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Abstract……………. 

 

The searching for materials that display mechanical properties able to satisfy the 

specifications required by their implantation aroused a great interesting in the context of 

shape memory materials. Shape memory polymers (SMPs) offer novel materials-based 

devices to solving scientific challenges due to their demonstrated ability to actively 

undergo geometric transformations upon exposure to environmental stimuli.  The most 

attractive SMPs are still thermal-induced SMPs due to their wide availability and broad 

possible applications. However, shape memory triggered by temperature is not the best 

control method for applications taking place within narrow temperature ranges, which is 

the case of biomedical applications.  

In this work we hypothesize that we could develop new devices in which the 

recovery of the geometry can be induced by hydratation. Non-crosslinked and genipin-

crosslinked chitosan scaffolds, showing a shape memory effect are presented and 

characterized in this work. The developed scaffolds can be rapidly expanded from a 

compressive state to its expanded state, stimulated by hydratation in an aqueous 

environment, during which the glass transition takes place and the chain segmental 

mobility permits the recovery of the permanent shape of the device. For the proof of 

concept, the shape memory effect of chitosan was followed by compressive tests to 

measure the shape memory parameters: shape fixity and shape recovery. Mechanical 

properties were also studied by dynamic mechanical analysis (DMA), while the sample 

was immersed in gradient compositions of water/ethanol mixtures. Moreover we also 

analyze if the scaffolds could present muntifuncional properties that ally shape memory 

with drug release. For that, in vitro drug delivery studies were performed. 

The chitosan scaffolds were also reinforced with bioactive glass nanoparticles in 

order to produce porous nanocomposites that combine the shape memory properties of 

chitosan and the apatite deposition ability of the nanoparticles. These scaffolds were 

characterized by the same compressive test performed with the chitosan scaffolds and 

by in vitro bioactivity tests. 

The scaffolds developed in this work show a shape memory behavior induced by 

hydration with good shape memory properties that can be used as systems for 

applications in minimally invasive surgery or drug delivery with a good ability to 

geometrically accommodate to bone defects upon implantation. Moreover, the chitosan 

scaffolds containing bioactive glass nanoparticles showed, aside the good shape 

memory properties obtained by the chitosan, a bioactivity character induced by the 

nanoparticles. Thereby, we consider that these scaffolds have potential as shape-

memory implants for bone regeneration.  
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Resumo 

 

A procura de materiais que desempenhem propriedades mecânicas capazes de 

satisfazer as especificações exigidas para implantação despertou um grande interesse em 

materiais com memória de forma. Dispositivos baseados em polímeros com memória de 

forma (SMPs) oferecem soluções capazes de resolver desafios científicos complexos, 

devido à habilidade de alterar a sua forma quando estimulados por agentes externos. 

Dentro dos SMPs, os polímeros mais utilizados são os SMPs que respondem a 

estímulos térmicos, devido à sua ampla disponibilidade e ao elevado número de 

aplicações. No entanto, SMP estimulados por temperatura não são o melhor método 

para aplicações limitadas a uma baixa gama de temperaturas, como é o caso de 

aplicações biomédicas. 

Neste trabalho testamos a hipótese de conseguir desenvolver novos dispositivos 

que sejam capazes de recuperar a sua forma inicial induzidos por hidratação. 

"Scaffolds" de quitosano não reticulados e reticulados com genipin que mostram efeito 

de memória de forma são apresentados e caracterizados neste trabalho. Para provar esta 

característica dos "scaffolds", o efeito de memória de forma do quitosano foi analisado 

através de testes de compressão para medir os parâmetros de memória de forma: 

capacidade de fixar a forma temporária e capacidade de recuperar a forma inicial. As 

propriedades mecânicas foram também avaliadas usando análise dinâmica mecânica 

(DMA), enquanto as amostras estavam imersas em soluções de água/etanol com 

diferentes gradientes. Além disso também foi analisado se os "scaffolds" apresentam 

propriedades multifuncionais que aliam memória de forma com libertação controlada de 

fármacos. Posteriormente, os "scaffolds" de quitosano foram reforçados com nano-

partículas de vidro bioactivo de forma a produzir um nano-compósito, que combine as 

propriedades de memória de forma do quitosano e a mineralização induzida 

pelo “biovidro”, para aplicações de Engenharia de Tecidos aplicada ao osso.  

Os "scaffolds" desenvolvidos mostram um comportamento de memória de forma 

induzida por hidratação com boas propriedades de memória de forma que podem ser 

usados como sistema de libertação controlada de fármacos para aplicações em cirurgias 

não invasivas ou para libertação de fármacos. Além disso, os "scaffolds" de quitosano 

combinados com as nano-partículas de biovidro mostram boas propriedades de memória 

de forma, devido ao quitosano, e um carácter bioactivo induzido pelas nano-partículas. 

Deste modo, estes "scaffolds" têm potencial como um implante para regeneração óssea. 
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Chapter I 

 

General Introduction 

 

 

1. Motivation and Outlines 

 
 

 Tissue engineering (TE) has the aim to repair human tissue that has been aged, 

damaged or lost from injury, disease or infection so that its initial functions are restored. 

TE strategies may combine materials and cells, relying on the advancement in the 

engineering of innovative bioactive and biodegradable materials to make use of the 

body’s natural repair mechanisms
1
. In general, materials for TE should encourage tissue 

regeneration by favorably reacting with surrounding living tissues when exposed to 

physiological fluids 
2,3

. Simultaneously, biomaterials used for TE can present other 

properties that can be useful for the handling and the implantation protocol. 

 Motivated by the increasing need for custom-made materials for specific 

medical applications, researchers have progressively begun an interdisciplinary work in 

the hopes of creating high-performance biomaterials with specific properties into high-

potential biomaterials candidates 
4,5

. Polymeric biomaterials are presently applied in 

many biomedical applications such as implants, surgical instruments, wound covers and 

controlled drug-delivery systems 
6-8

. Each application requires a specific combination of 

material properties and functions.  

 The rapid progress in the development of surgical techniques, especially in 

minimally invasive surgery, leads to more complex requirements for modern implants. 

Aside the important properties like biocompatible and, ideally in many cases, 

degradability, the shape memory effect (SME) as a novel functionality of polymers 

might enable the development of novel types of medical devices 
9-11

. Shape memory 

polymers (SMPs) offer novel materials-based devices to solving scientific challenges 

due to their demonstrated ability to actively undergo geometric transformations upon 

exposure to environmental stimuli 
8,12

. 

 The goal of this work is to develop chitosan scaffolds with shape memory 

properties. It was found before that Chitosan can undergo a glass transition by the action 

of hydration 
13,14

. By combining such effect with the maintenance of the structural 



 

4 

   

integrity of the system (provided by crosslinking or due to the semi-crystalline 

structure) we hypothesize that we could develop new devices in which the recovery of 

the geometry can be induced by hydration. The porous structure was chosen based on 

the fact that porous shape memory polymeric materials possess certain material 

capabilities such as greater volumetric expansion with high surface area that allow 

ingrowths of cells and act as a physical support to guide the differentiation and 

proliferation of cells into the target functional tissue or organ 
15,16

. 

2. Shape memory polymers 

 

 Shape memory polymers (SMPs) represent a technologically important class of 

stimuli-responsive materials for which the response lies in the shape change, being 

defined as "adaptive" or "smart" materials 
17

.  Smart or adaptive are adjectives given to 

those materials that provide a specific response in a particular environment 
18,19

. More 

specifically, the conventional definition of an SMP is a polymer can be deformed and 

subsequently fixed into a temporary shape, which would remain stable unless it is 

exposed to an appropriate external stimulus that triggers the polymer to recover its 

original (or permanent) shape 
20

.  

 The first recorded observation of the shape memory transformation was 

discovery in gold alloys by Chang and Read in 1932 
21

 and since that, the SME has been 

extensively investigated in metal alloys for its potential use in medicine 4,22
. The 

development of SMP began years later, with polyethylene as heat-shrinkable material in 

1960 
23

. However, the first time that was used the SMP term started with the 

development of SMP polynorbornene by CDF Chimie Company (France) in 1984 
18

.    

 Shape memory materials, in particular shape memory alloys (SMAs), have been 

used in a wide range of engineering applications for many years 
24,25

.  More recently, 

SMPs have been attracting a lot of attention due to their great potential, in particular for 

biomedical applications 
26

. 

 SMP have many advantages compared to metallic shape memory alloys. SMAs 

present difficulties on fabrication, high cost and limited recoverable deformation. SMAs 

are only able to recover from deformations up to 10%, above which plastic deformation 

with unrecoverable shape change can occur 
18,27

.  On the other hand, SMPs have an 

easier availability, are cheaper, light weight, and have a wide range of mechanical and 

physical properties. They can recover from deformations well over 100% and can go 



   

5 

 

through a high number of repetitions without any significant material degradation 
27,28

. 

 For biomedical applications they can also present advantages such as 

biocompatibility, nontoxicity and biodegradability 
5,29

. This has triggered an interest in 

polymers with high specific shape memory characteristics that represented a cheaper 

and more efficient alternative to established SMAs.  

 A shape-memory polymer can be deformed by application of an external stress 

and fixed in a second shape, the temporary shape. This temporary shape is retained until 

the shaped body is exposed to an appropriate stimulus, which induces the recovery of 

the original shape. The movement during recovery from the temporary shape to the 

original shape reverses the mechanical deformation 
8
. 

 Shape memory research was first built on the thermally-induced shape memory 

effect, where the heat is the direct stimulus to the shape change 
11

. However, depending 

on the polymer structure or additional components (in the case of composites), shape 

memory effect can also be triggered by diverse stimuli ranging from light 
30

, electrical 

31
, magnetic stimulation 

32
 or hydration 

33
.  

 

2.1 Molecular structure of shape memory polymers 

 

 

 The shape memory effect (SME) results from a combination of molecular 

polymer network architecture and a specific processing and programming technology. 

In general terms, SME requires three stages: processing, programming, and recovery 

(Figure I.1). The polymer is processed into its initial shape, the permanent shape. By 

programming, the polymer is deformed into the temporary, fixed shape by the effect of 

an external action; this process is also named as a "shape-memory creation process". 

Finally, by the application of the appropriate external stimulus, the polymer recovers its 

original and permanent shape. This cycle of programming and recovery can be repeated 

several times, with different temporary shapes in subsequent cycles 
34,35

. 

 

Figure I.1 - Schematic representation of the shape memory effect (Adapted from 
34

). 
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 SMP contain a network architecture consisting of netpoints that are connected 

with stimuli-sensitive macromolecular chains. The netpoints, which are connected by 

chain segments, determine the permanent shape and the chain segments are using as a 

kind of molecular switch. The network architectures are constructed through 

crosslinking netpoints, with polymer segments connecting adjacent netpoints. These 

strongly crosslinked architectures ensure that the polymer can maintain a stable shape 

on the macroscopic level for enabling both the original and recovered shapes 
18

. The 

network that sets the permanent shape can be of chemical nature (covalent bonds) or of 

physical nature (intermolecular interactions) (Figure I.2). Physical crosslinking is 

obtained in a polymer, whose morphology consists of at least two segregated domain, 

the network is achieved by the formation of crystalline or glassy phases. Physically 

crosslinked polymers (thermoplastics) exhibit a reversible nature. For the chemically 

crosslinked polymers (thermosets), the individual polymer chains are connected by 

covalent bonds, which are more stable than the physical crosslinking network and show 

an irreversible nature 
36,37

. Crosslinking of either chemical or physical nature is 

responsible for controlling the shape transitions in these materials 
38

.  

 

Figure I.2 - Schematics of the typical structures of a polymer network that is (a) physically crosslinked network; 

(b) chemically 
37

. 

 The chain segments must allow long range conformational mobility in order to 

obtain deformation when an external stress is  applied, which increases with the 

increasing of the length and flexibility of these segments. During the programming 

process that changes the permanent shape into the temporary shape the chain segments 

are flexible allowing the shape change. A change in some external variable can maintain 

stable the deformed shape (temporary shape). The recovery from the temporary to the 

permanent shape is enabled due to the retreating of the chain segments by the reversive 
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action of the external variable (Figure I.3). The temperature is the most used stimuli to 

generate the temporary shape and recover the permanent geometry 
17,34

. 

 

 

Figure I.3 - Molecular mechanism of the thermally induced shape-memory effect (Ttrans = thermal transition 

temperature related to the switching phase) 
35

. 

 

Temperature shape memory polymers are characterized by having a transition 

temperature, which is responsible for the change in the network polymer, leading to the 

shape memory effect. The transition temperature for the fixation of the switching 

segments can either be glass transition (Tg) or melting temperature (Tm). Glass 

transitions occur over a large temperature interval, whereas melting temperature occurs 

over a smaller temperature range 
37,39

.  Besides the temperature, the shape memory 

technologies can also use other stimulus, such as hydration, light, electromagnetic or 

electrical to heat the material indirectly. 

In thermally induced shape memory polymers at temperatures higher than the 

Tg, the polymers chain segments are relaxed and flexible. When an external stress is 

applied, the polymers chain segments are elongated and the netpoints are displaced. 

Below transition temperature, occurs a freezing of the molecular chain segments, 

resulting in a shape fixation. Upon reheating above Tg under a stress free condition, the 

molecular mobility is re-activated, which allows the chains to return the original shape 

34
.   

Figure I.4 illustrates the transition from rubber-elastic state to the glassy state. 

Above the transition temperature, the polymers are in their rubbery state, elastic and 

flexible, the stiffness of the polymer is low. The polymer network exhibit 

"superelasticity". Below the transition temperature the rubbery state is replace for the 
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glassy state and the polymer become hard and crumbly. Across the Tg is possible to 

observe changes in the associated elastic modulus. In the case of a transition from the 

rubber-elastic to the glassy state, the elastic modulus increases and the flexibility of the 

entire segment is limited. If the polymer is crosslinked or sustained by crystallized 

domains the elastic deformation induced at high temperature can be kept below Tg. By 

heating above Tg the chains recover the initial highest entropy state 
4,27,40

.  

 

Figure I.4 - Variations of SMP's elastic modulus with temperature. 

3. Thermomechanical cycle 
 

 

 The shape memory effect can be represented by a thermomechanical cycle. The 

process across the changing between the permanent, temporary and permanent shape 

can be divided in 4 steps: loading, cooling, unloading and recovery. During these steps 

the temperature and stress-strain response are considered 
41

. The procedure can be 

presented as a two or three dimensional plot, like the one shown in Figure I.5. 

 In step 1, the sample is loaded to the maximum strain (Ԑm) at constant 

temperature, higher than its Tg. This step corresponds to a standard stress-strain test. In 

step 2, the load is held and the sample is cooled down below Tg under constant strain 

(Ԑm), fixing the temporary shape. Step 3 is an unloading step, the strain is reduced until 

a stress-free condition is achieved at 0 MPa. Finally, in step 4 the sample is heated, 

while the tensile stress is led constant at 0 MPa, resulting in a recovery of the permanent 

shape. There is a drastic strain change around the Tg as the temperature passes through 

this region, as a result of a transition from a glassy state to a rubbery state. Finally, the 

sample stabilizes at a strain near the starting strain value 
34,42

.     
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Figure I.5 - Stress-strain-temperature cycle for a thermoplastic shape-memory polymer with a thermally induced 
shape memory effect 

34
. 

 

 In these cycle tests, the strain fixity rate (Rf) and the strain recovery rate (Rr) are 

determined 
18,36,42

. Shape fixity refers to the ability to fix a mechanical deformation, 

resulting in a temporary shape. Shape fixity can be quantified from the following 

equation, 

       
      

  
                                                         (1) 

where, Ԑu represents the temporary shape strain and Ԑm represents the applied maximum 

strain.  

 The strain recovery rate quantifies the ability to restore the mechanical 

deformation of the permanent shape Ԑp after application of a certain deformation Ԑm.  

For N cycles, the shape recovery is defined as,   

 

       
        

           
                                                      (2) 

where, Ԑp is the strain associated with the permanent shape.   

4. Dual and triple-shape memory effect 

 

 Currently known shape memory polymers are capable of memorizing one, two 

or multiple temporary shapes, corresponding to dual (dual-SME), triple (triple-SME) 
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and multi-shape memory effects (multi-SME), also counting the permanent shape, 

respectively 
43,44

.  

 The most known form of shape memory effect is the dual-SME. A total of two 

shapes, (one temporary shape and one permanent shape) are involved in each shape 

memory cycle. Example of dual shape effect was shown before 
18,45

. 

 The recent emerged triple-SME has a total of three shapes involved and 

represents more or less an extension of the traditional dual-SME. Generally, a triple-

SMP is ascribed to a multiphase polymer network that contains at least two separated 

domains, which are associated with individual transition temperatures. The polymer 

with triple-SME has two distinct Tg or Tm in contradiction to the dual-SME that only 

have one. Relative to the dual-shape cycle which has one shape fixing and one shape 

recovery step, a triple shape cycle comprises two shape-fixing and two shape recovery 

step
43,46,47

.  

 Figure I.6 shows an example of a triple-SME.  The SMP is able to change from a 

first shape (A) to a second shape (B) and finally deform into a third shape (C). For the 

first deformation, from the permanent shape (A) to the temporary shape (B), the 

polymer was deformed by imposing a stress and fixing by cooling to a temperature 

between the two Tgs. The second temporary shape (C) is derived from imposing a 

second stress (different from the first) and using a fixation temperature below both Tgs. 

Shape recovery is conducted under a stress free condition. The recovery from sample C 

to sample B is achieved by heating the polymer to a temperature between the both Tgs 

and the recovery from sample B to the permanent shape (A) is obtained by heating to a 

temperature above both Tgs 
48,49

.   

 

 

Figure I.6 - Triple-shape effect of polymer network 
46

. 
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 Recently has emerged studies in multi SMEs, which can remember more than 

two temporary shapes 
44,50

. Xie et al. exploited the new multiple SME systems based on 

multi composite SMPs made of Fe3O4-SMP region and a carbon nanotube region 

separated by the neat Tg-type SMP region. The multi-composite demonstrated well-

controlled multiple shape recoveries 
51

. Li et al, created a quintuple-SME using 

PMMA/PEG systems by utilizing three separated temperatures within the glass 

transition and additionally Tm of PEG as four transition temperatures. This system can 

achieve the multiple-SME from dual to quintuple, which can be adjusted by simply 

choosing the suitable temperatures from the broadened glass transition and Tm 
52

.   

 The discovery of triple and multi SME will stimulate the development of shape 

memory functions to fulfill the requirements of increasingly complex applications. 

5. Trigger mechanisms  

 

 

 Although direct heat remains the main trigger of shape memory behavior in 

polymers, such an approach is not always practical. SMP driven by external heat are an 

issue for applications with restricted temperature ranges like in biomedical field 
42

. 

Therefore, search has been done for alternative triggering mechanisms.  Shape memory 

can also be light-induced process, electro-active, water/moisture/solvent induced, ph 

sensitive and magnetic-sensitive, based on their external stimulus 
19,42

. During the 

process, the materials are heated directly or indirectly above their glass transition 

temperature that trigger the shape memory effect 
53

.  

 In the present, the most attractive SMPs are still thermal-induced SMPs due to 

their wide availability and broad possible applications 
54

. However, their triggering 

conditions or controlling method are not so practical since thermal triggering shape 

memory is not the best control method in most applications. In the case of applications 

with temperature limited to a low temperature range like biomedical applications, this 

can be an issue 
42,55

. Non-thermally induced shape memory polymers eliminate the 

temperature constrains and enable the manipulation of the shape recovered under 

ambient temperature 
56

.  
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5.1 Water-responsive SMP 

 

 Recent studies have shown that the environmental conditions such as the 

humidity can substantially influence conformational mobility of macromolecular chains, 

and thus the shape memory properties of polymers 
57-61

. These findings motivated the 

development of the concept of a moisture triggered SME
62,63

.  

 Water or solvent-driven shape recovery effects have been observed in SMPs 

having glass transitions as the switching transition. This type of polymers absorb water, 

and this affects their mechanical and physical properties 
64,65

. The solution molecule has 

a plasticizing effect on polymeric materials and thus increases the flexibility of the 

macromolecular chains, leading to a reduction in the transition temperature and 

resulting in shape recovery.  By disrupting the intramolecular H bonding and acting as a 

plasticizer, water reduce Tg and hence effectively allowed for room temperature 

actuation 
66

. The mechanism behind it is solution firstly intenerates polymeric materials 

till the Tg of polymer lowered down to the ambient temperature, then hydrogen bonding 

interaction improves the flexibility of polymeric macro-molecular chains, leading to a 

SME induced by hydration 
67,68

. 

 Huang et al. studied water-driven SMPs, their mechanism and influencing 

factors. It was found that hydrogen bonding was the key behind the water-responsive 

SMPs, and the water absorbed in the polymer played a main role in the water-driven 

shape recovery process 
67

. Because of the strong interaction between the elastic and 

transition segments in these polymers, it is difficult to predict their properties (such as 

the transition/shape recovery temperature and stiffness). It is required individual 

characterization of their respective properties and behaviors after synthesis 
20,60

.   

 Water (or moisture)-responsive SMP has been realizes in a couple of polymer 

systems. A water-responsive programmable SME was observed in SMPUs since their 

Tg was reduced dramatically after conditioning in water 
58

.  Another class of materials 

with potential shape memory behavior in response to relative humidity changes are 

Poly(methylacrylate) (PMA) copolymers 
69

. This polymers display controllable 

shrinkages activated by increase in relative humidity. Recently Chen et al demonstrated 

that also chitosan can respond to humidity changes 
70

. Focused on the vascular stenting 

application, they processed spiral coils of chitosan/PEG strands that were then 

chemically fixed by crosslinking to set the equilibrium shape. The developed stent can 
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be rapidly expanded from a crimped state to its expanded state, stimulated by 

hydratation in an aqueous environment 
71

.  

6. Polymeric material with shape memory behavior 

 

 A variety of SMPs have been invented and well-documented in the literature, 

while presently new ones keep on emerging every time. Several polymers, including 

polyurethane, polynorbornene, styrene-butadiene copolymers, crosslinked polyethylene, 

and epoxy-based polymers, have been investigated with shape memory behaviors 
34,72

.  

 Shape memory polyurethanes (SMPUs) remain one of the main classes of SMPs 

studied 
42

. Their attractiveness mainly lies in their unique properties, such as a wide 

range of shape recovery temperatures (from -30 to 70ºC), high shape recoverability, 

good processing ability and excellent biocompatibility 
73,74

. Many studies reported the 

use of PU as SMP in various forms such as coil 
75

, foam 
76

, microactuator 
77

 or stents
78

 

for applications in aneurism occlusion, clot removal or intravascular stent. However, 

recent studies have shown some disadvantages of SMPUs such as their low thermal 

conductivity, lower mechanical properties, reduction in shape memory performance 

over the first several thermomechanical cycles and high-thermal-expansion 

coefficients
42,79

.  

 Other polymer use as shape memory polymer and, like SMPUs, commercially 

available is the epoxy 
16

. Shape memory epoxy possesses excellent shape memory 

performance, high shape retention ratio, shape recovery ratio and rapid response, and 

unique thermal, mechanical properties. Its tensile strength, storage modulus and thermal 

transition temperature can be easily tuned in a large range by varying the formulation 

42,80
. However, one main disadvantage of the epoxy-based SMPs is related to their high 

brittleness and low impact strength arising from the highly crosslinked network 

structure 
72

. 

 Traditional commercial SMPs, including polyurethane-based and epoxy-based 

SMPs, were not originally designed for biomedical applications 
72

. Many groups are 

attempting to develop new SM materials that offer a combination of the follow 

characteristics: biocompatibility, bioresorbability, biodegradability, and low 

cytotoxicity, among others 
42

.  



 

14 

   

 Polycaprolactone (PCL) is a kind of biocompatible, biodegradable polymer 

material and is not toxic to living organisms. PCL has a semicrystalline structure, and 

its crystalline melting point is 55-60ºC. This polymer can be use for shape memory 

material with lower recoverable temperature. PCL can be used for surgical fixation 

devices and drug delivery systems 
81,82

.  

 Since Lendlein and Langer reported a PCL-based biodegradable polymer and 

demonstrated its potential in medical applications 
83

, biodegradable SMPs become 

under spot considerable research interest. The biodegradable SMPs is mainly based on 

polyglycolide (PGA), poly(lactic acid) (PLA) and PCL 
84,85

. 

 The polymers used as shape memory devices are essentially synthetic polymers. 

Synthetic polymers are more controllable and predictable than naturally derived 

polymers, whereas chemicals and physicals properties of the polymer can be tailored to 

match specific mechanical and degradation characteristics 
3
. However, they have a lack 

of biological cues because these materials do not benefit from direct cell-scaffold 

interactions that could promote the desired cell response. In addition, some degradation 

products may be toxic or elicit an inflammatory response due to their accumulation and 

decrease of local pH derived of acidic products 
86

.  

 The growing interests in natural-based polymers relies on their similarities with 

extracellular matrix (ECM), biocompatibility, biodegradability, low toxicity, low 

manufacture costs, low disposal costs and renewability 
87,88

. Among the naturally 

occurring polymers which can be used as such as smart polymers, polysaccharides 

constitutes a very common and important family of biomolecules 
88

.   

 

6.1 Chitosan 

 

 Due to their structural and functional similarity to the components found in 

living tissues, natural-based polymers have been proposed to be used in a series of 

biomedical applications 
88

. Among natural derived polymers, chitin is one of the most 

abundant organic material, which can be found in shells of marine crustaceans and cell 

walls of fungi. The most important derivative of it is chitosan 
89,90

. Considerable 

attention has been given to chitosan (CHT), due to its advantages like low cost, large-

scale availability, antimicrobial activity, non-toxicity, biodegradability, and 

biocompatibility 
91-93

.   
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 This polysaccharide is obtained by a partial deacetylation of chitin (Figure I.7) 

under alkaline treatment (concentrated sodium hydroxide - NaOH) or by enzymatic 

hydrolysis in the presence of chitin deacetylase 
92,93

.  

  

 

Figure I.7 - Chemical structure of chitin and chitosan 
94

. 

 

 Structurally, chitosan is a linear polysaccharide consisting of N-glucosamine and 

N-acetyl glucosamine units available in different grades depending upon the degree of 

deacetylation, where the two types of repeating units are linked by (1→4)-β-glycosidic 

bonds 
95

. The degree of deacetylation (DD) measures the ratio between glucosamine and 

N-acetyl glucosamine in polymeric chains, and usually can vary, depending on the 

source, from 30% to 95% 
93

. Depending on the source and preparation procedure, 

chitosan molecular weight may range from 300 to over 1000 kDa with a DD from 30 % 

to 95 % 
96,97

. DD directly affect the chemical and biological properties of the polymer, 

such as solubility, crystallinity, swelling behavior and biological properties, namely 

biodegradation by lysozyme, wound healing properties and enhancement of 

osteogenesis. The presence of the amine and hydroxyl groups in CHT also permits the 

incorporation of a variety of chemical groups, enabling its range of properties to be 

extended, including the possibility of preparing systems that react to external stimuli, 

such as pH or temperature 
93,97,98

. 

 Chitosan is degraded by enzymatic hydrolysis being lysozyme the primary agent 

of in vivo degradation 
99

. The degradation rate is inversely related to the percentage of 

crystallinity which is controlled mainly by the degree of deacetylation. Highly 

deacetylated forms (e.g. 85%) exhibit the lowest degradation rates and may last several 

months in vivo 
100

.  
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 Chitosan possess many unique properties, such as biocompatibility, 

biodegradability, antibacterial activity, wound healing properties and easy accessibility 

101-104
. Moreover chitin-based polymers are materials with great versatility to be 

processed in different structures, such as microspheres, paste, membranes, sponges, 

fibers and porous scaffolds 
104,105

. 

 Previous studies showed that Chitosan can undergo a glass transition by the 

action of hydration 
13,14

. Therefore, we hypothesize that the occurrence of a Tg in 

chitosan activated by hydration variation could be used in the production of devices 

with shape memory, that could find interest in the biomedical field.   

 

6.2 SMP Composites 

 

 Polymer composites are commonly defined as the combination of a polymer 

matrix and additives in order to modify the shortcomings of the polymer . The SMPs in 

general exhibit low strength and stiffness compared to shape memory alloys or ceramics 

106
. For instance, SMPs have relatively low recovery stress, which is usually 1-3MPa 

compared to 0.5-1 GPa for SMAs 
107

. The relatively low recovery stress becomes a 

limiting factor in many applications especially in cases where SMP devices should 

overcome a large resisting stress during shape recovery. Thus incorporation of 

reinforcing elements has been investigated in order to improve the mechanical 

properties and to diversity the applications of SMPs. Incorporation of filler leads to an 

improvement in material properties, such as modulus, strength, stiffness and heat 

resistance 
37,108

. The enhancement of material properties and creation of novel functions 

has been linked to the interfacial interaction between the polymer matrix and fillers as 

well the formation of a network of interconnected filler particles 
28

. 

 The SMP composites can be classified as particle- or fiber-reinforced depending 

on the type of filler they employ 
37,50

. SMP composites filled with particles, carbon 

nanotubes, carbon nanofibers, SiC, Ni, Fe3O4, and short or continuous fibers may meet 

various requirements in practical applications 
109,110

. In general, the SMP composites 

filled with particles or short fiber develop some particular function, such as high 

electrical conductivity, magnetic-responsive performance, or high stiffness on the micro 

scale 
37,106

. Among composites, nanocomposites are the most attractive because their 

size effects result in better performance 
108,109

. 
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6.2 1. Bioactive Glass Nanoparticles (BG-NPs) 

 

 

 Bioactive materials have the capability to develop a calcium phosphate layer in 

contact with bone upon implantation and typically exhibit a good integration with this 

tissue. Examples of bioactive glasses and ceramics are Bioglass®, sintered 

hydroxyapatite and β-tricalcium phosphate 
111,112

.  

 Different bioactive ceramics such as calcium phosphates, hydroxyapatite 

powders, bioactive glass fibres and particles have been used as reinforcing phases in 

porous biocomposites, mainly for bone-tissue engineering applications 
111,113

. Previous 

studies show that based on addition of bioactive glass particles to polymer scaffolds, 

there is improved mechanical properties such as higher compressive strength and 

modulus 
114,115

. Bioactive glass has shown a rapid biochemical response in 

physiological fluids (‘bioactivity’) and, due to improving mechanical properties in 

polymer based composites, it has proved to be the filler of choice for optimizing such 

structures to promote tissue growth in bone repair 
113,116

. When exposed to physiological 

fluids the glass reacts to form tenacious bonds to both hard and soft tissues though 

cellular activity, demonstrating the bioactivity of this material 
117,118

. Through 

interfacial and cell mediated reactions, bioactive glass develops a calcium deficient, 

carbonated phosphate surface layer that allows it to chemically bond to host bone. This 

bone-bonding behavior is referred to as bioactivity, and has been associated with the 

formation of a carbonated hydroxyapatite layer on the glass surface when implanted or 

in contact with biological fluids 
117,119

.  

 This work present the development of bioactive composites using BG-NPs as 

filler in the chitosan scaffolds to fulfill as many requirements as possible, combining 

advantages of polymers and inorganic components 
117

. We hypothesize that the use of 

bioactive particles can improve bioactivity, the remineralisation and mechanical 

properties of new biomaterials due to the increased surface area, which may open new 

possibilities based on the combination of such materials with polymers in the 

engineering of bone regeneration 
116,120

.  
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7. Biomedical Applications of SMPs 
 

 

 The unique properties of SMPs present enormous opportunities for the design of 

the next generation less invasive, resorbable smart medical implants, tissue scaffolds 

and medical devices, such as biodegradable sutures, actuators, catheters and smart stents 

121,122
. Since polymers can be made biodegradable they can be used as a short term 

implants where removal by surgery can be avoided 
18

.  

 The development of minimally invasive surgery enabled to place small devices 

inside the body through a small incision. SMP permit new medical procedure to 

substitute the complex surgery followed by device implantation 
5,123

. By using the dual-

shape properties of SMP, implants could be delivered in the desired target in a 

compressed, temporary shape, which could go through a small laparoscopic hole. Then, 

triggered by application of an appropriated stimulus the polymer acquires the functional 

and permanent shape. After the implant has fulfilled its intended use and tissue 

regeneration has occurred, the material degrades into substances which can be 

eliminated by the body, thus allowing full functionality to be restored without the 

necessity for a second surgery to remove the implant 
18,83

.  

 Metallic shape memory alloys are already used as cardiovascular stents or guide 

wires 
124

. However, despite of their broad range of applications, SMAs have a limited 

range of mechanical deformation and remain permanently in the body, causing in some 

cases, severe complications such as thrombotic occlusions 
4,18

.  

 The SMP have been proposed for stent applications because of their high strain 

recovery without the adverse strain hardening effects that is seen in metal stent 

expansion 
125,126

. Vascular stents are small tubular scaffolds used to maintain the 

occlusion of an artery. Crimped over a catheter, they are navigated to the lesion site 

where they are expanded either by balloon expansion or by self-expansion 
42

. Moreover 

the SMP stents have the possibility of embedding drugs within stents to reduce rejection 

responses 
42

, can also be a promise for pediatric stenting in which the stent would grow 

with the patient, offering an evident competitive advantage over metal stents 
127,128

.  

 Another application of SMP is smart sutures for wound closure 
123

. The big 

challenge in endoscopy surgery is manipulated the suture so that the wound lips are 

pressed together under the right stress. When the knot of a suture is fixed with the 

wrong force complications such necroses of the tissue or formation of hernias can 

occur
18

. Lendlein and Langer reported a thermoplastic elastomer-based SMP, which can 



   

19 

 

be used as a smart suture 
83

. A design of smart surgical suture was considered whose 

temporary shape is obtained by elongating the fibber with controlled stress. This suture 

is applied loosely in its temporary elongated shape. When the temperature is raised 

above Tg, the suture shrinks and tightens the knot, applying the optimum force 
123

.  

 Unlike the large number of neat SMP applications documented, the dominant 

focus of porous SMPs has been for embolic vascular devices. These devices seek to take 

advantage of large shape recovery, large surface area to volume ratios, and tortuous 

flow. Other potential biomedical applications include scaffolds for filling bone defects, 

hemostatic sponges, soft tissue scaffolds, and drug delivery platforms. These 

applications take advantage of the volume recovery and surface area advantages of 

porous SMPs 
16

. 

 

7.1 Drug delivery Systems 

 

 Recently, controlled drug release has been added to the list of functionalities of 

SMP, leading to multifunctional materials that combine biodegradability, controlled 

drug release and shape-memory capability 
129-131

. This would allow combine the shape-

memory effect for enabling minimally invasive implantation bulky devices, 

biodegradability to avoid a second surgery for implant removal, and controlled drug 

release for treating infections, reducing inflammatory response or supporting 

regeneration processes 
7,132,133

. The tree major requirements of SMP for drug release 

applications are maintenance of shape memory functionality after drug incorporation, 

diffusion release independent of polymer biodegradation, and drug release profiles 

independent of polymer programming and recovery processes, in order to adapt each 

individual functionality to the requirements of the application 
9,11

. However, in the 

preferred case of SMPs with the capability to undergo biodegradation, substantial 

alterations of polymer properties will occur after exposure to a physiological 

environment. As a consequence of polymer degradation, implants lose structural 

integrity 
11

. Depending on the speed and pathway of polymer degradation, drug release 

and degradation may overlap. Therefore, substantial differences in the involved 

mechanism of drug release can be expected depending on the type of matrix polymer 

and its degradation properties 
9,132

.  
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 Expandable stents with drug delivery mechanism have been suggested as a first 

example for potential applications 
129

. Other applications are for contraceptive implants 

or scaffolds for tissue engineering 
5,132

.   

8. Conclusions and Outlook 

 

 Although it may be debatable whether SME is an intrinsic polymeric property, 

its molecular origin clearly suggests that polymer SMEs should not be regarded as 

properties reserved to a small number of specially designed polymers. 

 A strong focus will be on SMPs that allow an on-demand control shape recovery 

so that they can be actuated independently from the body temperature. Moreover, the 

necessity of implants that are able to perform complex movements will lead to the 

development of SMPs that can remember multi and complex temporary shapes. The 

main goal for future SMPs remains the achievement of multifunctional polymers 

systems that combines SME with biodegradability and controlled drug release. 

         Tailoring the characteristics of SMPs to meet the specific requirements of targeted 

applications will continue to be an essential aspect of SMP research. The discovery of 

novel SMEs will play a significant role as it pushes the material capability into new 

fields. 
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Chapter II 

Materials and Methods 

 

1. Materials 

 

 Chitosan (CHT) of medium molecular weight (Mw= 190.000-310.000, 75-85% 

Degree of deacetylation, viscosity 200-800 cps) and Congo Red were purchased from 

Sigma Aldrich. Genipin was a product of Wako Chemicals. Tetraethyl orthosilicate 

(TEO) (99.90% pure), ammonium phosphate dibasic, calcium nitrate tetrahydrate 

(99%), citric acid monohydrate (99–100%), ammonium hydroxide (maximum 33% 

NH3) and poly(ethylene gycol) used for BG-NPs production and all chemicals for SBF 

preparation were purchased from Sigma–Aldrich. All other chemicals were reagent 

grade and were used as received. 

2. Methods 

 

2.1 Chitosan Purification  

 

 Prior to any use, commercial chitosan of medium molecular weight was purified 

by reprecipitation method. A solution of 1% (w/v) chitosan and 2% (v/v) acetic acid 

was prepared and then filtered: first with a nylon filter followed by two filtrations with 

paper filter (20-25 µm). This solution was precipitated by adding 2M aqueous sodium 

hydroxide (NaOH) until pH reached 8. The chitosan flakes was washed with distilled 

water until neutralize, and dehydrated with water/ethanol solutions with percentages of 

80/20, 50/50 and 10/90. Finally, the chitosan flakes were frozen, freeze-dried and 

triturated till a fine powder was obtained.  

2.2 Chitosan scaffolds preparation 

 

 A solution of 2% (v/v) acetic acid and 3% (w/v) purified Chitosan, was prepared 

with stirring until homogeneity was reached. The solution is cast into silicone tubes 

with diameter of 5 mm, working as a mold, and frozen by immersion into liquid 
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nitrogen. The frozen solution is subsequently freeze-dried to remove the dispersed ice 

crystals. After freeze-dried, the polymeric structure were neutralized in 1M sodium 

hydroxide solution (NaOH) for 1hour and freeze-dried again. Then, the tubes were cut 

in 7 mm pieces, resulting in solidified porous polymeric scaffold with a dimension of 7 

mm x Ø5 mm. 

2.3 Genipin-crosslinked Chitosan Scaffolds 

 

 Crosslinking is an effective and convenient technique to improve the mechanical 

properties of chitosan. However the most common synthetic chemical used as a 

crosslinking reagent are chemically synthesized and are not free from the problems 

caused by physiological toxicity. On the other hand, genipin is an effective naturally 

occurring-crosslinking agent and can react spontaneously with amino acids or proteins 

to form dark blue pigments 
1
.  

 Chitosan powder was dissolved at a concentration of 3% (w/v) in aqueous acetic 

acid 2% (v/v). 3 wt % of genipin (chitosan/genipin = 100/3 by weight) was dissolved in 

2 ml of ethanol ant then was added to the chitosan solution under constant stirring for 

5min at room temperature. The solution was cast into the same tubes used for un-

crosslinked chitosan scaffolds and put at 37ºC for 4hours. After the reaction occurs, the 

solution turns dark blue and become increasingly viscous. The tubes are then frozen and 

is followed the same steps proceeded with the un-crosslinked scaffolds.  

2.4 Bioglass nanoparticles (BG-NPs) preparation  

 

 To prepare the BG-NPs a protocol based on previous work was followed 
2
. The 

procedure for preparation of the ternary form of BG-NPs, composed by SiO2:CaO:P2O5 

(mol%) = 55:40:5, consisted in sequential reagent dissolutions that resulted in 

hydrolysis and polycondensation reactions. Tetraethyl orthosilicate (TEOS, 99.90% 

pure) was used as the Si precursor, ammonium hydrogen phosphate as the P precursor, 

calcium nitrate tetrahydrate (99%) as the Ca precursor, citric acid monohydrate (99-

100%) to promote hydrolysis, absolute ethanol, ammonium hydroxide (maximum of 

33% NH3) as the jellyfying agent and polyethylene glycol 20000 (PEG) as the 

surfactant. The mixture of precursor's solutions (7.639 g of calcium nitrate in 120 ml of 

distilled water, 9.167 g of TEOS in 60 ml of ethanol/ 30 ml of citric acid 10% (w/v)) 

was added drop-by-drop to an aqueous solution containing the phosphorous precursor 
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(1.078 g of ammonium hydrogen phosphate in 1500 ml of distilled water). The pH was 

adjusted at 11.5 with ammonium hydroxide addition. The precipitate obtained was 

stirred for 48h, and then a resting period of 24h followed. The precipitate was washed 

three times with distilled water. A 200 ml amount of an aqueous solution of 

Polyethylene glycol 20000 (PEG) was added to the precipitate, and then followed by 

freeze drying. Finally, the gel powder was calcinated at 700 °C for 5h to get the white 

bioactive glass nanoparticles.  

2.5 Chitosan/BG-NPs Scaffolds preparation 

 

 A solution of 2% (v/v) acetic acid in water, 0.7% (w/v) CHT purified and 0.3% 

(w/v%) BG-NPs, was prepared with stirring until homogeneity was reached. After that 

the solution was cast into the same tubes used for chitosan scaffolds and followed the 

same protocol.  

2.6 Scanning Electron Microscopy (SEM) 

 

 All the developed chitosan based scaffolds were evaluated by scanning electron 

microscopy (SEM). Moreover, the morphology of CHT/BG-NPs scaffolds after 

bioactivity test was also evaluated by SEM. This methodology is extremely important to 

study the morphology of polymeric materials and structures. This technique allows 

analyzing the morphology of the specimen at large magnifications and also the details 

of the structure up to the sub-micron level. The morphology of sample surfaces was 

study by scan electron microscopy (NanoSEM FEI Nova 200 (FEG/SEM)). All samples 

were coated by gold sputtering for 2 min at a current of 15 mA.  

2.7 Porosity measurements 

 

The porosity of the scaffolds is obtained from the density of chitosan and the 

density of actual porous scaffolds sample produced. The density of chitosan (ρ) is 1.342 

g/cm
3
. So the calculation formula of porosity is defined as: 

 

               
          

  
                                          (1)                        

 

where, Vm is the total volume of chitosan scaffolds (cm
3
), and Wm is the mass of the 

scaffold (g). 



 

32 

   

2.8 Energy Dispersive Spectroscopy (EDS) 

 

 Energy dispersive spectroscopy (EDS) methodology was used to detect the 

presence of calcium (Ca) and phosphorous (P) elements by analyzing the surface of the 

scaffolds. These two chemical elements are constituents of the mineral phase 

(hydroxyapatite) of bone ECM. Their presence positively indicates the formation of an 

apatite layer in the surface of the scaffold. We analyzed the surface of chitosan/BG-NPs 

scaffolds upon immerse in simulated body fluid (SBF) during 0, 3 and 7 days. The 

samples were processed as described previously for SEM and the surface of the samples 

were analyzed by EDS with a Leica Cambridge S360 scanning electron microscope. 

2.9 Fourier Transform Infrared Spectroscopy (FTIR) 

 

 In Fourier transform infrared spectroscopy (FTIR), infrared radiation will be 

applied to a sample. The information resulting from radiation absorption or transmitted 

will give details about the molecular structures present in the sample since only specific 

molecular vibrations can be excited 
3
.  

 FTIR analyses were applied to study the composition of the scaffolds. The 

infrared spectrum was measured using a FTIR Spectrometer (model IRPrestige-21, 

Shimadzu; Germany) in the wavelength range of 4400–400 cm
-1

. The samples were 

combined with potassium bromide (KBr) to produce discs.  

2.10 Swelling Properties  

 

 The swelling of scaffolds for different contents of water was determined by 

immersing previously weighted CHT scaffolds in different compositions of 

water/ethanol mixtures varying from pure water to pure ethanol at room temperature, 

for 4h. It was confirmed that after a 4h period the scaffolds had reached their swelling 

equilibrium. After around 4h, swelled samples were blotted with filter paper to remove 

surface adsorbed solvent and weighted immediately. The swelling ratio was calculated 

using the following equation:  

 

         
      

  
                                                 (2) 

 

where, w and w0 are the weights of the scaffolds at the swelling state and at the dry state, 

respectively. Each swelling experiment condition was performed in triplicate. 
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2.11 Hydromechanical Cyclic Compression Tests 

 

 The hydromechanical behavior of the SMPs can be studied by compressive test 

4
. The compressive tests of the developed scaffolds were performed using a Universal 

tensile testing machine (Instron 4505 Universal Machine, USA). The tests were 

performed under compressive loading, by performing uniaxial compression, using a 

crosshead speed of 2 mm.min
−1

, at a room temperature. The results presented are the 

average of at least three specimens. 

  Each specimen measured 7 mm in the direction of testing and 5 mm square in 

cross-section. The samples were immersed in water for 1h before the test. The tests 

were performed for different maximum strains (Ԑm =10, 20, 30 and 60%). 

 After the compression test and maintaining the strain, the stress is than held 

constant while the sample is dehydrated by immersing the sample in ethanol for 20 min, 

whereby the temporary shape is fixed. Then, the stress is completely removed and the 

sample is now in its temporary shape. Finally, the samples were immersed in different 

mixtures of water/ethanol, varying from pure water to pure ethanol, to assess the shape 

memory recovery. Figure II.1 shows the scheme of the procedure described the 

scaffolds as a shape memory polymer.  

 

               

Figure II.1 - Schematic of the programming and recovery process of the SME. 
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 In a hydromechanical compressive cycle, the shape memory capability of the 

SMP is typically characterized by the shape fixity ratio (Rf) and the shape recovery ratio 

(Rf). Rf characterizes the ability of a system to fix its temporary shape and Rr is the 

recoverability of the permanent shape. Shape fixity can be quantified from the following 

equation, 

       
      

  
                                                         (3) 

where, Ԑu represents the temporary shape strain and Ԑm represents the applied maximum 

strain. They are given by, 

    
     

  
      and          

     

  
                                  (4) 

where, l0 is the initial length, l1 is the length after compression but before unloading, 

and l2 is the length of the temporary shape. Therefore, for one cycle (N=1), the shape 

fixity can be written as, 

       
     

      
                                                         (5) 

 

 The strain recovery rate quantifies the ability to restore the mechanical 

deformation of the permanent shape Ԑp after application of a certain deformation Ԑm.  

For N cycles, the shape recovery is defined as,  

 

       
        

           
                                                          (6) 

where, Ԑp is the strain associated with the permanent shape given by, 

 

    
      

  
                                                             (7) 

where, l3 is the measured length after recovery. For one cycle, the Ԑp in the denominator 

goes to zero and the shape recovery is 

 

       
     

      
                                                 (8) 

The measures were performed with a digital micrometer.  
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 The change of the Young's modulus (E) with the content of water was also 

observed. The scaffolds were immersed in different mixtures of water/ethanol for one 

hour followed by compression load. Thus the stress-strain curve was obtained by 

performing compressive load until 30% strain. E was determined in the most linear 

region of the stress–strain graph using the tangent method. 

2.11.1 Recovery vs time 

 

 The scaffolds recovery along time was evaluated to see how the hydrated 

scaffolds recovery after being submitted to compression loading. The scaffolds were 

initially immersed in water and measured, and then a compression test was performed 

for differents maximum strains (Ԑm =10, 20 and 30%). After the test the sample was 

immersed again in water and the samples height was measured in different time points. 

The strain recovery for a determined time point (t) is: 

 

      
     

     
                                                                (9) 

 

2.12 Dynamic Mechanical Analysis (DMA) 

 

 Dynamic Mechanical Analysis (DMA) can be employed to measure numerous 

temperature and frequency-dependent viscoelastic properties of polymers, including 

glassy and rubbery modulus, which are very important properties for SMPs. DMA is a 

technique where a small deformation is applied to a sample in a cyclic manner. This 

allows the materials response to stress, temperature, frequency and other values to be 

studied. From these measurements it is possible to calculate the storage modulus (E’) 

and the loss factor (tan δ) versus time or temperature for one or more frequencies 
5
.  

 For this study, compression tests were carried out by dynamic mechanical 

analysis (DMA) using a Tritec 2000B equipment (Triton Technology, UK). The 

measurements were carried out at room temperature (20º C).  

 Un-crosslinked and crosslinked chitosan scaffolds were tested at constant 

frequency (0.5 Hz and 1 Hz) following the changes in the storage modulus (E') and loss 

factor (tan δ) as function of the water content. The dried samples of known geometry 

were placed in a Teflon
®

 reservoir and immersed in a certain volume of ethanol (Veth = 

270 ml) and kept under the testing constant strain amplitude (30 µm) during 30 min. 
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After this step, E' reached an equilibrium value. Finally, the water was pumped into the 

reservoir at a constant flow rate (Q = 14 ml/min), providing a time (t) dependent change 

in the content of water described by the following equation: 

 

              
  

        
                                                     (10) 

 

 Note that in these measurements E' should be taken as an apparent value as 

during introduction of water the geometry of the sample continuously changes due to 

swelling and the calculation of this parameter used the initial geometry of the sample. 

2.13 X-ray diffraction measurements 

 

 X-ray diffraction (XRD) is employed to characterize the phase composition and 

percent crystallinity in materials. Crystallinity and phase content of chitosan scaffolds 

immersed in mixtures of water/ethanol with different compositions (100, 75, 50, 25 and 

0% of water content), were investigated with XRD analysis, using an X-ray 

diffractometer (Bruker D8 Discover). XRD patterns were examined in the region of 5–

65º with a step size 0.02º for 2θ and a counting time of 2s step
-1

. 

2.14 In vitro drug delivery studies 

 

 To study the capability of the chitosan-based scaffolds to be used as a drug 

delivery device in vitro drug studies were performed. In this work, Congo Red was use 

as a model molecule to investigate the loading and release ability of the scaffold. The 

choice of the dye was influence by the humidity-trigger shape memory effect. Congo 

red is water soluble and presents a low solubility in ethanol 
6
. The drug loading was 

incorporated by swelling. The swelling of the network in drug solutions at room 

temperature leads to dissolution of the drug in the polymer matrix 
7
. 

 To performed drug delivery studies it is important to know the incorporation 

efficiency (IE) of the scaffolds. The incorporation efficiency can be measured by the 

ratio of the drug available for release and the initial loaded drug, 

 

   
                          

           
                                        (11) 
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 The scaffold was immersed in a solution of CR in PBS of 1mg/ml for 1h. The 

loaded drug was estimated using the variation of the mass of the scaffold during the 

swelling. Then, the loaded scaffolds were compressed (Ԑm=30%) and dehydrated follow 

by immersion in 5ml of PBS under sonication at 37ºC for 5 days to induce a forced 

release, obtaining the maximum drug release. Such experiment permitted to estimate the 

total drug available for release in the scaffolds. The amount of CR was quantified 

spectrophotometrically, measuring the UV absorbance at 498nm (Synergie HT, Bio-

Tek, USA) and using a calibration curve generated by absorption measurements of CR 

solutions with pre-defined concentrations (Figure II.2). 
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Figure II.2 - Calibration Curve of Absorbance of Congo Red. 

 

 

 To procedure the loading, the samples were immersed in a solution of CR in 

PBS of 5mg/ml for a period of 1h. After the hydration/loading the samples were 

compressed (Ԑm=30%) and dehydrated for 20 min in ethanol, followed by the 

evaporation of the solvent. After the deformation and fixation of the temporary shape, 

both CHT0 and CHT1 were immersed in 5ml of PBS, pH 7.4. The vials containing the 

scaffolds were kept under agitation (at approximately 60 rpm) in a water bath at 37°C. 

At pre-established periods of time, aliquots of 1ml of the supernatant were taken out and 

replaced with equal volume of fresh PBS to maintain the volume constant during the 

release study. The amount of CR was quantified spectrophotometrically by the same 

procedure use to measure the IE.  
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2.15 In vitro bioactivity study 

 

 The in vivo formation of an apatite layer on the surface of a bioactive ceramic 

can be reproduced in a protein-free and a cellular simulated body fluid (SBF), which is 

prepared to have an ion concentration nearly equal to that of human blood plasma. 

Table II.1 compares the ion concentration of SBF and human blood plasma 
8
. 

 The bioactivity of a biomaterial can be evaluated by examining the formation of 

apatite on its surface in SBF 
9
.  Bioactivity is considered a critical factor in facilitating 

the chemical fixation of a biomaterial to bone tissue, and ultimately the in vivo success 

of bone grafting material 
10

. In vitro bioactivity tests were carried out by soaking a 

CHT/BG-NPs scaffold in 20 ml of SBF for 3 and 7 days at 37˚C. Upon removing from 

SBF the samples were rinsed with distilled water and left to dry.  

 SBF solution was prepared by dissolving NaCl, NaHCO3, KCl, K2HPO4.3H2O, 

MgCl2.6H2O and Na2SO4 in distilled water and buffered with Tris buffer and HCl to 

reach a pH value of 7.4, following the protocol described by Kokubo and Takadama 
8
.  

 

Table II.1 - Comparison between ion concentration in SBF and in human blood plasma 

Ion 
Ion Concentrations (mM) 

Blood plasma SBF 

Na
+ 142.0 142.0 

K
+ 5.0 5.0 

Mg
2+ 1.5 1.5 

Ca
2+ 2.5 2.5 

Cl
- 103.0 147.8 

HCO3
- 27.0 4.2 

HPO4
2- 1.0 1.0 

SO4
2- 0.5 0.5 

pH 7.2-7.4 7.4 

 

2.16 Micro-Computed Tomography (µ-CT) 

 

The shape recovery of the BG-NPs scaffolds inside the bone defect produced in 

the pig femur bone was evaluated by micro-computerized tomography using a Scanco 

20 equipment (Skyscan 1702, Belgium) with penentrative X-rays of 40 keV. The X-ray 

scans were acquired in high-resolution mode. CT Analyser® was used to visualize the 
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2D X-ray sections images of the scaffolds. Defects were produced in fresh bones by 

drilling cylindrical holes with a diameter of 4mm. 
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Abstract 

 

 We demonstrate that chitosan-based porous scaffolds can present a shape 

memory effect triggered by hydration. The shape memory effect of non-crosslinked 

(CHT0) and genipin-crosslinked (CHT1) scaffolds was followed by hydromechanical 

compressive test and dynamic mechanical analysis (DMA), while the sample was 

immersed in varying compositions of water/ethanol mixtures. By dehydration with 

higher contents of ethanol, the vitreous-like nature of the amorphous component of 

chitosan allows the fixation of the temporary shape of the scaffold. The presence of 

water disrupts inter-molecular hydrogen bonds permitting segmental mobility of the 

chitosan chains upon the occurrence of the glass transition and thus the recovery of the 

permanent shape of a pre-deformed scaffold. SEM, swelling tests and XRD analysis 

were also performed. Results showed that chitosan possess shape memory properties, 

characterized by a fixity ratio above 97.2% for CHT0 and above 99.2% for CHT1 and a 

recovery ratio above 70.5% for CHT0 and 98.5% for CHT1. In vitro drug delivery 

studies were also performed to demonstrate that such devices can be also loaded with 

molecules. We show that the developed chitosan scaffolds are candidates for 

applications in minimally invasive surgery for tissue regeneration or for drug delivery.   

 

Keywords: chitosan, scaffold, shape memory, hydration.   
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1. Introduction 

 

 The rapid progress in the development of surgical techniques, especially in 

minimally invasive surgery, leads to more complex requirements for modern implants. 

Aside the important properties like biocompatible and, ideally in many cases, 

degradability, the shape memory effect (SME) as a novel functionality of polymers 

might enable the development of novel types of medical devices 
1-3

. Shape memory 

polymers (SMPs) offer novel materials-based devices to solving scientific challenges 

due to their demonstrated ability to actively undergo geometric transformations upon 

exposure to environmental stimuli 
4,5

. 

 A shape-memory polymer can be deformed by application of an external stress 

and fixed in a second shape, the temporary shape. This temporary shape is retained until 

the shaped body is exposed to an appropriate stimulus, which induces the recovery of 

the original shape 
4
. A impulsive force such as physical or chemical crosslinking points 

is require for the SME to recover the initial shape after deformation and fixing 
6
. SMP 

can utilize glass transition (Tg) 
7
 and/or melting points (Tm) 

8
 as the deformation/fixing 

temperatures. SMP contain a network architecture consisting of netpoints that are 

connected with stimuli-sensitive macromolecular chains. The netpoints determine the 

permanent shape and the segment chains are using as a kind of molecular switch. Above 

the transition temperature the switchable segments gives flexibility for the deformation; 

under this temperature the segments give stiffness for shape fixation 
9
. Besides the 

temperature, the shape memory technologies can also use other stimulus, such as 

hydration 
10

, light 
11

, electromagnetic 
12

 or electrical 
13

. In the present, the most 

attractive SMPs are still triggered by temperature 
14

. Thermal-responsive SMP is 

normally driven by external heat being an issue for applications with restricted 

temperature ranges like in the biomedical field 
15

. Non-thermally induced shape 

memory polymers eliminate the temperature constrains and enable the manipulation of 

the shape recovered under ambient temperature 
16

.  

 Recent studies have shown that the environmental conditions such as the 

humidity can substantially influence conformational mobility of macromolecular chains, 

and thus the shape memory properties of polymers 
17-20

. These findings motivated the 

development of the concept of a moisture triggered SME.  
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 Water or solvent-driven shape recovery effects have been observed in SMPs 

having glass transitions as switching transition. This type of polymers absorb water, and 

this affects their mechanical and physical properties 
21,22

. By disrupting intramolecular 

hydrogen bonds and acting as a plasticizer, water reduce the glass transition and hence 

effectively allowed for room temperature actuation 
23

.  

 Shape memory polymers are ideal candidates for biomedical applications in 

which a temporary shape has to be preserved until the device is placed in the cavity to 

be filled, allowing minimally invasive surgical procedures
24,25

. However most of the 

polymers studied with shape memory properties are non biodegradable. It is often 

important that medical polymers are biodegradable in order to avoid a secondary 

surgery to be removed from the body. Polymers combining degradability with shape 

memory capability are multifunctional materials. Recently, controlled drug release has 

been added to the list of functionalities of SMP 
1,26

.  

 Chitosan (CHT) is a partially N-deacetylated derivative of chitin 
27

. 

Considerable attention has been given to this polymer due to its advantages like low 

cost, large-scale availability, antimicrobial activity, non-toxicity, biodegradability, and 

biocompatibility 
27-29

. Chitosan can be processed into scaffolds using different 

processing techniques to be used in tissue engineering 
30,31

.       

 The goal of this work is to develop CHT-based scaffolds with shape memory 

properties. It was found before that CHT can undergo a glass transition by the action of 

hydration 
32,33

. By combining such effect with the maintenance of the structural integrity 

of the system (provided by crosslinking or due to the intrinsic semi-crystalline structure) 

we hypothesize that we could develop new devices in which the recovery of the 

geometry can be induced by hydration. To control this parameter the tests were 

conducted in water/ethanol mixtures with distinct compositions. Moreover, the 

capability of drug delivery was studied in order to achieve multifunctional devices that 

combine SME, biodegradability and drug delivery ability.  
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2. Materials and Methods 

 

2.1 Materials  

 Chitosan (CHT) of medium molecular weight (Mw= 190.000-310.000, 75-85% 

Degree of deacetylation, viscosity 200-800 cps) was purchased from Sigma Aldrich. 

Before being used CHT was purified by reprecipitation method. CHT powder was 

dissolved at a concentration of 1% (w/v) in 2% (v/v) aqueous acetic acid and 

precipitated with a NaOH solution (final pH ~8). The CHT flakes were washed with 

distilled water until neutralization and dehydrated with ethanol. Finally, the CHT flakes 

were frozen and lyophilized. Genipin was a product of Wako Chemicals. Congo Red 

was purchased from Sigma Aldrich. All other chemicals were reagent grade and were 

used as received. 

2.2 Methods 

 
 

 2.2.1 Chitosan Scaffolds Preparation 

 

 CHT was dissolved in an aqueous acetic acid solution 2% (v/v) to a 

concentration of 3% (w/v) with stirring until homogeneity was reached. For the 

crosslinked system (CHT1), 3 wt % of genipin (chitosan/genipin=100/3 w/w) was 

added to the CHT solution under stirring. Non-crosslinked CHT scaffolds (CHT0) were 

prepared directly from the original CHT solutions, with no addition of genipin. In order 

to obtain scaffolds with a cylindrical shape chitosan solutions were cast into silicone 

tubes. For the case of CHT1, the tubes with the crosslinked solution were maintained 

under stirring for 6h at 37 °C. Then, all solutions were frozen for 1 day at -80°C. After 

freeze-drying, the scaffolds were neutralized with a solution of NaOH (1M) and then 

freeze-dried again. The tubes were then cut in small pieces to obtain a scaffold 

dimension of 7 mm x Ø5 mm.   

2.2.2 Scanning electron microscopy (SEM)  

 A NanoSEM FEI Nova 200 (FEG/SEM) scanning electron microscope was used 

to study the surface and the morphology of the samples. All samples were coated by 

gold sputtering for 2 minutes at a current of 15 mA, prior to observation. 
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2.2.3 Porosity measurements 

 

The porosity of the scaffolds is obtained from the density of chitosan and the 

density of actual porous scaffolds sample produced. The density of chitosan (ρ) is 1.342 

g/cm
3
. So the calculation formula of porosity is defined as: 

 

               
          

  
                                          (1)                        

 

where, Vm is the total volume of chitosan scaffolds (cm
3
), and Wm is the mass of the 

scaffold (g). 
 

2.2.4 Swelling of chitosan scaffolds in water/ethanol mixtures 

 The swelling of CHT scaffolds in mixtures of water/ethanol was determined by 

immersing previously weighted CHT scaffolds in mixtures of these solvents at 

compositions varying from pure water to pure ethanol at room temperature, for 4h 

hours. It was confirmed that after a 4h period the scaffolds had reached their swelling 

equilibrium. After 4h, swelled samples were blotted with filter paper to remove the 

adsorbed solvent and weighted immediately. The swelling ratio (S) was calculated using 

the following equation: 

         
      

  
                                                  (2) 

 

where, w is the swollen sample weight and w0 is the dry sample weight. Each swelling 

experiment condition was performed in triplicate. 

2.2.5 X-ray diffraction measurements  

 Crystallinity and phase content of chitosan scaffolds were investigated with X-

ray diffraction (XRD) analysis, performed with a Bruker D8 Discover model. XRD 

patterns were examined in the region of 5–65º with a step size 0.02º for 2θ and a 

counting time of 2s step
-1

. 

2.2.6 Dynamic Mechanical Analysis (DMA) 

 
 

 Dynamical mechanical analysis was performed using a Tritec 2000B equipment 

(Triton Technology, UK). The measurements were carried out at room temperature (20º 
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C). Chitosan scaffolds were tested at constant frequency (1 Hz) following the changes 

in the storage modulus (E') and loss factor (tan δ) as function of the water content. The 

dried samples of known geometry were placed in a Teflon® reservoir and immersed in 

a defined volume of ethanol (Veth= 270 ml) and kept under the testing constant strain 

amplitude (30 µm) during 30 min. After this step, E' reached an equilibrium value. 

Finally, the water was pumped into the reservoir at a constant flow rate (Q = 14 

ml/min), providing a time (t) dependent change in the content of water described by the 

following equation: 

 

              
  

         
                                             (3) 

 In this measurements E' should be taken as an apparent value as during 

introduction of water the geometry of the sample continuously changes due to swelling 

and the calculation of this parameter used the initial geometry of the sample. 

2.2.7 Hydromechanical Cyclic Compressive Tests 
 

 

 The compressive tests of the developed scaffolds were performed using a 

Universal tensile testing machine (Instron 4505 Universal Machine, USA). The tests 

were performed under compressive loading, by performing uniaxial compression, using 

a crosshead speed of 2 mm.min
−1

, at a room temperature. The results presented are the 

average of at least three specimens. Each compressive test was performed with the 

scaffolds hydrated in water/ethanol mixtures with distinct compositions. Young’s 

modulus (E) was determined from resulting stress/strain curves.  

 For the hydromechanical cyclic compressive tests, the samples were first 

hydrated and deformed up to different maximum strains (Ԑm =10, 20, 30 and 60%). 

After the test and maintaining the strain, the stress was then held constant while the 

sample is dehydrated by immersing the sample in ethanol for 20 min, whereby the 

temporary shape is fixed. Then stress was completely removed to obtain the sample in 

its temporary shape, even after complete evaporation of ethanol. Finally, the samples 

were immersed in different mixtures of water/ethanol, varying from pure water to pure 

ethanol and the shape recovery was monitored. 

 In the hydromechanical cyclic compressive test, the shape memory capability of 

the SMP is typically characterized by the shape fixity ratio (Rf) and the shape recovery 
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ratio (Rf). Rf characterizes the ability of a system to fix its temporary shape and Rr is the 

recoverability of the permanent shape. Rf and Rr values can be calculated according to 

the following equations: 

 

      
  

  
                                                          (4) 

 

        
   

  
                                                           (5) 

 

where Ԑm is the applied maximum strain, Ԑu is the fixed strain after unloading and Ԑp, the 

permanent strain after induced recovery. The measures were performed with a digital 

micrometer (measurements were performed in triplicate). 

 The scaffolds recovery along time was evaluated to see how the hydrated 

scaffolds recovery after being submitted to compression loads. The scaffolds were 

initially hydrated and then compressed up to different maximum strains (Ԑm =10, 20 and 

30%). Then, the samples were dehydrated to fix the temporary shape. The samples were 

immersed again in water and their height was measured at different time points.  

 

2.2.8 In vitro drug delivery studies 

 

 Congo Red (CR) was use as a model molecule to investigate the loading and 

release ability of the scaffold. CR is water soluble and presents a low solubility in 

ethanol 
34

.  

 In drug delivery studies it is important to know the incorporation efficiency (IE) 

of the scaffolds. The incorporation efficiency can be measured by the ratio of the drug 

available for release and the initial loaded drug, 

 

   
                          

           
                                         (6) 

  

 The scaffold was immersed in a solution of CR in PBS of 1mg/ml for 1h. The 

loaded drug was estimated using the variation of the mass of the scaffold during the 

swelling. Then, the loaded scaffolds were compressed (Ԑm=30%) and dehydrated follow 

by immersion in 5ml of PBS under sonication at 37ºC for 5 days to induce a forced 

release, obtaining the maximum drug release. Such experiment permitted to estimate the 

total drug available for release in the scaffolds.  
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 For the loading procedure, the samples were immersed in a solution of CR in 

PBS of 5mg/ml for a period of 1h. After complete hydration the samples were 

compressed (Ԑm=30%) and dehydrated for 20min in ethanol, followed by the 

evaporation of the solvent. After the deformation and fixation of the temporary shape, 

both CHT0 and CHT1 were immersed in 5ml of PBS, pH 7.4. The vials containing the 

scaffolds were kept under agitation (at approximately 60 rpm) in a water bath at 37°C. 

At pre-established periods of time, aliquots of 1ml of the supernatant were taken out and 

replaced with equal volume of fresh PBS to maintain the volume constant during the 

release study. The amount of Congo red were quantified spectrophotometrically, 

measuring the UV absorbance at 498nm (Synergie HT, Bio-Tek, USA) and using a 

calibration curve generated by absorption measurements of CR solutions with pre-

defined concentrations. 

3. Results and Discussion 
 
 

3.1 Morphological Characterization 

 

Adequate scaffolds used for tissue engineering should typically exhibit a 

homogenous microstructure, suitable pore size distribution and high porosity. Such 

microstructure should act as an extracellular matrix analog, functioning as a necessary 

template for host infiltration and as a physical support to guide the differentiation and 

proliferation of cells into the targeted functional tissue or organ 
35

. 

The SEM images in Figure III.1 show the morphological characteristics of the 

non-crosslinked (CHT0) and crosslinked (CHT1) scaffolds at the microscale level. The 

scaffold revealed an interconnected porous structure, with pores sizes in the range of 

200-350 µm for CHT0. CHT1 show a more regular morphology with smaller pore in the 

range of 100-250 µm. The pores walls in CHT1 are thinner and the amount of pores is 

higher; thus the overall surface area for possible cell attachment is larger for CHT1. The 

CHT0 and CHT1 scaffolds have a density of 0.15 g/cm
3
 and 0.08 g/cm

3
, respectively. 

The decreased in the density of CHT1 result in a porosity of 94% higher than the 88% 

obtained for CHT0. 
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          CHT0 scaffold                 CHT1 scaffold   

  

 Figure III.1 - SEM images of porous non-crosslinked (CHT0) and crosslinked (CHT1) chitosan scaffolds. 

 

3.2 Swelling of chitosan scaffolds in water/ethanol mixtures 

 

 In the presence of suitable solvents, chemically or physically crosslinked 

polymer networks do not dissolve, but absorb limited amounts of solvent swelling until 

the equilibrium is reached. The swelling test was used to evaluate the absorption 

capabilities of non-crosslinked (CTH0) and crosslinked (CHT1) chitosan scaffolds in 

mixtures of a non-solvent (ethanol) and a solvent (water) - see Figure III.2. The 

combined effect of solvent and non-solvent in miscible liquid pairs is expected to be 

rather useful to control the swelling ratio within polymer networks. CHT, which is a 

semi-crystalline polymer, absorbs considerable amounts of water when immersed in 

aqueous environments 
36

. Ethanol was used as a non-solvent, aiming at providing an 

adequate control over the CHT scaffolds swelling capability. 
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Figure III.2 - Swelling capability of non-crosslinked (CHT0) and crosslinked (CHT1) chitosan scaffolds determined 

after immersion in distinct water/ethanol mixtures. 
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 With increasing water content, the swelling increases for both conditions. 

Bellow 30 vol.% for CHT1 and 50 vol.% for CHT0 such increase is not evident, but 

above such values the swelling starts to increase prominently in both cases. These 

results agree with those of  Ilavsky et al., who  described polymeric hydrophilic 

networks in which a small variation in the composition of water/ethanol mixtures 

induces a jumpwise change in the volume of the gel, which is reflected by a 

simultaneous jumpwise change in the shear modulus 
37

. They also found that in those 

types of systems the mechanical behavior was predominantly determined by the degree 

of swelling: the jumpwise change in the modulus adequately correlated with the jump in 

the swelling ratio. In the case under study, a jump in swelling ratio of the CHT scaffolds 

is a strong indication that the referred type of volume transition occur under the 

experimental conditions. 

 The swelling in the CHT scaffolds could be attributed to both of their moderate 

hydrophilicity and the presence of pores that can be filled with liquid. The swelling 

results show that CHT1 present higher solvent uptake capability than CHT0 in all 

water/ethanol compositions. The maximum swelling, reached for 100 vol.% of water, is 

179 vol.% for CHT0 and for CH1 is more than double, 405%. For the case of pure 

ethanol the swelling is also about the double in CHT1 as compared to CHT0. The 

observed differences could be consequence of the different porous microstructure and 

also because genipin that was used to crosslink CHT1 exhibits a high affinity to both 

water and ethanol.   

 The effect of swelling was also observed in x-ray diffraction analysis of CHT0. 

Figure III.3, shows the diffraction patterns of the CHT0 scaffolds immersed in different 

mixtures of water/ethanol. A strong reflexion at 2θ=19 is observed for dehydrated 

chitosan (0% water) in the diffraction patterns for CHT0, which evidences the semi-

crystalline nature of CHT. With the increasing of water content, the relative intensity of 

the reflection was significantly diminished. This is particularly evident above 50 vol.% 

where an amorphous halo centered at about 2θ=28º is very visible. This occurrence can 

be explained by the jumpwise of swelling for CHT0 observed at 50 vol.%, see Figure 

III.2. This increasing of solvent in the polymeric matrix hides the crystalline diffraction 

pattern of chitosan. Nevertheless, the semi-crystalline nature of CHT is maintained even 

upon immersion in pure water. The crystalline domains act as anchorage points for the 

amorphous fraction, being a necessary requirement for shape memory ability. 
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Figure III.3 - XRD pattern for CHT0 immersed in different mixtures of water/ethanol from 0% to 100% of water. 

3.3 Dynamical mechanical analysis measurements 

  

 In biomedical applications, chitosan can be exposed to different levels of 

hydration, which can vary from moderate humidity levels to maximum values of water 

uptake capability, for example, in implantable conditions. The influence of water 

content on the viscoelastic properties of chitosan films was already study and was 

observed that chitosan can undergo a glass transition at room/body temperatures by the 

action of hydration  
32,33

.  
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Figure III.4 - Apparent storage modulus (A) and loss factor (B) measured with samples immersed in water/ethanol 
mixtures for CHT0 and CHT1 at 1Hz. 

 

Dynamic mechanical analysis, DMA, was used to determine the storage modulus 

(E') and loss factor (tan δ) of CHT0 and CHT1 scaffolds as a function of water content. 

The chitosan scaffolds were placed in the DMA apparatus and immersed in an ethanol 

solution. The DMA parameters were then continuously monitored at 1 Hz. During the 

measurements water was introduced in the reservoir at a constant flow rate, changing 

B A 
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gradually the composition of the mixture (equation 2). Figure III.4 shows the variation 

of the storage modulus and the loss factor as a function of the water composition in the 

liquid mixture of the bath. The storage modulus of both samples shows a decrease with 

the increase of water content, with a profile suggesting the occurrence of a relaxation 

process induced by enriching the water content in the chitosan structure. This 

decreasing of storage modules with increasing of water was also observed in chitosan 

membranes immersed in mixtures of water/ethanol 
33

. The samples show a plateau 

storage modulus at water content of above 28.5 vol.% for CHT0 and 39.1 vol.% for 

CHT1. In the dehydrated state CHT1 exhibits the highest storage modulus of ca 40 MPa 

in comparison with ca 17 MPa of CHT0. With increasing water content the tan δ curve 

of the samples exhibits a broad relaxation process that seems to be characterized by two 

components. Dielectric relaxation experiments performed at different temperatures and 

frequencies pointed out for the complex relaxation pattern of chitosan 
38-40

. However, 

the segmental mobility was never accessed before by this technique at different 

hydration levels.      

 The first component of the relaxation process that occurred in the range from 17 

vol.% to 25 vol.% with a peak maximum around 21 vol.% is attributed to the glass 

transition of the fraction of amorphous domains, that need lower water content to transit 

to the rubbery state. The component of the relaxation process taking place at higher 

water content appears as a pronounced peak that reflects the glass transition of the 

amorphous domains confined in more restricted regions that are influenced by hard 

domains (crystalline and crosslinked environments). The occurrence of two glass 

transitions can be observed in semi-crystalline polymers reflecting molecular mobility 

of the amorphous chains in the non-confined bulk and segments with restricted 

mobility. Due to geometrical confinements generated by crystalline structures 
41

. For 

CHT0 the peak is seen at ca 32 vol.% of water and for CHT1 is at 40 vol.%. Above such 

water contents, i.e. above glass transition, the storage modulus is almost constant and 

the rubbery state of the polymeric structure is obtained. It is possible to see that CHT1 

has a peak shifted towards higher water contents, indicating that the glass transition 

takes place for an increases of approximately 10 vol.% of water. This could be 

explained by the effect of crosslinking that influences the dynamics (slowing down) of 

the segmental motions 
42

.  
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3.4 Shape memory behavior of chitosan 

 

 Several authors proposed the use of SMP to fabricate fillers for pathological 

defects reparation to permit the implantation using less invasive procedures and to 

maximize the geometrical adaptation of the material in the defect cavity  
9,43

. The 

interest in this type of materials arises from the fact that SMPs can be deformed from a 

temporary shape into a stable secondary shape, significantly smaller than the primary. 

Therefore, evaluation of the shape recovery ability, in terms of final recovery, recovery 

rates and fixating ability is hence mandatory. 

 The first test performed to study the shape memory effect of chitosan scaffolds 

was the water-driven recovery. The hydrated CHT0 was compressed under different 

maximum strains (Ԑm) and retained this strain during dehydration to fix the temporary 

shape. After immersing the sample in water at room temperature, it started immediately 

to recover. The results, as shown in Figure III.5, demonstrate that the recovery occurs 

essentially in the first 5 min for the differents Ԑm. After approximately 15 minutes, the 

samples have already achieved the final shape. The increasing of the maximum strain 

leads to a small decreasing of the recovery ratio.  
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Figure III.5 - CHT0 shape recovery along time after different maximum strains (Ԑm) (A). Series of photographs 

demonstrating the shape recovery process for CHT0; the refereed times indicate the immersion time in water 
upon deformation at Ԑm=30% and dehydration (B).  
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 The influence of the applied Ԑm on the shape memory performance of CHT 

scaffolds was investigated by hydromechanical tests with Ԑm = 10, 20, 30, 60%. The 

strain fixity Rf and the strain recovery Rr were calculated to quantify the fixation of the 

temporary shape and the recovery of the permanent shape of the polymer networks. 

Both CHT0 and CHT1 scaffolds exhibited excellent shape memory properties as 

summarized in Table III.1. A fixation of the deformation with Rf ≥ 97.2% was obtained 

for CHT0 and an almost complete fixation with Rf ≥ 99.2% was observed for CHT1, 

while the recovery of the original shape occurred with high Rr values: 70.5% for CHT0 

and 98.5% for CHT1. 

 The recovery ratio increased with decreasing maximum strain. Too high 

deformation amplitude would render the shape memory effect more unsatisfied for 

CHT0. Such effect is not seen in CHT1. This result indicates that the crystalline 

structure in chitosan which affords all the shape recovery force in CHT0 may be not 

completely effective for large deformation strains. However, the crosslinking with 

genipin provides extra-anchorage points enhancing the recovery capability of the 

structure to the permanent shape. 

 

Table III.2 - Shape memory properties of CHT0 and CHT1 at different deformation strains (Ԑm) 

 Ԑm Strain Fixity (Rf) (%) Strain Recovery (Rr) (%) 

CHT0 10% 98.4 ± 4.2 96.8 ± 3.6 

20% 97.7 ± 2.9 91.8 ± 1.5 

30% 97.2 ± 1.9 87.5 ± 2.8 

60% 98.8 ± 0.2 70.5 ± 5.5 

CHT1 10% 100 ± 0.6 100 ± 0.8 

20% 99.8 ± 1.0 99.1 ± 2.3 

30% 99.2 ± 0.5 98.5 ± 1.7 

60% 99 ± 1.9 98.7 ± 1.2 

 

 

Figure III.6A shows the variation of strain recovery along hydratation in CHT0 

for different deformation strains. The scaffold don't exhibit significant strain recovery 

for water content below 25 vol.%. The strain recovery starts between 25 and 50 vol. % 

having a drastically increase in the range of 50-75 vol.%, mainly for 20 and 30% strain. 

Such results are consistent with the swelling results in Figure III.2 and the occurrence of 

glass transition as seen by DMA (Figure III.4). As mentioned before, the strain recovery 

ratio decreased with increasing of maximum strain and for 60% strain the recovery is 
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unsatisfied for CHT0 that did not reached the permanent shape upon fully hydration. 

Therefore, in the following studies of the shape memory effect of CHT scaffolds, the 

maximum deformation strain was set as 30%. However, crosslinked CHT present better 

mechanical properties, and an excellent recoverability (Table III.1 and Figure III.6B).  
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Figure III.6 - A - Strain recovery of CHT0 in different mixtures of water/ethanol after different Ԑm. B - Strain 

recovery of CHT0 and CHT1 for Ԑm=30%. 

 

3.5 Young's modulus of the scaffolds at distinct hydration levels 

 
 

The Young's modulus (E) of the developed scaffolds upon immersion in 

water/ethanol mixtures was assessed via uniaxial compressive tests, obtained from the 

slope of the stress-strain curve. Figure III.7 shows an inverse relationship between E 

versus water content of the liquid. Water acts as a very good plasticizer even in small 

quantities. In the presence of water, the interference between water and the chain-to-

chain secondary bonding reduces the intermolecular forces. As a result, chains acquire 

greater mobility and the free volume increases, leading to a decrease in the glass 

transition and stiffness 
44

. Such process is in the origin of the occurrence of the glass 

transition of the system as discussed before. Increasing plasticizer content resulted in 

scaffolds with lower E and then more flexible.  
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Figure III.7 - The variation of Young's Modulus with water/ethanol mixtures for CHT0 and CHT1. 

 

For both scaffolds, CHT0 and CHT1, as the water content increased, E 

systematically decreased. The scaffolds exhibited water-dependent Young's modulus 

from 40.5 to 0.2 kPa. The values obtained for the scaffolds dehydrated are in 

accordance with the values obtained in previously reports for chitosan scaffolds in dry 

state 
45

. With the decrease of water content, the increasing of E starts, in the vicinity of 

the glass transition event, for water contents below approximately 40%. For water 

contents above 40% all the samples show a plateau in the modulus, suggesting a rubber 

like structure where the mobile chains in the amorphous regions are sustained by the 

crystalline and crosslinked domains.   
 

3.6 Hydromechanical compressive cycle 
 

 To obtain more detailed shape memory properties of crosslinked and un-

crosslinked CHT scaffolds, hydromechanical cyclic compressive tests were performed. 

The ensemble of the three-dimensional stress–strain–hydration response of the studied 

CHT0 and CHT1 shape memory scaffolds under uniaxial loading is shown in Figure 

III.8. The cycle starts hydrating the scaffold to reach humidity above the glass transition 

followed by a compression at a constant strain rate, resulting in a continuous stress-

strain curve (curve I in Figure III.8). Afterwards the temporary shape is fixed by 

dehydrating the scaffolds at constant compression (Ԑm=30%) (stage II in Figure III.8). 

Then, the compressive stress is reduced until a stress-free condition is reached (stage III 

in Figure III.8). The scaffold is finally hydrated while the compressive stress is kept 

constant at 0 kPa (sequence IV in Figure III.8). Such process was performed by 

immersing the scaffolds in water/ethanol mixtures with increasing water content. The 

permanent shape is recovered while passing the glass transition, resulting in the strain-

water content relationship.     
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Figure III.8 - Hydromechanical compressive cycle of CHT and CHT/BG-NPs. I: compression at a constant rate of the 
hydrated sample; II - dehydration of the sample at a fixed strain; III - release of the stress; IV - hydration in 

water/ethanol mixtures with increase content in water.  

 The stress-strain curves were performed for CHT0 and CHT1 in hydrated 

conditions by compression tests up to Ԑm = 30%. The scaffolds exhibited the typical 

response observed in soft cellular materials for relatively low deformations. Compared 

to CHT0 scaffolds, CHT1 achieves a higher compressive stress at Ԑm=30% and the slop 

of the initial straight line is also higher than CTH0, confirming that CHT1 has a higher 

compressive modulus (E). After loading, Ԑm is maintained while the samples are 

dehydrated. When the stress is removed the scaffolds reach the temporary shape.  

 The strain–hydration curves present in the compressive cycle were obtained by 

hydration of the dehydrated scaffolds in mixtures of water and ethanol, varying from 

pure ethanol to pure water. As can be seen, in the hydration process, the strain is 

recovered significantly above 40% of water content, for water content rate above the 

glass transition occurrence.  
 

3.7 In vitro drug delivery studies 
 

 The potentiality of the system for loaded and in-situ release drugs were explored 

in order to achieve a multifunctional polymer system that combines SME, 

biodegradability and controlled drug release. In this study, Congo Red was selected as a 

model molecule and was loaded in the scaffolds by swelling. CR is water soluble and 

presents a low solubility in ethanol. The swelling of the scaffolds in CR solutions at 

room temperature permits the introduction of CR in the polymer matrix. With this 

CHT0 

CHT1 

I 

II 

III 

IV 



 

60 

   

technique the loading is dependent of the CR concentration and the swelling of the 

polymer network in the solution. After loading, the scaffolds were compressed and 

dehydrated under stress to achieve the temporary shape. Then, the release studies with 

CHT0 and CHT1 loaded with CR were conducted at 37ºC in PBS. Figure III.9A present 

the release profiles for CHT0 and CHT1, during 48h. For both scaffolds, the CR was 

released relatively quickly up to 2 hours and then the release rate slowed with time. The 

initial fast release observed in both profiles can be attributed to the presence of the CR 

on (or close to) the scaffold's surface. The ability of the scaffolds to swell leads to the 

increase of the pore size in the scaffold structure that allows the diffusion of the CR to 

the PBS solution. Thus, as the CHT1 present better water uptake capability it also 

release more CR than CHT0.  

 We envisage the possibility of using such technology to deliver therapeutic 

drugs in specific sites in the body. As an exemplification we used gelatin as a 

continuous medium simulating a soft tissue. A deffect in a gelatin block was produced 

with a size between the permanet and temporary sizes of the scaffolds. The scaffolds 

containing CR were placed in the region of the empty space. Figure III.9B shows an 

image of the system after the introduction of the scaffold and after 8h of release. After 

this period of time it is possible to see a gradient with higher concentrarion of CR next 

to the scaffolds, indicating a diffusion of the molecule to the medium. This result 

reveals that the developed shape memory device can be potentialy use as a drug loading 

matrix. Moreover it could be also ovserved that upon reocovery in the hydrated state the 

scaffold was able to accommodate perfectly in the entire geometry of the defect site and 

could be maintained tighly in this volume due to a press fitting effect. 
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Figure III.9 - A - In vitro release of CR as a function of time for CHT0 and CHT1 in PBS (37°C). B - Images showing CR 
being release from a CHT0 scaffold after being placed in a defect produced in a gelatin block. 
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4. Conclusions 
 

 Semi-crystalline (CHT0) and chemically crosslinked (CHT1) crosslinked CHT 

scaffolds, showed shape memory effect using hydration as the stimuli. CTH0 exhibit the 

occurrence of a glass transition for 32.3 vol.% of water in water/ethanol mixtures and 

CHT1 at 40 vol.%. Both scaffolds possess good shape memory properties, fixity ratio 

above 97.2% for CHT0 and above 99.2% for CHT1 and a recovery ratio above 70.5% 

for CHT0 and 98.5% for CHT1. The shape memory properties decreased with 

increasing maximum deformation. However, CHT1 present better mechanical 

properties, and an excellent recoverability even for high deformations. The release 

profiles of CR from the scaffolds show that the developed porous structures could be 

used as a controlled delivery system. We can conclude that the CHT scaffolds proposed 

in this work are candidates for applications in minimally invasive surgery with 

multifunctional characteristics, combining biodegradability, shape-memory capability 

and controlled drug release. 
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Abstract 

 

We propose a combination of chitosan (CHT) with bioactive glass nanoparticles 

(BG-NPs) in order to produce CHT/BG-NPs scaffolds that combined the shape memory 

properties of chitosan and the biomineralization ability of BG-NPs for applications in 

bone regeneration. The addition of BG-NPs to the CHT polymeric matrix improved the 

mechanical properties and the bioactivity of the composite scaffold, as seen by the 

precipitation of bone-like apatite layer upon immersion in simulated body fluid (SBF). 

Shape memory tests were carried out while the samples were immersed in varying 

compositions of water/ethanol mixtures. Dehydration with ethanol enables to fix a 

temporary shape of a deformed scaffold that recovers the initial geometry upon water 

uptake. The scaffolds present good shape memory properties characterized by a 

recovery ratio of 87.5% for CHT and 89.9% for CHT/BG-NPs and a fixity ratio of was 

97.2% for CHT and 98.2% for CHT/BG-NPs (for 30% compressive deformation). The 

applicability of such structures was demonstrated by a good geometrical 

accommodation of a previously compressed scaffold in a bone defect. The results 

indicate that the developed CHT/BG-NPs scaffolds are candidate for applications in 

bone tissue engineering. 

 

Keywords: Bioactive glass nanoparticles, chitosan, shape memory, bioactivity. 
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1. Introduction 

 

Shape memory polymers (SMPs) represent a technologically important class of 

stimuli-responsive materials that offer mechanical and geometrical action triggered by 

an external stimulus. SMP can be deformed and subsequently fixed into a temporary 

shape, which would remain stable unless it is exposed to an appropriate external 

stimulus that triggers the polymer to recover its original shape 
1
. This advanced 

functionality makes SMP suitable and promising materials for diverse technological 

applications, including the fabrication of smart biomedical devices. 

Although SMP materials have found a niche application as an actuation material 

in biomedical applications, they have not fully reached their technological potential. A 

significant drawback of unreinforced SMP materials is their low stiffness and strength 

compared to alloys or ceramics 
2
. The relatively low recovery stress becomes a limiting 

factor in many applications especially in cases where SMP devices should overcome a 

large resisting stress during shape recovery. Thus incorporation of reinforcing elements 

has been investigated in order to improve the mechanical properties and to diversity the 

applications of SMPs. Incorporation of filler leads to an improvement in material 

properties, such as modulus, strength, stiffness and heat resistance 
3,4

. The enhancement 

of material properties and creation of novel functions has been linked to the interfacial 

interaction between the polymer matrix and fillers as well the formation of a network of 

interconnected filler particles 
5
.  

Among the naturally occurring polymers which can be used as such as smart 

polymers, polysaccharides constitutes a very common and important family of 

biomolecules 
6
. Between them, Chitosan (CHT) is one of the most widely-used natural 

polymers in tissue engineering research, essentially because of their unique properties, 

such as biocompatibility, biodegradability, antibacterial activity, wound healing 

properties and easy accessibility 
7,8

.  Previous studies showed that CHT can undergo a 

glass transition by the action of hydration 
9,10

. Therefore, we hypothesis that the 

occurrence of a glass transition in chitosan activated by hydration variation could be 

used in the production of devices with shape memory capability, that could find interest 

in the biomedical field. Chitosan is a biocompatible polymer, although, by itself, it is 

not capable of reacting within the physiological fluid in order to develop apatite crystals 

and bond to the bone. To improve the bioactivity of CHT it is necessary to combine it 

with other bioactive materials 
11,12

. Bioactive glasses are well suited materials to be 
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incorporated with polymers for bone tissue regeneration due to their chemical 

interaction with surrounding bone tissue in vivo, which promotes osteointegration by the 

formation of a calcium phosphate layer which is later modified by bone cells 
13,14

. 

Moreover, the ionic release from bioactive glasses may stimulate gene expression, 

promoting osteoinduction, and in a nanoparticulate form they can be combined with 

polymeric materials to produce bioactive nanocomposites 
15,16

.  

This work present the development of bioactive composites using bioactive glass 

nanoparticles (BG-NPs) prepared via a sol-gel route as a filler in the CHT scaffolds to 

combined the advantages of the polymeric and the inorganic components 
13

. The use of 

bioactive particles can improve bioactivity, the remineralisation and mechanical 

properties of CHT. Thus, we hypothesize that combining the mineralization induced by 

the BG-NPs with the shape memory capability of the CHT we can create a 

multifunctional polymer with potential applications in bone tissue engineering and other 

orthopedic applications.  

2. Materials and Methods 
 

2.1 Materials 

 Chitosan (CHT) of medium molecular weight (Mw= 190.000-310.000, 75-85% 

Degree of deacetylation, viscosity 200-800 cps) was purchased from Sigma Aldrich. 

Tetraethyl orthosilicate (TEO) (99.90% pure), ammonium phosphate dibasic, calcium 

nitrate tetrahydrate (99%), citric acid monohydrate (99–100%), ammonium hydroxide 

(maximum 33% NH3), poly(ethylene glycol) and all chemicals for SBF preparation 

were purchased from Sigma–Aldrich. All other chemicals were reagent grade and were 

used as received. 

2.2 Methods 

2.2.1 Bioglass nanoparticles (BG-NPs) preparation  

 

  To prepare the BG-NPs a protocol based on previous work was followed 
17,18

. 

The procedure for preparation of the ternary form of BG-NPs, composed by 

SiO2:CaO:P2O5 (mol%) = 55:40:5, consisted in sequential reagent dissolutions that 

resulted in hydrolysis and polycondensation reactions. Tetraethyl orthosilicate (TEOS, 
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99.90% pure) was used as the Si precursor, ammonium hydrogen phosphate as the P 

precursor, calcium nitrate tetrahydrate (99%) as the Ca precursor, citric acid 

monohydrate (99-100%) to promote hydrolysis, absolute ethanol, ammonium hydroxide 

(maximum of 33% NH3) as the jellyfying agent and polyethylene glycol 20 000 (PEG) 

as the surfactant. The mixture of precursor's solutions (7.639 g of calcium nitrate in 120 

ml of distilled water, 9.167 g of TEOS in 60 ml of ethanol/ 30 ml of citric acid 10% 

(w/v)) was added drop-by-drop to an aqueous solution containing the phosphorous 

precursor (1.078 g of ammonium hydrogen phosphate in 1500 ml of distilled water). 

The pH was adjusted at 11.5 with ammonium hydroxide addition. The precipitate 

obtained was stirred for 48h, followed by a resting period of 24h. The precipitate was 

washed three times with distilled water. A 200 ml amount of an aqueous solution of 

poly(ethylene glycol) 2% (w/v) with Mw of 20000 was added to the precipitate, 

followed by freeze drying. Finally, the gel powder was calcinated at 700 °C for 5h to 

get the white bioactive glass nanoparticles.  

2.2.2 Scaffolds Preparation 

 The scaffolds were obtained by freeze-drying. Chitosan was dissolved in an 

aqueous acetic acid solution 2% (v/v) to a concentration of 3% (w/v) for preparation of 

the control scaffold of pure chitosan, labeled CHT. The composite scaffold, labeled 

CHT/BG-NPs, were obtained by dissolving CHT (0.7 %wt) and BG-NPs (0.3 %wt) in 

the acetic acid solution. In order to obtain a cylindrical shape, both solutions were cast 

into silicone tubes and frozen for 1 day at -80°C. After freeze-drying, the scaffolds, 

were neutralized with a solution of NaOH (1M) and then freeze-dried again. The tubes 

were then cut in small pieces to obtain scaffolds with a dimension of 7mm x Ø5 mm.    

2.2.3 In vitro bioactivity study 

 

 In vitro bioactivity tests were carried out by soaking single CHT/BG-NPs 

scaffolds in 20 ml of SBF for 3 and 7 days at 37˚C. Upon removing from SBF the 

samples were rinsed with distilled water and left to dry. The preparation of SBF 

followed the protocol described by Kokubo and Takadama 
19

.  
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2.2.4 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy 

(EDS) 
 

 

To study the composition and morphology of the surfaces, a NanoSEM-Fei 

Nova 200 (FEG/SEM) scanning electron microscope was used. A Pegasus X4M 

instrument was used to perform EDS experiments. 

 

2.2.5 Fourier-Transformed Infrared (FTIR) spectroscopy analysis 
 

 

FTIR analyses were applied to study the composition of the scaffolds. The 

infrared spectrum was measured using a FTIR Spectrometer (model IRPrestige-21, 

Shimadzu; Germany) in the wavelength range of 4400–400 cm
-1

. The samples were 

combined with potassium bromide (KBr) to produce discs.  

 

2.2.6 Swelling of scaffolds in water/ethanol mixtures 
 

 The swelling of CHT and CHT/BG-NPS scaffolds in mixtures of ethanol/water 

was determined by immersing previously weighted chitosan scaffolds in mixtures of 

these solvents at compositions varying from pure water to pure ethanol at room 

temperature, for 4h hours. It was confirmed that after a 4h period the scaffolds had 

reached their swelling equilibrium. After 4h, swelled samples were blotted with filter 

paper to remove the adsorbed solvent and weighted immediately. The swelling ratio (S) 

was calculated using the following equation: 

         
      

  
                                                     (1) 

where, w is the swollen sample weight and w0 is the dry sample weight. Each swelling 

experiment condition was performed in triplicate. 

2.2.7 Hydromechanical Cyclic Compressive Tests 

 

 The compressive tests of the developed scaffolds were performed using a 

Universal tensile testing machine (Instron 4505 Universal Machine, USA). The tests 

were performed under compressive loading, by performing uniaxial compression, using 

a crosshead speed of 2 mm.min
−1

, at a room temperature. The results presented are the 

average of at least three specimens. The compressive test was performed with the 

scaffolds hydrated. After the test and maintaining the strain, the stress was then held 
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constant while the sample is dehydrated by immersing the sample in ethanol for 20 min, 

whereby the temporary shape is fixed. Then stress is completely removed and the 

sample is now in its temporary shape, even after complete evaporation of ethanol. 

Finally, the samples were immersed in different mixtures of water/ethanol, varying from 

pure water to pure ethanol and the shape memory effect is observed. The tests were 

performed for a maximum strain (Ԑm) of 30%. Young’s modulus (E) was determined 

from resulting stress/strain curves.  

 In a cyclic hydromechanical compressive test, the shape memory capability of a 

SMP is typically characterized by the shape fixity ratio (Rf) and the shape recovery ratio 

(Rf). Rf characterizes the ability of a system to fix its temporary shape and Rr is the 

recoverability of the permanent shape. Rf and Rr values can be calculated according to 

the following equations: 

      
  

  
                                                          (2) 

 

        
  

  
                                                           (3) 

where Ԑm is the applied maximum strain, Ԑu is the fixed strain after unloading and Ԑp, the 

permanent strain after induced recovery. The measures were performed with a digital 

micrometer (measurements were performed in triplicate). 

 

2.2.8 Micro-Computed Tomography (µ-CT) 

 
 

 The shape recovery of the BG-NPs scaffolds inside bone defects produced in the 

pig femurs bone was evaluated by micro-computerized tomography using a Scanco 20 

equipment (Skyscan 1702, Belgium) with penentrative X-rays of 40 keV. The X-ray 

scans were acquired in high-resolution mode. CT Analyser® was used to visualize the 

2D X-ray sections images of the scaffolds. Defects were produced in fresh bones by 

drilling cylindrical holes with a diameter of 4mm.  
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3. Results and Discussion 

 

3.1 Bioactivity study 

 

 When bioactive bioceramics and glasses, such as Bioglass® are implanted into 

bone deffects, chemical bonding occurs between the surrounding bone tissue and the 

surface of the implant. Such biomaterials bond to bone via an apatite layer that is 

formed on their surfaces. Formation of this apatite layer when the material contact with 

simulated body fluid (SBF) is an in vitro bioactivity indicator of the implanted 

biomaterial 
19

. Therefore, to analyze the osteoconductive character of the scaffolds, and 

their potential to be used in bone tissue engineering, the bioactive character of 

CHT/BG-NPs scaffolds was tested in vitro by analyzing the ability to form apatite on 

their surface after being immersed in SBF. 

 In this study BG-NPs synthesized by a sol-gel route were used in the preparation 

of the CHT/BG-NPs composites. The image in Figure IV.1A shows a representative 

morphology of CHT/BG-NPs scaffold before immersion in SBF. An interconnected 

porous morphology is observed, with pores of about 50 µm. A higher magnification 

permits to visualize the BG-NPs embedded in the surface of the porous. The BG-NPs 

have a spherical appearance with a heterogeneous size of the particles, that could vary 

in the range 40-100nm. These results confirmed the nanoscale spheroid nature of these 

particles that spontaneously tend to aggregate in the walls of the pores. 

 EDS spectra and SEM micrographs of CHT/BG-NPs scaffolds soaked in SBF 

for 0, 3 and 7 days are presented in Figure IV.1. The bioactive potential of the 

composite scaffolds produced was confirmed by the development of an apatite layer and 

the formations of some cauli-flower-like clusters on the surface of the scaffold after 

immersion in SBF for 3 and 7 days (see SEM image in Figure IV.1B and C). After 7 

days of incubation, thin apatite clusters covered almost the entire surface of the 

scaffolds. Nevertheless some porosity could be seen in the structure despite the apatite 

deposition.  
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0 days 3 days 7days 

   

   
Figure IV.1 - SEM micrographs of CHT/BG-NPs soaked in the SBF solution during 0 (A), 3 (B) and 7 (C) days and the 

corresponding characterization of the chemical elements using EDS.  

 

  

 EDS analysis of the scaffolds was performed in order to analyze changes in the 

surface chemical composition related to the mineralization process. The EDS results 

shows that the concentrations of calcium (Ca) and phosphate (P) gradually increase as 

the concentration of silicon (Si) decreases due to the dissolution of the BG-NPs, 

supporting the indication of the development of apatite, being consistent with the SEM 

observations 
18,20

. A slight relative increase in P and Ca peaks from 3 days to 7 days 

shows that after 7 days of immersion in SBF the scaffolds present a higher amount of 

apatite than for 3 days. The increasing of mineral deposits with increased incubation 

time is related to the longer time available for apatite precipitation. 

   

A B C 
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Figure IV.2 - FTIR spectra of the powders scratched from the surface of the patterned membranes after 0 (control) 

and 7 days of immersion in SBF. 

 

 

 Evolution of apatite formation was also analyzed using FTIR (Figure IV.2). The 

spectra presented correspond to the apatite powder starched from the patterned scaffold 

after 0 and 7 days of immersion in SBF. Before soaking in SBF, the sample exhibited 

bending and stretching vibrations at 460 and 810 and 1030 cm
−1

 which are assigned to 

Si-O-Si, consistent with the silica network existing in the BG-NPs 
21

. Silicate-related 

bands are more intense in the control sample, which is in accordance with the previous 

observations that the Si content decreases after being soaked in SBF. 

 After 7 days, the samples exhibit a vibration band at 1080 cm
−1

 and a double 

peak at 607 and 570 cm
−1

, due to the stretching vibration of phosphate groups 
17

. After 7 

days, the amorphous band in the control sample at around 600 cm
-1 

in SBF evolves into 

these two peaks of P-O, indicating the hydroxyapatite growth on the surface of the 

material. 

 

3.2 Swelling of CHT and CHT/BG-NPs scaffolds in water/ethanol mixtures 

 

 Swelling test were used to evaluate the absorption capabilities of CHT and 

CHT/BG-NPs scaffolds in mixtures of a non-solvent (ethanol) and solvent (water). The 

combined effect of solvent and non-solvent in miscible liquid pairs is expected to be 

rather useful to control the swelling ratio within polymer networks. Ethanol was used as 

a non-solvent, aiming at provide control over the scaffolds swelling capability. The 

Crystalline 

P-O 

Amorphous 

P-O 
Si-O-Si 

Si-O-Si 

PO4
3- 

HPO4
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water-uptake capability is an important property of the scaffold to be used as a shape 

memory device induced by hydration.  

 As shown in Figure IV.3, the solvent uptake ability of both scaffolds increases 

with increasing of the water content. Bellow 50 vol.% such increase is not evident but 

above such values the swelling starts to increase prominently in both cases. This jump 

observed above 50 vol.% in the swelling ratio of the scaffolds is a strong indication that 

this polymer can undergo a phase transition when subject to a change in the solvent 

composition, at which an abrupt change in the volume is observed. Such event is related 

to the glass transition that is taking place at this hydration level 
9,10

. At higher water 

contents a plateau in the swelling curve, is seen, corresponding to a rubber-like behavior 

of the amorphous component of the chitosan, sustained by the crystalline fraction of the 

material. The swelling results show that CHT/BG-NPs present higher solvent uptake 

capability that CHT in all water/ethanol compositions, due to the hydrophilic nature of 

the BG-NPs fraction. The maximum swelling, reached for 100 vol.% of water, is 179 

vol.% for CHT and for CHT/BG-NPs is 358 vol.%. 
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Figure IV.3 - Dependence on the swelling capability of CHT and CHT/BG-NPs scaffolds determined after 

immersion in water/ethanol mixtures. 

 

3.3 Mechanical Properties 

 

In order to study the CHT/BG-NPs as device with shape memory ability with 

hydration as a stimulus, using dehydration to fix the temporary shape and hydration to 

recovery the permanent shape, the mechanical properties and the shape memory 
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capability of both CHT and CHT/BG-NPs scaffolds were performed for the scaffolds 

immersed in different mixtures of water/ethanol. The CHT scaffolds were used as a 

control to analyze how the BG-NPs affect the mechanical properties of the composite. 

 

3.3.1 Young's modulus of the scaffolds at distinct hydration levels 

 

The Young's modulus (E) of the developed scaffolds upon immersion in 

water/ethanol mixtures was assessed via uniaxial compressive tests, obtained from the 

slope of the stress-strain curve. Figure IV.4 shows an inverse relationship between E 

versus water content. For both scaffolds, CHT and CHT/BG-NPs, as the water content 

was increased, E was observed to systematically decrease. With the decrease of water 

content, the increasing of E starts for water contents below approximately 50 vol.%. A 

change at 50 vol% was also mention before indicating a glass transition from the glassy 

to the rubbery state. For water contents above 50% all the samples show a plateau in the 

elastic modulus, suggesting a rubber-like behavior where the mobile chains in the 

amorphous regions are sustained by the crystalline domains of chitosan. Water acts as a 

very good plasticizer, interfering with hydrogen bonds between the chitosan 

macromolecular chains. The chains acquire greater mobility and the free volume 

increases, leading to a decrease in the glass transition temperature and the stiffness 
22

. 

Therefore, increasing plasticizer content resulted in scaffolds with lower E and then 

more flexible.  

The higher value of Young's modulus was observed when the scaffolds were 

dehydrated being 31.5 kPa for CHT and 55 kPa for CHT/BG-NPs. The mechanical 

properties are influenced by the incorporation of BG-NPs. The improvement of the 

Young's modulus is due to the effect of adding a rigid, inorganic particulate phase (BG-

NPs) use to reinforce the polymeric matrix. The addition of bioactive glass 

nanoparticles reinforces the CHT matrix and provides better mechanical properties for 

the composite scaffold.  
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Figure IV.4 - The variation of Young's Modulus with water/ethanol mixtures for CHT and CHT/BG-NPs. 

 

3.3.2 Hydromechanical compressive cyclic 
 

 

 The shape memory effect of CHT and CHT/BG-NPs scaffolds can be 

represented by hydromechanical cycle. The process across the changing between the 

permanent and the temporary shape can be divided in 4 steps: loading, dehydration, 

unloading and recovery. 

 The cycle starts by hydrating the scaffolds followed by a compression at a 

constant strain rate, resulting in a continuous stress-strain curve. Afterwards the 

temporary shape is fixed by dehydrating the scaffold at constant compression 

(Ԑm=30%). Then, the compressive stress is reduced until a stress-free condition is 

reached. The scaffold is finally hydrated while the compressive stress is kept constant at 

σ = 0 kPa. Such process was performed by immersing the scaffolds in water/ethanol 

mixtures with increasing water content. The permanent shape is recovered, resulting in 

the strain-water content relationship. The three-dimensional stress–strain–hydration 

response of both CHT and CHT/BG-NPs scaffolds under uniaxial loading is shown in 

Figure IV.5.  

 The stress-strain curves were performed for CHT and CHT/BG-NPs in hydrated 

conditions by compression tests up to Ԑm = 30% (curve I in Figure IV.5). The scaffolds 

exhibited a typical response observed in soft cellular materials for relatively low 

deformations. After loading, Ԑm is maintained while the samples are dehydrated (stage II 

in Figure IV.5). When the stress is removed the scaffolds reach the temporary shape 

(stage III in Figure IV.5).  

 The strain–hydration curves present in the compressive cycle were obtained by 

hydration of the dehydrated scaffolds in mixtures of water and ethanol, varying from 
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pure ethanol to pure water (sequence IV in Figure IV.5). As can be seen, in the 

hydration process, the strain is recovered significantly above 50% of water content. 

 

-

0

20

40

60

80

100

0

1

2

3

4

5

6

7

0

5

10

15
20

25
30

S
tr

e
s
s
 (

k
P

a
)

Stra
in (%

)water/ethanol (v/v (%))
 

Figure IV.5 - Hydromechanical compressive cycle of CHT and CHT/BG-NPs. I: compression at a constant rate of the 
hydrated sample; II - dehydration of the sample at a fixed strain; III - release of the stress; IV - hydration in 

water/ethanol mixtures with increase content in water. 

 

Figure IV.6 shows the variation of strain recovery along hydratation for CHT 

and CHT/BG-NPs scaffolds from a temporary strain (Ԑm) of 30%. The scaffolds don't 

exhibit significant strain recovery for water content below 25 vol.%. The strain recovery 

starts between 25 and 50 vol.% having a drastically increase in the range of 50-75 

vol.%. The water has a plasticizing effect on the chitosan increasing the flexibility of the 

macromolecular chains, leading to a reduction in the transition temperature and 

resulting in shape recovery. Such results are consistent with the swelling results in 

Figure IV.3 in which an abrupt change in the volume is observed above 50 vol. % of 

water content.  

The shape fixity Rf and the shape recovery Rr were calculated to quantify the 

fixation of the temporary and the recovery of the permanent shape of the polymer 

network. Both CHT and CHT/BG-NPs exhibit good shape memory properties. For a 

maximum strain of 30% the recovery of the original shape was 87.5% for CHT and 

89.9% for CHT/BG-NPs, while the fixation of the deformation shape was 97.2% for 

CHT and 98.2% for CHT/BG-NPs. CTH/BG-NPs exhibit better shape memory 

properties than CHT.  The addition of Bioglass-nanoparticles reinforces the chitosan 

matrix and provides bioactive properties for the composite scaffold. 
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Figure IV.6 - Strain recovery of CHT and CHT/BG-NPs in different mixtures of water/ethanol for Ԑm=30%. 

 

  

 As an exemplification of the applicability of the shape memory effect of the 

scaffolds we placed a previously deformed structure in a bone defect model. A defect 

was produced in a fresh pig femur with a size between the permanent shape and the 

temporary shape of the scaffolds. The dehydrated CHT/BG-NPs scaffold in the 

temporary shape was placed in the empty space and Figure IV.7A shows an image of 

the system after the introduction of the scaffold and the recovery process shape induced 

by hydratation. We observe that the scaffold accommodate the empty space to filling its 

geometrical contour. Micro-CT was performed to verify if the recovered scaffold 

completely fill the bone defect. Figure IV.7B shows that the recovery is guided by the 

empty space volume and the hydrated scaffold fits perfectly the geometry of the bone 

defect.  

 These results strengthen the hypothesis that CHT/BG-NPs have potential as 

shape-memory bone implant materials for tissue regeneration, in which the scaffolds 

can be introduced with smaller volumes in bone defect, thus requiring less invasive 

procedures. 
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Figure IV.7 - A- Illustration of CHT/BG-NPs recovery in a defect produced in a pig femur bone. B - Representative 

images of tree orthogonal Micro CT slices of a CHT/BG-NPs scaffold after recovery in the bone defect. 

 

4. Conclusion 

 

CHT/BG-NPs composite scaffolds were fabricated and studied for possible 

application as shape-memory bone implantable materials for tissue regeneration. Upon 

immersion in SBF the composite scaffolds were able to promote the deposition of an 

apatite layer, evidencing of an osteoconductive potential. The introduction of BG-NPs 

in the chitosan matrix increased the stiffness of the scaffolds. Both CHT and CHT/BG-

NPs exhibit good shape memory properties. For a maximum strain of 30% the recovery 

of the original shape was 87.5% for CHT and 89.9% for CHT/BG-NPs, while the 

fixation of the deformation shape was 97.2% for CHT and 98.2% for CHT/BG-NPs. 

CTH/BG-NPs exhibit better shape memory properties than CHT. Shape memory 

capability permits a better fixation and geometrical accommodation of the scaffold in 

bone defects.  

 These results suggest that combining chitosan with BG-NPs, we ally the 

mineralization induced by the BG-NPs with the shape memory capability of the 
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chitosan biopolymer, producing a nanocomposite with potential applications in bone 

tissue engineering. 
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Chapter V 

General Conclusions and Future Perspectives 

 

The shape memory potential of chitosan scaffolds was present and characterized 

in this work. Non-crosslinked and crosslinked CHT scaffolds showed shape memory 

effect under hydration as stimuli, with shape fixity by dehydration and shape recovery 

by hydration. The swelling in water/ethanol mixtures showed that both scaffolds have 

good water uptake capability, which may be a result of the interconnected porous 

structure revealed. Moreover, they presented a jumpwise change in the volume of the 

scaffolds around 40 vol.% of water, which was a strong indication that the swelling can 

determinate the mechanical behavior of scaffolds.  

 By DMA analysis it was possible to verify a glass transition for both scaffolds 

induced by hydration. CHT0 present a glass transtion of 32.3 vol.% of water in 

water/ethanol mixtures and CHT1 at 40 vol.%. The Young's modulus (E) was assessed 

via compressive tests and was observed an inverse relationship between E and water 

content. The E starts to increase in the vicinity of the glass transition, for water contents 

below approximately 40 vol.%. For water contents above 40 vol.%, all the samples 

showed a plateau in the Young's modulus, suggesting a rubber like structure where the 

mobile chains in the amorphous regions are sustained by crystalline or crosslinked 

domains. 

The recovery along time for different maximum strain for CHT0 showed a rapid 

recovery that occurs essentially in the first 5 minutes. The recovery dependence with 

hydration was also evaluated for both scaffolds. The scaffolds exhibit a drastically 

recovery for water content above 50 vol.% which are according with the jump observed 

in the swelling results and with the peak observed in DMA analyses. The recovery 

decreased with increasing of maximum strain and CHT1 presented better mechanical 

properties and better recoverability than CHT0. Results showed that chitosan possess 

shape memory properties, characterized by a fixity ratio above 97.2% for CHT0 and 

above 99.2% for CHT1 and a recovery ratio above 70.5% for CHT0 and 98.5% for 

CHT1. Aftwards, in vitro drug delivery studies were also performed to demonstrate that 

such devices can be also loaded with molecules. The results showed that the CHT1 
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release more amount of molecule than CHT1, but both scaffolds showed that this 

system can be used as controlled delivery system.  

In the following chapter the chitosan were combined with bioactive glass 

nanoparticles for possible application as a shape-memory implant material for bone 

regeneration. The EDS, FTIR and SEM results from in vitro bioactivity studies showed 

a development of an apatite layer on the surface of the scaffolds also proved by a 

decreasing of Si content and an increasing of Ca and P content after 7 days. The 

mechanical properties of BG-NPs scaffolds in terms of shape memory showed the same 

behavior of CHT and CHT1 with a jumpise in the swelling behavior for water contents 

around 50 vol% and a decreasing of E with increasing of water content followed by a 

plateau above 50 vol.%, which is a response from a glass transition, also observed in the 

previous chapter. CHT/BG-NPs scaffolds showed a shape recovery of 87.5% and a 

shape fixity of 98.2%. CHT/BG-NPs present better mechanical properties that CHT, as 

a result from the incorporation of BG-NPs. 

 The properties and behavior of the scaffolds developed showed that they are 

candidates for applications in minimally invasive surgery for tissue regeneration or for 

drug delivery. Moreover, the incorporation of BG-NPs allows potential applications in 

bone regeneration.   

After this study, and based on the good shape memory properties that all the 

scaffolds developed showed, the next step would be the establishment of in vivo tests, 

using adequate animal models to evaluate the performance of these scaffolds  inside of a 

living body. Moreover, the potential of the scaffolds as a drug delivery system should 

be tested for different types of drugs and molecules addressed for different applications. 

The shape memory behavior observed in CHT and based on the fact that CHT is 

a material with great versatility to be processed in different structures can be used to 

produce different types of chitosan-based devices to be used as a shape memory implant 

for different approaches. To overcome mechanical and malleable disadvantages of 

CHT, composites with others polymers could be also tested. 

 

 

 

 

 



   

89 

 

 


	Página 1
	Página 2
	Página 3

