. For the synthesis of the hydrogel, an aqueous solution of 

the polymer was prepared varying from 0.5 to 5 % weight/volume (w/v), where the 

polymers were dissolved in sterile distilled water at 40 ºC while continuous stirring at 200 

RPM until an homogenous solution was obtained, then the other components were added 

(Tab 5), when the hydrogel start to form, the stirring was reduced to 100 RPM and the 

temperature was maintained for 5 minutes. 

 

Table 5. Alginate and Gelatin hydrogel formulations  

Polymers (% w/v) A1 A2 A3 G1 G2 G3 

Gelatin -- -- -- 0.5 2.5 5.0 

Alginate 0.5 2.5 5.0 -- -- -- 

Polyethylene glycol (PEG) 10.0 10.0 10.0 10.0 10.0 10.0 

Glycerol 10.0 10.0 10.0 10.0 10.0 10.0 

NaCl 1.0 1.0 1.0 1.0 1.0 1.0 

Distilled Water (ml) 20.0 20.0 20.0 20.0 20.0 20.0 

Where A mean Alginate and G gelatin, where when higher its adjacent number, higher the polymer 

concentration. 

 

When having the hydrogels formed, they were kept at room temperature in sterile 

bottles to perform the following tests.  
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Physical Characterization of Hydrogels 

Swelling 

2 grams (g) of each dried hydrogels formulation were weighed, put into 250 mL 

bottles with 50 mL of sterile deionized water, was left for 24 hours and weighed in 

different times according to K8150, which is the standard method for determining water 

retention in hydrogels, where dry hydrogel (Wd) is weighed and then submerged at room 

temperature, after swelling (Ws) was dried/filtered in paper towels for 1 minute to remove 

as much water as it not fixed in the hydrogel (Katayama et al., 2006), as explained in (Fig. 

22). 

 

 
Figure 21. Swelling test representation 

 

The percentage of swelling was calculated with the following formula (Eq. 5):  

 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔	%	 = 𝑊M −𝑊N
𝑊N

	𝑥	100 

Equation 5. Percentage of swelling formula. Where 𝑊M is the weight of hydrogel in a swelling state (Weight 
Swollen) and 𝑊N is the weight of hydrogel in a dry state (Weight Dry) 
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Solubility 

A sample of each treatment of 2 g of hydrogel was placed in 250 mL bottles with 

50 mL of sterile deionized water and put in an water bath, thermo Precision 2870,  for 24 

hours at 37 ºC with constant stirring of 100 RPM (Nagasawa et al., 2004) where Wd is 

weighed and then submerged in sterile deionized water for 24 hours at room temperature, 

after Ws was dried in paper towel for 1 minute to remove as much water as is not fixed in 

the hydrogel,  

 

 
Figure 22. Solubility Test representation 

 

The fraction of insoluble gel was measured with the following formula (Eq. 6):  

 

𝑆𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦	%	 = 𝑊N
𝑊R

	𝑥	100 

Equation 6. Percentage of solubility formula. Where 𝑊R is the initial weight of the dry sample and 𝑊N is the 
weight of the insoluble part of the hydrogel after being extracted from the water. 
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Rheological Behavior 

The samples were placed on the plate of the rheometer using a conical geometry. 

The results were plotted where the Y-axis was the cutting force (t), given in Pascal units 

per second (Pa.s) and the X-axis is the shear rate (�̇�) represented with the units (1/s). 

Rheostress 1 (Haake) was used to obtain the reograms and the cone-plate geometries (Fig. 

24), where the cutting speed was varied from 0.1 to 400 1/s.  

 

Figure 24. Cone-plate sensor representation. Where RK represents the torque, a represents the impact angle 
of the geometry, a represents the gap and RT represents the measure point.  

 

Index of Consistency 

 The force required for the material to flow, we used the mathematical model of 

“Power Law” (ref). The viscosity (h) represented by the units of Pa.s versus the �̇�, were 

plotted and adjusted to a logarithmic scale with the cutting speed, using the linear 

regression formula (Eq. 7):  

𝑌 = 𝑚𝑥 + 𝑏 

Equation 7. Linear regression formula. 

 

Chemical Characterization 

pH 

The pH readings of the biomaterials were performed during the thermal crosslinking 

and the photo crosslinking, with a previous calibrated potentiometer (Beckam 390). 
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RT

a

!
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 When obtaining the results of the previous test, it was decided to reformulate the 

polymeric concentrations (Tab. 6) to have the parameters that are required for the 

application to be given to the biomaterial, polymeric concentrations ranged from 1.5 to 5 

% w/v and where parameters were studied which modified the use of a concentration of 

2.2 mMol photoreceptor (Irgacure 2959 ™). 

 

Table 6. Experimental design of Thermal and Photo crosslinked hydrogels 

Polymers (% w/v) AG1 WoPi AG WoPi GA1 WoPi AG1 WPi AG WPi GA1 WPi 

Gelatin 1.5 2.5 3.5 1.5 2.5 3.5 

Alginate 3.5 2.5 1.5 3.5 2.5 1.5 

PEG 10.0 10.0 10.0 10.0 10.0 10.0 

Glycerol 10.0 10.0 10.0 10.0 10.0 10.0 

NaCl 1.0 1.0 1.0 1.0 1.0 1.0 

Distilled Water (mL) 20.0 20.0 20.0 20.0 20.0 20.0 

Irgacure 295 (mMol) -- -- -- 2.2 2.2 2.2 

Where A mean Alginate and G gelatin, where when higher its adjacent number, higher the polymer 

concentration, while WoPi means Without Photoinitiaors and WPi means With Photoinitiators 

 

The hydrogels obtained from this new formulation were subjected to the same 

exclusion test as the previous one, only that new test was performed which were now 

explained.  

 

Contact Angle 

It was analyzed with the equipment Drop shape analyzer DSA 25, Krüss, where 

500 microliters (µL) of distilled water were deposited on the surface of each hydrogel and 

the angle that each drop produced on each formulation was analyzed, the difference of 

each angle was reported.  

 

Fourier Infrared Transform Spectroscopy (FTIR) 

The readings were taken using the equipment (Nicolet iS10) and distilled water 

was used as background, then the biomaterial of each treatment was analyzed separately 

to see the functional groups presents in the material.  
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Water Vapor Permeability 

The permeability to water-vapor (% WVP) of the biomaterial was determinate using 

a hygroscopic material, in this case Calcium Chloride (CaCl2). 2 g of the CaCl2 were first 

weighed into capsules and 2.5 cm of diameter circles of hydrogel were cut and mounted 

on the capsule, so that each capsule covered and sealed with it. They were then placed in 

a desiccator containing a saturated sodium chloride solution (NaCl) with a relative 

humidity of 90 % and an ambient temperature for 24 hours (Chambi and Grosso, 2011),  

 
Figure 24. Water Vapor Permeability test representation 

 

The WVTR was calculated from linear regression of the slope of weight gained 

versus time, and then by dividing the slope by expose area, using the next formula (Eq. 

8): 

 

𝑊𝑉𝑇𝑅 = 𝑆𝑙𝑜𝑝𝑒 ∗ 𝑇𝑖𝑚𝑒	(𝐻𝑜𝑢𝑟𝑠)/𝑚Y 

Equation 8. Water Vapor Transmission Rate formula. 
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Synthesis of Nanocapsules 

The NCs were synthesized by the nanoprecipitation method, which was used in the 

research of (Khayata et al., 2012) with some variations in the synthesis process, such as 

the polymer and a-tocopherol concentration and the ratios of solvents.  

Where PCL was sonicated for 10 minutes in 10 mL of the solvent acetone, after this 

time, a homogenous solution was obtained, then the a-tocopherol concentration was 

added to be dissolved at room temperature, this being the organic phase (OP).  

The OP was injected at constant drip by gravity to the aqueous phase (AP) while in 

constant agitation (200 RPM), then the solvent was evaporated using a rotavapor (at 27 

ºC and 110 RPM for 10 minutes.  

 

Table 7. Formulation of Nanocapsules  

 Components Concentration 

       

1 
Organic 

Phase 

Acetone (ml) 10 

PCL (mg) 20 

α-tocopherol (mg) 0 5 10 15 20 

        

2 
Organic 
Phase 

Acetone (ml) 10 

PCL (mg) 10 

α-tocopherol (mg) 0 5 10   

        

3 
Organic 
Phase 

Acetone (ml) 10 10 12 7 5 

Methanol (mL) 0 0 0 3 5 

PCL (mg) 10 

α-tocopherol (mg) 5 
All the formulations above, had an aqueous phase of 20 mL of Distilled water with a concentration of 0.5% 

of PVA. 
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Physical Characterization 

The diameter, the polydispersity (PDI)and the Z potential (z) were analyzed by 

nanosizer, where 500 µL of the nanocapsules suspension and 1 mL of distilled water were 

added to be measured in triplicate for each formulation.  

 

Chemical Characterization 

Antioxidant Activity 

The antioxidant activity was analyzed by the method of 2,2-Diphenyl-1-

Picrylhydrazyl (DPPH) (C18H12N5O6), this being an effective method to measure the 

antioxidant activity (Muid et al., 2013). A solution of 0.3 mMol of DPPH in 99 % of 

ethanol was prepared. The nanocapsule suspension was centrifuged for 1 hour at 13,300 

RPM to separate the supernatant from the precipitate, then the precipitate was sonicated 

for 30 minutes to extract the a-tocopherol from the nanocapsules, then in a well from a 

96-well plate, 280 µL of the DPPH solution was mixed with 20 µL of both phases 

(supernatant and precipitate) and allowed to react for 30 minutes in the dark and read at 

520 nm in a microplate reader (EZ Read).  

 
Figure 25. Antioxidant Activity by DPPH test 
 

Antioxidant activity was calculated using the following formula (Eq. 9):  

 

𝐴𝑛𝑡𝑖𝑜𝑥𝑖𝑑𝑎𝑛𝑡	𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦	% = 𝐴𝑏𝑠	𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠	𝑆𝑎𝑚𝑝𝑙𝑒
𝐴𝑏𝑠	𝐶𝑜𝑛𝑡𝑟𝑜𝑙 	𝑥	100 

Equation 9. Antioxidant Activity formula. 

DPPH at 0.3 mM Solution of Nanocapsules
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a-Tocopherol Quantification 

Direct quantification (HPLC) 

 Measurement was performed by high pressure liquid chromatography (HPLC) 

using the HP1100 Chromatograph with a UV wavelength detector with variable 

wavelength, a Phenomenex Luna PFP column (2.0 x 150 mm, 5 µ) at 30 ºC was used with 

a mobile phase of Methanol:Water (93:7) with a flow of 0.3 mL/min. The detection was 

performed at a wavelength of 295 nm.  

 The method validation was carried out under the criteria of the ICH, the parameter 

evaluated were linearity, limit of detection (LDD), limit of quantification (LDQ) and 

precision. A calibration curve was performed with five levels of a-tocopherol 

concentration per level (4, 8, 16, 32 and 64 µg/mL) 

 

Indirect Quantification (DPPH) 

 A calibration curve was performed (R2 of 0.998) with methanol with up to 160 

parts per million (ppm) of a-tocopherol, where respective dilutions were made to the 

samples to fit within the curve, the absorbance obtained were used in the next formula:  

 

𝑌 = 𝑚𝑥 + 𝑏 

Equation 7 a. Formula de la recta 

 

𝑋 = 	𝑦 − 𝑏𝑚  

Equation 7 b. Formula despejada para X 
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Stability of a-tocopherol after UV exposure 

Quantification 

 A solution of NCs were exposed to different times of UV light (0, 15, 20 and 25 

minutes), then by sonication the a-tocopherol was extracted and analyzed by HPLC with 

the aforementioned characteristics.  

 

Antioxidant Activity 

 In 6 cm petri dishes, 2 mL of solution of nanocapsules with 5 mg of a-tocopherol 

were deposited and were exposed to UV light at different times (0, 15, 20 and 25 minutes), 

and then analyzed by DPPH.  
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RESULTS 

 

Thermal crosslinked Hydrogels (Alginate or Gelatin) 

Physical Characterization 

Swelling Behavior 

Alginate Hydrogels 

In (Fig. 27) the swelling behavior of Alginate hydrogels is observed, the highest 

concentration being the only one that could be measurable (A3), since due to its 

consistency it was not possible to take samples of the other concentrations (A1 and A3), 

while A3 had a maximum swelling time at 8 hours (143 ±7 %) and then began to 

solubilize.  

 
Figure 26. Swelling Behavior of Alginate Hydrogels 
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Gelatin Hydrogels 

In (Fig. 28) the swelling behavior of hydrogels of Gelatin is observed, where only 

G2 and G3 could be measured, where the G2 hydrogel maximum swelling time was at 4 

hours (140 ± 8 %) and G3 was at 8 hours (202 ± 2 %) then they began to solubilize.  

 
Figure 27. Swelling Behavior of Alginate Hydrogels 

 

 As shown in our result and in appendix B, it is possible to see that there is a 

significant difference in the swelling percentage, where it is appreciated that the hydrogels 

with the highest polymer concentration (A3 and G3) have a maximum swelling time at 8 

hours, being G3 the one with the highest percentage (202 ± 2). 
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Solubility Behavior 

Alginate Hydrogels 

The solubility behavior of Alginate hydrogels (Fig. 29), where only the sample 

(A3) could be measured, due to its consistency it was not possible to take a sample of the 

other hydrogels (A1 and A2), note that A3 was completely solubilize until 12 hours, 

having a maximum swelling time at 4 hours (-122.33 ± 3.40 %) before starting to 

solubilize.  

 
Figure 28. Solubility Behavior of Alginate Hydrogels 

 

Gelatin Hydrogels 

In (Fig. 30) can be seen the solubility behavior of the Gelatin hydrogels, where the 

sample (G1) could not be measured by its consistency. It can be observed in the G2 

hydrogel, its maximum swelling time was at 2 hours (-30 ± 16.09 %) and for the G3 

hydrogels it was 4 hours (-109 ± 16.21 %) before beginning to solubilize, being its total 

solubility for the G2 sample at 12 hours and for G3 at 24 hours. 

 

Figure 29. Solubility Behavior of Gelatin Hydrogels 
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 As shown in our results (Appendix C) the hydrogels that solubilize faster were the 

higher alginate content, but they absorb more water content in the conditions that were 

put, while gelatin hydrogels solubilize until 24 hours, but with less water content.  
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Rheological Analysis of Thermal crosslinked Hydrogels (Alginate or Gelatin) 

Rheological Behavior  

Alginate Hydrogels 

For the hydrogels formed by Alginate (Fig. 31), only at concentrations higher than 

or similar to 1 g, showed a pseudoplastic behavior (A3), while at concentration less than 

1 g, they presented a Newtonian behavior (A1 and A2). 

 

 

 
Figure 30. Rheological Behavior of Alginate Hydrogels. 
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Gelatin Hydrogels 

Hydrogels formed only with Gelatin (Fig. 32) where concentrations less than 500 

mg showed a Newtonian behavior (G1), while concentrations greater than 500 mg showed 

a pseudoplastic behavior (G2 and G3). 

 

 

 

 
Figure 31. Rheological Behavior of Alginate Hydrogels.  
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 As our result above showed, hydrogels from a concentration higher than 500 mg, 

start to have a pseudoplastic behavior, were, hydrogels with a concentration higher or 

similar to 1 g, start to behave like a pseudoplastic fluid.  
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Thermal and Photo crosslinked Hydrogels (Alginate and Gelatin) 

Physical Characterization 

Swelling Behavior 

Thermal crosslinked Hydrogels 

The swelling behavior (Fig. 33) of thermo crosslinked hydrogels (WoPi), showed 

that when they had a higher concentration of Alginate (AG1) they swelled less, having a 

maximum swelling time at 8 hours (152 ± 7 %), while when they had similar concentration 

of polymer (AG WoPi) and higher concentration of Gelatin (GA1 WoPi) they had a lower 

maximum swelling time (4 horas), but higher percentages of swelling (187 ± 26 % y 170 

± 8 %, AG y GA1 respectively).  

 
Figure 32. Swelling Behavior of Thermal crosslinked 
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Photo crosslinked Hydrogels 

The swelling behavior (Fig. 34) of Photo crosslinked hydrogels (WPi) showed that 

all the hydrogels had a maximum swelling time at 4 hours, the highest being AG hydrogels 

(180 ± 24 %), and after this period of 4 hours, they began to solubilize.  

 

 
Figure 33. Swelling Behavior of Photo crosslinked Hydrogels 
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Solubility Behavior 

Thermal crosslinked 

The solubility behavior (Fig. 35) of thermo crosslinked hydrogels (WoPi), showed 

that hydrogels with a higher Alginate concentration, before starting to solubilize, swell 

until 8 hours (-73 ± 14), these being the ones that withstood the conditions in which, while 

the hydrogels (AG1 and GA1) were completely solubilized at 24 hours, the hydrogels AG 

were solubilized until 48 hours.  

 

 
Figure 34. Solubility of Thermal crosslinked Hydrogels 
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Photo crosslinked Hydrogels 

The solubility behavior (Fig. 36) of the Photo crosslinked hydrogels (WPi), 

showed that hydrogels with a higher concentration of Alginate (AG1) resisted 

solubilization (12 hours) longer with a solubility percentage of -68 ± 10 % before it begins 

to solubilize and it is the only treatment that did not solubilize completely after 48 hours 

 

 
Figure 35. Solubility of Photo crosslinked Hydrogels 

 

 As shown in our results (Appendix E), Thermal crosslinked hydrogels, solubilize 
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percentage, while the AG show a similar behavior as the thermal crosslinked hydrogels. 
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Rheological Analysis of (Thermal and Photo) Hydrogels 

Rheological Behavior of Thermal crosslinked Hydrogels 

 The thermo crosslinked hydrogels (Fig. 37), showed a pseudoplastic behavior, 

while the GA1 WoPi hydrogels, were the ones that resisted the flow without significant 

difference to the AG WoPi hydrogels, while AG1 were the ones that needed less force to 

start flowing.  

 

 

 
Figure 36. Rheological Behavior of Thermal crosslinked Hydrogels 
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Rheological Behavior of Photo crosslinked Hydrogels 

The Photo crosslinked hydrogels (Fig. 38), presented a pseudoplastics behavior, 

while those with the highest Alginate concentration (AG1WPi)  and similar polymer 

concentration (AG WPi) were the ones that resisted flow the most, while those with the 

highest concentration of Gelatin (GA1 Wpi) were the ones with the lowest strength needed 

to start flowing.  

 

 
Figure 37. Rheological Behavior of Photo crosslinked Hydrogels 
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Consistency Index  

Thermal crosslinked Hydrogels 

The hydrogels that were Thermo crosslinked, had a consistency index (K) (Fig. 

39) that varied between 0.91537 (AG WoPi) to 13.0346 (AG1 WoPi), being the latter the 

most resistant.  

 

 
Figure 38. Consistency Index of Thermal crosslinked Hydrogels 

 

Photo crosslinked Hydrogels 

The hydrogels that were Photo crosslinked (Fig. 40), had a consistency index (K) 

that varied between 2.4271 (AG WPi) to 32.2775 (AG1 WPi), being the firmest.  

 

 
Figure 39. Consistency Index of Crosslinked Hydrogels 
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Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR Photo crosslinked 

When the samples were analyzed (Fig. 41), the intensity of the functional groups 

where almost generally, the AG1 hydrogels that had a greater intensity in the most 

representative peaks of each polymer that was present in them. 

 

 

Figure 40. FTIR of Photo crosslinked Hydrogels 
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Porosity by SEM 

 In (Fig. 41) the SEM of the hydrogels can be appreciated, and the porosity of the 

AG (WoPi) with 11.12 ± 1.89 µm and for AG (WPi) was 7.84 ± 1.10 µm, we confirm that 

when the hydrogels were photo crosslinked, its porosity decreases.  

 

 

 

Figure 41. SEM images. Where (a) AG (WoPi) and (b) AG (WPi) 

a 

b 
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Chemical Characterization 

pH 

Thermal and Photo crosslinked Hydrogels 

 When the pH of the Thermo and Photo-crosslinked hydrogels was analyzed, the 

pH ranged from 5.3 to 5.4, without presenting any significant difference.  

 

Water Vapor Permeability 

Thermal crosslinked 

 In (Fig. 42) it can be seen the WVPR (g.H2O.h/m2) of Thermal crosslinked 

hydrogels, where the hydrogels of the same polymer concentration (AG WoPi) was the 

one with the highest WVPR at 24 hours (14.59 ± 8.08 g.H2O.h/m2), while the lowest was 

the one with the highest concentration of Alginate (AG1 WoPi) with 6.72 ± 1.35 

g.H2O.h/m2. 

 

 
Figure 42. Permeability Behavior of Thermal crosslinked Hydrogels 
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Photo crosslinked Hydrogels 

In Figure 43, it can be seen the WVPR of Photo crosslinked hydrogels, where 

hydrogels with the highest concentration of Gelatin (GA1 WoPi) were the ones that 

presented greater permeability at 24 hours (12.70 ± 1.39 g.H2O.h/m2), while the lowest 

was the ones with the highest concentration of Alginate (AG1 WoPi) with 6.72 ± 1.35 

g.H2O.h/m2. 

 

 
Figure 43. Permeability Behavior of Photo crosslinked Hydrogels 

 

 As shown (Appendix F) the type of crosslinking of hydrogels, dis not shown a 

significant difference between the treatments, showing that the permeation of water vapor, 

was present in both methods. 
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Contact Angle (Wettability) 

Thermal crosslinked 

 When the Thermo crosslinked hydrogels were analyzed, it can be seen that the 

contact angles (CA) (Fig. 44) of the hydrogels with highest Alginate concentration (AG1) 

(Fig. 57 a) were the ones with the greatest angle (87.24 º), while the higher Gelatin 

concentration (GA1) (Fig. 44 a) presented the lowest angle (53.34 º), while those of equal 

polymer concentration (AG) (Fig. 44 b) presented an angle of 80.31 º. 

 

 
Figure 44. Contact angle of Thermal Crosslinked Hydrogels 
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Photo crosslinked 

When the Photo crosslinked hydrogels contact angles (Fig. 58) were analyzed, it 

can be seen that the hydrogels with the highest concentration of Alginate (AG1) (Fig. 58 

a) were the ones with the greatest angle (113.53 º), while the ones with equal polymer 

concentration (AG) (Fig. 58 b), they presented the lowest (91.56 º), while those with the 

highest concentration of Gelatin (GA1) (Fig. 58 c) presented an angle of 101.09 º.  

 

 
Figure 58. Contact angle of Photo crosslinked Hydrogels 
 

 As it can be seen, the CA, was higher than 90 º in all the photo crosslinked 

hydrogels, but not higher than 113 º, showing a hydrophobic behavior.  
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Nanoprecipitation of PCL nanocapsules with 20 mg of PCL 

Physical Characterization 

 When the diameters, the polydispersity index (PDI) and the Z-potential of the 20 

mg of PCL NCs were analyzed, the largest ones were those with the highest concentration 

of vitamin (20 mg) and the smallest were those with lower concentration of 𝛂-Toc (5 and 

10 mg), of which between the last two, did not represent a significant difference in their 

size or polydispersity index, as can be seen in Table 11.  

 

Table 8. Physical characteristics of 20 mg of PCL nanocapsules 

𝛂-Toc (mg) Diameter (nm) * PDI * Z Potential (mV) * 

0 256.1 ± 2.74 a 0.123 ± 0.01 ab - 4.88 ± 0.27 a 

5 280.4 ± 1.51 b 0.093 ± 0.02 a - 3.73 ± 0.12 b 

10 281.0 ± 2.27 b 0.137 ± 0.01 ab - 4.92 ± 0.13 a 

15 297.4 ± 0.57 c 0.150 ± 0.02 b - 3.42 ± 0.06 bc 

20 295.8 ± 2.36 c 0.161 ± 0.01 b - 3.19 ± 0.24 c 

An ANOVA was performed, where * is equal to p < 0.05. A post-hoc (Tukey) was carried out, where the 
lower-case indices (left) (e.g. a) represent the vertical groups between treatments.  
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Chemical Characterization 

Antioxidant Activity by DPPPH 

 When performing a DPPH of the NCs suspensions, it can be observed that the 

antioxidant activity (%AA) (Fig. 59) was higher in the supernatant (SN) compared to the 

pellet (NP) in almost all cases (not in the 5 mg NCs suspension), being in both cases, the 

highest concentration of vitamin (15 and 20 mg) had the highest antioxidant activity and 

showed no significant difference.  

 

 
Figure 46. Antioxidant Activity by DPPH of the supernatant and the precipitate of the nanocapsules 
suspension of 20 mg of PCL.  
 

Quantification of a-tocopherol by HPLC 

Nanocapsules obtained varying PCL concentration 

According to the results of quantification of 𝛂-Toc obtained by HPCL of the NCs 

formed with 20 mg of PCL it % EE varied between 16 to 30 %, and showed that the NCs 

with the highest encapsulation efficiency were those of 5 and 15 mg, with 27 and 30 of % 

EE respectively. 
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Nanoprecipitation of PCL with 10 mg of PCL 

Physical Characterization 

 When the diameters and the polydispersity index (PDI) of the 10 mg of PCL NCs 

were analyzed (Tab. 13), the sizes ranged from 285 to 366 nm, being the lower size, the 

NCs with the lower vitamin concentration (5 mg).  

 

Table 9. Physical characteristics of 10 mg of PCL nanocapsules  

𝛂-tocopherol (mg) Diameter (nm)* Polydispersity Index * 

0 285.97 ± 2.18 a 0.08 ± 0.02 a 

5 340.20 ± 4.75 b 0.12 ± 0.01 a 

10 366.80 ± 4.75 c 0.20 ± 0.01 b 

An ANOVA was performed, where * is equal to p < 0.05. A post-hoc (Tukey) was carried out, where the 
lower-case indices (right) (e.g. a) represent the vertical groups between treatments.  
 

Nanoprecipitation using different solvent concentrations 

Physical Characterization 

 The sizes and polydispersity index of the NCs, ranged from 238.60 to 304.90 nm, 

being the smaller ones those from the treatments L5 (238.60	±	1.93 nm), while its PDI 

did not shown a significant difference between treatments.  

 

Table 10. Physical characteristics of nanocapsules with different solvents 

Sample Diameter (nm) * Polydispersity index 

L1 304.90 ± 2.03 d 0.084 ± 0.066 

L3 283.93 ± 1.51 c 0.088 ± 0.011 

L4 277.83 ± 2.56b 0.095 ± 0.055 

L5  238.60	±	1.93 a 0.077 ± 0.037 

An ANOVA was performed, where * is equal to p < 0.05. A post-hoc (Tukey) was carried out, where the 
lower-case indices (right) (e.g. a) represent the vertical groups between treatments.  
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Chemical Characterization 

Antioxidant Activity by DPPH 

 When performing a DPPH to the NCs suspensions, was observed that the (% AA) 

(Tab. 15) was higher in the NP compared to the supernatant SN, being the highest in the 

L5 and without significant difference with the treatments L1, L4 and L6.  

 
Figure 47. Antioxidant activity of supernatant and pellet of nanocapsules with different solvents.  
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Quantification of a-tocopherol Nanocapsules obtained Acetone:Metanol (1:1) 

Direct (HPLC) 

 Upon obtaining the quantification results by HPLC of the NCs of 10 mg of PCL 

synthetized with Acetone:Methanol in a 1:1 ratio, when all concentration where added 

(Tab. 16) a total of 4.47 ± 0.45 mg is obtained, this being a total encapsulation efficiency 

(% EE) of 90 ± 9 %. 

 

Table 11. Quantification of a-tocopherol by HPLC of nanocapsules with different solvents 

Sample Phase mg 

L5 

Supernatant 1 0.26 ± 0.04 

Extraction 1 0.32 ± 0.03 

Supernatant 2 4.02 ± 0.12 

Extraction 2 0.03 ± 0.00 

 

Indirect (DPPH) 

 When the concentration of active whiting the NCs of the samples was analyzed by 

DPPH, a concentration of 4.11 ± 0.29 mg could be found, this representing an % EE of 

82.13 ± 5.75  
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Stability of a-tocopherol after UV light exposure 

HPLC 

 When the samples are analyzed by DPPH, it can be observed (Tab. 12), that when 

exposed to UV light for 15 min or more, the concentration decrease more than 13%, but 

when performing a statistical analysis, it was not shown significant difference.  

 

Table 12. Antioxidant activity of nanocapsules after being exposed to UV light 

Sample mg 

Control 4.47 ± 0.45 

15 min 3.87 ± 0.30 

20 min 3.88 ± 0.30 

 

Antioxidant Activity 

 After the samples that were exposed to the above-mentioned UV times, were 

analyzed by DPPH, the results showed that there was no significant difference in their 

antioxidant activity after 15 and 20 minutes of UV exposure against the control (0 

minutes), but its antioxidant activity decreases more than 10 % after being exposed for 

more than 20 minutes, showing significant difference.  

 

 
Figure 48. Antioxidant Activity by DPPH of nanocapsules suspension after being exposed to different times 

of UV light exposure. 
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DISCUSSION 

 

Alginate or Gelatin Hydrogels 

Physical Characterization 

Swelling 

Our results showed that hydrogels with the highest concentration of Gelatin (G3) 

and in the same proportion of Alginate (A3) were the ones that presented a greater 

percentage of swelling in the first hour of contact with distilled water (81 ± 9  %), likewise 

the hydrogels with the highest polymer concentration (G3 and A3) had a significant 

difference in their maximum swelling time (8 hours), being the G3 hydrogel the one with 

the highest swelling (202 ± 2 %). Recent studies demonstrated some of the characteristics 

that hydrogels depend on to swell such as: the nature of monomers (Baker et al., 1992), 

the ionic force (Zhai et al., 2004), pH of the medium (Baker et al., 1995), temperature 

(Ogawa et al., 2004). The major swellings in the gelatin hydrogels may be due to the fact 

that gelatin has more functional group with high affinity to water, and therefore this allows 

it to absorbs more water, on the other hand we can assume that alginate, has a lower 

concentration of M-Blocks, since according to the literature, the higher the content of 

these block, the higher the water absorption (Jorgensen et al., 2007) because the ion 

exchange is easier. 

 

Solubility 

Our results showed that the solubility of hydrogels with the higher concentration 

of Alginate (A3) and 500 mg of Gelatin (G2) solubilize at 12 hours but absorbed more 

water regardless of the environmental conditions while G3, solubilize until 24 hours of 

exposure. These results were expected, since gelatin present a high affinity to water as 

Djagny et al., (2001) mentioned, a behavior was not expected, were the solubilization time 

of alginate hydrogels, since current literature says that alginate, in distilled water has a 

low rate of solubilization (Szekaslska et al., 2016), although other studies emphasizes that 

the higher the G-Block content present in the alginate backbone, greater water affinity 

alginate will have (Niekraszewickz B. and Niekraszewicz A. 2009). 
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Rheological Analysis 

Our results on their rheological behavior shown, that hydrogels with more polymer 

concentration, presented a Pseudoplastic behavior (A3 and G3), while those of lower 

concentration, showed similar behavior as water (Newtonian). This was expected, since 

according to literature, Alginate forms more networks compared to those formed only by 

gelatin, different authors mentioned that alginate increases the consistency index when its 

type of crosslinking was made by divalent cations such as Ca2 (Funami et al., 2009).  
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Thermal and Photo crosslinked Hydrogels 

Physical Characterization 

Swelling 

 Our results of hydrogels swelling that were crosslinked by a Thermal or Photo 

manner shown that those that swelled the most were the hydrogels that were Thermal-

crosslinked, with a maximum swelling time at 4 hours and among these treatments that 

present a similar polymer concentration (AG WoPi) were those that presented the highest 

swelling, while at all times, all samples (Except AG1 WPi) was no significant different. 

As mentioned before, studies indicate that the greater the presence of G-Blocks, the 

greater the swelling capacity (ref), where we can observed, regardless of the type of 

crosslinking, there is no significant difference with those of equal polymer concentration 

that were photo crosslinked (AG).  

 

Solubility 

Our results of the solubility of hydrogels that were crosslinked by a Thermal or 

Photo manner shown that those that swelled the most were the hydrogels that were 

Thermal-crosslinked, with a maximum swelling time at 4 hours and among these 

treatments that present a similar polymer concentration (AG WoPi) were those that 

presented a greater swelling, while at all times, all samples (Except AG1 WPi hydrogel), 

there was no significant difference between their percentage of swelling. Recent studies 

mention that the type of interaction that Gelatin and Alginate creates, is through the 

formation of bio (polyelectrolyte) complexes( ref), while the photo crosslinked generate 

radicals that form covalent bond with the polymer in the solution, some studies mentions 

that their solubility rate will decreases ( ref). 
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Rheological Analysis 

While the individual data of each form of cross-linking are presented in the Table 

22, showing that all hydrogels, regardless of their cross-linking method (Thermal or 

Photo) all presented a Pseudoplastic behavior, and the Photo crosslinked hydrogel had a 

higher consistency index were those that were Photo-crosslinked in all formulas. The 

hydrogels that present high concentration of G-Blocks, create more stiffer gels (Braccini 

and Perez 2001).  

 

Chemical Characterization 

pH 

 When comparing the pH of the hydrogels that were crosslinked by Thermo and 

Photo manner, they presented a significant difference, showing that the photo crosslinked 

hydrogel GA1 WPi, presented a higher pH compares to all the other treatments (5.43 ± 

0.01). According to Boer et al., (2016), the pH of a healthy skin in humans, is whiting the 

range of 4 to 6 pH. Rizwan et al., (2017), mentions that the optimal pH for biomaterials it 

between 5.1 and 5.5, since these promote antibacterial and antifungal activities, so our 

hydrogels regardless of crosslinking method, they entered these ranges.  

 

Water Vapor permeability 

With our results, was no significant difference between the method of crosslinking, 

this could be due to the high standard deviation that a sample showed, but it can be 

observed a behavior of permeability that all hydrogels had, while the time was passing, it 

permeation was higher, being at 24 hours the highest for all of them.  
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Wettability 

Thermo crosslinked hydrogels showed an angle of less than 90 º, being classified 

as a hydrophilic or with high affinity to water, while those that were photo crosslinked, 

had less affinity without becoming hydrophobic, having degrees greater than 90 º, but lees 

than 115 º, according to (Raffaini and Ganazolli 2007) biocompatibility is highly 

correlated with wettability, since characteristics such as surface chemistry, surface energy 

and topography, affect this criteria, and in the research carried out by (Fauchez et al., 

2004) mentions that angles greater than 80 º and lees than 110 º are ideal for cell adhesion, 

while Menzies and Jones (2010) reached to the conclusion that contact angle cannot be 

correlated with the biocompatibility of a material. 
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Effect of the concentration of PCL, a-tocopherol and different solvents in the 

synthesis of nanocapsules 

 

PCL concentration 

Physical Characterization 

 As shown in our results, when PCL concentration where used in the process of 

nano synthesis, NCs tend to reduce its diameter and its PDI, this being a characteristic that 

we were looking for, studies such as (Silva et al., 2014) mentioned while augmenting the 

PCL concentration on the process of nanoprecipitation from 0.1 to 0.100, its mean 

diameter were higher tan 300 nm while its PDI rises slightly. 

 

Chemical 

 When we obtained higher Antioxidant activity at the supernatant, we though that 

got a low encapsulation efficiency, when the a-tocopherol concentration where analyzed 

by HPLC we could conclude that the amount of a-tocopherol within the nanocapsules 

where lower than 35 %,  

 

a-Tocopherol concentration 

Physical  

 When comparing the effect on the sizes or the PDI of the nanocpasules, we 

conclude that its diameter its highly affected, this as (ref),  

 

Solvent Concentration 

Physical 

 When comparing the diameter and the PDI within the different methods of 

synthesis of NCs, it was showed the solvent have a high impact on the diameter of the 

produced NCs, where we could observed that the NCs made with Acetone:Methanol at a 

ratio 1:1 were the smaller ones, this could be due for the (ref) 
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Chemical 

 When comparing the antioxidant activity of the supernatant and the pellet of the 

nanocpasules, synthesize with only acetone vs. different solvent concentration, it was 

showed a significant difference, where the only acetone NCs showed higher activity in 

their supernatant, than in the pellets, compared to the different solvent nanocapsules, the 

activity where higher in the precipitate, this lead us to conclude that using this variation 

the encapsulation efficiency were higher using this variations, to assure this assumption, 

the HPLC analysis showed an encapsulation efficiency of 90 %.  

 

Protection against UV exposure 

 One of the major problem while using -tocopherol is the instability of the molecule 

presence (ref) this lead us to try the experimental sterility times, were after the NCs were 

exposed, the content of a-tocopherol were analyzed, and we could conclude that there no 

was a difference with the control who was not exposed to UV light, lead us to conclude 

that the PCL coating its functional for the a-tocopherol, but, when it antioxidant activity 

were analyzed, it showed that after 20 minutes, its reduced 10 %.  
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CONCLUSIONS 

 

For this work, we can generate one conclusion of every phase: Hydrogels and 

Nanocapsules. 

On the part of the hydrogels; more than 500 mg of Gelatin is needed to obtain a 

pseudoplastic behavior, while 1 gram of Alginate is needed to obtain it. Hydrogels with a 

higher concentration of Gelatin absorb more than 40% of water, but, under controlled 

conditions such as: temperature (37 ° C) and constant agitation (100 rpm), they absorb 

12% less than those of Algiante, making them less resistant under controlled conditions. 

All hydrogels, regardless of the cross-linking method (Thermal or Photo) or their 

polymer proportions, shown a pseudoplastic behavior, a gain of water weight (swelling) 

of more than 100% of its initial weight, completely solubilized after 24 hours in aqueous 

media, pH ranged between 5.3 and 5.5 and there was no significant difference in water 

vapor permeability. 

Where they presented a difference, it was in their consistency index, where it is 

shown that the hydrogels that were Photo crosslinked were more resistant (+ 90%) than 

the thermals. While the porosity of the photo crosslinked hydrogels decreased more than 

40%. Finally, to the wettability of the surface of the hydrogels, we can see that the angle 

increases more than 10% in all photo-cross-linked hydrogels making the surface more 

hydrophobic. 

On the part of the nanocapsules; by reducing the PCL concentration, the diameter 

of the NCs decreased more than 20 %, while their PDI did not shown a significant 

difference, by reducing the concentration of a-tocopherol, the diameter of the 

nanocapsules decrease more than 15 %, while its PDI did not shown a significant 

difference. When the solvent ratios changed from Acetone to Acetone:Methanol (1:1) the 

diameter decreased more than 25 %, while its PDI did not show a significant difference. 

When analyzing the antioxidant activity of the NCs that were synthesized with 

only Acetone, more activity was observed in the supernatant, than those that were 

synthetized using Acetone:Methanol (1:1), where more activity was presented in the 

precipitate of the nanocapsules. 
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The encapsulation efficiency of the NCs that were synthesized only with acetone, 

when compared with those that were synthesized with Acetone:Methanol (1:1) can be 

seen that the efficiency increase more than 90 %. When measuring the encapsulation 

efficiency by DPPH, it was observed that an efficiency similar to that obtained by HPLC 

was obtained. 

When analyzing the stability of the a-tocopherol inside the PCL nanocapsules, it 

was observed that no significant difference existed by HPLC, but when its antioxidant 

activity was analyzed, after more than 20 minutes of UV exposure, it decreases more than 

10 %.  

 

As a general conclusion (and partly a perspective), these biomaterials can be 

considered for their near future as a complex system for a potential use in wound healing.  
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PERSPECTIVES 

 

For this work it is recommended to perform mechanical tests on hydrogels, such 

as Young's Modulus (break point), oscillatory tests by rheology and a contact angle for a 

set period of time (more than 8 hours). 

 

For nanocapsules, a morphological characterization by SEM is recommended, to 

perform confirmatory tests of functional groups such as FT-IR, and a shelf life test of 

them, both their antioxidant activity and their encapsulation efficiency. 

 

As prospects for the potential use of these biomaterials as a system, it is suggested 

to perform biological tests such as cytotoxicity, cell proliferation and hemolytic tests. Re-

perform a complete physicochemical characterization of the system and perform 

nanocapsules release tests of the hydrogel. 
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Appendix A.1 Photo crosslinked hydrogels 
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Appendix B. Effect on the swelling behavior of Thermal crosslinked Alginate or 

Gelatin hydrogels 

 
 Time (Hours) 

Samples 1 H * 2 H * 4 H * 8 H * 12 H * 24 H * 

G2 * A 40 ± 16 b B 123 ± 12 cd A 140 ± 8 d A 100 ± 8 c A 40 ± 16 b A 0 ± 0.0 a 

G3 * B 81 ± 9 b AB 105 ± 13 b B 193 ± 10 c C 202 ± 2 c C 179 ± 13 c B 38 ± 12 a 

A3 * A 29 ± 4 b A 81 ± 10 c A 111 ± 15 d B 143 ± 7 e B 115 ± 4 d A 0 ± 0.0 a 

An ANOVA was performed, where * is equal to p < 0.05. A post-hoc (Tukey) was carried out, where the 
upper-case indices (left) (e.g. A) represent the vertical groups (between the same treatments) and the lower 
case-letters indices (right) (e.g. a), represent the horizontal groups (different treatments by hour). 
 
Appendix C. Effect on the solubility behavior of the Alginate or Gelatin hydrogels 

 
Time (Hours) 

Hydrogels 1 H * 2 H * 4 H * 8 H * 12 H 24 H 

G2 * B -0.4 ± 2 b B -30 ± 16 a B 9 ± 11 b B 36 ± 20 c A 100 ± 0 d 100 ± 0 d 

G3 * A -40 ± 16 bc AB -61 ± 26 ab A -110 ± 16 a A -62 ± 20 ab B 32 ± 13 c 100 ± 0 d 

A3 * A -66 ± 7 c A -92 ± 10 b A -124 ± 4 a A -82 ± 7 bc B 100 ± 4 d 100 ± 0 d 

An ANOVA was performed, where * is equal to p < 0.05. A post-hoc (Tukey) was carried out, where the 
upper-case indices (left) (e.g. A) represent the vertical groups (between the same treatments) and the lower 
case-letters indices (right) (e.g. a), represent the horizontal groups (different treatments by hour). 
 
Appendix D. Effect on the swelling behavior of Thermal and Photo crosslinked 

hydrogels 

 
Time (Hours) 

Hydrogels 1 H * 2 H 4 H * 8 H 12 H * 24 H * 

AG1 WoPi * B 134 ± 17 b 131 ± 15 b A 135 ± 5 b 152 ± 7 b B 131 ± 15 b AB 34 ± 5 a 

AG WoPi * C 180 ± 7 cd 179 ± 38 cd B187 ± 26 d 116 ± 9 bc B 99 ± 1 ab B 39 ± 14 a 

GA1 WoPi * A 91 ± 8 b 140 ± 5 bc AB 170 ± 8 c 145 ± 38 bc A 97 ± 9 b AB 0 ± 9 a 

AG1 WPi * B 133 ± 5 bc 136 ± 14 bc AB 145 ± 10 d 118 ± 4 bc AB 109 ± 6 b A 5 ± 10 a 

AG WPi* B 141 ± 9 cd 170 ± 12 de AB 180 ± 24 e 114 ± 15 bc A 92 ± 11 b AB 22 ± 6 a 

GA1 WPi* B 137 ± 12 c 160 ± 10 cd AB 178 ± 7 d 103 ± 12 b A 82 ± 6 b AB 16 ± 7 a 

An ANOVA was performed, where * is equal to p < 0.05. A post-hoc (Tukey) was carried out, where the 
upper-case indices (left) (e.g. A) represent the vertical groups (between the same treatments) and the lower 
case-letters indices (right) (e.g. a), represent the horizontal groups (different treatments by hour). 
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Appendix E. Effect on the solubility behavior of Thermal and Photo crosslinked 

hydrogels 

 
Time (Hours) 

Hydrogels 1 H 2 H * 4 H * 8 H * 12 H * 24 H * 

AG1 WoPi * -26 ± 3 c A -61 ± 5 cd A -74 ± 4 ab B -30 ± 6 a B 1 ± 8 d D 100 ± 0.0 e 

AG WoPi* -28 ± 9 c B -34 ± 4 bc B -61 ± 9 ab B -73 ± 14 a B 8 ± 5 d B 100 ± 0.0 e 

GA1 WoPi * -27 ± 9 b B -38 ± 8 a C -14 ± 21 a B 17 ± 23 b B 40 ± 33 c D 100 ± 0.0 c 

AG1 WoPi * -17 ± a B -38 ± 3 a AB -51 ± 4 ab A -83 ± 7 ab A -61 ± 9 bc C 100 ± 0.4 e 

AG WoPi * -28 ± 8 d B -34 ± 8 c B -48 ± 1 bc A -56 ± 5 a C -68 ± 10 b A 100 ± 0.0 e 

GA1 WoPi * -13 ± 3 cd B -30 ± 8 b BC -47 ± 4 a B -21 ± 7 bc D -6 ± 2 d D 100 ± 0.1 e 

An ANOVA was performed, where * is equal to p < 0.05. A post-hoc (Tukey) was carried out, where the 
upper-case indices (left) (e.g. A) represent the vertical groups (between the same treatments) and the lower 
case-letters indices (right) (e.g. a), represent the horizontal groups (different treatments by hour). 
 
Appendix F. Effect on the water vapor permeability on the Thermal and photo 

crosslinked hydrogels. 

 
Water Vapor Permeability (gH2O/mm2) 

Sample 1 H 2 H 4 H 8 H 12 H 24 H 

AG1 WoPi * 0.28 ± 0.06 a 0.56 ± 0.11 ab 1.12 ± 0.23 ab 2.24 ± 0.45 bc 3.36 ± 0.68 c 6.72 ± 1.35 d 

AG WoPi * 0.61 ± 0.34 a 1.22 ± 0.67 a 2.43 ± 1.35 a 4.04 ± 2.69 ab 7.30 ± 4.05 ab 14.59 ± 8.08 c 

GA1 WoPi * 0.51 ± 0.24 a 1.01 ± 0.47 a 2.02 ± 0.95 a 4.04 ± 1.89 a 6.06 ± 2.84 ab 12.13 ± 5.67 b 

AG1 WPi * 0.30 ± 0.07 a 0.59 ± 0.15 a 1.19 ± 0.30 a 2.38 ± 0.60 ab 3.57 ± 0.89 b 7.14 ± 1.79 c 

AG WPi * 0.29 ± 0.11 a 0.58 ± 0.22 a 1.16 ± 0.43 a 2.32 ± 0.86 a 3.32 ± 0.07 a 6.30 ± 2.57 b 

GA1 WPi * 0.53 ± 0.06 a 1.06 ± 0.17 a 2.12 ± 0.23 a 4.23 ± 0.47 b 6.35 ± 0.69 c 12.70 ± 1.39 d 

An ANOVA was performed, where * is equal to p < 0.05. A post-hoc (Tukey) was carried out, where the 
upper-case indices (left) (e.g. A) represent the vertical groups (between the same treatments) and the lower 
case-letters indices (right) (e.g. a), represent the horizontal groups (different treatments by hour). 
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Appendix G. Microscopic analysis of AG1 Thermal crosslinked hydrogels 

 

 
 
Appendix G.1 Microscopic analysis of AG1 Photo crosslinked hydrogels 
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Appendix H. Microscopic analysis of GA1 Thermal crosslinked hydrogels 

 

 
 
Appendix H.1. Microscopic analysis of GA1 Photo crosslinked hydrogels 
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Appendix I. Elemental analysis of Thermo crosslinked hydrogels AG1 

 

 
 

Element 

  Line 

      Net 

   Counts 

  ZAF 

 

Weight % 

 

 Norm. 

 Wt.% 

Atom % 

 

   C K        1119 5.150     72.93   72.93   85.03 
   O K          109 11.796      7.81     7.81     6.84 
  Na K          170 2.905       1.79     1.79     1.09 
  Al K          259 1.625       1.12     1.12     0.58 
  Cl K        4108 1.157     16.35   16.35     6.46 
Total    100.00  100.00 100.00 
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Appendix J. Elemental analysis of Photo crosslinked hydrogels GA1 

 

 
 

Element 

  Line 

      Net 

   Counts 

  ZAF 

 

Weight % 

 

 Norm. 

 Wt.% 

Atom % 

 

   C K          601 4.154     49.86   49.86   58.24 
   N K          149 12.096    30.23   30.23   30.28 
   O K            76 13.690      7.02     7.02     6.16 
  Na K            53 3.295       0.70     0.70     0.43 
   S K          439 1.138       1.78     1.78     0.78 
  Cl K        2269 1.194     10.40   10.40     4.12 
Total   100.00  100.00 100.00 
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Appendix K. Nanocapsule batch 

 

 
 
Appendix L. Nanocapsules microscopic (SEM) analysis 
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