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ABSTRACT 

 

Hydrogels are known to be covalently or ionic cross-linked, hydrophilic three-dimensional 

polymer networks, which exist in our bodies in a biological gel form such as the vitreous 

humour that fills the interior of the eyes. Poly(N-isopropylacrylamide) (poly(NIPAAm)) 

hydrogels are attracting more interest in biomedical applications because, besides others, they 

exhibit a well-defined lower critical solution temperature (LCST) in water, around 31–34°C, 

which is close to the body temperature. This is considered to be of great interest in drug 

delivery, cell encapsulation, and tissue engineering applications. In this work, the 

poly(NIPAAm) hydrogel is synthesized by free radical polymerization. Hydrogel properties 

and the dimensional changes accompanied with the volume phase transition of the 

thermosensitive poly(NIPAAm) hydrogel were investigated in terms of Raman spectra, 

swelling ratio, and hydration. The thermal swelling/deswelling changes that occur at different 

equilibrium temperatures and different solutions (phenol, ethanol, propanol, and sodium 

chloride) based on Raman spectrum were investigated. In addition, Raman spectroscopy has 

been employed to evaluate the diffusion aspects of bovine serum albumin (BSA) and phenol 

through the poly(NIPAAm) network. The determination of the mutual diffusion coefficient, 

Dmut for hydrogels/solvent system was achieved successfully using Raman spectroscopy at 

different solute concentrations. Moreover, the mechanical properties of the hydrogel, which 

were investigated by uniaxial compression tests, were used to characterize the hydrogel and to 

determine the collective diffusion coefficient through the hydrogel. The solute release coupled 

with shrinking of the hydrogel particles was modelled with a bi-dimensional diffusion model 

with moving boundary conditions. The influence of the variable diffusion coefficient is 

observed and leads to a better description of the kinetic curve in the case of important 

deformation around the LCST. A good accordance between experimental and calculated data 

was obtained.  
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KURZFASSUNG 

 

Hydrogele sind kovalente oder ionisch vernetzte, hydrophile, dreidimensionale Polymer netze, 

die auch in unseren Körpern in einer biologischen Gelform zu finden sind. Ein Beispiel hierfür 

ist der Glaskörper, der das Innere unseres Auges füllt. Hydrogele aus Poly(N-

isopropylacrylamid) (poly(NIPAAm)) finden große Beachtung in biomedizinischen 

Anwendungen, wegen ihrer klar definierten unteren kritischeren Lösungstemperatur (LCST) 

um 31-34°C in Wasser, was nahezu der Körpertemperatur entspricht. Folglich sind Hydrogele 

sehr interessant, zum Beispiel bei der Arzneimitteverabreichung, der Zellenverkapselung und 

beim „Tissue Engineering―. Das Ziel dieser Arbeit ist es verfahrenstechnischer Eigenschaften 

selbst synthetisierter Hydrogele unter transienten Bedingungen experimentell und theoretisch 

zu erforschen. Mithilfe der konfokalen Raman Spektroskopie wurde der Effekt von Temperatur 

und pH-Wert auf das Verhalten von selbst synthetisierten Poly(NIPAAm) Hydrogelen 

experimentell untersucht. Basierend auf Raman-Spektren wurde die Abhängigkeit des 

thermischen Quellens/Schrumpfens bei verschiedenen Temperaturen und Lösungen gemessen 

(wie z.B. Phenol, Ethanol, Propanol und Natriumchlorid). Mit den 

Lösungsmittelkonzentrationsprofilen wird das Ad- und Desorptionsverhalten eines 

Lösungsmittels in einem thermosensitiven Hydrogel charakterisiert. Die Abhängigkeit 

zwischen der Lösungsmittelkonzentration und der Raman intensität für Poly(NIPAAm) wurde 

verwendet, um den binären Diffusionskoeffizienten zu berechnen. Außerdem, wurde ein 

Versuchsaufbau entwickelt um die Diffusions- und die mechanischen Eigenschaften unter 

realitätsnahen Bedingungen näher zu untersuchen. Für die wärmeempfindlichen 

Poly(NIPAAm) Hydrogele wurde der gemeinsame Diffusionskoeffizient basierend auf den 

viskoelastischen Parametern des Hydrogels bestimmt. Die erhaltenen Daten wurden mit einem 

zweidimensionalen Diffusionsmodell mit variablen Randbedingungen, das auf dem Fick‗schen 

Gesetz basiert, verglichen. Die erhaltenen Diffusionskoeffizienten erlauben eine gute 

Beschreibung der Diffusionskinetik. 
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Transient Processes with Hydrogels 

 

1. Introduction 

Solving health disorder and problems of diseases are not anymore professional without 

combining the traditional treatment procedure with material and molecular science. The 

biomedical materials, which provide the clinical fields with wide applications for dressing 

wounds, drug release, blood oxygenators, heart valves, vascular grafts, kidney dialyzers, etc., 

are found in 8,000 different medical devices and 40,000 different pharmaceutical preparations 

[Roorda et al., 1986, Langer and Pappas, 2003, Zhang et al., 2004,Son et al. 2006]. Such 

materials usually contain therapeutic or diagnostic systems in contact with biological fluids. 

Chemical engineering has played a remarkable role in developing polymers as biomedical 

carriers, which could be encapsulated, or immobilized, with drugs, allowing the drug to reach a 

required site safely. These hydrophilic three-dimensional polymeric matrices are called 

hydrogels. They are known for integrity, biocompatibility, network structure, molecular 

stability, and flexibility. Hydrogels are also known as water containing but water insoluble 

homopolymers (or copolymer), which are covalently or ionic cross-linked. These three-

dimensional networks interact with aqueous media by swelling to some equilibrium value by 

the retention of the aqueous media in their structures. Hydrogels are also known to be 

intelligent compatible polymeric networks that have a high absorption capacity during swelling, 

by which they increase their initial volume several times without losing their original form. In 

the last two decades, hydrogels have attracted much attention because of their significant 

properties. In addition, controlling the cross-linking determines the structural nature of the 

hydrogels and classifies the hydrogel‘s chemical and physical structure. The physical 

crosslinkage can be found as polymer chain entanglements, crystallites, or physical weak 

associations, such as van der Waals forces, ionic interactions, hydrophobic interactions, or 

hydrogen bonds [Jen et al., 1996, Peppas et al., 2000]. Therefore, the physical networks have 

transient junctions, whereas the chemically crosslinked networks have permanent junctions. 

Besides, they are also considered as stimulus responsive materials, which interact with the 

external stimuli by swelling and deswelling. These stimuli sensitive materials (SSM) undergo 
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reversible and discontinuous volume changes in response to changes in environmental 

conditions, such as temperature [Tanaka, 1978, Hong and Bae, 2002, Bignotti et al., 2004], pH 

value [Sudipto et al., 2002], ionic strength [Engish et al., 1996], light irradiation [Mamada et 

al., 1990, Bhardwaj, 2003], composition of the gel network [Dagani, 1997], solvent 

composition [Quinn and Grodzinsky, 1993], and the applied electric field [Doi et al., 1992, 

Whiting et al., 2001, Osada and Hasebe, 1985, Kishi and Osada, 1989, Nge et al., 2002]. Based 

on the application, one may orientate the behaviour of the hydrogels by adding some additives 

to control the pendent group and end up with a neutral or ionic structure; in other words, their 

composition can be tuned to exhibit large volumetric swelling in response to a variety of 

environmental stimuli [Hudson and Zhang, 2001]. In this case, they switch their 

physicochemical properties in response to external stimuli, i.e. ‗environmental switchable 

materials‘ [Kim et al., 2003]. Due to such properties of the ‗intelligent‘ polymers, their phase 

transitions accompany volume changes [Hirotsu et al., 1987]. Due to their integrity, 

biocompatibility, and degradability, hydrogels have been given a vast potential of applications 

in food additives, pharmaceutical polymers technology, biotechnology industry, environmental 

problems, engineering material science, and clinical applications fields. In the medicine 

technique, hydrogels are not only confined to drug delivery but they also can be used to 

produce soft contact lenses [Hiratani and Alvarez-Lorenzo, 2002, Beek et al., 2008, Ali et al., 

2007, Santos et al., 2007], medical dressings [Quarfoot et al., 1990], biosensors [Iveković et al., 

2004], artificial skin [Takahara et al., 1997], artificial heart valves [Jiang et al., 2004], and 

artificial muscles [Moa et al., 2005]. Furthermore, hydrogels are also found in numerous 

applications such as solid-phase extraction [Ansell et al., 1996] or chromatographic separation 

[Yoshida et al., 2000]. 

Temperature-sensitive hydrogels are probably the most commonly studied class of stimuli 

responsive polymer systems. N-isopropylacrylamide (NIPAAm) based hydrogels 

(poly(NIPAAm)) respond to temperature change by undergoing reversible phase transition 

[Bignotti et al., 2004, Tanaka, 1978]. Due to their well-defined lower critical solution 

temperature (LCST) in water (around 31-34°C), which is close to the body temperature, 

[Hirotsu et al., 1987, Sayil and Okay, 2000, Ratner et al., 2004, Peppas, 2004, Ding et al., 2006, 
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Naddaf and Bart, 2008], poly(NIPAAM) hydrogels are attracting more interest in biomedical 

applications. In addition, under the low critical solution temperature (LCST), they undergo a 

reversible phase transition from a swollen (hydrated) state to a shrunken (dehydrated) state, by 

which they lose about 90% of their mass [Naddaf and Bart, 2008]. In this case, at least one 

component of the polymer system should possess a temperature dependent solubility in a 

solvent [Amiya et al., 1987]. Also, poly(NIPAAm) hydrogels have been attracting more and 

more interest for their use in processing agricultural products [El Sayed et al., 1991], sensors 

[Galino et al., 2005], actuators [Linden et al., 2004], and for their use in separation processes of 

polymer molecules from aqueous solutions [Freitaz, 1987]. Moreover, they are excellent 

bioadhesives; they can adhere to mucosal linings within the gastrointestinal tract for extended 

periods, releasing their encapsulated medications slowly over time. Therefore, they are 

considered to be of great interest and have been intensively studied with respect to biomedical 

application and medical techniques, like drug delivery [Gutowska et al., 1992, Chung et al., 

1999], cell encapsulation and tissue engineering applications [Stile and Healy, 2002], 

production of soft contact lenses [Ali et al., 2007], medical dressings [Quarfoo et al., 1990], 

biosensors [Iveković et al., 2004], artificial skin [Takahara et al., 1997], artificial heart valves 

[Jiang et al., 2004], and artificial muscles [Mao et al., 2005]. 

 

1.1.Scope of this work 

The aim of this dissertation is to investigate, experimentally and theoretically, the transient 

processes in hydrogel. The thermosensitive poly(N-isopropylacrylamide) (poly(NIPAAm)) 

hydrogel was synthesized by free radical polymerization with different cross-linking ratios. It 

was used to study the release kinetics of BSA and phenol by thermal deswelling at different 

temperatures around the LCST. The solvent released through the hydrogel was modelled using 

a two-dimensional diffusion model with moving boundaries.  

At early stages of the project, poly(NIPAAm) hydrogel was investigated experimentally to find 

out the effect of temperature, pH, solvent concentration, and solvent composition on the 
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hydrogel behaviour, i.e., the swelling reversibility. The dimensional changes accompanied with 

the volume phase transition of the thermosensitive poly(NIPAAm) hydrogel based on changing 

the diffusion and equilibrium parameters were investigated closely. Moreover, characterization 

of the presented hydrogel using Raman spectroscopy was performed. The effect of the hydrogel 

shrinking process on the drug release also has been discussed. 

To achieve the goal of the research, two experimental setups were designed. The first (uniaxial 

compression apparatus) was designed to measure the viscoelastic properties of the cylindrical 

hydrogels as a function of their dimensions, swelling ratio, equilibrium temperature, and 

diffused solvent. In addition, this uniaxial compression apparatus was used to successfully 

determine the collective diffusion coefficient (Dcol) for the moving boundary thermosensitive 

poly(NIPAAm) hydrogels swelled to equilibrium in a solvent. From the uniaxial compression 

apparatus, the collective diffusion coefficient was calculated using the correlation developed by 

Tanaka [Tanaka et al., 1973]. In addition, Raman spectroscopy was used as a modern non-

destructive method to investigate the hydrogel und to determine the mutual diffusion 

coefficient (Dmut) in thermo-sensitive poly(NIPAAm) hydrogels. 

Part of this doctoral thesis project was done in close cooperation with the University of 

Chemical Technology and Metallurgy, in Sofia, Bulgaria to develop a bi-dimensional diffusion 

model with moving boundary conditions describing the solvent release through the hydrogel. 

 

In the first main chapter of this dissertation, a short introduction identifies the related topic and 

the required details of theory, experiment, and results. In the next Chapter, an overview about 

hydrogels is summarized. The synthesis and characterization of poly(NIPAAm) is given in 

Chapter 3. The characterization of hydrogel using Raman spectroscopy is introduced in Chapter 

4. The mechanical properties of hydrogel and the corresponding experimental setup and data 

analysis are given in Chapter 5. Chapter 6 deals with the bi-dimensional diffusion model, and 

finally, Chapter 7 shows results of these simulations. Conclusions are given in Chapter 8. 
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2. Hydrogels: Overview 

2.1. Classification 

Gels that swell (or shrink) gradually over time were discovered in the latter half of the last 

century. Hydrogels, which have a definitive phase transition as a response to an external 

stimulus, were first discovered in 1975 by Toyoichi Tanaka. Even today, after decades of 

research, the intelligent gels (hydrogels) continue to attract many investigators, including 

chemists, biologists, and chemical engineers. 

Hydrogels can be classified according to many categories. For example, based on the method of 

preparation, hydrogels are classified as homopolymer hydrogels, co-polymer hydrogels, and 

multi polymer hydrogels. Based on the nature of the pendent groups, hydrogels can be 

classified as neutral, anionic, cationic, and ampholytic hydrogels [Peppas et al., 2000]. 

Hydrogels are also classified based on the physical structure of the network as amorphous 

hydrogels, semi-crystalline hydrogels, super molecular structures, hydrocolloidal aggregates, 

and hydrogen-bonded hydrogels [Peppas et al., 2000]. And based on the mechanism controlling 

the drug release, they are classified as diffusion controlled release systems, swelling controlled 

release systems, chemically controlled release systems, and environment responsive systems 

[Peppas et al., 2000]. Finally, and according to external stimuli, hydrogels are classified into 

several categories, such as pH-sensitive hydrogels, temperature-sensitive hydrogels, and 

hydrogels reacting according to the electrical field, magnetic field, light irradiation, and solvent 

concentration [Dolbow et al., 2005]. 

 

2.2. Temperature-sensitive hydrogels 

Temperature-sensitive hydrogels have the ability to swell or shrink because of temperature 

change. Therefore, they have received attention for use in drug delivery [Peppas, et al., 2000]. 

Based on the transition mechanism; these hydrogels can be classified into three categories: 

negatively temperature-sensitive, positively temperature-sensitive, and thermo-reversible gels 

[Qiu and Park, 2001]. 

If the hydrogel shrinks and releases solvent from its matrix at temperatures below the upper 

critical solution temperature (UCST), then the hydrogel is known as positively temperature-
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sensitive hydrogel. Interpenetrating polymer network hydrogels (IPNs) are mostly known to 

have positive temperature dependency. The thermo-reversible gels, such as poly (vinyl 

chloride) and polyacrylates with discotic side-chains, undergo sol-gel phase transitions instead 

of swelling-shrinking transitions. In contrast to the positively temperature-sensitive hydrogels, 

the swelling behaviour of negative hydrogels is attributed to the lower critical solution 

temperature (LCST). In their case, a temperature above LCST results in a shrinking of the 

hydrogel structure. 

 

2.3. Negatively temperature-sensitive hydrogels 

Negatively temperature-sensitive gels shrink as the temperature of the surrounding solution 

increases above LCST and swell at lower temperatures. Poly(N-isopropylacrylamide) 

(Poly(NIPAAm)) is the most well-known example of a negatively temperature-sensitive 

hydrogel; it is composed of polymer chains that have both hydrophobic and hydrophilic 

domains below and above the LCST. Below the LCST, the isopropyl groups are surrounded 

with water, which interacts with the side chains through hydrogen bonds between water 

molecules and the hydrophilic parts, causing swelling [Robert, 2010, Zhang and Peppas, 2000]. 

However, above the LCST, the hydrophobic groups are in contact with both water and polymer 

segments [Robert, 2010], by which the hydrophobic interactions among hydrophobic segments 

become stronger compared to the hydrogen bonds. These interactions cause an inter-polymer 

chain association that results in the shrinking of the hydrogels [Qiu and Park, 2001]. The LCST 

could be controlled by increasing hydrophobic constituents in the polymeric chains, e.g., by 

adding small amounts of ionic copolymers in the gels [Yu and Grainger, 1993] or by changing 

the solvent composition [Suzuki et al., 1996]. On the other side, increasing the hydrophilic 

content in the copolymer network can reduce the poly(NIPAAm) temperature sensitivity 

[Beltran et al., 1991, Feil et al., 1993].  

Negatively temperature-sensitive hydrogels, especially poly(NIPAAm), have LCST ranges 

between 32
o
C and 34

o
C, which is close to the human body temperature. Moreover, the 

poly(NIPAAm) has properties in common with soft biological materials such as muscles and 

tendons [Johnson et al., 2002]. Therefore, these hydrogels have been investigated intensively 

for various possible biomedical and pharmaceutical applications, such as contact lenses, 
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membranes for biosensors, linings for artificial hearts, materials for artificial skin, and drug 

delivery devices [Peppas and Langer, 1994, Walther et al., 1995, Chung et al., 1999, Peppas et 

al., 2000, Melekaslan et al., 2003]. For such load bearing applications, the mechanical 

properties of hydrogels are of great importance, i.e., the optimal hydrogel should be relatively 

strong yet elastic. 

 

2.4. Motivation 

The objectives of this research are to: 

(1) characterize the self-synthesis thermosensitive poly(NIPAAm) hydrogels,  

(2) determine the diffusion coefficient for the poly(NIPAAm) hydrogels, and  

(3) investigate the relationship between the hydrogel properties and the release performance 

and compare it to model simulations.  

  



 

8 

 

3. Experimental preparation 

3.1. Materials 

As a monomer, N-isopropylacrylamide [NIPAAm, H2C CHCONHCH(CH3)2] (Aldrich >97%) 

was used without any further modifications. N,N-methylenbisacrylamide [MBA, 

(CH2CHCONH)2CH2] (Aldrich >99.5%) was functioned as a crosslinking monomer. The 

initiators, sodium metabissulfite [NaDS, Na2O5S2] (Aldrich >98%) and 

ammoniumperoxodisulfat [APS, (NH4)2S2O8] (VWR >98%), were used as received. As a drug 

example, the slightly yellow leafs type of bovine serum albumin [BSA] protein (Merck, >98%) 

was used to prepare the required BSA solutions. In addition, aqueous phenolic solutions 

[C6H5OH] (MERCK, >98%) were used as a drug example (Appendix A). 

 

3.2. Synthesis 

The polymerization and the cross-linking of the non-ionic hydrogel were achieved by free 

radical polymerization at 25°C under oxygen-free conditions. Solutions of NIPAAm and MBA 

(about 70g) were prepared using deionized water and mixed together. In addition, 20mg of APS 

and 20mg of NaDS were dissolved separately into 25ml of deionized water. The two solutions 

were purged for approximately five minutes with nitrogen to expel the dissolved oxygen. Then, 

they were mixed together in a 100ml mixer for three minutes with stirring at 40 rpm. After 

mixing, the polymerized solution was filled to the neck into small glass vessels (20ml), which 

were immediately closed after filling to avoid any contact to the ambient air. After that, the 

glass vessels were stored in a water bath at 25°C for 24 hours to achieve complete 

polymerization. After the predefined time, the gel was removed smoothly from the glass vessel 

and cut into small cylinders. The small cylindrical hydrogels were each set in a separated stead 

in a six-well dish. Each of the hydrogel samples was washed with deionized water for about 

seven days to remove the non-reacted materials [Naddaf and Bart, 2008]. 
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1. Thermostat 

2. Mixer 

3. Dropping funnel 

4. Electric motor 

5. Washing flask 

6. N2 supply 

7. Vacuum pump 

 

Fig. 3.1: The system used to synthesis poly(NIPAAm) 

 

The synthesized hydrogel was characterized by calculating the hydrogel matrix ratio [Hüther et 

al., 2006], HMR, which is given by: 

 





tot

MBANIPAAm

m

mm
HNR , where 

OHMBANIPAAmtot mmmm
2

         (3.1) 

 

Here m is the mass in [g], the subscripts NIPAAm, MBA, tot., and H2O refers to N-

isopropylacrylamide, N,N-methylenbisacrylamide, total mass and water respectively. The 

acceptable matrix ratio should be within the range of 0.08 to 0.12 [Hüther et al., 2006]. In this 

work, poly(NIPAAm) hydrogels of different molar cross-linking ratio, yMBA of 0.0115, 0.0136, 

0.0168, and 0.025 with a matrix ratio of 0.11 were synthesised using the system shown in Fig. 

3.1. Based on the cross linking ratio, four kinds of hydrogels were produced, as given in Table 

3.1 (Tables B.1-B.4 appear in Appendix B). 

1

2

3 3

4

5

6

7

Monomer: NIPAAm

Cross-linker: MBA

Initiator: NaDS

Initiator: APS
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Table 3.1: The four kinds of tested hydrogels based on the cross linking ratio 

 NIPAAm MBAm m  MBAy  

Hydrogel_1 63 0.0115 

Hydrogel_2 53 0.0136 

Hydrogel_3 43 0.0168 

Hydrogel_4 33 0.025 

 

After the synthesis, the hydrogel underwent several steps of cutting and washing before drying, 

as mentioned in Section 3.2 and Appendix C.  

 

3.3. Characterization 

The mass, diameter, and thickness of each hydrogel sample were measured directly after the 

synthesis. The weight was measured using a digital balance having an accuracy of ± 0.5 mg. 

Both diameter and thickness were measured using a microscope equipped with a CCD video 

camera and connected to a computer provided with Grab&View
®
 program to shoot a photo of 

the sample and Image C
®

 program to measure the sample dimensions accurately. Before rinsing 

the samples for about seven days, they were separated into different groups, i.e., six samples 

are included in each individual group. Every group was subjected to different equilibrium 

conditions by changing one of the swelling control parameters. To check the thermal 

reversibility of the poly(NIPAAm), each sample was set to the equilibrium twice and the 

changes in the hydrogel‘s behaviour were indicated after each one. Detailed experimental 

results are given in Appendix D. 

As a next step to characterize the hydrogel, hydrogels were equilibrated at different 

temperatures using several concentrations of different solutions, including NaCl, NaOH, 

H2SO4, propanol, phenol, and bovine serum albumin (BSA). The hydrogel was then 

characterized based on several criteria, such as swelling ratio, water uptake, hydration value, 

and Raman intensity, as will be shown in the next sections. 
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3.3.1. Thermal analysis 

One set of the experiments was performed to investigate the thermal behaviour of 

poly(NIPAAm). By which, each of the six samples of the poly(NIPAAm) hydrogel was 

immersed in a large volume of deionized water and sealed in a glass container. The glass 

containers, which contain the hydrogel, were set to different temperature in a thermostat having 

temperature control accuracy of ±0.03 K. The thermal swelling was conducted at equilibrium 

temperatures of 25°C, 30°C, 32°C, 34°C, 40°C, and 50°C. Measurements of the dimensions 

(diameter and thickness) and the weight of the cylindrical poly(NIPAAm) hydrogel were taken 

[Naddaf and Bart, 2008].  

 

3.3.2. Variation of the pH value 

Another set of experiments was performed to investigate the effect of the solution pH 

surrounding the poly(NIPAAm). Five samples of the hydrogel were sealed in glass containers 

filled with basic solution of NaOH, and another five samples were immersed in an acidic 

solution of H2SO4; all were surrounded by a temperature-controlled bath held at 25°C. The 

buffered solutions from both NaOH and H2SO4 were diluted to the required concentrations 

using deionized water and varied in pH values between 0.45 and 12 [Naddaf and Bart, 2008].  

 

3.3.3. Volume phase transition 

For studying the equilibrium swelling ratio, poly(NIPAAm) hydrogels were weighed in their 

dried state and again after equilibrium at different temperatures between 25ºC and 40ºC, which 

covers the expected range of their LCST. The samples were subjected to the equilibrium 

conditions for seven days. Then, the swelling ratio, q, was determined according to the 

following equation: 

s

d

W
Swelling Ratio

W
            (3.2) 
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where Ws is the weight of hydrogel after equilibrium and Wd is the weight of dried hydrogel. 

Fig. 3.2a and Fig. 3.2b show the variation of the swelling ratio with temperature for different 

concentrations of phenol and BSA, respectively. In addition, they show that swelling curves 

measured for hydrogels at different temperatures follow similar profiles, i.e., the swelling ratio 

decreases by increasing the temperature [Naddaf and Bart, 2011-b]. 

All of the poly(NIPAAm) hydrogels‘ cylinders, which were allowed to swell to equilibrium in 

different solutions, underwent a sharp volume change by temperature elevation to reach their 

minimum size below the LCST (Fig. 3.2). Regardless of the initial concentration of the phenol 

in hydrogel, all tested hydrogel cylinders collapsed into a similar network structure at a 

temperature above the LCST [Zhang et al., 2004]. 
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Fig. 3.2a: The swelling ratio of poly(NIPAAm) hydrogel_2 equilibrated at varied temperatures 

in phenol solutions of different initial concentrations [Naddaf and Bart, 2011-b] 
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Fig. 3.2b: Variation of the swelling ratio with temperature for poly(NIPAAm)/BSA system 

 

In case of swelling in pure deionized water, the hydrogel follows a continuous thermo-

shrinking volume transition (Fig. 3.3) due to the effect of the entropy contribution; the 

reduction in the chemical potential of water molecules occurs by increasing the temperature 

[Kawasaki et al., 1996]. This continuous volume change is expected to vanish when increasing 

the concentration of phenol solution [Hirotsu et al., 1987]. The effect of the phenol molecules 

on the volume phase transition of the hydrogel was drastic due to the benzene ring, which plays 

a significant role in modifying the order structure of the bulk water. In addition, the phenol 

molecules enhance the formation of a hydrogen-bonded structure. The network basic structure 

in the layer, which surrounds the individual phenol molecules, differs from the tetrahedral 

structure of bulk water [Naddaf and Bart, 2011-b]. 
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Fig. 3.3: The swelling ratio of poly(NIPAAm) hydrogel_2 equilibrated at varied temperatures 

in phenol solutions of different concentrations (Continuous lines are trend lines) 

[Naddaf and Bart, 2011-b] 

 

The swelling equilibrium curves measured for hydrogels of different cross-linking ratios are 

shown in Fig. 3.4 [Naddaf and Bart, 2011-b]. Exceeding a certain threshold of the phenol 

concentration in the water eliminates the effect of the cross-linking ratio on phase transition. 

The appearance of the hydrogen bond influences the network structure [Lászlo et al., 2003]. 

The phenol concentration plays a role in altering the OH group, which can act as a proton donor 

or acceptor [Lászlo et al., 2003]. More about the effect of phenol on the thermosensitive 

hydrogel is available elsewhere [Kosik et al., 2007]. 
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Fig. 3.4: The swelling ratio of poly(NIPAAm) hydrogel of different monomer concentration at 

25
°
C as a function of phenol concentration [Naddaf and Bart, 2011-b] 

 

According to our present work, at 25°C the phase transition is accompanied by a reversible 

volume and mass change for all tested phenol concentrations (see Fig. 3.5). This indicates that 

the high concentration of the phenol could have a temporary effect on the lattice by modifying 

the water-hydrogel interaction during the swelling at 25
°
C [Naddaf and Bart, 2011]. This effect, 

which is directly related to the hydrogen-bonded contribution, is supposed to disappear, by 

drying, without damaging the internal structure of the hydrogel or changing its swelling 

properties in the short term. This change in the local environment of the polymer is not 

expected at higher temperatures because the concentrated phenol solution lowers the LCST for 

the NIPAAm [László et al., 2003, Otake et al., 1990], which is accompanied by enthalpy 

reduction [Kosik et al., 2007]. This assumption is validated in this work using Raman 

spectroscopy (Chapter 4). Nevertheless, it is interesting here to mention that significant changes 

inside the hydrogel lattice are happening by increasing the concentration of phenol. Such 

changes were not observed when using other solutes, such as NaCl, NaOH, H2SO4, propanol, 
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and BSA for the tested concentrations, available in Appendixes C and D. Therefore, phenol 

was used in this work, preferably as a drug example. 

The water uptake, which was calculated according to equation (3.2), follows the same trend as 

the swelling ratio (see Figures 3.5a and 3.5b) as a function of temperature change.  

100s d

d

W W
Water uptake

W


           (3.2) 

 

25° 32° 37° 40°

0

200

400

600

800

1000

1200

1400

1600

1800

 C
phenol

 =0.01mM

 C
phenol

 =0.04mM

 C
phenol

 =0.08mM

 C
phenol

 =0.1mM

W
a
te

r 
u

p
ta

k
e

Temperature (°C)

 

Fig. 3.5a: Water uptake changes with temperature for different concentrations for 

poly(NIPAAm)/phenol system 
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Fig. 3.5b: Water uptake changes with temperature for different concentrations for 

poly(NIPAAm)/BSA system 

 

Increasing the external temperature from 25ºC to 40ºC will release the solution from the 

hydrogel, and this release is controlled by the diffusion coefficient. The swelling ratio (and 

water uptake) decreased sharply with temperature elevation from 25ºC to 32ºC and decreased 

slowly from 37ºC to 40ºC (Figures 3.5a-b). Changing the hydrogel dimensions with 

temperature elevation can be presented in terms of hydration: 

2 2

2

s s d d

d d

t d t d
Hydration value

t d


          (3.3) 

where ts and ds are the heights and the diameter of the swollen hydrogel cylinder at equilibrium, 

respectively; td and dd are the thickness and the diameter of dried hydrogel. The variation of the 

hydration with temperature change for poly(NIPAAm)/drug example is given in Figures 3.6a 

and 3.6b. 
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Fig. 3.6a: Variation of the hydration with temperature for poly(NIPAAm)/phenol system 
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Fig. 3.6b: Variation of the hydration with temperature for poly(NIPAAm)/BSA system 
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3.4. Protein loading 

After the synthesis and sample preparation (section 3.2), the hydrogels were weighted and their 

dimensions were measured. Swelling equilibrium method was used to load drug examples 

(BSA and phenol; separately) into poly(NIPAAm). Four different dried cylindrical samples of 

poly(NIPAAm) hydrogel were immersed in an excess volume of BSA solution (15 ml) and 

sealed in separate glass containers. They were allowed to swell in the drug solution (i.e., the 

drug was absorbed into the network of the self-fabricated dried non-swollen hydrogel) of 

known concentration for 72 h at 25°C. Thus, BSA was loaded into each hydrogel particle up to 

equilibrium by swelling in the BSA-containing solution and the BSA-loaded hydrogel samples 

were dried at room temperature and at atmospheric pressure for about 48 hours until constant 

weights were reached. Then, they were used for release kinetics study. The same loading 

procedure was followed to load hydrogel samples with phenol. 

For the release experiments, the used phenol solutions were prepared with the concentrations 

0.01mM, 0.04mM, 0.08mM, and 0.1mM, from a solution of 1g phenol/100ml H2O (0.1M). 

Similarly, the used BSA solutions were prepared with the concentrations 0.01M, 0.05M, 

0.10M, and 1.51M, from a BSA mother solution of 0.9998mg BSA/100ml H2O (1.51M).  

 

3.5. Protein release 

The loaded hydrogel samples were then used for in vitro release studies. After reaching the 

equilibrium state, the loaded hydrogels were weighed and their dimensions were measured. 

Then, the samples were dried again at room temperature for 1-2 days to ensure complete 

dryness. After that, the samples were weighed and the dimensions were measured again. A 

calibration curve was determined by measuring the absorbance of BSA prepared solutions 

using UV spectrophotometer (Shimadzu UV-160A, UV-visible recording spectrophotometer) 

at wavelength, λ of 277 nm [Naddaf and Bart, 2011-b]. The data of the calibration curve are 

given in Appendix E. Using equation (3.4) the concentration of the drug example can be 

obtained by substituting the value of absorbance, A, measured by UV-VIS. 
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A
Conc.=

4.289
            (3.4) 

To investigate the effect of the temperature-sensitive property of the poly(NIPAAm) hydrogel 

on protein release profiles, the in vitro release experiments were carried out at different release 

temperatures of 25°C, 32°C, 37°C, and 40°C. BSA (or phenol) release experiments were 

conducted by immersing the BSA-loaded (or phenol-loaded) hydrogel samples in glass beakers 

filled with 15ml of deionized water (pH 5) at 25°C (below LCST), 32°C (around the LCST), 

and 37°C and 40°C (above the LCST). The temperature was controlled with an accuracy of 

0.03 K, and the containers were covered with PARAFILM
®
 paper, thereby avoiding exposure 

of the solution to the ambient air that can eliminate the evaporation of the solution. At a fixed 

period of time, 2 ml of the aliquot release medium were taken out from the beaker and the 

concentration of the BSA (or phenol in case of phenol-loaded hydrogel) release at that time in 

the aliquot was measured by UV–VIS spectrophotometer (Shimadzu UV-160A) at 277 nm. At 

the same time, the hydrogels were removed from the glass beaker and were photographed to 

measure their dimensions. This procedure was repeated for 48 hours until reaching a constant 

release concentration of the drug sample and constant dimensions of the hydrogels, i.e., 

equilibrium state (Appendix E, Tables E.1-E.8). The samples used were returned to the original 

medium solution to maintain a constant volume of the surrounding release medium and to keep 

the overall drug loaded-sample concentration as constant as possible. In this work, the results 

are presented in terms of molar amount release as a function of time. 

 

3.6. Time- dependent volume change of the phenol/hydrogel system 

The dimensional response of the poly(NIPAAm) cylinders to changes in temperatures is 

governed by diffusion-limited transport of the solution in and out of the polymeric networks 

[Chu et al., 2007]. Fig. 3.7 shows a comparison of sizes of the evolution of four cylindrical 

phenol-loaded (loaded phenolic solution has a concentration of 10
-5 

M) hydrogel samples 

during the diffusion of deionized water at the test of four temperatures. The time t=0 refers to 

the time at which the diffusion process is initiated through the dried phenol-loaded sample. The 

t=2880min refers to the time at which the hydrogel cylinder was completely swelled and 

loaded with phenol at 25°C [Naddaf and Bart, 2011-b]. Around and above the LCST, a hard 
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shrunken thick layer, which is denser than the bulk matrix, formed on the hydrogel‘s outer 

surface. During the initial period of diffusion, this hard layer eliminates the release of phenol 

from the internal matrix of the hydrogel. In response, the internal pressure inside the hydrogels 

increases and causes an increase in the shrinking rate. Due to the accumulating of the internal 

pressure, the hydrogel shrinks at 40ºC faster than it shrinks at 32ºC, and the interior solute is 

rapidly expelled, causing the lowest cumulative release among the other tested temperatures, 

consistent with other findings [Kaneko et al., 1995, Naddaf and Bart 2010-b].We found that 

increasing the internal pressure with time caused swelling in the upper surface of the hydrogel, 

which formed a hunch at a crack position of the rigid layer. The hunch, which is clear in Fig. 

3.6 at T=32°C and t=10 min, serves as a phenol vent zone by swelling and changing its form 

and volume dynamically over time. Despite these dramatic changes of the upper half of the 

hydrogel cylinder during the diffusion of water, the lower half retained almost the same 

dimensions at all tested temperatures during the first 60 minutes of diffusion. Moreover, the 

shrinking process and kinetics of the gel have been investigated in detail elsewhere [Kaneko et 

al., 1995, Matsumoto et al., 2004]. The continuous release with time causes a reduction in the 

internal pressure until the hunch completely disappears. Because this is not the case below the 

LCST (at 25°C), the swelling and the release rate of gels is relatively slow. At t=2880min 

equilibrium state is reached, through which the release process is accomplished by reaching a 

constant concentration of phenol accompanied by a constant volume of systematic cylindrical 

hydrogel. The hydrogel requires less time to reach its systematic shape at a higher release 

temperature, e.g., 65 minutes at 40°C compared to 1,380 minutes at 25°C (Fig. 3.7). Moreover, 

the effect of a higher temperature on shrinking rate and size is remarkable; at the end of the 

release time (t=2880 min), the volume of the hydrogel subjected to release at 40°C is about 16 

times smaller than that at 25°C [Naddaf and Bart, 2011-b]. 
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Fig. 3.7: Effect of diffusion on the dynamic volume-shrinking and swelling  

[Naddaf and Bart, 2011-b] 
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3.7. Results and discussion 

In the case of swelling in pure deionized water, the hydrogels follow a continuous thermo-

shrinking volume transition due to the effect of the entropy contribution [Kawasaki et al., 

1996]; the reduction in the chemical potential of water molecules by increasing the temperature 

is shown in Fig. 3.2a and Fig. 3.3. The continuous volume changes are expected to vanish by 

increasing the concentration of phenol solution due to the presence of the benzene ring, which 

plays a significant role in modifying the order structure of the bulk water, modifying the 

hydrogel-water interaction and enhancing the formation of hydrogen bonded structure. At 

25°C, the phase transition was accompanied with reversible volume and mass changes for all 

tested phenol concentrations. This effect was supposed to disappear, by drying, without 

damaging the internal structure of the hydrogel or changing its swelling properties in the short 

term. This change in the local environment of the polymer progress is not expected at higher 

temperatures because the concentrated phenolic solution lowers the LCST for the 

poly(NIPAAm), which is accompanied by enthalpy reduction and was accurately proven based 

on Raman spectra, as explained in detail in Chapter 4. The swelling equilibrium curves 

measured for hydrogels of different cross-linking ratios are shown above in Fig. 3.4. Exceeding 

a certain threshold of the phenol concentration in the equilibrium water eliminates the effect of 

the cross-linking ratio on phase transition.  

 

3.7.1. Release of phenol at different temperatures 

Fig. 3.8 represents the cumulative amount of released phenol from the poly(NIPAAm) at 

different temperatures of 25°C, 32°C, 37°C, and 40°C for different initial concentrations of 

phenol (0.01, 0.04, 0.08, and 0.10 mM) [Naddaf and Bart, 2011-b]. By increasing the initial 

concentration of phenol, the effect of the temperature (being around the LCST) is eliminated 

due to the contribution of the phenol ring causing the matrix to collapse. The gel-water 

interaction modifies due to the reduction in the LCST associated with increasing the phenol 

concentration [Otake et al., 1990]. 
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Fig. 3.8: Cumulative amount of released phenol from the hydrogel at different temperatures 

(the initial concentrations of phenol a) 0.01, b) 0.04, c) 0.08, and d) 0.10 mM)  

[Naddaf and Bart, 2011-b] 

 

At all temperatures, the different phenol-loaded poly(NIPAAm) hydrogels follow the same 

release profiles. Nevertheless, and regardless of the concentration of loaded phenol, the amount 

of the cumulative release at 40°C is the lowest due to the network structure collapse, which 

entraps the phenol molecules inside the matrix and retards the release [Naddaf and Bart, 2011-

b]. For the lower concentrations of phenol, the hydrogel that subjected to diffusion at 32°C 

exhibits the highest cumulative release. By increasing the initial concentration of phenol, the 

effect of the temperature (being around the LCST) is eliminated due to the contribution of the 

phenol ring, causing the matrix to collapse. The gel-water interaction modifies due to the 

reduction in the LCST associated with phenol concentration increase [Kosik et al. 2007]. 

 

3.7.2. Release of phenol at different initial concentrations 

Fig. 3.9 represents the cumulative amount of released phenol from the poly(NIPAAm) at 

different concentrations of phenol (0.01mM, 0.04mM, 0.08mM, and 0.10mM) at different 

release temperatures of 25°C, 32°C, 37°C, and 40°C [Naddaf and Bart, 2011-b]. As indicated, 

the cumulative amount of released phenol slows down by decreasing the initial concentration of 

the loaded phenol. Elevating the temperature from 25°C to 40°C reduces the cumulative 
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amount of released phenol at about one-half. At the early stage of diffusion, the cumulative 

mass release curve increases linearly with time. This behaviour indicated that desorption of 

phenol was controlled by Fickian diffusion. At the long-term measurements, the cumulative 

mass release curves follow a non-smooth stepwise approach toward equilibrium, as can be seen 

clearly at 25°C and with a similar trend at 32°C in Fig. 3.9a and Fig. 3.9b. Due to the dramatic 

and fast dimensional changes during desorption, this behaviour, which is due to controlling the 

viscoelastic relaxation of the polymeric chains of the diffusion [Patton et al., 1984], was not 

observed above the LCST. This kind of two-stage diffusion kinetics was also observed for 

organic vapour sorption in glassy polymers, and it has been explained in detail by McDowell 

[McDowell et al., 1999]. In all these cases, the release of the loaded phenol is relatively low at 

25°C and 32°C and continues to decrease to reach the lowest released amount at 40°C (Table 

3.2) [Naddaf and Bart, 2011-b]. 

 

Table 3.2: Percentage of the cumulative amount of released phenol 

 
% released 

 at T=25°C 

% released 

 at T=32°C 

% released 

 at T=37
°
C 

% released 

 at T=40°C 

Cphenol=0.01mM 22.5% 29.0% 17.0% 12.0% 

Cphenol=0.04mM 6.90% 8.12% 6.90% 5.60% 

Cphenol=0.08mM 4.40% 4.40% 4.40% 3.12% 

Cphenol=0.10mM 4.75% 3.75% 3.60% 2.75% 

 

The big difference in the cumulative amount of released phenol between 25°C and 40°C is due 

to the hydrogel shrinking by exceeding the LCST. The shrunken hydrogel entrapped the phenol 

within the collapsed lattice of the poly(NIPAAm) and prevented the complete release. Because 

the hydrogels were loaded and allowed to swell to equilibrium at 25°C, they were expected to 

release the complete portion at a release temperature below the LCST [Tasdelen et al., 2005]. 

Nevertheless, the effect of the benzene ring, which modifies the order structure of the bulk 

water, cannot be ignored, as explained above. 
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d) 

Fig. 3.9: Cumulative amounts of released phenol from the hydrogel for different initial 

concentrations (the release temperatures a) 25°C, b) 32°C, c) 37°C, and d) 40°C) 

[Naddaf and Bart, 2011-b] 

 

3.8. Summary 

The present chapter, which based on our publication [Naddaf and Bart, 2011-b], investigates 

the dimensional changes accompanied with the volume phase transition of the thermosensitive 

poly(NIPAAm) hydrogel produced by free radical polymerization. Four different dried 

cylinders of the poly(NIPAAm) hydrogel were immersed in an excess phenol solution of 

known concentrations of 0.01, 0.04, 0.08, and 0.10 mM. Phenol was loaded into each hydrogel 

up to equilibrium by swelling in the phenolic solution. To investigate the effect of temperature-

sensitive properties of the poly(NIPAAm) hydrogel on protein release profiles, the in vitro 

release experiments were carried out at different release temperatures of 25°C, 32°C, 37°C, and 

40°C. In the case of swelling in pure deionized water, the hydrogels follow a continuous 

thermo-shrinking volume transition due to the effect of the entropy contribution; the reduction 

in the chemical potential of water molecules occurs by increasing the temperature. This 

continuous volume change is expected to eliminate by increasing the concentration of the 

loaded phenolic solution due to the presence of the benzene ring, which plays a significant role 

in modifying the order structure of the bulk water, modifying the hydrogel-water interaction 

and enhancing the formation of hydrogen-bonded structure. At 25°C, the phase transition was 

accompanied by reversible volume and mass changes for all tested phenol concentrations. This 

indicates that the high concentration of phenol could have a temporary effect on the lattice by 
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modifying the water-hydrogel interaction during the swelling. This effect, which is directly 

related to the hydrogen-bonded contribution, is supposed to disappear, by drying, without 

damaging the internal structure of the hydrogel or changing its swelling properties in the short 

term. This change in the local environment of the polymer progress at the same order was not 

expected at higher temperatures because the concentrated phenol solution lowers the LCST for 

the NIPAAm, which is accompanied by enthalpy reduction and was accurately proven based on 

Raman spectra. Around and above the LCST, the formation of the hard shrunken thick layer 

hinders the release of phenol from the hydrogel during the initial period of diffusion, resulting 

in the internal pressure increasing inside the hydrogels. Increasing the internal pressure is seen 

as a response to increasing the shrinking rate; the hydrogel shrinks at 40ºC faster than it does at 

32ºC, and the interior solute is rapidly expelled causing the lowest cumulative release. As a 

result, the dense layer cracks and a hunch that contains a large amount of liquid inside will 

appear on the upper surface of the hydrogel. During the diffusion of water, dramatic changes of 

the upper half of the hydrogel cylinder will occur, but the lower half keeps almost its same 

dimensions at all tested temperatures. The swelling and release rate of gels are relatively slow 

at 25°C. Therefore, the hydrogel requires less time to reach its systematic cylindrical shape at 

higher release temperatures, e.g. 65 minutes at 40°C compared to 1,380 minutes at 25°C. At the 

end of the release time, the volume of the hydrogel subjected to diffusion at 40°C is about 16 

times smaller than that at 25°C. Regardless of the concentration of loaded phenol, the amount 

of the cumulative release at 40°C was the lowest due to the collapsed network structure, which 

entraps the phenol molecules inside the matrix and retards the release. Moreover, elevating the 

temperature from 25°C to 40°C reduces the cumulative amount of released phenol about one-

half. It was noticed that at the early stage of diffusion, the cumulative mass release curves 

increase linearly with time. This behaviour indicated that desorption of phenol was controlled 

by Fickian diffusion. At the long-term measurements, the cumulative mass release curves 

follow a non-smooth stepwise approach toward equilibrium due to controlling the viscoelastic 

relaxation of the polymeric chains of the diffusion. This was not observed above the LCST due 

to the dramatic and fast dimensional changes during desorption. Because the hydrogels were 

loaded and allowed to swell to equilibrium at 25°C, they were expected to release the complete 

portion at release temperature below the LCST. Nevertheless, the effect of the benzene ring, 

which modifies the order structure of the bulk water, cannot be ignored, as explained above.  
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4. Raman spectroscopy: hydrogel characterization and experimental set-

up 

 

4.1. Principle 

Raman spectroscopy is a nonintrusive laser technique and a vibrational (e.g., bending and 

rotational vibrations) method to characterize a material. The vibrational stretching modes of 

this spectroscopy method are highly characteristic for special chemical bonds and often allow 

for compositional identification. Raman scattering is an inelastic scattering phenomenon of 

photons by phonons or electrons in materials.  

Based on the analysis of scattered light, special spectral peak shifts, which are unique in their 

position and intensity, are formed to provide highly sensitive measurements of the material 

[Gouadec and Colomban, 2007, Nakashima and Harima, 1997]. Raman spectroscopy is 

performed with a laser as an excitation source; its effect occurs when the laser (photon source) 

impacts the material and interacts with the bonds of that molecule. The photon excites the 

molecule from the ground state to a virtual intermediate state, which forms Raman scattering. 

Later on, the molecule relaxes and returns to a rotational state above (or below) the ground 

state by emitting photons. In order to keep the total energy of the system balanced, the 

difference in energy between the original state and the new state leads to a shift in the emitted 

photon‘s frequency away from the excitation wavelength. Theoretically (Fig. 4.1), the incident 

photons can lose energy, i.e., the final vibrational state of the molecule is more energetic than 

the initial state, and then the emitted photon will be shifted to a lower frequency (Stokes shift). 

On the other hand, the incident photons can also gain energy by a vibrational quantum of the 

target molecule. In this case, the final vibrational state is less energetic than the initial state, and 

the emitted photon will be shifted to a higher frequency (Anti-Stokes shift). In the case of 

ordinary scattering (Rayleigh), the photon is absorbed to a higher virtual level and is instantly 

scattered elastically back to the initial level. Raman scattering is an example of inelastic 

scattering through which energy transfer occurs between the photons and the molecules during 

interaction. The Raman shift is represented in wave numbers with respect to the excitation. 

However, its spectra always show a peak, representing the Rayleigh scattering together with the 

http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Chemical_bond
http://en.wikipedia.org/wiki/Photon
http://en.wikipedia.org/wiki/Stationary_state#Ground_state
http://en.wikipedia.org/wiki/Rigid_rotor#Quantum_mechanical_rigid_rotor
http://en.wikipedia.org/wiki/Stokes_shift
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Raman shifted photons. The resulting Raman peaks give the Raman spectra chemical 

sensitivity [Bauer, 2010]. 

 

Anti-StokesStokes Rayleigh

Ground vibrational state

Vibrational state

Virtual state

Excited electronic state

Ground electronic state

 

Fig. 4.1: The Jablonski diagram compares Raman and Rayleigh scattering 

 

In general, the scattered light is very weak. Therefore, a special spectrometer designed to 

eliminate strong Rayleigh light is needed. Double or triple monochromators with gratings have 

been used widely to disperse the scattered light and reject stray light. With Raman confocal set-

up, the scattering volume can be controlled and the spatial resolution and signal-to-noise ratio 

can be improved using an intense beam. By controlling these factors, compositional mapping 

with sub-micrometer resolution is possible using Raman spectroscopy [Bauer, 2010]. While 

spectrometers are generally used to separate the elastic scattering and Raman scattering signals, 

the large mismatch in scattering intensity can enable the elastically scattered light to dominate 

the Raman light via stray light. Therefore, the presence of notch filters is necessary to reject the 

elastically scattered light prior to entering the spectrometer. These mentioned factors improve 

the sensitivity of Raman spectroscopy and allow precise identification of the material 

composition [Hahn, 2007]. 

Being a powerful technique to determine the composition of a heterogeneous material, Raman 

spectroscopy was recently applied to study the structure of the hydrogel, the surface interfacial 

profiles of the gel under transition conditions and the concentration profile during the diffusion 

of solute through the gel lattice [Kwak and Lafleur, 2003]. In contrast to a swollen hydrogel, 

the well-defined structure of the shrunk hydrogel increases the resolution of Raman spectra and 

resulted in sharp peaks formation. Moreover, when using Raman laser spectroscopy, the 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kwak%20S%22%5BAuthor%5D
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possibility to get non-invasive data from any point in a sample is possible. Unlike other 

techniques such as the infrared IR spectroscopy, Raman spectrumcan be obtained without any 

major interference from water bands, which have a weak Raman signal. Therefore, diffusion 

studies in hydrogels using Raman spectroscopy are of high advantage. Raman spectroscopy is 

described more in details elsewhere [Bauer, 2010]. 

 

4.2. Experimental setup 

The experimental setup (Fig. 4.2) used in this research to characterize the hydrogel and to 

measure the mutual diffusion coefficient in hydrogel is a confocal spectrometer (Jobin-Yvon 

HR800) equipped with an internal exciting light source of He-Ne ion laser. It consists mainly of 

a camera, a collective system, a diffusion cell, and a Labview program®. Raman spectroscopy 

measurements for all the experiments were carried out under the same optical conditions. 

 

Fig. 4.2: Raman spectroscopy: the experimental setup 
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Fig. 4.3 shows a detailed description of the experimental setup used for measuring the mutual 

diffusion coefficient in hydrogel [Naddaf and Bart, 2011-a, c]. The designed system consists of 

two parts: Part 1contains the camera and the collective system, and Part 2 includes the 

autofocus system and the diffusion cell. As mentioned above, Raman spectra were recorded 

using a confocal spectrometer (Jobin-Yvon HR800) equipped with an internal exciting light 

source of He-Ne ion laser polarized vertically with a power of 20 mW at a wavelength of 

632.817 nm. After filtering out the plasma lines of the laser, by using an appropriate 

interferential filter, the laser beam (H) is then completely reflected with an appropriate angle by 

the Laser Injection Rejection System (LIRS), which is composed of a mirror and the notch 

filter (I). The LIRS reflects the laser (H) towards the hydrogel sample through the diffusion cell 

(Part 2) under a microscope of high stability (BX 40) and focus graduation of 1μm. Raman 

scattering is then totally collected and transmitted through a lens (C5), which produces a beam 

at an angle of 90
o
 towards a confocal hole and the entrance slit of the spectrograph (K). The 

beam is coupled to a fibre optic and focused on the hydrogel sample using the 50xNA 0.7 

microscope objective. A set of lenses (C1-C3) focuses the signal toward the entrance slit (D) 

and the confocal aperture (F) of the spectrograph. The Raman signal is collected by the 

microscope objective in back scattering configuration follows the same way back. The 

reflection of the sample on the laser line (Rayleigh) is reflected again by the notch filter (I). 

Meanwhile, the passed Raman beam through the notch forms its image on the entrance slit of 

the confocal hole (spectrograph) by the aid of lens 5 (C5). The spectrograph forms a spectrum 

on the photo detector (L) that has standard 1024×256 pixels of 26 microns. To detect the 

spectra, a computer with Labspec software was connected to the CCD video camera (A) and 

Rio card for TV image digitalization. Raman spectroscopy measurements for all the hydrogel 

samples were carried out under the same optical conditions. A rectangular PVC diffusion cell 

with inner dimensions of 4.8×1.3×0.7 mm was maintained at 25°C and connected with a 

peristaltic pump (Samtec
®
 REGLO FMI V1.05) to provide the solute loaded hydrogel cylinder 

with a continuous flow rate (1 ml/min) of deionized water (Fig. 4.3, Part 2). 
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Fig. 4.3: Experimental setup to determine the mutual diffusion coefficient, using Raman 

spectroscopy [Naddaf and Bart, 2011-a, c] 

 

The transparent hydrogel cylinder, which is located in the diffusion cell and immersed in the 

flowing solution, is assumed to absorb a negligible amount of energy. The diffusion cell was 
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designed in a way to keep the hydrogel samples fixed in position by being sealed with a metal 

grid to prevent sample movement caused by the flow of water. Moreover, to avoid the 

evaporation of the solution due to exposure to ambient air, the hydrogel diffusion cell was 

covered with a microscope slide that included a central tiny hole to allow the laser to transmit 

directly to the hydrogel at the required detecting point [Naddaf and Bart, 2011-a, b]. 

 

4.3. Swelling characterization experiments 

The used confocal Raman spectroscopy has been considered an efficient device to investigate 

the volume phase transitions and the structural composition as well as to characterize 

thermosensitive poly(NIPAAm) hydrogels. Their properties were measured at different 

temperatures, different pH-values, and different concentrations of various solutes in terms of 

Raman spectra. Fig. 4.4 shows the Raman spectrum of the poly(NIPAAm) hydrogel and its 

main synthesis components (including the used monomer and cross linker, the two initiators). 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4: Raman spectrum of the frame components of the poly(NIPAAm) hydrogel 
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All the chemical compounds and the hydrogel have significant Raman peaks between 300 and 

1200 cm
-1

 except the monomer (NIPAAm) and the hydrogel itself, which have Raman spectra 

between 300 and 3000 cm
-1

 whilst the carbonyl group at 1680 cm
-1

characterizesthe pure 

NIPAAm [Joachimiak et al., 2005]. Therefore, the significant spectrum along the range 300-

3000 cm
-1

 has been used to investigate the hydrogel response to a variety of environmental 

stimuli. Fig. 4.5 shows the Raman spectrum of the dried poly(NIPAAm) hydrogel. The distinct 

peak for the isopropyl group [Ding et al., 2006 and Winnik et al., 1993] at 2925 cm
-1

 is a 

characteristic signal of poly(NIPAAm) and the band at 1640 cm
-1

 is attributed to the amide 

group. While the strong peak at 1450 cm
-1

 belongs to the CH3 group, the Raman spectrum of 

water places between 3037 and 3735 cm
-1

. More identified peaks are given elsewhere [Naddaf 

and Bart, 2008]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5: Raman spectrum of the dried poly(NIPAAm) hydrogel, including the important 

groups 
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4.4. Thermal equilibrium swelling 

The thermal related swelling/deswelling Raman spectrum of poly(NIPAAm) at different 

equilibrium temperatures is shown in Fig. 4.6.  

 

Fig. 4.6 : Raman spectrum for poly(NIPAAm) as a function of temperature after set to the first 

equilibrium at pH of seven 

 

In addition, Raman spectroscopy has been used to investigate volume phase transition as a 

function of temperature [Naddaf and Bart, 2008]. It was found that the poly(NIPAAm) has a 

lower critical solution temperature (LCST) between 32°C and 34°C in agreement with other 

related investigations [Hirotsu et al., 1987, Brazel and Peppas, 1995, Sayil and Okay, 2000, 

Peppas, 2004, Ding et al., 2006]. Based on this experimental result, one can assume that by 

increasing the temperature, the water inside the hydrogel is released through the pores as 

presented by the decrease in Raman spectra of water between 3037-3735 cm
-1

 (Fig. 4.6). 

Meanwhile, the hydrogel chemical peaks rose between 300 and 1700 cm
-1

, which indicate that 

the hydrogel is shrinking and the chemical density of the structural composition increased 

Temperature increases: 

water band decreases 

Temperature increases: 

isopropyl signal increases 
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[Ding et al., 2006]. The ratio of the band area due to the isopropyl group, .isopropA  to that of the 

water, waterA within the range 2823-3034 cm
-1 

and 3037-3735 cm
-1

, respectively confirm that 

changes inside the hydrogel lattice occur much more slowly under the LCST between 32°C and 

34°C (Fig. 4.7). 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7: The ratio of the areas under the bands obtained from Raman spectra of the isopropyl 

group and water at different equilibrium temperatures for poly(NIPAAm) hydrogel 

 

By measuring the in-depth spectra of the poly(NIPAAm) at different temperatures, it was found 

that the content of water increases by increasing the depth meantime the area ratio, i.e., 

Aisoprop./Awater remains almost constant (Fig. 4.8). Moreover, the in-depth water content rising 

indicates that the collapse takes place at the outer surface of the hydrogel first and slows down 

uniformly in the central direction [Naddaf and Bart, 2008]. 
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a. b. 

Fig. 4.8: In-depth spectrum of the poly(NIPAAm) at (a) 25°C and (b) 50°C (pH=7) 

 

4.5. Hydrogel thermo reversibility 

To check the thermal reversibility of the poly(NIPAAm), the samples were set to the 

equilibrium conditions to a second time for seven days. At the second equilibrium and below 

the LCST, Raman spectra still show proportional increases between the equilibrium 

temperature and the isopropyl group intensity. This proportionality disappeared above 34°C, 

i.e., the hydrogel subjected to the second equilibrium at 40°C has a sharper Raman spectrum 

than the sample at 50°C. In other words, one can conclude that the self-synthesis 

poly(NIPAAm) exhibits relatively irreversible swelling/deswelling behaviour at temperatures 

above the LCST (Fig. 4.9) [Naddaf and Bart, 2008]. 
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Fig. 4.9: Volume ratio of poly(NIPAAm) at the two equilibrium as a function of temperature at 

pH=7 [Naddaf and Bart, 2008] 

 

4.6. Volume phase transition 

According to our present work [Naddaf and Bart, 2008, Naddaf and Bart, 2001-b], at 25°C the 

phase transition is accompanied by reversible volume and mass changes for all tested phenol 

concentrations (Fig. 4.10). This indicates that the high concentration of the phenol could have a 

temporary effect on the lattice by modifying the water-hydrogel interaction during swelling. 

This effect, which is directly related to the hydrogen-bonded contribution, is supposed to 

disappear, by drying, without damaging the internal structure of the hydrogel or changing its 

swelling properties in the short term. This change in the local environment of the polymer 

progress at the same order is not expected at higher temperatures because the concentrated 

phenol solution lowers the LCST for the NIPAAm [Hirotsu et al., 1987, Watanabe and Iwata, 

1996], which is accompanied by enthalpy reduction [Otake et al., 1990]. This assumption can 

be accurately proven based on Raman spectra. Fig. 4.11 represents the ratio of the area under 

the band due to the isopropyl group for hydrogel equilibrated in pure water at 25°C, 
2.,isoprop H OA  

to that of the isopropyl group for hydrogel equilibrated in phenol, 
.,isoprop phenolA within the range 

2851-3005 cm
-1 

and 3037-3735 cm
-1

, respectively. The ratio was measured by setting the same 
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sample to the same conditions to equilibrium twice. The result obtained (Fig. 4.11) indicates 

the increase of the intensity by increasing the phenol concentrations and confirms that the 

changes inside the hydrogel lattice are happening by increasing the concentration of phenol 

[Naddaf and Bart, 2001-b]. 
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Fig. 4.10: The swelling ratio of poly(NIPAAm) hydrogel at 25
o
C as a function 

of phenol concentration [Naddaf and Bart, 2001-b] 

 

This non-reversible thermo performance is due to the non-uniform collapse in the gel net, 

which occurs first near the surface, creating a dense layer of hydrophobic gel [Ding et al., 

2006]. This layer slows the diffusion of water through the hydrogel. In addition, this non-

uniform collapse eliminates the expansion of the hydrogel to a certain dominant level. 
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Fig. 4.11: The area under Raman peaks ratio of poly(NIPAAm) hydrogel 25
o
C as a function of 

phenol concentration [Naddaf and Bart, 2001-b] 

 

According to this work, the synthesized poly(NIPAAm) demonstrates a sharp swelling 

transition as a function of pH, i.e., the hydrogel lattice collapsed due to the high acidity 

(pH < 1.0) and high alkalinity (pH > 9.0) [Naddaf and Bart, 2008]. Moreover, it was found that 

high concentration of phenol could have a temporary effect on the lattice by modifying the 

water-hydrogel interaction during swelling. This effect, which is directly related to the 

hydrogen-bonded contribution, is supposed to disappear, by drying, without damaging the 

internal structure of the hydrogel or changing its swelling properties in the short term. This 

assumption was accurately proven based on Raman spectra (Fig. 4.11). The obtained result 

confirms that the changes inside the hydrogel lattice are happening by increasing the 

concentration of phenol. The high concentration of phenol could have a temporal effect on the 

lattice by modifying the water-hydrogel interaction during swelling and enhance the formation 

of hydrogen bonded structures [Naddaf and Bart, 2001-b]. 
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4.7. Results and discussion 

4.7.1. Characterization and image analysis 

Fig. 4.12 shows Raman spectrum of poly(NIPAAm) hydrogel immersed to equilibrium in a 

phenol solution of 0.10mM. Raman spectrum of water is found due to the O-H stretching 

vibration to be an abroad band between 3200 cm
-1 

and 3735 cm
-1

, and the distinct peak for the 

isopropyl group at 2925 cm
-1

 is a characteristic signal of poly(NIPAAm) [Winnik et al., 1993, 

Ding et al., 2006]. In addition, particularly at 3066 cm
-1

, another small distinct peak was 

observed to refer to the presence of phenol [Naddaf and Bart, 2012]. Such a characteristic peak 

was not distinguishable for BSA because the Raman spectra of BSA resulted from the CH3-

stretching vibration, which integrates from 2910 cm
-1

 to 2965 cm
-1

 and also is caused from the 

poly(NIPAAm) signal [Peters et al., 1988]. 

 

 

Fig. 4.12: Expanded Raman spectrum for poly(NIPAAm) in phenol [Naddaf and Bart, 2001-b] 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFD-4W6YDTD-1&_user=3864768&_coverDate=10%2F15%2F2009&_rdoc=1&_fmt=full&_orig=search&_cdi=5224&_sort=d&_docanchor=&view=c&_searchStrId=1084610205&_rerunOrigin=scholar.google&_acct=C000061614&_version=1&_urlVersion=0&_userid=3864768&md5=e301cf8c3ce769b8a0eb4d332e65861f#secx7
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4.7.2. Diffusion coefficient: experimental determination 

Fig. 14.13 shows a description of the diffusion cell used for measuring the mutual diffusion 

coefficient in hydrogel [Naddaf et al., 2010]. As mentioned in Section 4.2, the diffusion cell 

was designed in a way to keep the hydrogel samples in fixed positions by being sealed with a 

metal grid to prevent sample movement caused by the flow of water. Moreover, to avoid the 

evaporation of the solution due to exposure to ambient air, the diffusion cell was covered with a 

microscope slide that included a central tiny hole that allowed the laser to transmit directly to 

the hydrogel at the required detecting point [Naddaf and Bart, 2011-a, c]. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.13: The diffusion cell 

 

The intensity map of the poly(NIPAAm)/phenol (and poly(NIPAAm)/BSA) system during the 

continuous diffusion was determined as explained by Naddaf and Bart, 2012. The Raman 

spectra were obtained at fixed spatial positions within the hydrogel near the outer surface. Fig. 

4.14 gives a transient Raman intensity map for the poly(NIPAAm)/BSA system for a regulated 
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time interval between two spectrums of 10 seconds. The variation of the distinct peak intensity 

at 2925 cm
-1

 relates to the change in the concentration of the BSA inside the poly(NIPAAm) 

hydrogel during the diffusion. At the beginning of the diffusion, the spectra have a high peak 

signal and refer to the high concentration of BSA in hydrogel. With time, the height of the 

peaks (and the concentration of the BSA in the hydrogel) starts to decrease gradually, 

compared to the water band, until it becomes constant. Then, the mutual diffusion coefficient 

was calculated based on the concentration change of the drug sample in the hydrogel cylinder 

related to the variation of the distinct peaks of the poly(NIPAAm)/drug system [Naddaf and 

Bart, 2011]. 

 

 

Fig. 4.14: Transient Raman map for the poly(NIPAAm)/BSA system at a fixed spatial position 
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The deionized water starts to diffuse into the gel initially at time t=0 by remaining the 

concentration at the hydrogel/solution interface C0 constant. The minimal amount of solute 

dissolving into the flowing cell reservoir during the experiment is negligible. The diffusion 

coefficient (D) was calculated as a function of concentration (C) at distance (x) from the 

interface at elapsed time interval by assuming a semi-infinite media [Crank, 1975, Kwak and 

Lafleur, 2003] according to the equation:  

 

 2oC C erf x D t   
 

          (4.1) 

 

By assuming the hydrogel as a semi-infinite media, the diffusion of the solute out of the 

hydrogel can be studied and analysed via Raman spectroscopy by replacing the concentration 

term in the developed expression of equation (4.1) with the intensity [Naddaf and Bart, 2011-a, 

c]. To determine the relation between the initial solute concentration and Raman intensity, 

different samples of poly(NIPAAm) cylinders were allowed to swell at 25
o
C to equilibrium in 

BSA and phenol solutions at different concentrations. From this, two calibration curves (for 

BSA and phenol) resulted relating the Raman intensity ( ( , )CHI t x ) to the solute concentration as 

follows [Naddaf and Bart, 2011-a, c]: 

 

    
2

int

,  ( , ) , 2CH H O solution phenol BSA CH mutI f C t x I erf x D t   
 

    (4.2) 

 

Int

CHI  is the intensity at the hydrogel/water interface boundary and Dmut, is the mutual diffusion 

coefficient. In addition, although the hydrogels were taken from the same synthesized batch 

and have the same geometries, the effect of the local dynamic inhomogeneity appears. The 

dynamic inhomogeneity is found to be a result of the difference in the molecular environment, 

e.g., the difference in the local gel concentration and/or cross-linking density. It may also occur 

due to the distributions of the holes in the lattice and the swelling of hydrogel that happens 

during the diffusion. This inhomogeneity may affect the scattered intensity [Norisuye et al., 

2004] and, as consequence, gives different local data in the long-term averaged measurement 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kwak%20S%22%5BAuthor%5D
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based on Raman spectroscopy to calculate the mutual diffusion coefficient. Therefore, for each 

data point in Fig. 4.14, the mutual diffusion coefficient was calculated from equation (4.2) 

using Matlab
®
 (Fig. 14.15), and then the average diffusion coefficient was determined. The 

relation between the solute concentration and Raman intensity of poly(NIPAAm), which is 

characterized by the distinct peak of the isopropyl group at 2925 cm
-1

, was taken into account.  
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Fig. 14.15: The effect of the scattered intensity on the mutual diffusion coefficient as a function 

of time for phenol (0.01mM) at 25ºC [Naddaf and Bart, 2011-c] 

 

To determine the mutual diffusion coefficient as a function of the solute concentration, several 

samples were loaded to equilibrium in phenol solutions as mentioned above. By using equation 

(4.2), the variation of the average calculated mutual diffusion coefficient at 25°C was 

determined (Fig. 4.16). It was found [Naddaf and Bart, 2011-b] that as the concentration of 

phenol increases, the mutual diffusion coefficient also increases. Similar results, indicating that 

the diffusion coefficient is concentration-dependent, have been reported [Koros et al., 1976, 

Dubreuil et al., 2003]. This dependency of diffusivity on concentration was found to be a result 

of the solute-hydrogel interaction [Lewus and Carta, 1999]. For the varied concentrations of 
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loaded phenol —0.01mM, 0.04mM, 0.08mM, and 0.1mM— the corresponding average 

diffusion coefficients were 5.6185×10
-11

, 1.64338 ×10
-10

, 2.87919×10
-10

, and 3.34565×10
-9

 

m
2
/s respectively, as reported in previous work [Naddaf and Bart, 2011-b, c]. Although the 

change of the concentrations studied here is significant, the values obtained for the mutual 

diffusion coefficient of poly(NIPAAM)/BSA varied only slightly, from 5.67·10
-14 

m
2
/s to 

6.07·10
-14 

m
2
/s for 1.51M to 0.1M, respectively. Nevertheless, these values are still close to the 

reported effective diffusion coefficient of acrylamide hydrogel/BSA system [Andersson et al., 

1997], which indicates an increase in the resistance to diffusion inside the hydrogel due to the 

high swelling ratio. Another case study found that the mutual diffusion coefficient is strongly 

influenced by internal gel properties, such as the average free hole volume [Vrentas and 

Vrentas, 1992]. Hence, larger average free hole volume will lead to larger diffusivity at a given 

solute concentration. For a solute with a high molecular weight (such as BSA), the network has 

a considerable effect on diffusion, i.e., the diffusivity in a thermosensitive hydrogel is restricted 

by obstruction phenomenon for large molecules [Andersson et al., 1997]. However, this gives 

diffusion coefficients for BSA at about four magnitudes smaller than phenol [Naddaf and Bart, 

2011-a, c]. 

 

0.00 0.02 0.04 0.06 0.08 0.10

1E-11

1E-10

1E-9

1E-8

M
u

tu
al

 d
if

fu
si

o
n

 c
o

ef
fi

ci
en

t 
[m

2
/s

]

C
Phenol

 [mM]
 

Fig. 4.16: Averaged mutual diffusion coefficients for different initial phenol concentrations 

[Naddaf and Bart, 2011-a, c] 
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4.8. Summary 

The investigated self-synthesized poly(N-isopropylacrylamide) hydrogel showed both 

thermally-induced and pH-induced volume phase transitions. The used confocal Raman 

spectroscopy has been an efficient device in investigating the volume phase transitions and the 

structural composition of the produced hydrogels. 

Both Raman spectra profiles and the swelling ratio calculations showed hydrogel lattice 

collapse as a response to temperature increase. The collapse was distinguished by the 

appearance of sharp Raman spectra and by a sharp reduction in the swelling ratio, especially 

above the lower critical solution temperature (LCST). Increasing the temperature above the 

LCST causes a non-reversible thermo effect deformation within the hydrogel lattice. The same 

result is obtained in the case of equilibrating the hydrogel in phenol, i.e., Raman intensity 

increases by increasing the phenol concentrations and confirming that the changes inside the 

hydrogel lattice are happening. The mentioned non-reversible thermo effect showed in terms of 

changes in Raman intensity for the isopropyl group. The hydrogel follows volume phase 

transition due to the high acidity and high alkalinity. The lattice collapse due to the pH-value of 

the equilibrium solution is more noticeable in terms of swelling ratio than Raman spectra. 

Besides obtaining information about the chemical composition of the hydrogel/phenol system, 

Raman spectroscopy was used to study the change of intensity with the solute concentration 

during the diffusion, from which the mutual diffusion coefficient, Dmut in the thermosensitive 

poly(NIPAAm) hydrogel loaded with different initial concentrations of phenol (0.01mM, 

0.04mM, 0.08mM and 0.1mM) at a selected temperature of 25°C was calculated. The mutual 

diffusion coefficient was calculated for a long period at a fixed spatial position within the 

hydrogel near the outer surface for both solutes (BSA and phenol) at 25°C. For the 

thermosensitive poly(NIPAAm), which were swelled to equilibrium in different concentrated 

phenol and BSA solutions, the mutual diffusion coefficient was calculated based on a relation 

between the solvent concentration and Raman intensity of the poly(NIPAAm)/solvent system. 

Poly(NIPAAm) hydrogels were loaded and allowed to swell to equilibrium with either aqueous 
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phenol or BSA solutions. The phenol solutions prepared were 0.01mM, 0.04mM, 0.08mM, and 

0.1mM, and the BSA solutions were 0.01M, 0.05M, 0.10M, and 1.51M.  

The diffusion coefficient increase by increasing the concentration of phenol. The mutual 

diffusion coefficient varied from 5.61845×10
-11

 to 3.34565×10
-9

 m
2
/s for the hydrogel cylinder 

loaded with phenol concentrations of 0.01mM and 0.1mM, respectively. This dependency of 

diffusivity on concentration is due to the solute-hydrogel interaction. Although the change of 

the concentrations studied here is significant, the values obtained for the mutual diffusion 

coefficient of poly(NIPAAM)/BSA varied only slightly, from 5.67·10
-14 

m
2
/s to 6.07·10

-14 
m

2
/s 

for 1.51M to 0.1M, respectively. The results, compared to phenol, indicate an increase in 

resistance to diffusion inside the hydrogel due to a high swelling ratio and/or the average free 

hole volume, which strongly influences the mutual diffusion coefficient. The larger average 

free hole volume of a solute with a high molecular weight (such as BSA) leads to larger 

diffusivity at a given solute concentration. 
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5. Mechanical properties: hydrogel characterization and experimental 

setup 

 

5.1. Introduction 

Mechanical properties, which define the deformation, flow, and rupture of hydrogels under an 

external load, are among the most important and least understood physical properties of 

hydrogels. As mentioned previously, hydrogels have been investigated by many researchers for 

applications in biotechnological, medical, biological, and pharmaceutical fields (contact lenses, 

membranes for biosensors, sensors, actuators linings for artificial hearts, and materials for 

artificial skin) [Peppas and Langer, 1994, Walther et al., 1995, Peppas et al., 2000, Chung et al., 

1999, Melekaslan et al., 2003]. Such load bearing applications require an optimal hydrogel that 

is relatively strong yet elastic. In addition, for these applications, hydrogel is in direct contact 

with body fluids, which requires ensuring both accurate and targeted adsorption/desorption of 

an aqueous solution and a certain level of mechanical strength to maintain shape and 

performance. Therefore, the mechanical properties are important for both basic studies of gels 

and for determining the utility of the polymer in an appropriate application [Liu et al., 2007, 

Hakiki and Her, 1994, Muniz and Geuskens, 2001, Alenichev et al., 2007]. Controlling the 

polymerization conditions, such as temperature, light intensity, ionic strength, and pH, plays 

the main role in achieving the desired mechanical properties of the hydrogel [Baker et al., 1994, 

Crump, 2001]. Other techniques, such as the addition of a compound [Philippova et al., 1994] 

and thermal recycle [Cha et al., 1993] or changing the cross-linking density, can also affect the 

hydrogel strength. The dependence of the mechanical desired properties of hydrogels on 

various parameters was summarized elsewhere [Peppas et al., 2000, Anseth et al., 1996]. 

Although the mechanical properties should be the prime consideration in determining the 

suitable application, little is known about the mechanical behaviour of hydrogels. In recent 

years, however, experiments were performed to study the mechanical behaviour of the 

hydrogels under different conditions. 

In this work [Naddaf and Bart, 2008, Naddaf and Bart, 2001c], hydrogels are characterized by 

their stress-strain properties and their response to mechanical deformation, e.g., compression 

and elongation. Despite the applied load, they are still able to recover their initial shape. 
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Hydrogels can be synthesized as long cylinders, large disk spheres, or slabs because their 

geometry is an important factor that affects their mechanical strength. We worked with 

cylindrical gels that good contact surface and have a better ability for trap, transport, and drug 

release. According to our work, the collective diffusion coefficient, Dcol, based on the 

mechanical properties of hydrogel, was examined. For this purpose, an experimental setup 

(uniaxial compression apparatus) was designed to measure the diffusion coefficient for aqueous 

phenol and BSA solutions through a cylindrical poly(NIPAAm) hydrogel based on its 

viscoelastic properties as a function of its equilibrium temperature. The collective diffusion 

coefficient was calculated using the correlation developed by Tanaka [Tanaka et al., 1973]. The 

mean measurements and the calculated elastic modulus of hydrogel cylinders were based on the 

designed experimental setup and the procedure followed is detailed in Appendix F. 

 

5.2. Experimental setup 

The compression test apparatus used in this research was designed to compress the hydrogel 

uni-axially at a constant rate. The instantaneous applied load was transferred continuously and 

simultaneously to the hydrogel cylinder, by which the load is conducted along the direction of 

the stress (Fig. 5.1).. 

 

 

Fig. 5.1: System used for measuring the applied force and the hydrogel dimensional changes 

during compression 
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The mechanical properties examination in addition to the collective diffusion coefficient 

measurements were accomplished at a thermostated environment of 25
o
C using the uniaxial 

compression apparatus shown in Fig. 5.2 [Naddaf and Bart, 2011-c]. A vertical load was 

applied manually through the piston (E, G, and F) on the cylindrical hydrogel samples (H), 

which were placed directly above a digital scale (D) (L610-**D Sartorius GmbH). The 

transmitted compression force (and the applied stress) to the hydrogel cylinder was calculated 

from the reading of the balance. Meanwhile, the resulting deformations (associated strain) were 

detected using a microscope (C) (Stemi SV 11) connected to a colour video camera (A) 

(JVC.TK-C1381) and an objective (B) (Imtronic GmbH). The required measurements were 

carried out accurately using a PC (J) with a Grab&View
®
 software and Image-C program

®
. 

 

 

Fig. 5.2: The detailed description of the uniaxial compression system  

[Naddaf and Bart, 2011-c] 

 

In the elastic stage, the applied stress increased proportionally with strain until reaching the 

yield point, at which point the hydrogel cylinder becomes less elastic and broken. The Young 
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modulus is affected at a certain swelling ratio degree with the temperature elevation [Muniz 

and Geuskens, 2001, Koros et al., 1976]. The hydrogel cylinders subjected to a load at high 

temperatures (i.e., 37ºC) have less elasticity 

 

5.3. Viscoelastic characterization 

The compression system described in Section 5.2 was designed to increase the force gradually 

until reaching the rupture state or maximal possible applied force, i.e., the behaviour of a 

hydrogel submitted to a continuous stress increase was monitored via the camera until the 

maximum deformation was reached. The mean recorded measurements are the mass of the 

hydrogel before and after compression, the changes in the diameter, D, and the thickness, l, 

of the hydrogel as a response to the applied load. 

 

5.3.1. Mechanical behaviour 

With the designed compression test apparatus, the applied load was increased gradually on the 

individual poly(NIPAAm) cylinders in their swollen state by a force step of 0.2N. Depending 

on the equilibrium conditions, some poly(NIPAAm) cylinders were able to bear a force up to 

4N without breaking down. The initial diameter of the hydrogel cylinder affects the final force 

the hydrogel can withstand. Figs. 5.3 and Fig. 5.4 show force versus diameter change of 

poly(NIPAAm) cylinders of different initial diameters, d0, and different concentrations of 

phenol and BSA at 25ºC, respectively. The measuring time of the data points, which ranged 

according to the hydrogel cylinder conditions between 9 and 17 points, was kept as short as 

possible to avoid weight loss due to evaporation in the open system. The resulting relation 

between the applied load and the deformations seems to be non-linear, and poly(NIPAAm) 

cylinders with a high initial diameter can withstand higher load [Naddaf and Bart, 2011-c]. 

Meanwhile, a larger force is required to obtain a given degree of deformation for the thicker 

poly(NIPAAm) cylinders, as can be seen from Figs. 5.5 and Fig. 5.6, for phenol and BSA 

loaded hydrogels, respectively. The minus sign of the thickness change, Δl, refers to the 

reduction of thickness due to the uniaxial applied load. 
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Fig. 5.3: Force versus diameter change of four poly(NIPAAm) cylinders of different initial 

diameters (d0= ■ 13.156mm; ●13.064 mm; ▲12.42 mm; ▼13.064 mm) and different 

concentrations of phenol at 25ºC [Naddaf and Bart, 2011-c] 
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Fig. 5.4: Force versus diameter change of four poly(NIPAAm) cylinders of different initial 

diameters (d0 =■ 12.742mm; ●13.478 mm; ▲11.914 mm; ▼12.006 mm) and different 

concentrations of BSA at 25ºC [Naddaf and Bart, 2011-c] 
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Fig. 5.5: Force versus thickness change of four poly(NIPAAm) cylinders of different initial 

thicknesses (lo=■ 2.852mm; ●3.772mm; ▲3.588 mm; ▼ 2.944 mm) and different 

concentrations of phenol at 25ºC [Naddaf and Bart, 2011-c] 
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Figs. 5.6: Force versus thickness change of four poly(NIPAAm) cylinders of different initial 

thicknesses (lo=■ 3.634 mm; ●3.358 mm; ▲ 3.818 mm; ▼3.22 mm) and different 

concentrations of BSA at 25ºC [Naddaf and Bart, 2011-c] 
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Typical obtained stress-strain data are shown in Fig. 5.7. The included insets show the images 

of the hydrogel cylinder at the corresponding deformation. The shown poly(NIPAAm) 

hydrogel cylinder consists of an MBA mole fraction of 0.0115 (Hydrogel_1) and exhibits a 

sigmoidal stress-strain relationship in the elastic region, which ended at 7 MPa. The stress 

continues rising until the hydrogel cylinder ruptures. This typical curve is affected by change in 

temperature and concentration [Naddaf and Bart, 2011-c]. 

 

 
Fig. 5.7: Stress-strain data for poly(NIPAAm) of a matrix ration of 0.105 after swelled to an 

equilibrium at 25°C in deionized water [Naddaf and Bart, 2011-c] 

 

As can be seen from Figs. 5.8 and Fig. 5.9 [Naddaf and Bart, 2011-c], both hydrogel/phenol 

and hydrogel/BSA loaded cylinders show a lower linear strain response below the LCST, 

which indicates demonstration of elastic behaviour. For example, at 25ºC the maximum strain 

was not exceeding 75% for phenol and BSA with a corresponding maximal compression stress 

of 0.0144 MPa and 0.009 MPa, respectively. Similarly, at 32ºC the maximum achieved strain 

was 83% for phenol and 79% for BSA. At higher temperatures, the linear strain response, 
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which is combined with dynamic viscoelastic behaviour, becomes more remarkable until 

reaching its maximum. The hydrogel/phenol cylinder was able to reach 90% deformation at 

40ºC and to withstand a maximum stress of 0.195 MPa without rupture (Fig. 5.8). Less 

maximum deformation of 85% was achieved for the hydrogel/BSA cylinder. Here, the 

concentration of the solute plays a minor role in the hydrogel lattice deformation [Naddaf and 

Bart, 2011-c]. As can be seen from Figs. 5.8 and Fig. 5.9, each sample was subsequently 

deformed to a specific compressive strain level, by which the strain changes proportionally 

with the applied load. Moreover, the stress increases strongly from 25ºC to 40ºC. 
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Fig.5.8: Stress-strain curves for hydrogels swelled in 0.10 mM phenol solution at different 

temperatures 
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Fig. 5.9: Stress-strain curves for hydrogels swelled in 0.01M BSA solution at different 

temperatures 

 

This behaviour can be understood better by relating it to the dependency of the swelling ratio 

on the temperature presented in Fig. 5.10. By increasing the temperature, the hydrogel shrinks 

and becomes harder due to the denser network. By temperature elevation from 25ºC to 37ºC for 

hydrogel/phenol system, the compressive stress increased from 0.015 MPa up to 0.20 MPa. For 

the same temperature elevation range, the compressive stress increased from about 0.008 MPa 

to 0.12 MPa for the hydrogel/BSA system [Naddaf and Bart, 2011]. The increase in the 

compressive stress of the hydrogel/phenol cylinder can be related to the contribution of phenol 

molecules, which participate in forming a dense layer of the hydrogel network [Watanabe and 

Iwata, 1996, Kosik et al., 2007]. In both cases, the increase of the compressive stress may 

suggest that temperature elevation influences the mechanical properties and leads to a stronger 

hydrogel. 
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Fig. 5.10: Swelling ratio as a function of temperature for poly(NIPAAm) immersed to 

equilibrium in (a) phenol and (b) BAS 

 

5.3.2. Young’s modulus 

Young‘s modulus provides information to predict the behaviour of the hydrogel under 

compression. The Young‘s modulus (Y ) of the hydrogels at different swelling ratios was 

determined from the initial portion of the stress-strain data obtained from the compression test 

using equation: 

Stress F A Fl
Y

Strain l l A l
  

 

 

 

             (5.1) 

F  is the uniaxial force acting per unit cross-sectional area (Ao); l  is the deformation ratio, and 

lo is the initial thickness. In this work, Young‘s modulus was determined from the initial 

portion of the stress-strain data in compression tests up to 30% strain. The behaviour of a 

hydrogel submitted to a continuous stress increase was monitored until the maximum 

deformation was reached. 

Fig. 5.11 shows the increase of the Young‘s modulus, with elevating the temperature as an 

indication for the local stiffness increase, which occurs because of the network collapse 
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[Harmon et al., 2003]. Increasing the Young modulus was also the response of the hydrogels 

set to equilibrium in alkali and acidic solutions. As obtained from the experimental data, the 

hydrogel undergoes a major phase change for pH in between 5.0 and 7.0 in agreement with 

previous work [Sudipto et al., 2002, Naddaf and Bart, 2008]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.11: The Young modulus as a function of the equilibrium temperatures (pH=7) 

[Naddaf and Bart, 2008] 

 

The Young‘s modulus changes by varying the swelling ratio of hydrogel cylinders swelled to 

equilibrium in different concentrations of phenol solutions and BSA solutions are given in Fig. 

5.12 and Fig. 5.13, respectively [Naddaf and Bart, 2011-c]. The rapid changes of the Young 

modulus at a certain swelling ratio degree are clearly contributed due to the temperature 

elevation and are less sensitive to concentration changes. Exceeding the LCST expels the liquid 

from the hydrogel lattice, causing a substantial increase in the Young modulus from about 

0.14MPa for 0.1mM phenol solution and about 0.3MPa for 1.51M BSA, compared to 0.02MPa 

for 0.1mM phenol solution and about 0.035MPa for 1.51M BSA, at 25
o
C [Naddaf and Bart, 

2011-c]. At this range of temperatures, the poly(NIPAAm) forms a physical entanglement, 

which increases the apparent cross-linking density of the hydrogel and then the compressive 
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elastic modulus [Muniz and Geuskens, 2001, Muniz and Geuskens, 2001]. The effect of the 

concentration of solute (phenol or BSA) shows less effect on the Young‘s modulus compared 

to the effect of temperature. Nevertheless, the deviation in the Young‘s modulus with changing 

BSA concentration is more obvious than that of phenol. 

The calculated Young‘s modulus variation with initial thickness is illustrated in Fig. 5.14 and 

Fig. 5.15 for phenol and BSA, respectively. The cross sectional areas combined with hydrogel 

cylinder deformation were measured with the aid of the optical microscope and the image 

analysis software described above. The obtained results indicate that the mechanical strength of 

the hydrogel cylinders decreases with increasing the thickness of the sample [Naddaf and Bart, 

2011-c]. 
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Fig. 5.12: Young‘s modulus variation for different phenol solutions at different temperatures: 

(■) 25
o
C; (●) 32

o
C; (▲) 37

o
C [Naddaf and Bart, 2011-c] 
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Fig. 5.13: Young‘s modulus variation for different BSA solutions at different temperatures: 

(■) 25
o
C; (●) 32

o
C; (▲) 37

o
C [Naddaf and Bart, 2011-c] 
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Fig. 5.14: Young‘s modulus for hydrogels swelled in 0.04mM and 0.04mM phenol solution at 

different temperatures: (■) 25
o
C; (●) 32

o
C; (▲) 37

o
C; (♦) 40

o
C [Naddaf and Bart, 2011-c] 
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Fig. 5.15: Young‘s modulus for hydrogels swelled in 0.05M BSA solution at different 

temperatures [Naddaf and Bart, 2011-c] 

 

5.4. Results and discussion 

5.4.1. Collective diffusion coefficient 

As mentioned above, from the compression test, the primary elastic modules, such as the 

Young‘s modulus, shear modulus, and the bulk modulus (Appendix F), were calculated using 

Matlab
® 

(Appendix G). With those obtained modules, the collective diffusion coefficient, Dcol, 

was determined using the Tanaka-Fillmore equation [Tanaka et al., 1973]: 

 

4

3
colD K f

 
  
 

              (5.2) 

 3 1 2K Y v 
             (5.3) 
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 2 1Y v                (5.4) 

Here, K is the bulk modulus [N\m2], µ is the shear modulus [N\m2], v is the Poisson‘s ratio, 

and ƒ is the friction coefficient, which describes the viscous interaction between the polymer 

and the solvent. As mentioned previously, the Young‘s modulus was determined from the 

initial part of the stress-strain data of the compression test using equation (5.1). 

Based on the experimental values obtained from the compression measurements, the 

viscoelastic properties (bulk modulus, shear modulus, Poisson‘s ratio, and the friction 

coefficient) were calculated using Matlab® and used to calculate the collective diffusion 

coefficient.  

 

Table 5.1: Experimental data obtained from the compression measurements and used to 

calculate the collective diffusion coefficient [Naddaf and Bart, 2011-c] 

Material Concentration 

 (M) 

T(ºC) Diameter, d (m) Thickness, l (m) Dcol, 

(m
2
/s) ×10

-9
 

Initial Final Initial Final 

Phenol 10
-5

 M 25 0.013156 0.015088 0.002852 0.002116 0.0074 

Phenol 10
-5

 M 37 0.005336 0.005704 0.001242 0.000782 0.0855 

Phenol 10
-5

 M 40 0.004622 0.004830 0.001932 0.001518 0.1939 

Phenol 4·10
-5

 M 25 0.013064 0.015594 0.003772 0.002300 0.0056 

Phenol 4·10
-5

 M 32 0.010120 0.012420 0.002806 0.001564 0.0070 

Phenol 4·10
-5

 M 37 0.004922 0.005290 0.001610 0.000874 0.0840 

Phenol 4·10
-5

 M 40 0.005244 0.005934 0.001196 0.000552 0.0518 

Phenol 8·10
-5

 M 25 0.012420 0.015226 0.003588 0.002254 0.0035 

Phenol 8·10
-5

 M 32 0.010212 0.012466 0.002944 0.001288 0.0082 

Phenol 8·10
-5

 M 37 0.004784 0.005474 0.001472 0.000736 0.0607 

Phenol 8·10
-5

 M 40 0.005290 0.005566 0.001610 0.001104 0.1074 

Phenol 10
-4

 M 25 0.013064 0.014858 0.002944 0.001794 0.0092 
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Phenol 10
-4

 M 32 0.009752 0.012374 0.003220 0.001748 0.0041 

Phenol 10
-4

 M 37 0.004876 0.005382 0.001794 0.001104 0.0826 

Phenol 10
-4

 M 40 0.005474 0.005792 0.001288 0.000828 0.0883 

BSA 10
-2

 M 25 0.012742 0.015502 0.003634 0.002070 0.0049 

BSA 10
-2

 M 32 0.010166 0.011500 0.002392 0.001978 0.0070 

BSA 10
-2

 M 37 0.004692 0.005336 0.002070 0.001380 0.0731 

BSA 10
-2

 M 40 0.005060 0.005474 0.002024 0.001334 0.0934 

BSA 5·10
-2

 M 25 0.013478 0.017112 0.003358 0.001380 0.0032 

BSA 5·10
-2

 M 32 0.009982 0.012466 0.002760 0.001840 0.0002 

BSA 5·10
-2

 M 37 0.005198 0.005888 0.001932 0.001242 0.0614 

BSA 5·10
-2

 M 40 0.004968 0.005382 0.001702 0.001196 0.1033 

BSA 0.1M 25 0.011914 0.015548 0.003818 0.002070 0.0006 

BSA 10
-1

 M 32 0.010074 0.012190 0.002116 0.001426 0.0052 

BSA 10
-1

 M 37 0.005060 0.005888 0.002070 0.001334 0.0494 

BSA 10
-1

 M 40 0.005106 0.005382 0.002024 0.001288 0.1022 

BSA 1.51 M 37 0.004876 0.005474 0.001840 0.001518 0.0479 

BSA 1.51 M 40 0.004876 0.005336 0.002070 0.001518 0.1026 

 

It was found [Naddaf and Bart, 2011-c] that the collective diffusion coefficient for the different 

hydrogel sample is measured to be identical at 25ºC and 32ºC (below and around the LCST), 

regardless of the BSA (or phenol) concentration used (Fig. 5.16). Meanwhile, above the LCST, 

it varied significantly, at which the temperature elevation, which plays a remarkable role in 

hydrogel shrinking, caused an increase in the diffusion coefficient in the hydrogel/phenol 

system. For example, at 25°C, the diffusion coefficient of the hydrogel cylinder immersed to 

equilibrium in the 0.01mM phenol equals 7.4×10
-12

 m/s
2
 and this value increased about two 

orders of magnitude by increasing temperature to reach 1.939×10
-10

 m/s
2
 at 40

o
C (Fig. 5.16) 

[Naddaf and Bart, 2011-c]. The effect of temperature on the diffusion coefficient follows the 
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same trend for all phenol concentrations. Nevertheless, the highest concentration of phenol 

(0.10mM), which also affects the hydrogel shrinking at low temperatures, is responsible for 

decreasing the diffusion coefficient compared to the lowest concentration of phenol (0.01mM) 

in an order of magnitude from 9.2×10
-12

 m/s
2
 to 8.83×10

-11
 m/s

2
. From Fig. 5.16 and Fig. 5.17, 

the temperature elevation also causes an increase in the diffusion coefficient for the 

hydrogel/BSA system but with less divergence compared to the hydrogel/phenol system. 

Meanwhile, the diffusion coefficient of 0.01M BSA varied from 4.9×10
-12

 m/s
2
 at 25

o
C to reach 

9.34×10
-11

 m/s
2
 at 40

o
C (Fig. 5.17) [Naddaf and Bart, 2011-c]. In contrast to phenol, the higher 

concentration of BSA has almost no remarkable effect on changing the diffusion coefficient, 

i.e., it increased from 1.92×10
-11

m/s
2
 for the 0.01M BSA to 1.026×10

-10
m/s

2
 for the 1.5M BSA. 

This means that the concentration of BSA has less effect on shrinking compared to the 

interactions caused by the ring-shaped phenol molecule, which can act as a proton donor or 

acceptor [Watanabe and Iwata, 1996]. More about the effect of phenol on the thermosensitive 

hydrogel is available elsewhere [Kosik, et al., 2007]. 
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Fig. 5.16: Dcol with temperature change for different concentrations of phenol 

[Naddaf and Bart, 2011-c] 
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The diffusion coefficient of 0.01M BSA varied from 4.9×10
-12

 m/s
2
 at 25

o
C to reach 9.34×10

-11
 

m/s
2
 at 40

o
C (see Fig. 5.17) [Naddaf and Bart, 2011-c]. The effect of temperature on the 

diffusion coefficient follows the same trend for all BSA concentrations. In contrast to phenol, 

the higher concentration of BSA had almost no remarkable effect on changes of the diffusion 

coefficient, i.e., they increased for the 1.5M BSA from 1.29×10
-11

 m/s
2
 to 1.026×10

-10
 m/s

2
 

[Naddaf and Bart, 2011-c]. This related to the mechanical strength measurements of the 

hydrogel swelled in BSA protein, which demonstrated that the Young‘s modulus does not vary 

with the presence of proteins [Khoury et al., 2003]. The direct effect of the Young‘s modulus 

on the collective diffusion coefficient appears in equations (5.3) and (5.4). 
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Fig. 5.17: Dcol with temperature change for different concentrations of BSA  

[Naddaf and Bart, 2011-c] 
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5.5. Summary 

According to this work [Naddaf and Bart, 2008, Naddaf and Bart 2011-a, c], for the 

thermosensitive poly(NIPAAm) hydrogels, which were swelled to equilibrium in different 

concentrated phenol and BSA solutions, the collective diffusion coefficients were calculated 

after a model [Tanaka et al., 1973] based on measurements of bulk modulus, shear modulus, 

and the frictional coefficient between the solvent and the hydrogel network.  

Poly(NIPAAm) hydrogels were loaded and allowed to swell to equilibrium with either aqueous 

phenol or BSA solutions. The phenol solutions prepared were 0.01mM, 0.04mM, 0.08mM, and 

0.1mM, and the BSA solutions were 0.01M, 0.05M, 0.10M, and 1.51M. A uniaxial 

compression apparatus was designed to examine the mechanical properties and to determine the 

collective diffusion coefficient in poly(NIPAAm) hydrogels equilibrated in different solute 

concentrations at 25ºC, 32ºC, 37ºC, and 40ºC. Depending on the equilibrium conditions, the 

poly(NIPAAm) cylinders were able to bear an axial load up to 4N without break down. The 

lower initial diameter is a main factor that affects the final force that a hydrogel can withstand, 

i.e., a poly(NIPAAm) cylinder with a lower initial diameter can withstand a higher load. 

However, larger force is required to obtain a given degree of deformation for the thicker 

poly(NIPAAm) cylinders. Poly(NIPAAm) hydrogel cylinders exhibit a sigmoidal stress-strain 

relationship in the elastic region. This typical curve is affected by temperature and the 

composition of the equilibrium solution in the linear stress domain until rupture. At higher 

temperature, the hydrogels need higher stress for a given deformation and remain in the elastic 

state even by reaching 90% of the maximal applied strain. Moreover, the stress increases 

strongly by increasing the temperature from 25°C to 40°C. This behaviour may be better 

understood relating it to the dependency of the swelling ratio on the temperature, which 

increases the hardness of the hydrogel due to shrinking. Therefore, temperature elevation is 

suggested to influence the mechanical properties and leads to a mechanically stronger hydrogel. 

Both hydrogel/phenol and hydrogel/BSA cylinders show a linear strain response combined 

with a dynamic viscoelastic behaviour below the LCST. At higher temperatures, this becomes 

more remarkable until reaching its maximal stress. The Young‘s modulus is affected at a 

certain swelling ratio degree with temperature elevation [Muniz and Geuskens, 2001, Koros et 

al., 1976]. The hydrogel cylinders subjected to a load at high temperatures (i.e., 37ºC) have less 
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elasticity. The concentration of phenol and BSA shows less effect on the Young‘s modulus 

compared to the effect of temperature. Nevertheless, less maximal deformation of 85% was 

achieved for the hydrogel/BSA cylinder in which the concentration of the diffusing solute plays 

a minor role in the deformation of the hydrogel lattice. Based on the compression test, the 

Young‘s modulus was determined from the initial portion of the stress-strain data. The obtained 

results indicate that the mechanical strength of the hydrogel cylinders decreases with an 

increasing of the thickness of the sample. 

From the compression measurements and by using a Matlab® Program, the viscoelastic 

properties, such as the Young‘s modulus, the shear modulus, and the bulk modulus, were 

calculated and used to calculate the collective diffusion coefficients based on the Tanaka-

Fillmore equation [Tanaka et al., 1973]. The diffusion coefficients below and around the LCST 

are almost identical. Meanwhile, above the LCST, the diffusion coefficients varied 

significantly. The temperature elevation from 25°C to 40°C caused an increase in the diffusion 

coefficient of the hydrogel/0.01mM phenol system within two orders of magnitude. The higher 

concentration of phenol affects the hydrogel shrinking, even at low temperatures, and increases 

the diffusion coefficient of the hydrogel/0.1mM phenol system with only one order of 

magnitude at temperature elevation from 25°C to 40°C. Similarly, the diffusion coefficient of 

the hydrogel/BSA system increases by increasing the temperature, but with less divergence, 

above the LCST compared to hydrogel/phenol system because the concentration of the BSA 

has less effect in shrinking compared to the ring-shaped phenol molecule. 
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6. Bi-dimensional moving boundary diffusion model: theory and 

implementation 

 

6.1. Introduction 

For modelling swelling kinetics, the diffusion of solvent in polymers can be classified into 

several types [Flory, 1953]: Fickian, relaxation-controlled, non-Fickian, case II behaviour, and 

super case II behaviour. In Fickian diffusion, the swelling rate is limited by diffusion from the 

surface of the swollen polymer to the solvent front. In this kind of diffusion, the sorption rate is 

proportional to the square root of time, if the diffusion coefficient and the surface concentration 

remain constant [Sainio, 2005]. In the relaxation-controlled behaviour, the relaxation process is 

very slow compared to the diffusion rate. This behaviour exists if the polymer is in contact with 

a good solvent. If the weight uptake in the polymer is linear, then the solute diffusion follows 

the so-called case II behaviour. The intermediate transport between Fickian and case II can also 

take place where the rate of mass transport exhibit is dependent on time. In this case, the 

diffusion is a function of  where  is a number between 0.5 and 1.0. The super case II 

behaviour refers to a sudden acceleration in the rate of mass uptake, wherein the mass transport 

is affected by the hydrogel thickness. A comprehensive review on hydrogels for controlled 

release applications and the mathematical description of the release mechanism is given 

elsewhere [Lin and Metters, 2006, Ganji and Vasheghani-Farahani, 2009]. Diffusion is found to 

be one of the most important mechanisms in drug release, which allows the use of the 

polymeric network as a drug delivery system [He, 2006, Richter et al., 2008, Piai et al., 2008, 

Liu and De Kee, 2005, Mellott et al., 2001, Wu and Zhou, 1997]. Many factors affect diffusion, 

such as temperature, concentration, and the polymeric network. In poly(NIPAAm) hydrogel, 

the temperature has the most profound influence on the diffusion coefficient. The protein 

release in the hydrogel proceeds both diffusion and degradation mechanisms [Zhang, 2005]. 

The rate of protein release in hydrogel mainly depends on the pore size of the hydrogel, the 

structure and composition of the matrix, the protein‘s size, and protein-network interactions 

[Lin and Metters, 2006, Zhang et al., 2005]. In fact, the drug release mechanism depends on the 

hydrogel network, as well as on the drug-loading method [Wu and Brazel, 2008]. When the 

uptake of the drug is performed after the formation of the hydrogel network (the so-called 

nt n
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‗post-loading‘), the mechanism of uptake and release is then mainly governed by diffusion 

and/or swelling/shrinking [Wu and Brazel, 2008, Lin and Metters, 2006]. For this reason, the 

most applied models are still based on Fick‘s second law of diffusion [Ganji and Vasheghani-

Farahani, 2009, Siepman et al., 1998, Russell et al., 2003, Amsden and Turner, 1999] or 

variable diffusion coefficients D [Russell et al., 2003, Russell and Carta, 2005]: 

)(
1

x

C
Dx

xt

C








 


          (6.1) 

where C  is the solute concentration in the hydrogel, x  is the horizontal coordinate, t  is the 

time, and   is a form factor: 0 (slab); 1 (cylinder); 2 (sphere). 

Bi-dimensional models are applied [Siepman et al., 1998, Amsden and Turner, 1999] using an 

analytical solution for cylindrical particles of constant size. They are proposed for the case of 

moving boundaries due to swelling/shrinking of the hydrogel [Siepman et al., 1999]. The rate 

of protein release is generally diffusion-controlled through the aqueous channels within the 

hydrogels [Russell et al., 2003, Amsden and Turner, 1999, Russell and Carta, 2005]. The drug 

diffusivities are determined either empirically from fitting the experimental release curves [Van 

Tomme, 2007, Mellott et al., 2001, Amsden and Turner, 1999, Russell and Carta, 2005] or 

theoretically estimated (i.e., free volume, hydrodynamic, or obstruction-based theories) [Li and 

Tanaka, 1990, Kosto and Deen, 2004]. Alternatively, time-dependent power laws function for 

the cumulative drug release fraction Mt/M∞ [Lin and Metters, 2006, Wu and Brazel, 2008] 

describe the diffusion or swelling mechanism on an empirically basis: 




nt kt
M

M
          (6.2) 

where   is time-independent term, which is employed to describe the burst release in drug 

delivery profile in both diffusion-controlled and swelling-controlled release systems, tM is the 

mass uptake at time t , and M  is the equilibrium mass uptake. The values of the exponent n 

are 0.5 (slab), 0.45 (cylinder), and 0.43 (sphere) [Lin and Metters, 2006]. Theoretically, the 

kinetic constant (k) should increase with increasing temperature according to the Eyring-theory, 
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i.e., the diffusion coefficient should be higher. But other research indicates that shrinking 

(leading to higher volume part of the polymer) decreases the diffusion [Amsden, 2001]. 

1 2
24k D l              (6.3) 

Based on experimental observations (as shown in Section 6.4) [Naddaf et al., 2010], the 

resistance of the hydrogel structure to diffusion increases at higher temperatures due to 

shrinking, i.e., lowers the diffusion. From equation (6.3), the dimension of the kinetic constant 

is [1/s
n
]. The meaning of this kinetic constant can be seen from the solution of Fick‘s second 

law for a slab-shaped gel where n=1/2 to be proportional to the square root of the diffusion 

coefficient of the solvent in the polymer (D) and the gel thickness (l). 

Above a threshold value of the penetrant activity, which depends on the temperature, the 

diffusion becomes ‗anomalous‘ with respect to Fickian diffusion, and a plot of the weight 

uptake versus the square root of time is no longer linear but sigmoidal in shape, and it is 

thickness dependent [Gostoli and Sarti, 1986]. The same phenomenological approach as above 

is used to describe anomalous diffusion, applying in equation (6.2) values of n > 0.5 [Ganji and 

Vasheghani-Farahani, 2009, Lin and Metters, 2006]. At temperatures near the low critical 

solution temperatures, where gel shrinking dominates, solvent-polymer and polymer-polymer 

interactions are of greater importance. According to the Tanaka equation [Li and Tanaka, 

1990], shrinking kinetics around the LCST is usually interpreted as collective diffusion [He, 

2006, Mellott et al., 2001, Richter et al., 2008]. In all applications, a homogeneous gel structure 

is supposed, which undergoes an isotropic deformation [Lévesque et al., 2005]. The Tanaka 

equation was derived for ideal geometries (sphere, long cylinder, and large disk) [Li and 

Tanaka, 1990], but mostly are used in the form of spherical geometry:  
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          (6.4) 

Equation (6.3) describes the swelling/shrinking of gels as similar to a diffusion process with 

relaxation time proportional to the square of the gel size. In the above summation, the first term 

exp(t/) at n=1 is dominant over the higher order terms; r0 denotes the final radius of the gel at 

equilibrium state, and r0 is the total increase in the radius on the entire process of swelling. 

The change of particle radius r at a given time is a multi-exponential function of the largest 



 

74 

 

characteristic, time
2

0 colr D  , defined by the radius of the swollen particles (i.e., the initial 

radius for the release experiments) and the collective diffusion coefficient (the unique fitted 

parameter in equation (6.4)). For particles with cylindrical and disk shapes, the apparent 

collective diffusion coefficient is smaller than the value obtained directly from kinetics with 

spherical gels [Wu and Zhou, 1997]. 

In this section [Naddaf et al., 2010a, b], poly(NIPAAm) hydrogel was used to study the release 

kinetics of BSA by thermal deswelling at different temperatures around the critical solution 

temperature, i.e., in conditions of rapid shrinking of the hydrogel. The solvent release through 

the hydrogel was modelled with a bi-dimensional diffusion model with moving boundary 

conditions, and the experimental data showed a good agreement with the calculated data. 

 

6.2. Protein loading and protein release 

The swelling equilibrium method was used in order to load BSA into poly(NIPAAm) as 

described in Section 3.4. Section 3.5 describes the release experiments carried out at 

temperatures of 25C, 32C, 37C, and 40C. The change in the weight and size of the 

hydrogel particles was measured at the same time intervals as in the release experiments. 

Diameter and height of the cylindrical poly(NIPAAm) hydrogel particles were measured using 

a microscope equipped with a CCD video camera. For each time interval, the weight of the 

hydrogel disk was measured using digital balance with an accuracy of 0.5 mg as described in 

Section 3.3. 

 

6.3. Kinetics of shrinking 

The change in the weight and size of the hydrogel particles was measured at the same time 

intervals as in the release experiments, i.e., the shrinking process combined with volume 

changes was observed for 24 hours by measuring the changes in weight and size of the 

cylindrical gel particle. The main change in the volume of the particles occurs in the first 130-

150 minutes, as shown in Fig. 6.1 [Naddaf et al., 2010-b]. 
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Fig. 6.1: Calculated and experimental volume changes for the gel particle at different 

temperatures during the release of BSA with initial concentration of 0.1M 

[Naddaf et al., 2010-b] 

 

Near the LCST, the cylindrical particles with initial aspect ratio of 0.2 undergo a nearly 

isotropic deformation. This can be seen from the measured initial and final (t=1440min) H/D 

values for the different temperatures, shown in Fig. 6.2. In fact, a pulsatile behaviour of 

shrinking/swelling was observed during the experimental run, but the maximum final change in 

the aspect ratio tended to be about 15% [Naddaf et al., 2010-b]. 
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Fig. 6.2: Initial and final aspect ratio for the gel particles at different temperatures during BSA 

release [Naddaf et al., 2010-b] 

 

The volume change of the gel particles around the LCST was successfully described as 

collective diffusion with the Tanaka-Fillmore equation (equation 6.4) [Tanaka et al., 1973]. The 

diffusion coefficient of the collapsing gel network was obtained from the experimental 

shrinking curves, calculated as the equivalent radius of the sphere. They were fitted to equation 

(6.4) to obtain Dcol. The shrinking kinetics was satisfactorily predicted with Dcol=310
-10

m
2
/s, as 

can be seen from the comparison of calculated and experimental values in Fig. 6.3 [Naddaf et 

al., 2010-b]. 
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Fig. 6.3: Calculated and experimental change of the radius for poly(NIPAAm) hydrogel disc 

around and beyond the LCST [Naddaf et al., 2010-b] 

 

As Fig. 6.1, Fig. 6.2 and Fig. 6.3 show, the release process is combined with dimensional 

changes in the hydrogel geometry before reaching equilibrium. The changes in both radius (r) 

and height (z) of the cylindrical hydrogel, which were obtained from the experimental 

investigation at different release temperatures, are reported in Table E.5 (Appendix E). 

Compared to the results obtained in Fig. 6.1, the dimensionless term r/r0 shows less 

temperature dependence due to the influence of the temperature hidden in the maximum radius 

change of the particle. 

 

6.4. Release kinetics 

The cumulative release fractions of BSA from poly(NIPAAm) hydrogel were calculated as 

exponential functions of time, according to equation (6.2). The mass fraction of the released 
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liquid was calculated as given in equation (6.5) and the cumulative mass release curves for 

BSA shown in Fig. 6.4. 

finalinitial

finalparticle

l MM

MtM

M

tM








)(
1

)(
            (6.5) 

where the mass of the gel particle at a given time t is defined as a sum of the contained mass of 

BSA solution and the constant mass of the dry gel particle as follows: 

article article ))(()( pdrysolpdryparticleparticle MVtVtM          (6.6) 
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Fig. 6.4: The cumulative mass release curves for BSA with initial concentration of 0.1M 

[Naddaf et al., 2010-b] 

 

The cumulative mass release curves for BSA were calculated as exponential functions of time 

according to equation (6.2), taking into consideration that the diffusion exponent n in equation 



 

79 

 

6.2 equals 0.45 for the cylinder (the values of the exponent are close to the theoretically 

expected for cylindrical geometry) and the burst time-independent term, , is assumed to be 

equal to zero; a Fick‘s release kinetics is supposed. In addition to the obtained values for the 

constant k and the exponent n of equation (6.2), data for the measured mass and volume of the 

particles are given in Table 6.1 [Naddaf et al., 2010]. 

Table 6.1: Mass, volume and calculated k, n, and R
2
 for hydrogel particles at different released 

temperatures [Naddaf et al., 2010-b] 

Temperature 25C 32C 37C 

Mass of dry particle, article pdryM
 
[g] 0.0162 0.0194 0.0167 

Volume of dry particle [cm
3
] 0.013572 0.018748 0.013944 

Initial mass of the wet particle before release initialM
 
[g] 0.3137 0.3566 0.2828 

Final mass of the wet particle after release finalM
 
[g] 0.249849 0.176764 0.023045 

Density of the solution in the gel [g/cm
3
] 1.04 1.14 1.28 

K 0.097 0.087 0.112 

N 0.442 0.440 0.462 

R
2 

0.661* 0.852 0.943 

*At 25°C, due to the strong scatter of the experimental points, low correlation coefficient was 

obtained. 

 

6.5. Modelling 

A one-dimensional model for cylindrical particles is correct for a disc of aspect ratios > 10 

[Wu, and Brazel, 2008]. In this work [Naddaf et al., 2008, Naddaf et al., 2010], particles have a 

cylindrical geometry with an aspect ratio of 0.2, a relation of the mass transfer areas (r- to z-

direction) was in the range of 0.3-0.4; a bi-dimensional model with moving boundary 

conditions was used [Siepman et al., 1999] to predict the release kinetics of BSA through the 
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cylinders. Based on Fick‘s law of diffusion, the two isotropic and anisotropic diffusions can be 

handled in both r- and z-directions with constant or variable coefficients. The mass balance for 

the particle is given by the equation: 

)),,(()),,((
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rrt
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         (6.7) 

Based on this model, an isotropic diffusion (
zr DD  ) with concentration profile symmetry 

towards the axis of the cylinder (r=0) and the plane at 1/2 thickness of the particle (z=0): 

0









z

C

r

C
   z=0 and r=0           (6.8) 

Meanwhile, at the outer surface of the cylindrical particle, both concentration profile symmetry 

and equilibrium concentration are supposed:  

eqC C    0 r R t     z Z t         (6.9) 

and    0 z Z t     r R t       (6.10) 

Here Z is the half thickness of the disc and R is its radius. The mass balance for the liquid phase 

in the vessel is given as: 

t
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V

t

C l

solid

liq









            (6.11) 

From the mass balance for the liquid phase in the vessel (equation 6.11), the volume averaged 

solid phase concentration was calculated using equation (6.12), by which the time dependent 

functions of the size change ( )Z t and ( )R t  are given explicitly as obtained from the shrinking 

measurements [Naddaf et al., 2010-b]. As shrinking was found to proceed equally in both 

directions and was satisfactorily predicted by the Tanaka equation for temperatures near the 

LCST, it was used as a model function, describing the ( )Z t  and ( )R t dependencies for 

temperatures near the LCST; it was solved numerically by a finite-difference method (radial 

step 0.01 ( )R t  ; axial step 0.01 ( )Z t   and time step of one minute) (Appendix H) [Naddaf 
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et al., 2010-b]. The calculated curves )(tCl  
were fitted to the experimental ones to estimate the 

effective diffusion coefficient inside the hydrogel. 

 

)(

0

)(

0

2
dz ),,(

2
)(

tZ tR

drrtzrC
ZR

tC          (6.12) 

At the liquid-solid interface (i.e.,  and z Z r R  ), a partition coefficient of 1K   was 

supposed between the concentration inside the pores and in the surrounding liquid. Reported 

values for the BSA partition coefficient for different hydrogels were found to be around unity 

[He, 2006, Shang et al., 1998]. Moreover, the initial liquid to solid ratios liq solidV V were 

found in the order of 50-60. Experimentally, the BSA release was measured by UV-V 

spectrometry. Fig. 6.5 presents both calculated and experimental kinetic curves. For the four 

represented temperatures, the BSA release exhibits the same release profile. Regardless of the 

initial drug concentration, at high temperatures (i.e., 40°C), the system reaches the equilibrium 

release in shorter time than at below or around the LCST. 

0 500 1000 1500 2000 2500 3000

0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.010

0.011

0.012

0.013

0.014

0.015

0.016

R
el

ea
se

 c
o

n
ce

n
tr

at
io

n
 (

M
)

Time (min)

 25
o
C

 32
o
C

 40
o
C

 

Fig. 6.5: The concentration of released BSA versus time at different temperatures for BSA 

initial concentration of 0.1M [Naddaf et al., 2010-b] 
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At the initial period of BSA diffusion, a burst release followed by a ‗breakdown lane‘ was 

observed. This rapid desorption, causing the burst term, is related to the BSA molecules located 

at the surface of the hydrogel cylinder, which would transfer immediately to the surroundings 

due to the high BSA concentration gradient. Consuming the BSA molecules near the hydrogel 

surface causes the appearance of a breakdown [Naddaf et al., 2010-b]. At 40ºC, the release is 

eliminated due to the formation of a hard shrunken dense layer on the outer surface of the 

hydrogel (Fig. 6.5). This elimination of release from the hydrogel during the initial period of 

diffusion results in an increase in the hydrogels‘ internal pressure as a response to increasing 

shrinking rate. Due to the accumulation of internal pressure, the hydrogel shrinks at 40ºC faster 

than it does at 32ºC, and the interior solute is rapidly expelled, causing the lowest cumulative 

release among the other tested temperatures, as found in previous research [Kaneko et al., 1995, 

Naddaf et al., 2010]. This explains the achievement of the lowest cumulative release among 

other tested temperatures. The final equilibrium values of the experimentally observed release 

curve shown in Fig. 6.5 were used directly in the simulations [Naddaf et al., 2010-b]. 

 

6.5.1. Simulation with constant diffusion coefficient 

Fig. 6.6 presents a comparison of the dimensionless experimental releases of BSA with the 

predicted kinetics as a function of time for BSA with an initial concentration of 0.1M. The 

presentation in dimensionless form better illustrates that the cited diffusion coefficient is able to 

describe the rate of the release for all three curves. 
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Fig. 6.6: Comparison of the dimensionless experimental release of BSA concentration with 

calculated kinetics versus time for BSA initial concentration of 0.1M [Naddaf et al., 2010-b] 

 

It is found [Naddaf et al., 2008, Naddaf et al., 2010] that the experimental curves for 25C, 

32C, and 40°C are satisfactorily described with a constant effective diffusion coefficient of 

Dr=Dz=1.67×10
-11

m
2
/s [Naddaf et al., 2010]. This corresponds to the reported values for BSA 

diffusion inside hydrogels: 2.0 – 2.4×10
-11

m
2
/s [Amsden and Turner, 1999], 1-3.1×10

-11
 m

2
/s 

[Lévesque et al., 2005], 1.5-6.8×10
-11

m
2
/s [Van Tomme, 2007], 1.5-8×10

-11
m

2
/s [He, 2006]. 

For comparison, diffusion coefficients for BSA in free solutions are in the range of 5.8×10
-11

 

and 6.4×10
-11

m
2
/s [Van Tomme, 2007, Kosto and Deen, 2004, Coviello, et al., 2005]. Above 

LCST (at 40ºC), the difference in BSA released from the loaded hydrogels between the initial 

highest and the initial lowest concentrations, i.e., 1.51M and 0.01M, respectively, was 1.6%. 

Meanwhile, the release from the hydrogel loaded with BAS of initial concentration of 1.51M 

gave 5.9% more at 25C [Naddaf et al., 2010]. Here, the constant diffusion coefficient predicts 

an earlier approach to equilibrium than observed in 300 minutes, in comparison with 1000min 

for the experiment. This can be explained with the decreasing diffusion time 2

effR D , due to 
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dramatic change in the radius ( )R t  during shrinking. In the same time, the experimentally 

observed release is lower because of the lower diffusion coefficient in the more dense structure 

of the collapsing gel.  

 

6.5.2. Simulation with variable diffusion coefficient 

In a second set of simulations, a model with a variable diffusion coefficient was adapted to 

improve the description of the release kinetics when shrinking the gel was of utmost 

importance. As obtained from the experiments, the change in diffusion was related to the 

shrinking ratio as follows [Naddaf et al., 2010-b]: 

   0 0eff effD D V V             (6.13) 

Calculations with two initial values of the diffusion coefficient are presented, Deff0 =1×10
−5

 

cm
2
/min (Dr =Dz = 1.67×10

−11
m

2
/s) and Deff0 = 0.5×10

−5
 cm

2
/min (Dr =Dz = 0.83×10

−11
m

2
/s), 

to illustrate the sensitivity of the calculated curve toward Deff0 [Naddaf et al., 2010]. The effect 

of the variable diffusion coefficient is represented in Fig.6.7 and Fig. 6.8 [Naddaf et al., 2010] 

for temperatures below the LCST (at 25C) and above it (at 37°C), respectively, where the 

initial parts of the kinetic curves are comparable with the calculated values. At 25C where 

shrinking is less pronounced, the experimental results are satisfactorily described with the 

constant diffusion coefficient. In the second case (at 37C), the decreasing (variable) diffusion 

coefficient describes the experimental curve better [Naddaf et al., 2010]. This is reasonable 

because the diffusion of BSA at temperatures near the LCST is strongly dependent on protein-

network interactions. In such a case, the rate of diffusion is independent of the concentration of 

the drug in the hydrogel (there is no Deff(C) relation), but depends on the polymer volume 

fraction [He, 2006, Khoury, 2003, Li et al., 2008]. For instance, a Fickian diffusion model was 

found to be consistent with the experimental observations [Tomme, 2007], where mass-transfer 

rates were strongly dependent on the gel polymer concentration and not on the solution 

concentration. 
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Fig. 6.7: The effect of the variable diffusion coefficient on the initial parts of the kinetic curves 

at 25C [Naddaf et al., 2010-b] 
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Fig. 6.8: The effect of the variable diffusion coefficient on the initial parts of the kinetic curves 

at 37C [Naddaf et al., 2010-b] 
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As can be seen from Fig. 6.8, the influence of the variable diffusion coefficient is observed in 

the case of important deformation at 37C and leads to better description of the kinetic curve 

[Naddaf et al., 2010-b]. Further investigations in this direction are required, supported by 

experimental observations of the structure and pore size of the polymer matrix and relations 

between the diffusion coefficient and the properties of the polymer network. 

 

6.6. Summary 

In this section [Naddaf et al., 2010-a, b], the volume changes and the release kinetics of BSA 

by thermal deswelling were measured. Lower release of BSA was observed for temperatures 

higher than the LCST, where diffusion is hindered by the more dense structure of the collapsing 

gel. The Tanaka equation was used to describe the shrinking kinetics of the hydrogel around the 

LCST using a two-dimensional model approach. The BSA release coupled with shrinking of 

the hydrogel particles was modelled with a bi-dimensional diffusion model [Siepman et al., 

1999]. The model allows for radial and axial shrinking of the gel particles to be taken into 

account in the moving boundary conditions. A good correlation between experimental and 

calculated data was obtained for the effective diffusion coefficient of 1.67×10
−11

 m/s
2
. The 

experimental curves for 25C, where shrinking is less pronounced, are satisfactorily described 

with a constant effective diffusion coefficient of 11 21.67 10 /r zD D m s   . The effect of 

increasing temperature on the diffusion coefficient is compensated by the increased diffusional 

resistance inside the gel due to shrinking. Therefore, a variable diffusion coefficient was 

supposed in order to improve the description of the release kinetics when shrinking the gel is 

more pronounced. This is reasonable because the diffusion of BSA at temperatures near the 

LCST is strongly dependent on the protein-network interactions. At 40ºC (above LCST), the 

difference in BSA released from the loaded hydrogels between the initial highest and the initial 

lowest concentrations, i.e., 1.51M and 0.01M, respectively, was 1.6%. Meanwhile, the release 

from the hydrogel loaded with BAS, with an initial concentration of 1.51M, was more 

pronounced and gave 5.9% at 25C.  



 

87 

 

7. Results in brief 

7.1. Synthesis and equilibrium swelling 

The polymerization of the non-ionic poly(NIPAAm) hydrogel was achieved and four kinds of 

hydrogels were produced based on the cross-linking ratio by the free radical polymerization 

under oxygen-free conditions at 25°C. In the case of swelling in pure deionized water, the 

hydrogel followed a continuous thermo-shrinking volume transition due to the effect of the 

entropy contribution, a reduction in the chemical potential of water molecules by increasing the 

temperature (Fig.7.1). These continuous volume changes are expected to vanish by increasing 

the concentration of phenol. The effect is due to the presence of the benzene ring, which plays a 

significant role in modifying the order structure of the bulk water, modifying the hydrogel-

water interaction and enhancing the formation of hydrogen bonded structure. 

At 25°C, the phase transition is accompanied by reversible volume and mass changes without 

damaging the internal structure of the hydrogel or changing its swelling properties in the short 

term. This change in the local environment of the polymer is not expected at higher 

temperatures due to the enthalpy reduction, which was accurately proven based on Raman 

spectra. 

In general, the dimensional response of the poly(NIPAAm) cylinders to changes in 

temperatures is governed by the diffusion-limited transport of matter in and out of the 

polymeric networks [Chu et al., 2007]. Lower release of solute was observed for temperatures 

higher than the LCST, where the diffusion process is hindered by the dense structure of the 

collapsed gel. The formed hard shrunken thick layer on the outer surface of the hydrogel 

hinders the release of phenol from the hydrogel during the initial period of diffusion. This 

results in an increase of the internal pressure inside the hydrogels. Due to the increased internal 

pressure, the hydrogel shrinks at 40ºC faster than it does at 32ºC. Therefore, for temperatures 

higher than the LCST, the interior solute is rapidly expelled at a crack of the layer forming a 

hunch and the equilibrium is reached in shorter release. Elevating the temperature from 25
o
C to 

40
o
C reduces the cumulative amount of released phenol at about one-half. At the early stage of 

diffusion, the cumulative mass release curves increase linearly with time, i.e., Fickian diffusion, 

and then follow a non-smooth stepwise approach toward equilibrium (Fig. 7.2). 
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Fig. 7.1: The swelling ratio of poly(NIPAAm) equilibrated in phenol solutions of different 

initial concentrations and at varied temperatures [Naddaf and Bart, 2010-b] 
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Fig. 7.2: Cumulative amounts of released phenol from the hydrogel for different initial 

concentrations (release temperatures 25
o
C) 
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7.2. Raman investigations 

Raman spectroscopy was used to identify the spectra and to analyse the structure of the 

hydrogel. In addition, the mapping technique is a well-established and powerful tool for the 

chemical characterization of the materials, providing narrow spectral features, which constitute 

a sort of fingerprint for the investigated sample (Fig. 7.3) .Therefore, the presence of the bands, 

allows the use of Raman mapping to identify the structural homogeneity of the hydrogel. In 

addition, the diffusion of the solute in the hydrogel was determined using Raman spectroscopy. 

Raman spectra profiles showed that the hydrogel lattice collapse in response to temperature 

increase. 

 

 

Fig. 7.3: Raman spectra at different depth of the poly(NIPAAm) hydrogel 
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7.2.1. Mutual diffusion coefficient 

In addition to obtaining information about the chemical composition of the hydrogel/phenol 

system, Raman spectroscopy was used to study the change of intensity with the solute 

concentration during the diffusion, from which the mutual diffusion coefficient, Dmut in the 

thermosensitive poly(NIPAAm) hydrogel loaded with different initial concentrations of phenol 

and different initial concentrations of BSA at a selected temperature of 25°C. The Raman 

spectra were measured for a long period at a fixed spatial position in the hydrogel near the 

outer surface for both solutes (BSA and phenol). The mutual diffusion coefficient was then 

calculated using the equation (Section 4.7.2): 

    
2

int

,  ( , ) , 2CH H O solution phenol BSA CH mutI f C t x I erf x D t   
 

    (7.1) 

The diffusion coefficient increases by increasing the concentration of phenol [Koros et al., 

1976, Dubreuil et al., 2003]. The mutual diffusion coefficient was measured to vary from 

5.61845×10
-11

m
2
/s to 3.34565×10

-9
m

2
/s for the hydrogel cylinder loaded with phenol 

concentration of 0.01mM and 0.1mM, respectively (Fig. 7.4). This dependency of diffusivity 

on concentration is due to the solute-hydrogel interaction [Lewus and Carta, 1999]. Meanwhile, 

Dmut of poly(NIPAAM)/BSA was found to vary slightly, from 5.67×10
-14

m
2
/s to 6.07×10

-14
m

2
/s 

for 1.51M to 0.1M, respectively. The results, compared to phenol, indicate an increasing 

resistance to diffusion inside the hydrogel due to a high swelling ratio and/or the average free 

hole volume, which strongly influences the mutual diffusion coefficient [Vrentas and Vrentas, 

1992]. The larger average free hole volume of a solute with a high molecular weight (such as 

BSA) leads to larger diffusivity at a given solute concentration [Vrentas and Vrentas, 1992]. 
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Fig.7.4: Averaged mutual diffusion coefficients for different initial phenol concentrations 

[Naddaf and Bart, 2010-b] 

 

7.3. Mechanical properties 

The mechanical experiments were conducted using a self-constructed uniaxial compression 

system. Briefly, a hydrogel disc was placed on a digital balance. Then, a load was transmitted 

vertically to the hydrogel through a piston fitted with a Teflon end plate. The force acting on 

the hydrogel was calculated from the reading of the balance m as F=mg, where g is the 

gravitational acceleration. The resulting deformation D was measured using a microscope 

equipped with a CCD video camera and connected to a computer with Image C
TM

. As 

indicated, an increase in the hydrogel disk thickness reduces the mechanical stress, which can 

be applied (Fig. 7.5). For example, a thickness difference of 1.722mm reduces the stress from 

9.5×10
-3

MPa to 7.0×10
-3

MPa. In addition, the Young‘s modulus rises with temperature 

elevation‘ exceeding the LCST expels the liquid from the hydrogel lattice, causing a substantial 

increase in the Young‘s modulus from about 0.14MPa for 0.1mM phenol solution and about 

0.3MPa for 1.51M BSA, compared to 0.02MPa for 0.1mM phenol solution and about 

0.035MPa for 1.51M BSA at 25°C (Fig. 7.6.a and Fig. 7.6.b). Increasing the Young‘s modulus 

was also a response of the hydrogels set to equilibrium in alkali and acidic solutions; the 

hydrogel undergoes a major phase change for pH values between 5.0 and 7.0. 
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Fig 7.5: Mechanical stress for hydrogel disks with different initial thicknesses 
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Fig 7.6.a: Young‘s modulus variation for 

different phenol solutions at different 

temperatures: (■) 25
o
C; (●) 32

o
C; (▲) 

37
o
C 

Fig 7.6.b: Young‘s modulus variation for 

different BSA solutions at different 

temperatures: (■) 25
o
C; (●) 32

o
C; (▲) 

37
o
C 
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7.3.1. Collective diffusion coefficient 

For the thermosensitive poly(NIPAAm) hydrogels, which were swelled to equilibrium in 

different concentrated phenol and BSA solutions, the collective diffusion coefficient was 

calculated after a model [Tanaka et al., 1973] based on measurements of the bulk modulus, the 

shear modulus, and the frictional coefficient between the solvent and the hydrogel network. 

The collective diffusion coefficient, Dcol, which is based on the mechanical properties of the 

gel, was measured using the Tanaka-Fillmore equation given as:   

 

4

3
,col

K

D r t
f

 
 

             (7.2) 

The collective diffusion coefficient for the different hydrogel sample was measured to be 

identical below and around the LCST, regardless of the solute concentration used. Meanwhile, 

above the LCST, it varied significantly, i.e., at 25
o
C; the diffusion coefficient of the hydrogel 

cylinder immersed to equilibrium in the 0.01mM phenol equals 7.4×10
-12

m/s
2
, and this value 

increased about two orders of magnitude by increasing temperature to reach 1.939×10
-10

m/s
2
 at 

40°C (Fig. 7.7.a and Fig. 7.7.b) [Naddaf and Bart, 2011-c]. The high concentration of phenol 

(0.10mM) is responsible for decreasing the diffusion coefficient compared to the lower tested 

concentration of phenol (0.01mM). Meanwhile, the diffusion coefficient of 0.01M BSA varied 

from 4.9×10
-12

m/s
2
 at 25

o
C to reach 9.34×10

-11
m/s

2
 at 40

o
C. But in contrast to phenol, the 

higher concentration of BSA had almost no remarkable effect on changing the diffusion 

coefficient, i.e., it increased from 1.92×10
-11

m/s
2
 for the 0.01M BSA to 1.026×10

-10
m/s

2
 for the 

1.5M BSA [Naddaf and Bart, 2011-c]. 
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Fig. 7.7.a: Dcol with temperature change for 

different concentrations of phenol 

Fig. 7.7.b: Dcol with temperature change for 

different concentrations of BSA 

 

7.4. Collective versus mutual diffusion coefficient 

Although the hydrogels were taken from the same synthesized batch, the comparison between 

the collective and mutual diffusion coefficients shows a higher measured mutual diffusion 

coefficient for different concentrations of phenol at 25°C (Fig. 7.8) [Naddaf and Bart, 2011-c]. 

This diversity in the values of diffusion coefficients between both methods is related to 

different effects. The dimensions of the hydrogel cylinder affect directly the collective 

diffusion coefficient [Tanaka et al., 1973, Tanaka and Fillmore, 1979], relate the swelling of 

the gel to the gradient of the stress, and describe small volume changes during swelling, i.e., the 

diffusion coefficient is dependent on the hydrogel geometry [Singh and Weber, 1996, Komori 

and Sakamot, 1989]. Moreover, due to the existence of the shear modules, the shear relaxation 

process occurs and causes a volume change that influences the value of the collective diffusion 

coefficients [Peters and Candau, 1988, Li and Tanaka, 1990]. In other words, for a cylinder, the 

diffusion occurs in two dimensions (radial and axial) and it is combined with volume change. 

Due to the existence of the shear modules, the shear relaxation process occurs and causes a 

volume change in the diffusion directions. This geometrical constraint results in a reduction of 

the speed of the diffusion in the diffusion directions [Peters and Candau, 1988, Li and Tanaka, 

1990]. In contrast to this, the mutual diffusion coefficients of BSA and phenol were obtained 
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based on Raman spectra, which can be recorded without any major interference from 

geometrical changes or from the water band. Nevertheless, the local dynamic inhomogeneity 

may cause the scattered intensity and, as consequence, give different local data in the long term 

to calculate the mutual diffusion coefficient [Norisuye, et al., 2004]. In principle, Raman 

spectroscopy is a powerful technique for the investigation of the diffusion phenomena through 

poly(NIPAAm)/phenol as a function of time and distance from the hydrogel surface. Fig. 7.8 

shows a comparison between the collective and the mutual diffusion coefficients for different 

concentrations of phenol at 25
o
C. 
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Fig. 7.8: Comparison between the Dcol and Dmut for different concentrations of phenol at 25°C 

[Naddaf and Bart, 2011-c] 

 

7.5. Transport properties and the mathematical modelling 

The volume phase transition in the chemically cross-linked polymeric hydrogels is a major 

concern for developing a number of applications, ranging from food packaging to drug-delivery 

systems and micro electro mechanical systems (MEMS) [Carbonell and Sarti, 1990]. Therefore, 
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this work studied the diffusion of solvent through the temperature sensitive hydrogel. The 

diffusion of a solvent in the hydrogel lattice results into geometric alterations of the swollen 

hydrogel. These alterations are subjected to changes in both hydrogel volume and density. For 

the cylindrical shaped hydrogel, the solvent diffuses in both the axial and radial directions. To 

model the diffusion process into hydrogel, a bi-dimensional model with moving boundary 

conditions was used [Siepman et al., 1999] based on Fick‘s second law: 
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In this model, an isotropic diffusion (
zr DD  ), concentration profile symmetry towards the 

axis of the cylinder ( 0r  ), and the plane at 1 2  thickness of the particle (z=0) and equilibrium 

concentration at the particle surface were assumed. The final equilibrium values of the 

experimentally observed release curve shown in Fig. 7.9 were used directly in the simulations 

[Naddaf et al., 2010-b]. Fig. 7.10 presents the predicted rate of the process. The presentation in 

dimensionless form gives a better illustration of the fact that the cited diffusion coefficient is 

able to describe the rate of the release for all three curves. 
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Fig. 7.9: The concentration of released BSA versus time at different temperatures for BSA 

initial concentration of 0.1M 
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Fig. 7.10: Comparison of the dimensionless experimental released BSA concentration with 

calculated kinetics versus time for BSA initial concentration of 0.1M [Naddaf et al., 2010-b] 

 

The experimental curves for 25C and 32C are satisfactorily described with a constant 

effective diffusion coefficient of 11 21.67 10 /r zD D m s   . Above LCST, the difference in 

BSA released from the loaded hydrogels between the initial highest and the initial lowest 

concentrations, i.e., 1.51M and 0.01M, respectively, was 1.6%. Meanwhile, the release from 

the hydrogel loaded with BSA with an initial concentration of 1.51M gave, at 25C, 5.9% more 

(Figs. 7.11 and 7.12) [Naddaf et al., 2010-b]. 
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Fig.7.11: The effect of the variable diffusion 

coefficient on the initial parts of the kinetic 

curves at 25C 

Fig.7.12: The effect of the variable diffusion 

coefficient on the initial parts of the kinetic 

curves at 37C 
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8. Summary 

 Poly(NIPAAm) is a thermo sensitive hydrogel, and below the LCST, its 

swelling/deswelling process is still thermally reversible. 

 The LCST is dependent on cross-linker ratio and decreasing cross-linker increases the 

swelling ratio. 

 Due to the solute-hydrogel interaction, increasing phenol concentration increases the 

release and changes the lattice configuration.  

 Raman spectroscopy has been successfully applied to study the response of poly(NIPAAm) 

to different stimuli. Investigations show that hydrogel collapses, causing sharp Raman shift 

peaks, which help in identifying the hydrogel state. This method is effective in determining 

the mutual diffusion coefficient, which was found to be proportional to the phenol solute 

concentration. 

 BSA diffusion into poly(NIPAAm) hydrogels has Fickian behaviour. At high T, the initial 

loaded concentration plays less of a role on BSA release because the molecular shape of 

BSA has less effect on shrinking compared to ring-shape phenol molecule. 

 Characterization of the hydrogel mechanical properties is indispensable for the 

investigation of the adsorption/desorption process. Poly(NIPAAm) exhibits a sigmoidal 

stress-strain relationship in the elastic region. Moreover, the thicker disks withstand lower 

load, i.e., they have lower mechanical strength. It was found that hydrogels with less than 

5mm thickness withstand loads of 4N. At higher temperatures, poly(NIPAAm) has better 

mechanical properties and larger collective diffusion coefficients, i.e., Dcol increases about 

one order of magnitude by increasing the T from 25°C to 40°C. In general, shrinking results 

in a more dense polymer and decreases D. 

 Above the LCST, the variable diffusion coefficient is proportional to the shrinking extent 

and describes the experimental kinetic curves better. Moreover, temperature elevation 

increases the diffusion, and the release equilibrium is reached more quickly, i.e., the 

hydrogel requires less time to form its systematic cylindrical shape at a higher temperature. 
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Zusammenfassung 

 

 Polyp(NIPAAm) ist ein wärmeempfindliches Hydrogel und unterhalb der LCST noch 

thermisch reversibel schwillt und schrumpft. 

 Die LCST ist abhängig von dem Vernetzerverhältnis; ein reduzierter Vernetzergehahlt 

erhöht das Quellverhältnis. 

 Aufgrund der aromatischen Brückenwechselwirkungen des Phenols mit dem Hydrogel, 

bewirkt die Erhöhung der Phenolkonzentration eine Erhöhung seiner Freisetzung 

bewirkt durch eine Änderung (Aufweitung) der Gitterkonfiguration des Gels. 

 Raman-Spektroskopie wurde erfolgreich angewandt, um die Reaktion von 

Poly(NIPAAm) auf unterschiedlichen Stimuli zu untersuchen. Der Zerfall der 

Hydrogelstrukturen verursacht eine starke Verschiebung der Raman-Peaks, die bei der 

Identifizierung der Hydrogele helfen. Dies ist eine wirksame Methode um die 

gegenseitigen Diffusionskoeffizienten, die proportional zur Konzentration des gelösten 

Stoffes (hier Phenol) sind, zu bestimmen. 

 BSA-Diffusion in Poly(NIPAAm)-Hydrogelen ist vom Fick´schen Typ. Bei hohen 

Temperaturen hat die initiale Belastungskonzentration wenig Einfluss auf die BSA 

Freisetzung, da die Form des BSA-Moleküls im Vergleich zum ringförmigen Phenol-

Molekülwenig Einfluss auf die Schrumpfung hat. 

 Die Charakterisierung der mechanischen Eigenschaften des Hydrogels ist unverzichtbar 

für die Untersuchung der Adsorption/Desorption. Im elastischen Bereich besitzt 

Poly(NIPAAm) eine sigmoidale Spannungs-Dehnungs-Beziehung. Die dickeren 

Gelzylinder halten geringere Belastungen aus, d.h. sie besitzen eine geringere 

mechanische Festigkeit. Es wurde festgestellt, dass Hydrogele mit wenigem als 5mm 

Dicke einer Kraft von 4N standhalten können. Bei höheren Temperaturen hat 

Poly(NIPAAm) bessere mechanische Eigenschaften und einen größeren kollektiven 

Diffusionskoeffizient d.h. Dcol steigt über eine Größenordnung durch die Erhöhung der 

Temperatur von 25°C bis 40°C. Im Allgemeinen führt eine Schrumpfung zu einem 

dichteren Polymer und bewirkt die Reduktionder Diffusion. 
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 Oberhalb der LCST ist der variable Diffusionskoeffizient proportional zum 

Schrumpfmaß und beschreibt die experimentelle Kinetik besser. Darüber hinaus 

beschleunigt die Erhöhung der Temperatur die Diffusion und das Abgabegleichgewicht 

wird in einer kürzeren Zeit erreicht. Beispielsweise benötigt das Hydrogel weniger Zeit 

zum Erreichen seiner systematischen zylindrischen Form bei höheren Temperaturen. 
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9. Symbols 

 

Letters 

A : area 

C : solute concentration in the hydrogel [mole\l] 

d : gel diameter, [mm] 

D : diffusion coefficients [m
2
\s] 

E : yield modulus [N\m
2
] 

f : friction coefficient between the network and fluid medium [N] 

F : uni-axial force [N] 

G : shear modulus [N\m
2
] 

GM : hydrogel matrix ratio 

h : gel height [mm] 

H : hydration 

I : intensity 

k : constant incorporating characteristics of the macromolecular network/drug system and the 

release medium 

K : bulk modulus [N\m
2
] 

K: Kelvin 

m : mass [g] 

tM M
: cumulative fraction of drug released at time t 

n : value indicative the drug transport mechanism in the macromolecular network. 
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q: swelling ratio  

r : radial coordinate [m] 

r : radius[m] 

R : radius of the hydrogel particle [m] 

t : real time [s] 

V : volume[cm
3
] 

W : mass of the hydrogel [g] 

x : coordinate 

x: hydrogel/solution interface 

Y : Young‘s modulus  

z : axial coordinate [m] 

z : thickness [m] 

Z : half thickness of the hydrogel particle[m] 

 

Greek symbols 

 : time-independent term 

ß : form factor 

 : density [g\cm
3
] 

µ: shear modulus [N\m
2
] 

 : at equilibrium state (infinity) 

v : Poison‘s ratio 
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 : relaxation time [s] 

Subscripts 

CH: isopropyl group 

col : collective 

d : initial dry state 

eff : effective 

eq : equilibrium 

H2O: water 

Int.: interface 

Isoprop.: isopropyl group 

l : liquid 

.mut : mutual diffusion coefficient 

0: initial state 

r : in r-direction 

s : equilibrium swelling state 

yMBA: molarcross linking ratio 

z : in z-direction 

 

Abbreviations 

APS: ammoniumperoxodisulfat 

BSA: bovine serum albumin 
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GM: matrix ratio 

IPNs: interpenetrating polymer network 

MBA: N,N
‘
- methylenbisacrylamide 

NaDS: sodium metabissulfite 

NIPAAm: n-isopropylacrylamide 

LCST: low critical solution temperature 

UCST: upper critical solution temperature 
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APPENDIX A: 

Materials and Chemicals 

 

 

N-isopropylacrylamide NIPAAm 

Supplied by Sigma- Aldrich Chemie GmbH 

Type White crystals  

Molecular Formula H2C=CHCONHCH(CH3)2 

Molecular Weight 113.16 

Assay >97% 

Boiling Point  89-92 °C/2 mmHg 

Melting point 60-63 °C 

 

 

N,N-methylenbisacrylamide MBA 

Supplied by Sigma- Aldrich 

Type White Powder  

Molecular Formula (CH2=CHCONH)2CH2 

Molecular Weight 154.17 

Vapor Density 5.31 (vs air)  

Assay 99% 

Melting point >300°C 

 

 

Sodium Metabissulfite NaDS 

Supplied by Sigma- Aldrich 

Type White Powder 

Molecular Formula Na2S2O5 

Na-O-(S=O)-O-(S=O)-O-Na 

Molecular Weight 190.1 

Specific Density 1,28 g/cm
3
 

Assay >98% 

Melting point 300 °C 

 

 

 

 

Chemical Structure 

 

Chemical Structure 

 

 

Chemical Structure 

 
 

http://www.sigmaaldrich.com/catalog/ProductDetail.do?lang=en&N4=146072|SIAL&N5=SEARCH_CONCAT_PNO|BRAND_KEY&F=SPECi
http://upload.wikimedia.org/wikipedia/commons/c/cd/Sodium-metabisulfite-2D.png
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Ammoniumperoxodisulfat APS 

Supplied by VWR 

Type White Powder  

Molecular Formula (NH4)2S2O8 

Molecular Weight [g/mol] 228.2 at 20
o
C 

Density [g/cm³] 1,98  

Assay >98% 

Melting point 120
 o
C 

 

 

 

Fig. A.1: Raman Spectrum for the main pure component of the poly(NIPAAm) 

 

  

Chemical Structure 

 

 

http://de.academic.ru/pictures/dewiki/65/Ammonium.svg
http://de.academic.ru/pictures/dewiki/80/Peroxodisulfate-2D.png
http://de.academic.ru/pictures/dewiki/65/Ammonium.svg
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APPENDIXB: 

Hydrogel Synthesis 

 

Tables B.1-B.4: The four kinds of hydrogels were produced based on the mole fraction of the cross 

linking ratio  

 

Table B.1: Hydrogel_1 

NIPAAm MBAm m  ~63% 

NIPAAm [g] 9.30 

MBA [g] 0.1476 

H2O [g] 80.064 

(NH4)2S2O8 [g] 0.0180 

Na2S2O5 [g] 0.0180 

Summ [g] 90.0 

GM 0.105 

yMBA (mol%) 0.0115 

 

Table B.2: Hydrogel_2 

NIPAAm MBAm m  ~53% 

NIPAAm [g] 9.3 

MBA [g] 0.1743 

H2O [g] 80.1 

(NH4)2S2O8 [g] 0.0181 

Na2S2O5 [g] 0.0180 

Summ [g] 90.0 

GM 0.11 

yMBA (mol%) 0.0136 

 

Table B.3: Hydrogel_3 

NIPAAm MBAm m  ~43% 

NIPAAm [g] 9.675 

MBA [g] 0.2256 

H2O [g] 80.443 

(NH4)2S2O8 [g] 0.0184 

Na2S2O5 [g] 0.0181 

Summ [g] 90.38 

GM 0.11 

yMBA (mol%) 0.0168 
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Table B. 4: Hydrogel_4 

NIPAAm MBAm m  ~33% 

NIPAAm [g] 8.6962 

MBA [g] 0.3038 

H2O [g] 80.9640 

(NH4)2S2O8 [g] 0.0180 

Na2S2O5 [g] 0.0180 

Summ [g] 90.0 

GM 0.1 

yMBA (mol%) 0.025 
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APPENDIX C: 

Experimental Data 

Hydrogel was produced and the matrix ration was calculated (Appendix B). After 24 hours and 

complete polymerization, the hydrogel samples were taken out and sliced into slices. Then the 

edges of each cylinder were removed. After that diameter, d0, thickness, t0, mass, m0, mass, m1, 

pH, temperature, T0, Raman intensity, I0 and picture under Raman were measured for each 

cylinder and before being subjected to equilibrium. The hydrogel cylinders were then placed in 

a TC-Plate 6 well. The samples were washed daily to remove the unreacted materials. The 

samples were equilibrated at different temperatures (each sample of the 6 should have 

different pH value), pH (NaOH and H2SO4), concentrations of NaCl, phenol, BSA and 

propanol. After equilibrium, again diameter, d1, thickness, t1, mass, m1, pH, temperature, T1, 

Raman intensity, I1, and picture under Raman were measured. Tables C.1-C.7 represent the 

equilibrium parameters (temperatures (T), pH, concentrations (C)) and the measured 

changes in mass and dimensions. The bold data refers to the measure data obtained after 

equilibrium. Tables C.1-C.7 are for the hydrogel contains 63% NIPAAm. For the data of the 

other hydrogels are available in the included CD.  

 

Table C.1: Samples 2.1 – 2.6 subjected to temperature variation 

Parameter 

Before 

equilibrium 

2.1 

T1 

2.1 

Before 

Equilibrium 

2.2 

T2 

2.2 

Before 

Equilibrium 

2.3 

T3 

2.3 

Equilibrium T  25  30  32 

Diameter, d0[mm] 10.5340 12.9517 11.1320 11.6935 11.1320 10.5560 

Thickness, t0[mm] 2.0321 2.1052 1.7879 1.4560 2.1130 2.1385 

Mass, m0[g] 0.2016 - 0.1710 - 0.1968 - 

Mass, m1 [g]  0.3709  0.2469  0.2428 

Meas. Temperature, 

T0, C 
 18.9  18.9  18.8 

Parameter 

Before 

Equilibrium 

2.4 

T4 

2.4 

Before 

Equilibrium 

2.5 

T5 

2.5 

Before 

Equilibrium 

2.6 

T6 

2.6 

Equilibrium T  34  40  50 

Diameter, d0[mm] 10.6720 6.3245 11.0400 5.3236 10.5340 5.0050 

Thickness, t0 [mm] 2.3568 1.0010 1.5847 0.6370 2.0723 0.4550 

Mass, m0 [g] 0.2238 - 0.1709 - 0.1997 - 

Mass, m1 [g]  0.0743  0.0325  0.0347 

Meas. Temperature, 

T0, C 
 18.8  19.1  18.9 
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Table C.2: Samples 3.1 – 3.6 subjected to pH variation using NaOH 

Parameter 

Before 

Equilibrium 

3.1 

pH1 

3.1 

Before 

Equilibrium 

3.2 

pH 2 

3.2 

Before 

Equilibrium 

3.3 

pH 3 

3.3 

Equilibrium pH  7.04  8.20  9.19 

Diameter, d0[mm] 10.6720 12.8765 10.4420 12.7855 10.9940 12.7440 

Thickness, t0 [mm] 2.1942 2.1840 2.3978 2.6845 2.0317 2.5480 

Mass, m0 [g] 0.1957 - 0.2202 - 0.2115 - 

Mass, m1 [g]  0.3749  0.4058  0.3584 

pH  6.68  6.9  7.39 

Meas. Temperature, 

T0, C 
 20.8  20.7  21.4 

Parameter 

Before 

Equilibrium 

3.4 

pH 4 

3.4 

Before 

Equilibrium 

3.5 

pH 5 

3.5 

Before 

Equilibrium 

3.6 

pH 6 

3.6 

Equilibrium pH  10.11  11.13  12.20 

Diameter, d0[mm] 10.6720 13.1495 10.7180 12.7855 10.2120 11.9665 

Thickness, t0 [mm] 2.1130 2.2750 2.5603 2.6405 2.1942 2.5480 

Mass, m0 [g] 0.2003 - 0.2320 - 0.2222 - 

Mass, m1 [g]  0.3780  0.4228  0.3230 

pH  9.07  11.26  12.48 

Meas. Temperature, 

T0,C 
 20.4  21.2  21.4 

 

 

 

Table C.3: Samples 4.1 – 4.6 subjected to pH variation using H2SO4 

Parameter 

Before 

Equilibrium 

4.1 

pH1 

4.1 

Before 

Equilibrium 

4.2 

pH 2 

4.2 

Before 

Equilibrium 

4.3 

pH 3 

4.3 

Equilibrium pH - 0.45 - 1.12 - 2.04 

Diameter, d0[mm] 10.2580 11.4636 10.2120 12.3000 10.0280 13.4316 

Thickness, t0 [mm] 2.3161 2.5584 2.6412 2.0664 2.3569 3.1488 

Mass, m0 [g] 0.2371 - 0.2363 - 0.2356 - 

Mass, m1 [g]  0.2696  0.3022  0.4106 

pH  0.44  1.12  2.01 

Meas. Temperature, 

T0, C 
 18.8  18.9  18.9 

Parameter 

Before 

Equilibrium 

4.4
 

pH 4 

4.4 

Before 

Equilibrium 

4.5 

pH 5 

4.5 

Before 

Equilibrium 

4.6 

pH 6 

4.6 

Equilibrium pH - 3.05 - 4.27 - 6.14 

Diameter, d0[mm] 10.5340 13.4808 10.4420 14.4156 10.4880 12.7855 

Thickness, t0 [mm] 2.3161 2.8536 1.9504 1.9680 1.9521 2.4119 

Mass, m0 [g] 0.2266 - 0.2028 - 0.1931 - 

Mass, m1 [g]  0.3863  0.3591  0.3905 

pH  3.01  4.67  6.36 

Meas. Temperature, 

T0,C 
 20.4  20.4  21.5 
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Table C.4: Samples 5.1 – 5.6 subjected to solute concentration variation using NaCl 

Parameter 

Before 

Equilibrium 

5.1 

C1 

5.1 

Before 

Equilibrium 

5.2 

C 2 

5.2 

Before 

Equilibrium 

5.3 

C 3 

5.3 

Conc. - 0.1M - 10
-2 - 10

-3
 

Diameter, d0[mm] 11.3045 12.0120 11.2044 12.5125 11.2046 12.4215 

Thickness, t0 [mm] 2.7001 2.6390 2.6544 2.7060 2.3798 2.4600 

Mass, m0 [g] 0.2470 - 0.2331 - 0.2042 - 

Mass, m1 [g]  0.4427  0.3920  0.3743 

pH  -  -  - 

Temperature, T0  19.1  19.1  19.1 

Parameter 

Before 

Equilibrium 

5.4 

C 4 

5.4 

Before 

Equilibrium 

5.5 

C 5 

5.5 

Before 

Equilibrium 

5.6 

C 6 

5.6 

Conc. - 10
-4

 - 10
-5 - 10

-6
 

Diameter, d0[mm] 11.7046 13.3315 11.4545 13.7410 11.1544 12.7400 

Thickness, t0 [mm] 1.7848 2.0020 2.1509 2.1840 2.5171 2.5480 

Mass, m0 [g] 0.1797 - 0.2099 - 0.2198 - 

Mass, m1 [g]  0.3673  0.4189  0.4623 

pH  -  -  - 

Temperature, T0  19.1  19.2  19.3 

 

 

 

Table C.5: Samples 6.1 – 6.6 subjected to solute concentration variation using phenol 

Parameter 

Before 

Equilibrium 

6.1 

C1 

6.1 

Before 

Equilibrium 

6.2 

C 2 

6.2 

Before 

Equilibrium 

6.3 

C 3 

6.3 

Conc.  10
-3

  2*10
-3  3*10

-3
 

Diameter, d0[mm] 11.6046 12.5125 11.4545 12.6945 11.3045 12.6035 

Thickness, t0 [mm] 2.3802 2.6390 2.1967 2.3205 2.7917 2.9120 

Mass, m0 [g] 0.2146 - 0.2047 - 0.2436 - 

Mass, m1 [g]  0.4102  0.4052  0.4545 

Temperature, T0  19.3  19.3  19.5 

Parameter 

Before 

Equilibrium 

6.4 

C 4 

6.4 

Before 

Equilibrium 

6.5 

C 5 

6.5 

Before 

Equilibrium 

6.6 

C 6 

6.6 

Conc.  4*10
-3

  -  5*10
-3

 

Diameter, d0[mm] 11.2044 5.5510 11.3045 - 10.3041 6.3245 

Thickness, t0 [mm] 2.7459 1.4560 2.7917 - 3.8443 2.7300 

Mass, m0 [g] 0.2364 - 0.2444 - 0.2858 - 

Mass, m1 [g]  0.0733  -  0.1260 

Temperature, T0  19.5  -  19.5 
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Table C.6: Samples 7.1 – 7.6 subjected to solute concentration variation using Ethanol 

Parameter 

Before 

Equilibrium 

7.1 

C1 

7.1 

Before 

Equilibrium 

7.2 

C 2 

7.2 

Before 

Equilibrium 

7.3 

C 3 

7.3 

Conc.  2*10
-2

  4*10
-2  6*10

-2
 

Diameter, d0[mm] 11.7548 13.5135 10.9043 12.3760 11.1044 13.1040 

Thickness, t0 [mm] 1.7848 1.6835 2.7001 2.9575 2.0136 2.7556 

Mass, m0 [g] 0.1690 - 0.2470 - 0.1672 - 

Mass, m1 [g]  0.3338  0.5269  0.3683 

Temperature, T0  19.6  19.6  19.7 

Parameter 

Before 

Equilibrium 

7.4 

C 4 

7.4 

Before 

Equilibrium 

7.5 

C 5 

7.5 

Before 

Equilibrium 

7.6 

C 6 

7.6 

Conc.  8*10
-2

  1*10
-1  - 

Diameter, d0[mm] 11.3045 13.2405 11.5046 13.0130 11.0544 - 

Thickness, t0 [mm] 2.2425 2.4115 2.0136 1.9110 2.4713 - 

Mass, m0 [g] 0.1945 - 0.1778 - 0.2124 - 

Mass, m1 [g]  0.3806  0.3423  - 

Temperature, T0  19.7  19.7  - 

 

 

 

Table C.6: Samples 7.1 – 7.6 subjected to solute concentration variation using Propanol 

Parameter 

Before 

Equilibrium 

8.1 

C1 

8.1 

Before 

Equilibrium 

8.2 

C 2 

8.2 

Before 

Equilibrium 

8.3 

C 3 

8.3 

Conc.  2*10
-2

  4*10
-2  6*10

-2
 

Diameter, d0[mm] 11.4550 13.1495 11.7547 13.3770 11.6047 13.1495 

Thickness, t0 [mm] 2.3798 2.7300 3.0205 2.8665 2.3798 2.4115 

Mass, m0 [g] 0.2111 - 0.2086 - 0.1895 - 

Mass, m1 [g]  0.4270  0.4268  0.4087 

Temperature, T0  19.7  19.8  19.8 

Parameter 

Before 

Equilibrium 

8.4 

C 4 

8.4 

Before 

Equilibrium 

8.5 

C 5 

8.5 

Before 

Equilibrium 

8.6 

C 6 

8.6 

Conc.  8*10
-2

  1*10
-1  - 

Diameter, d0[mm] 11.5546 12.2850 11.7046 12.6490 11.1544 - 

Thickness, t0 [mm] 2.2425 2.3660 2.3798 2.1385 2.7001 - 

Mass, m0 [g] 0.1770 - 0.1982 - 0.2276 - 

Mass, m1 [g]  0.3236  0.3500  - 

Temperature, T0  19.8  19.8  - 
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APPENDIX D: 

Hydrogel Characterization 

 

Hydrogels were characterized in terms of the swelling ratio, water uptake and hydration. For 

the equilibrium swelling ratio and water uptake, poly(NIPAAm) hydrogels were weighed in 

dried state and after release at equilibrium a temperature, which ranged between 25ºC to 40ºC. 

Meanwhile, for the hydration study, dimensions of poly(NIPAAm) hydrogels were measured in 

dried state and after release at equilibrium.  

Tables D.1-D.3 present the different samples belong to hydrogel_4, hydrohel_3, and 

hydrogel_2 and the parameter used to characterize it. For example, Table D.3 shows, for 

hydrogel_2 with 53% mNIPPAm/mMBA, the experimental parameters such as temperature 

(samples 2.1-2.6), pH value (samples 3.1-3.6 and 4.1-4.6), NaCl concentration (samples 5.1-

5.6), phenol concentration (samples 6.1-6.5), ethanol concentration (samples 7.1-7.5), and 

propanol concentration (samples 8.1-8.5). In addition, the hydrogel was characterized 

according to the equations given in Tables D.1-D.3, where Ws is the weight of swollen 

hydrogel (at released equilibrium), Wd is the weight of dried hydrogel, ts is the thickness of 

swollen hydrogel, td is the thickness of the dried hydrogel, ds is the diameter of swollen 

hydrogel, and dd is the diameter of the dried hydrogel. 
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APPENDIX E: 

Drug Release Data 

The BSA solutions 10
-3

 M, 5.0·10
-3

 M, 7.5·10
-2

 M, 10
-2

 M, 5.0·10
-2

 M, 7.5·10
-2

 M and 10
-1

 M 

were prepared from a BSA mother solution has the concentration 0.9998 mg BSA/100 ml H2O 

(1.51M). A calibration curve was drawn by measuring the absorbance versus the concentration 

of BSA solution. This calibration curve was used in order to determine the BSA released into 

the bulk solution from hydrogels by measuring the absorbance using UV-Visible recording 

spectrophotometer at wavelength, λ of 278 nm. The dried poly(NIPAAm) hydrogels were 

immersed in 15 ml of the different BSA solutions at 25ºC and maintained in a thermal bath for 

48 h. Thus, BSA was loaded into each hydrogel up to equilibrium by swelling in the BSA-

containing solution. After reaching the equilibrium, the hydrogels were weighed and its 

dimensions measured. Thereafter, the samples were dried at room temperature for 1-2 days to 

ensure its complete dryness and the samples were weighed and the dimensions were measured 

again (Tables E.1.1- E.4.1).  

The in vitro release experiments were carried out at 25ºC, 32ºC, 37ºC and 40ºC to investigate 

the effect of temperature-sensitive property of the poly(NIPAAm) hydrogel on solute release 

profiles. The release experiments were done by immersing the BSA-loaded hydrogel samples 

in glass beakers with 10 ml deionized water at 25ºC, 32ºC, and 37ºC. The thermostated glasses 

beakers were covered with PARAFILM
®

 paper to eliminate solution exposing to the ambient 

air and avoid the evaporation of the solution. At certain time intervals, a 3 ml aliquot of the 

solution was taken out and the amount of BSA release at that time was determined using the 

UV-spectroscopy measurement at 278 nm. At the same time, the hydrogels were removed from 

the beaker in order to determine later its dimensions. This process was repeated for 48h until 

reach a constant release concentration of BSA and dimensions of hydrogels, i.e., equilibrium. 

The samples used were returned to the original medium solution in order to maintain a constant 

volume of surrounding release medium and to keep, as possible, the overall loaded BSA 

concentration constant. The same procedure was carried out in case of phenol release 

experiments. The results were presented in terms of release concentration, diameter and 

thickness hydrogel as a function of time for both BSA and phenol as given in Tables E.1.2-E4.2 

and Tables E5-E8.   
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BSA Phenol

Sample 10.3 10.5 Equilibrium temperature: 25 °C

Absorbance 0,454 0,930 Release temperature: 25°C

V1, ml 15 15 Concentration of BAS: 10
-1

equilibrium Solution Concentration of Phenol: 10
-4

M1, g 145,790 147,629 Volume of the release deionized water: 10 mL 

Mass of the solution

V2, ml 14,75 14,9

After removing the hydrogel

M2, g 143,237 145,951

Mass of the solution after 

equi.

md, g 0,3526
*

0,3528
*

mass before equilibrium

(dried hydrogel)

Dd, mm 131,850 129,150

Diameter before equilibrium 

td, mm 23,850 27,450

Thickness before equilibrium

m, g 0,3137 0,3108

Mass of hydrogel at equi.

D, mm 126,450 125,550

Diameter at equilibrium 

T, mm 23,850 25,650

Thickness at equilibrium

mr, 0,0162 0,0148

Mass after release 

(dried hydrogel)

Dr, Diameter after release 69,301 63,900

tr, Thickness after release 0,3600 0,4950

*The samples were not dried.

Time (min.) BSA, UV BSA, d (mm) BSA, t (mm) Phenol, UV Phenol, d 

(mm)

Phenol, t 

(mm)

0 0 126,450 23,850 0 125,550 25,650

10 0,001 128,700 22,500 0,021 126,450 25,200

20 0,003 126,000 21,600 0,027 124,200 23,850

30 0,003 12,555o 21,600 0,030 123,300 23,150

40 0,004 124,650 21,600 0,032 125,550 22,950

50 0,004 124,650 21,600 0,033 124,650 22,950

60 0,006 124,550 21,600 0,038 124,650 22,050

70 0,006 123,750 20,700 0,037 123,750 21,150

80 0,006 123,300 22,050 0,037 123,300 20,700

90 0,005 126,900 21,150 0,038 123,300 20,700

100 0,005 127,350 21,150 0,038 126,000 20,250

110 0,005 126,900 20,250 0,038 126,900 20,250

130 0,005 126,000 20,250 0,038 123,300 22,050

BSA Phenol

Sample 10.3 10.5 Equilibrium temperature: 25 °C

Absorbance 0,454 0,930 Release temperature: 25°C

V1, ml 15 15 Concentration of BAS: 10
-1

equilibrium Solution Concentration of Phenol: 10
-4

M1, g 145,790 147,629 Volume of the release deionized water: 10 mL 

Mass of the solution

V2, ml 14,75 14,9

After removing the hydrogel

M2, g 143,237 145,951

Mass of the solution after 

equi.

md, g 0,3526
*

0,3528
*

mass before equilibrium

(dried hydrogel)

Dd, mm 131,850 129,150

Diameter before equilibrium 

td, mm 23,850 27,450

Thickness before equilibrium

m, g 0,3137 0,3108

Mass of hydrogel at equi.

D, mm 126,450 125,550

Diameter at equilibrium 

T, mm 23,850 25,650

Thickness at equilibrium

mr, 0,0162 0,0148

Mass after release 

(dried hydrogel)

Dr, Diameter after release 69,301 63,900

tr, Thickness after release 0,3600 0,4950

*The samples were not dried.

Time (min.) BSA, UV BSA, d (mm) BSA, t (mm) Phenol, UV Phenol, d 

(mm)

Phenol, t 

(mm)

0 0 126,450 23,850 0 125,550 25,650

10 0,001 128,700 22,500 0,021 126,450 25,200

20 0,003 126,000 21,600 0,027 124,200 23,850

30 0,003 12,555o 21,600 0,030 123,300 23,150

40 0,004 124,650 21,600 0,032 125,550 22,950

50 0,004 124,650 21,600 0,033 124,650 22,950

60 0,006 124,550 21,600 0,038 124,650 22,050

70 0,006 123,750 20,700 0,037 123,750 21,150

80 0,006 123,300 22,050 0,037 123,300 20,700

90 0,005 126,900 21,150 0,038 123,300 20,700

100 0,005 127,350 21,150 0,038 126,000 20,250

110 0,005 126,900 20,250 0,038 126,900 20,250

130 0,005 126,000 20,250 0,038 123,300 22,050

Table E.1.1: BSA and phenol mass and dimensional data at 25°C 

 

 

 

 

            

            

        

  

Fig. E.1: Calibration curve of BSA 

 

 

 

 

 

Table E.1.2: BSA and phenol release data at 25
o
C 
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BSA Phenol

Sample 10.1 10.4 Equilibrium temperature: 25 °C

Abs. 0,433 0,923 Release temperature: 32 °C

V1, ml Concentration of BAS: 10
-1

equilibrium Solution Concentration of Phenol: 10
-4

M1, g Volume of the release deionized water: 10 mL

Mass of the solution

V2, ml

After removing the hydrogel

M2, g

Mass of the solution after 

equi.

md, g

mass before equilibrium

(dried hydrogel)

Dd, mm

Diameter before equilibrium 

td, mm

Thickness before 

equilibriumm, g

Mass of hydrogel at equi.

D, mm 

Diameter at equilibrium 

T, mm

Thickness at equilibrium

mr, 

Mass after release 

(dried hydrogel)

Dr, Diameter after release 81,450 79,661

tr, Thickness after release 0,3600 0,4500

*The samples were not dried.

Time (min.) BSA, UV BSA, d 

(mm)

BSA, t 

(mm)

Phenol, UV Phenol, d 

(mm)

Phenol, t 

(mm)

0 0 126,000 25,200 0 125,550 26,550

5 0,005 126,000 25,850 0,016 125,550 27,450

10 0,005 125,300 25,750 0,024 125,100 26,100

15 0,005 123,300 24,750 0,030 125,650 26,100

20 0,005 120,153 23,950 0,032 115,400 24,300

25 0,006 117,450 23,450 0,035 115,200 23,850

30 0,006 116,950 23,185 0,036 115,200 23,850

40 0,008 116,500 22,950 0,045 115,200 22,500

50 0,009 116,100 22,500 0,048 114,800 20,250

60 0,006 119,250 22,504 0,038 118,550 25,650

70 0,007 115,650 22,250 0,038 117,950 21,600

80 0,007 114,300 21,550 0,039 114,300 21,600

90 0,007 114,300 21,600 0,039 112,350 20,700

24 std 0,018 109,511 22,090 0,039 102,930 18,330

25,200 25,550

0,0194 0,0160

26,550 26,550

0,3566 0,3549

126,000 125,550

147,137 145,857

0,3667* 0,3880*

129,600 125,900

15 15

147,388 147,515

14,95 14,8

BSA Phenol

Sample 10.1 10.4 Equilibrium temperature: 25 °C

Abs. 0,433 0,923 Release temperature: 32 °C

V1, ml Concentration of BAS: 10
-1

equilibrium Solution Concentration of Phenol: 10
-4

M1, g Volume of the release deionized water: 10 mL

Mass of the solution

V2, ml

After removing the hydrogel

M2, g

Mass of the solution after 

equi.

md, g

mass before equilibrium

(dried hydrogel)

Dd, mm

Diameter before equilibrium 

td, mm

Thickness before 

equilibriumm, g

Mass of hydrogel at equi.

D, mm 

Diameter at equilibrium 

T, mm

Thickness at equilibrium

mr, 

Mass after release 

(dried hydrogel)

Dr, Diameter after release 81,450 79,661

tr, Thickness after release 0,3600 0,4500

*The samples were not dried.

Time (min.) BSA, UV BSA, d 

(mm)

BSA, t 

(mm)

Phenol, UV Phenol, d 

(mm)

Phenol, t 

(mm)

0 0 126,000 25,200 0 125,550 26,550

5 0,005 126,000 25,850 0,016 125,550 27,450

10 0,005 125,300 25,750 0,024 125,100 26,100

15 0,005 123,300 24,750 0,030 125,650 26,100

20 0,005 120,153 23,950 0,032 115,400 24,300

25 0,006 117,450 23,450 0,035 115,200 23,850

30 0,006 116,950 23,185 0,036 115,200 23,850

40 0,008 116,500 22,950 0,045 115,200 22,500

50 0,009 116,100 22,500 0,048 114,800 20,250

60 0,006 119,250 22,504 0,038 118,550 25,650

70 0,007 115,650 22,250 0,038 117,950 21,600

80 0,007 114,300 21,550 0,039 114,300 21,600

90 0,007 114,300 21,600 0,039 112,350 20,700

24 std 0,018 109,511 22,090 0,039 102,930 18,330

25,200 25,550

0,0194 0,0160

26,550 26,550

0,3566 0,3549

126,000 125,550

147,137 145,857

0,3667* 0,3880*

129,600 125,900

15 15

147,388 147,515

14,95 14,8

Table E.2.1: BSA and phenol mass and dimensional data at 32°C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. E.2: Calibration curve of phenol 

 

 

Table E.2.2: BSA and phenol release data at 32°C 
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BSA Phenol

Abs. 0,432 0,922

V1, ml Equilibrium temperature: 25 °C

equilibrium Solution Release temperature: 37 °C

M1, g Concentration of BAS: 10
-1

Mass of the solution Concentration of Phenol: 10
-4

V2, ml Volume of the release deionized water: 10 mL 

After removing the hydrogel

M2, g

Mass of the solution after equi.

md, g

mass before equilibrium

(dried hydrogel)

Dd, mm

Diameter before equilibrium 

td, mm

Thickness before equilibrium

m, g

Mass of hydrogel at equi.

D, mm 

Diameter at equilibrium 

T, mm

Thickness at equilibrium

mr, 

Mass after release                              

(dried hydrogel)

Dr, Diameter after release 53,100 46,800

tr, Thickness after release 0,6300 0,6300

*The samples were not dried.

Time (min.) BSA, UV BSA, d (mm) BSA, t (mm) Phenol, UV Phenol, d 

(mm)

Phenol, t 

(mm)

0 0 119,250 19,800 0 123,300 21,150

5 0,001 121,500 21,150 0,019 120,650 19,800

10 0,003 117,000 18,900 0,020 117,450 18,450

15 0,004 117,500 18,000 0,022 107,100 15,300

20 0,005 116,650 17,100 0,025 106,400 15,300

25 0,006 102,600 15,300 0,026 97,200 16,650

30 0,006 96,751 17,550 0,028 87,750 18,000

40 0,007 86,850 25,650 0,028 87,301 27,000

50 0,011 75,600 26,550 0,029 76,050 27,900

60 0,015 68,850 28,814 0,030 69,300 28,800

70 0,016 63,900 24,300 0,029 65,250 24,750

80 0,015 59,600 21,600 0,029 56,700 22,550

90 0,015 58,050 20,700 0,029 54,000 22,050

100 0,016 54,900 16,650 0,029 54,000 16,650

110 0,015 54,900 14,850 0,029 53,550 14,400

120 0,015 54,500 12,150 0,029 53,350 12,150

130 0,015 52,650 0,9000 0,029 53,100 0,9450

19,800 21,150

0,0167 0,0146

21,600 22,050

0,2828 0,2749

119,250 123,300

141,596 144,023

0,3350* 0,3129*

126,450 127,800

15 15

147,120 147,505

14,5 14,5

BSA Phenol

Abs. 0,432 0,922

V1, ml Equilibrium temperature: 25 °C

equilibrium Solution Release temperature: 37 °C

M1, g Concentration of BAS: 10
-1

Mass of the solution Concentration of Phenol: 10
-4

V2, ml Volume of the release deionized water: 10 mL 

After removing the hydrogel

M2, g

Mass of the solution after equi.

md, g

mass before equilibrium

(dried hydrogel)

Dd, mm

Diameter before equilibrium 

td, mm

Thickness before equilibrium

m, g

Mass of hydrogel at equi.

D, mm 

Diameter at equilibrium 

T, mm

Thickness at equilibrium

mr, 

Mass after release                              

(dried hydrogel)

Dr, Diameter after release 53,100 46,800

tr, Thickness after release 0,6300 0,6300

*The samples were not dried.

Time (min.) BSA, UV BSA, d (mm) BSA, t (mm) Phenol, UV Phenol, d 

(mm)

Phenol, t 

(mm)

0 0 119,250 19,800 0 123,300 21,150

5 0,001 121,500 21,150 0,019 120,650 19,800

10 0,003 117,000 18,900 0,020 117,450 18,450

15 0,004 117,500 18,000 0,022 107,100 15,300

20 0,005 116,650 17,100 0,025 106,400 15,300

25 0,006 102,600 15,300 0,026 97,200 16,650

30 0,006 96,751 17,550 0,028 87,750 18,000

40 0,007 86,850 25,650 0,028 87,301 27,000

50 0,011 75,600 26,550 0,029 76,050 27,900

60 0,015 68,850 28,814 0,030 69,300 28,800

70 0,016 63,900 24,300 0,029 65,250 24,750

80 0,015 59,600 21,600 0,029 56,700 22,550

90 0,015 58,050 20,700 0,029 54,000 22,050

100 0,016 54,900 16,650 0,029 54,000 16,650

110 0,015 54,900 14,850 0,029 53,550 14,400

120 0,015 54,500 12,150 0,029 53,350 12,150

130 0,015 52,650 0,9000 0,029 53,100 0,9450

19,800 21,150

0,0167 0,0146

21,600 22,050

0,2828 0,2749

119,250 123,300

141,596 144,023

0,3350* 0,3129*

126,450 127,800

15 15

147,120 147,505

14,5 14,5

Table E.3.1: BSA and phenol mass and dimensional data at 37°C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table E.3.2: BSA and phenol release data at 37°C 

 

 

 

 

 

 

 

 

 



 

136 

 

BSA Phenol

Abs. 0,427 0,926 Equilibrium temperature: 25 °C

V1, ml Release temperature: 40 °C

equilibrium Solution Concentration of BAS: 10
-1

M1, g Concentration of Phenol: 10
-4

Mass of the solution Volume of the release deionized water: 10 mL 

V2, ml

After removing the hydrogel

M2, g

Mass of the solution after equi.

md, g

mass before equilibrium

(dried hydrogel)

Dd, mm

Diameter before equilibrium 

td, mm

Thickness before equilibrium

m, g

Mass of hydrogel at equi.

D, mm 

Diameter at equilibrium 

T, mm

Thickness at equilibrium

mr, 

Mass after release 

(dried hydrogel)

Dr, Diameter after release 49,350 49,822

tr, Thickness after release 0,4256 0,3789

*The samples were not dried.

Time (min.) BSA, UV BSA, d (mm) BSA, t (mm) Phenol, UV Phenol, d 

(mm)

Phenol, t 

(mm)

0 0 12,784 1,416 0 12,549 16,926

5 0,004 9,635 2,115 0,011 10,434 1,551

10 0,005 8,272 2,632 0,019 8,742 2,566

15 0,006 7,097 2,867 0,022 7,426 2,115

20 0,007 6,486 2,35 0,023 62,981 1,363

25 0,007 6,264 1,739 0,024 5,828 0,94

30 0,008 5,546 12,698 0,026 5,734 0,893

40 0,008 5,734 0,752 0,024 5,734 0,5659

50 0,009 5,781 0,658 0,024 5,734 0,564

60 0,009 5,687 0,64 0,024 5,734 0,564

70 0,009 5,546 0,705 0,024 56,401 0,564

80 0,009 5,405 0,7065 0,024 5,405 0,6128

90 0,009 5,409 0,564 0,024 5,734 0,6128

14,160 16,926

0,0128 0,0134

16,450 18,800

0,2138 0,2381

127,840 125,490

144,093 144,976

0,2790* 0,2977*

137,240 136,770

15 15

145,494 146,276

14,5 14,75

BSA Phenol

Abs. 0,427 0,926 Equilibrium temperature: 25 °C

V1, ml Release temperature: 40 °C

equilibrium Solution Concentration of BAS: 10
-1

M1, g Concentration of Phenol: 10
-4

Mass of the solution Volume of the release deionized water: 10 mL 

V2, ml

After removing the hydrogel

M2, g

Mass of the solution after equi.

md, g

mass before equilibrium

(dried hydrogel)

Dd, mm

Diameter before equilibrium 

td, mm

Thickness before equilibrium

m, g

Mass of hydrogel at equi.

D, mm 

Diameter at equilibrium 

T, mm

Thickness at equilibrium

mr, 

Mass after release 

(dried hydrogel)

Dr, Diameter after release 49,350 49,822

tr, Thickness after release 0,4256 0,3789

*The samples were not dried.

Time (min.) BSA, UV BSA, d (mm) BSA, t (mm) Phenol, UV Phenol, d 

(mm)

Phenol, t 

(mm)

0 0 12,784 1,416 0 12,549 16,926

5 0,004 9,635 2,115 0,011 10,434 1,551

10 0,005 8,272 2,632 0,019 8,742 2,566

15 0,006 7,097 2,867 0,022 7,426 2,115

20 0,007 6,486 2,35 0,023 62,981 1,363

25 0,007 6,264 1,739 0,024 5,828 0,94

30 0,008 5,546 12,698 0,026 5,734 0,893

40 0,008 5,734 0,752 0,024 5,734 0,5659

50 0,009 5,781 0,658 0,024 5,734 0,564

60 0,009 5,687 0,64 0,024 5,734 0,564

70 0,009 5,546 0,705 0,024 56,401 0,564

80 0,009 5,405 0,7065 0,024 5,405 0,6128

90 0,009 5,409 0,564 0,024 5,734 0,6128

14,160 16,926

0,0128 0,0134

16,450 18,800

0,2138 0,2381

127,840 125,490

144,093 144,976

0,2790* 0,2977*

137,240 136,770

15 15

145,494 146,276

14,5 14,75

 

Table E.4.1: BSA and phenol mass and dimensional data at 40°C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table E.4.2: BSA and phenol release data at 40
o
C 
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Table E.5: BSA and Phenol release data including the dimensional changes at 25°C 

 
 

 

 

Table E.6: BSA and Phenol release data including the dimensional changes at 32°C 

 
 

  

Time 

(min.)
BSA, UV Concentration

BSA, d 

(mm)
∆d ∆r

BSA, t 

(mm)
∆t Phenol, UV Concentration

Phenol, d 

(mm)
∆d ∆r

Phenol, t 

(mm)
∆t

0 0 0.00E+00 12.65 0 0 2.385 0 0 0.00E+00 12.555 0 0 2.565 0

10 0.001 2.43E-04 12.87 -0.225 -0.1125 2.25 0.135 0.021 2.02E-06 12.645 -0.09 -0.045 2.52 0.045

20 0.003 7.29E-04 12.60 0.045 0.0225 2.16 0.225 0.027 2.59E-06 12.42 0.135 0.0675 2.385 0.18

30 0.003 7.29E-04 12.56 0.09 0.045 2.16 0.225 0.03 2.88E-06 12.33 0.225 0.1125 2.315 0.25

40 0.004 9.72E-04 12.47 0.18 0.09 2.16 0.225 0.032 3.08E-06 12.555 0 0 2.295 0.27

50 0.004 9.72E-04 12.47 0.18 0.09 2.16 0.225 0.033 3.17E-06 12.465 0.09 0.045 2.295 0.27

60 0.006 1.46E-03 12.46 0.19 0.095 2.16 0.225 0.038 3.65E-06 12.465 0.09 0.045 2.205 0.36

70 0.006 1.46E-03 12.38 0.27 0.135 2.07 0.315 0.037 3.56E-06 12.375 0.18 0.09 2.115 0.45

80 0.006 1.46E-03 12.33 0.315 0.1575 2.205 0.18 0.037 3.56E-06 12.33 0.225 0.1125 2.07 0.495

90 0.005 1.22E-03 12.69 -0.045 -0.0225 2.115 0.27 0.038 3.65E-06 12.33 0.225 0.1125 2.07 0.495

100 0.005 1.22E-03 12.74 -0.09 -0.045 2.115 0.27 0.038 3.65E-06 12.6 -0.045 -0.0225 2.025 0.54

110 0.005 1.22E-03 12.69 -0.045 -0.0225 2.025 0.36 0.038 3.65E-06 12.69 -0.135 -0.0675 2.025 0.54

130 0.005 1.22E-03 12.60 0.045 0.0225 2.025 0.36 0.038 3.65E-06 12.33 0.225 0.1125 2.205 0.36

24 std 0.013 3.16E-03 12.65 0 0 2.025 0.36 0.053 5.09E-06 12.1957 0.3593 0.17965 2.205 0.36

Time 

(min.)
BSA, UV c

BSA, d 

(mm)
∆d ∆r

BSA, t 

(mm)
∆t Phenol,UV c

Phenol, d 

(mm)
∆d ∆r

Phenol, t 

(mm)
∆t

0 0 0.000E+00 12.60 0.000 0.000 2.520 0.000 0.000 0 12.56 0.000 0.000 2.655 0.000

5 0.005 1.215E-03 12.60 0.000 0.000 2.585 -0.065 0.016 1.538E-06 12.56 0.000 0.000 2.745 -0.090

10 0.005 1.215E-03 12.53 0.070 0.035 2.575 -0.055 0.024 2.307E-06 12.51 0.045 0.023 2.610 0.045

15 0.005 1.215E-03 12.33 0.270 0.135 2.475 0.045 0.030 2.883E-06 12.57 -0.010 -0.005 2.610 0.045

20 0.005 1.215E-03 12.02 0.585 0.292 2.395 0.125 0.032 3.075E-06 11.54 1.015 0.508 2.430 0.225

25 0.006 1.458E-03 11.75 0.855 0.428 2.345 0.175 0.035 3.364E-06 11.52 1.035 0.518 2.385 0.270

30 0.006 1.458E-03 11.70 0.905 0.453 2.319 0.202 0.036 3.460E-06 11.52 1.035 0.518 2.385 0.270

40 0.008 1.944E-03 11.65 0.950 0.475 2.295 0.225 0.045 4.325E-06 11.52 1.035 0.518 2.250 0.405

50 0.009 2.187E-03 11.61 0.990 0.495 2.250 0.270 0.048 4.613E-06 11.48 1.075 0.538 2.025 0.630

60 0.006 1.458E-03 11.93 0.675 0.337 2.250 0.270 0.038 3.652E-06 11.86 0.700 0.350 2.565 0.090

70 0.007 1.701E-03 11.57 1.035 0.518 2.225 0.295 0.038 3.652E-06 11.80 0.760 0.380 2.160 0.495

80 0.007 1.701E-03 11.43 1.170 0.585 2.155 0.365 0.039 3.748E-06 11.43 1.125 0.563 2.160 0.495

90 0.007 1.701E-03 11.43 1.170 0.585 2.160 0.360 0.039 3.748E-06 11.24 1.320 0.660 2.070 0.585

100 0.007 1.701E-03 11.43 1.170 0.585 2.160 0.360 0.039 3.748E-06 11.07 1.485 0.743 2.025 0.630

110 0.007 1.701E-03 11.43 1.170 0.585 1.985 0.535 0.039 3.748E-06 11.03 1.530 0.765 1.980 0.675

120 0.007 1.701E-03 11.39 1.215 0.608 2.115 0.405 0.039 3.748E-06 11.94 0.620 0.310 2.205 0.450

140 0.007 1.701E-03 11.17 1.435 0.718 2.070 0.450 0.039 3.748E-06 10.87 1.690 0.845 1.982 0.673

150 0.007 1.701E-03 10.98 1.620 0.810 2.070 0.450 0.039 3.748E-06 10.71 1.845 0.922 1.800 0.855

24 std 0.018 4.374E-03 10.95 1.649 0.824 2.209 0.311 0.039 3.748E-06 10.29 2.262 1.131 1.833 0.822
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Table E.7: BSA and Phenol release data including the dimensional changes at 37°C 

 
 

 

Table E.8: BSA and Phenol release data including the dimensional changes at 40°C 

 
 

  

Time 

(min.)
BSA, UV C

BSA, d 

(mm)
∆d ∆r

BSA, t 

(mm)
∆t Phenol, UV C

Phenol, d 

(mm)
∆d ∆r

Phenol, t 

(mm)
∆t

0 0 0.00E+00 11.93 0.000 0.000 1.980 0.000 0.000 0.00E+00 12.330 0.000 0.000 2.115 0.000

5 0.001 2.43E-04 12.15 -0.225 -0.113 2.115 -0.135 0.019 1.83E-06 12.065 0.265 0.133 1.980 0.135

10 0.003 7.29E-04 11.70 0.225 0.113 1.890 0.090 0.020 1.92E-06 11.745 0.585 0.293 1.845 0.270

15 0.004 9.72E-04 11.75 0.175 0.088 1.800 0.180 0.022 2.11E-06 10.710 1.620 0.810 1.530 0.585

20 0.005 1.22E-03 11.67 0.260 0.130 1.710 0.270 0.025 2.40E-06 10.640 1.690 0.845 1.530 0.585

25 0.006 1.46E-03 10.26 1.665 0.833 1.530 0.450 0.026 2.50E-06 9.720 2.610 1.305 1.665 0.450

30 0.006 1.46E-03 9.68 2.250 1.125 1.755 0.225 0.028 2.69E-06 8.775 3.555 1.778 1.800 0.315

40 0.007 1.70E-03 8.69 3.240 1.620 2.565 -0.585 0.028 2.69E-06 8.730 3.600 1.800 2.700 -0.585

50 0.011 2.67E-03 7.56 4.365 2.183 2.655 -0.675 0.029 2.79E-06 7.605 4.725 2.363 2.790 -0.675

60 0.015 3.65E-03 6.89 5.040 2.520 2.881 -0.901 0.030 2.88E-06 6.930 5.400 2.700 2.880 -0.765

70 0.016 3.89E-03 6.39 5.535 2.768 2.430 -0.450 0.029 2.79E-06 6.525 5.805 2.903 2.475 -0.360

80 0.015 3.65E-03 5.96 5.965 2.983 2.160 -0.180 0.029 2.79E-06 5.670 6.660 3.330 2.255 -0.140

90 0.015 3.65E-03 5.81 6.120 3.060 2.070 -0.090 0.029 2.79E-06 5.400 6.930 3.465 2.205 -0.090

100 0.016 3.89E-03 5.49 6.435 3.218 1.665 0.315 0.029 2.79E-06 5.400 6.930 3.465 1.665 0.450

110 0.015 3.65E-03 5.49 6.435 3.218 1.485 0.495 0.029 2.79E-06 5.355 6.975 3.488 1.440 0.675

120 0.015 3.65E-03 5.45 6.475 3.238 1.215 0.765 0.029 2.79E-06 5.335 6.995 3.498 1.215 0.900

130 0.015 3.65E-03 5.27 6.660 3.330 0.900 1.080 0.029 2.79E-06 5.310 7.020 3.510 0.945 1.170

24 std 0.041 9.96E-03 5.67 6.255 3.128 0.810 1.170 0.058 5.57E-06 5.625 6.705 3.353 0.765 1.350

Time 

(min.)

BSA, UV C BSA, d 

(mm)

∆r ∆d BSA, t 

(mm)

∆t Phenol, UV C Phenol, d 

(mm)

∆r ∆d Phenol, t 

(mm)

∆t

0 0 0.00E+00 12.784 0.000 0.000 1.416 0.000 0.000 0.000E+00 12.549 0.000 0.000 1.693 0.000

5 0.004 9.72E-04 9.635 1.575 3.149 2.115 -0.699 0.011 1.057E-06 10.434 1.058 2.115 1.551 0.142

10 0.005 1.22E-03 8.272 2.256 4.512 2.632 -1.216 0.019 1.826E-06 8.742 1.904 3.807 2.566 -0.873

15 0.006 1.46E-03 7.097 2.844 5.687 2.867 -1.451 0.022 2.114E-06 7.426 2.562 5.123 2.115 -0.422

20 0.007 1.70E-03 6.486 3.149 6.298 2.350 -0.934 0.023 2.210E-06 6.298 3.125 6.251 1.363 0.330

25 0.007 1.70E-03 6.264 3.260 6.520 1.739 -0.323 0.024 2.307E-06 5.828 3.361 6.721 0.940 0.753

30 0.008 1.94E-03 5.546 3.619 7.238 1.270 0.146 0.026 2.499E-06 5.734 3.408 6.815 0.893 0.800

40 0.008 1.94E-03 5.734 3.525 7.050 0.752 0.664 0.024 2.307E-06 5.734 3.408 6.815 0.566 1.127

50 0.009 2.19E-03 5.781 3.502 7.003 0.658 0.758 0.024 2.307E-06 5.734 3.408 6.815 0.564 1.129

60 0.009 2.19E-03 5.687 3.549 7.097 0.640 0.776 0.024 2.307E-06 5.734 3.408 6.815 0.564 1.129

70 0.009 2.19E-03 5.546 3.619 7.238 0.705 0.711 0.024 2.307E-06 5.640 3.454 6.909 0.564 1.129

80 0.009 2.19E-03 5.405 3.690 7.379 0.707 0.710 0.024 2.307E-06 5.405 3.572 7.144 0.613 1.080

90 0.009 2.19E-03 5.409 3.688 7.375 0.564 0.852 0.024 2.307E-06 5.734 3.408 6.815 0.613 1.080

3600 0.028 6.80E-03 5.593 3.596 7.191 0.658 0.758 0.038 3.652E-06 5.358 3.596 7.191 0.517 1.176

7200 0.048 1.17E-02 5.405 3.690 7.379 0.564 0.852 0.051 4.901E-06 5.452 3.549 7.097 0.658 1.035
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APPENDIX F: 

Mechanical Properties Data 

In order to characterize the mechanical properties of the hydrogel, the cylindrical hydrogel_4 

samples we allowed to equilibrate at different solutions with varied concentration range. At 

different temperatures, the hydrogels were allowed to swell in different concentrations of 

NaOH, H2SO4, NaCl, phenol, ethanol, propanol, and BSA. The different concentrations were 

given with the corresponding temperatures in Tables F.1-F.21. During the first part of the 

experiment, the axial load was applied till reaching 1.0N. Thereafter, the stress, strain, 

Poisson‘s ratio, shear modulus, bulk modules, and the Young‘s modules were calculated from 

the mass change and the deformation of hydrogel cylinder under compression. According to 

Tables F.1-F.21, Δl is the thickness variation and l0 is the initial thickness, d0 is the initial 

diameter, A0 is initial area and F is the applied force. The subscribes bc and ac are referring to 

the terms before compression and after compression respectively. The right side column for 

each sample refers to the initial diameter and initial thickness of the sample. Meanwhile, the 

left side column refers to the diameter and thickness after compression. Regarding to the 

modules, the right side column refers to the calculate modules in Pascal and the left side 

column refers to the modules in calculated in Mega-Pascal. During the second part of the 

experiments, the hydrogel samples were subjected to the applied load, which was increased 

gradually with a step of 0.2N and for some samples of 0.3N. Depending on the concentration 

and the temperature of the samples, some samples were able to bear a maximum force without 

breaking down. Tables F.16-F.21 shows the effect of the applied load increase on the mass and 

area of the hydrogel cylinder equilibrated in different solutions of BSA and at different 

temperatures. In addition, they include the corresponding calculated modules are also included.  
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Table F.6: The mechanical properties at different applied load on  hydrogel_2 cylinder equilibrated in BSA solution (0.01) at T=25°C.

 T = 25º, 10
-2

 M BSA

Diameter, d0, m Area0, m
2

Thickness, l =t0, m 1.275E-04

Force, N Diameter, d,m Thickness, l =t, 

m
Area, m

2
Calc. Stress, Pa/Mpa Calc. Strain Young's Modulus, Mpa

0.2 1.306E-02 2.990E-03 1.340E-04 1.492E-03 2.107E-01 7.080E-03

0.4 1.343E-02 2.668E-03 1.417E-04 2.823E-03 2.957E-01 9.545E-03

0.6 1.426E-02 2.346E-03 1.597E-04 3.757E-03 3.807E-01 9.867E-03

0.8 1.481E-02 2.208E-03 1.723E-04 4.643E-03 4.172E-01 1.113E-02

1 1.550E-02 2.070E-03 1.887E-04 5.298E-03 4.536E-01 1.168E-02

1.2 1.596E-02 1.840E-03 2.001E-04 5.997E-03 5.143E-01 1.166E-02

1.4 1.661E-02 1.656E-03 2.166E-04 6.464E-03 5.629E-01 1.148E-02

1.6 1.670E-02 1.702E-03 2.190E-04 7.306E-03 5.507E-01 1.327E-02

1.8 1.711E-02 1.564E-03 2.300E-04 7.827E-03 5.872E-01 1.333E-02

2 1.716E-02 1.472E-03 2.312E-04 8.650E-03 6.114E-01 1.415E-02

2.2 1.776E-02 1.380E-03 2.476E-04 8.885E-03 6.357E-01 1.398E-02

2.4 1.872E-02 1.288E-03 2.753E-04 8.718E-03 6.600E-01 1.321E-02

2.6 1.887E-02 1.288E-03 2.795E-04 9.301E-03 6.600E-01 1.409E-02

2.8 1.927E-02 1.196E-03 2.918E-04 9.597E-03 6.843E-01 1.402E-02

3 1.941E-02 1.150E-03 2.960E-04 1.014E-02 6.964E-01 1.455E-02

3.2 2.116E-02 1.058E-03 3.517E-04 9.100E-03 7.207E-01 1.263E-02

3.4 2.153E-02 9.660E-04 3.640E-04 9.341E-03 7.450E-01 1.254E-02

Table F.7: The mechanical properties at different applied load on  hydrogel_2 cylinder equilibrated in BSA solution (0.05) at T=25°C.

 T = 25º, 5·10
-2

 M BSA

Diameter, d0, m Area0, m
2

Thickness, l =t0, m 1.427E-04

Force, N Diameter, d,m Thickness, l =t, 

m
Area, m

2
Calc. Stress, Pa/Mpa Calc. Strain Young's Modulus, Mpa

0.3 1.458E-02 2.116E-03 1.670E-04 1.796E-03 4.415E-01 4.069E-03

0.6 1.578E-02 1.564E-03 1.955E-04 3.069E-03 5.872E-01 5.226E-03

0.9 1.711E-02 1.380E-03 2.300E-04 3.913E-03 6.357E-01 6.156E-03

1.2 1.864E-02 1.242E-03 2.728E-04 4.399E-03 6.722E-01 6.545E-03

1.5 2.006E-02 1.012E-03 3.159E-04 4.748E-03 7.329E-01 6.479E-03

1.8 2.052E-02 9.660E-04 3.306E-04 5.445E-03 7.450E-01 7.309E-03

2.1 2.116E-02 9.660E-04 3.517E-04 5.972E-03 7.450E-01 8.016E-03

2.4 2.176E-02 8.780E-04 3.718E-04 6.455E-03 7.682E-01 8.402E-03

2.7 2.199E-02 8.280E-04 3.797E-04 7.111E-03 7.814E-01 9.099E-03

3 2.259E-02 7.820E-04 4.007E-04 7.488E-03 7.936E-01 9.435E-03

3.3 2.305E-02 6.440E-04 4.171E-04 7.911E-03 8.300E-01 9.531E-03

Table F.8: The mechanical properties at different applied load on  hydrogel_2 cylinder equilibrated in BSA solution (0.1) at T=25°C.

 T = 25º, 10
-1

 M BSA

Diameter, d0, m Area0, m
2

Thickness, l =t0, m 1.115E-04

Force, N Diameter, d,m Thickness, l =t, 

m
Area, m

2
Calc. Stress, Pa/Mpa Calc. Strain Young's Modulus, Mpa

0.3 1.343E-02 2.898E-03 1.417E-04 2.117E-03 2.350E-01 9.008E-03

0.6 1.477E-02 2.300E-03 1.712E-04 3.504E-03 3.929E-01 8.918E-03

0.9 1.555E-02 2.070E-03 1.899E-04 4.740E-03 4.536E-01 1.045E-02

1.2 1.647E-02 1.886E-03 2.130E-04 5.634E-03 5.022E-01 1.122E-02

1.5 1.670E-02 1.748E-03 2.190E-04 6.850E-03 5.386E-01 1.272E-02

1.8 1.766E-02 1.610E-03 2.451E-04 7.345E-03 5.750E-01 1.277E-02

2.1 1.808E-02 1.426E-03 2.567E-04 8.181E-03 6.236E-01 1.312E-02

2.4 1.941E-02 1.196E-03 2.960E-04 8.109E-03 6.843E-01 1.185E-02

2.7 2.098E-02 1.150E-03 3.456E-04 7.813E-03 6.964E-01 1.122E-02

Table F.9: The mechanical properties at different applied load on  hydrogel_2 cylinder equilibrated in BSA solution (1.51) at T=25°C.

 T = 25º, 1,51 M BSA

Diameter, d0, m Area0, m
2

Thickness, l =t0, m 1.132E-04

Force, N Diameter, d,m Thickness, l =t, 

m
Area, m

2
Calc. Stress, Pa/Mpa Calc. Strain Young's Modulus, Mpa

0.3 1.352E-02 3.128E-03 1.436E-04 2.088E-03 1.743E-01 1.198E-02

0.6 1.454E-02 2.530E-03 1.660E-04 3.616E-03 3.322E-01 1.088E-02

0.9 1.546E-02 2.392E-03 1.876E-04 4.797E-03 3.686E-01 1.301E-02

1.2 1.610E-02 2.162E-03 2.036E-04 5.894E-03 4.293E-01 1.373E-02

1.5 1.688E-02 2.024E-03 2.238E-04 6.701E-03 4.657E-01 1.439E-02

1.8 1.730E-02 1.978E-03 2.350E-04 7.661E-03 4.779E-01 1.603E-02

2.1 1.776E-02 1.886E-03 2.476E-04 8.481E-03 5.022E-01 1.689E-02

2.4 1.884E-02 1.794E-03 2.789E-04 8.605E-03 5.264E-01 1.635E-02

2.7 1.895E-02 1.610E-03 2.821E-04 9.571E-03 5.750E-01 1.664E-02

1.274E-02

3.634E-03

3.358E-03

Sample 9.5

1.191E-02

3.818E-03

Sample 9.4

1.348E-02

Sample 9.3

Sample 9.6

1.201E-02

3.220E-03
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Table F.10: The mechanical properties at different applied load on  hydrogel_2 cylinder equilibrated in BSA solution (0.01) at T=32°C.

 T = 32º, 10
-2

 M BSA

Diameter, d0, m Area0, m
2

Thickness, l =t0, m 8.117E-05

Force, N Diameter, d,m Thickness, l =t, 

m
Area, m

2
Calc. Stress, Pa/Mpa Calc. Strain Young's Modulus, Mpa

0.3 1.076E-02 2.484E-03 9.100E-05 3.297E-03 3.443E-01 9.575E-03

0.6 1.127E-02 2.024E-03 9.976E-05 6.015E-03 4.657E-01 1.291E-02

0.9 1.150E-02 1.978E-03 1.039E-04 8.665E-03 4.779E-01 1.813E-02

1.2 1.210E-02 1.702E-03 1.150E-04 1.044E-02 5.507E-01 1.895E-02

1.5 1.256E-02 1.656E-03 1.239E-04 1.211E-02 5.629E-01 2.152E-02

1.8 1.306E-02 1.564E-03 1.340E-04 1.343E-02 5.872E-01 2.287E-02

2.1 1.357E-02 1.426E-03 1.446E-04 1.452E-02 6.236E-01 2.328E-02

2.4 1.362E-02 1.334E-03 1.456E-04 1.648E-02 6.479E-01 2.544E-02

2.7 1.426E-02 1.242E-03 1.597E-04 1.691E-02 6.722E-01 2.515E-02

3 1.458E-02 1.150E-03 1.670E-04 1.796E-02 6.964E-01 2.579E-02

3.3 1.472E-02 1.150E-03 1.702E-04 1.939E-02 6.964E-01 2.784E-02

3.6 1.495E-02 1.104E-03 1.755E-04 2.051E-02 7.086E-01 2.894E-02

3.9 1.523E-02 1.058E-03 1.821E-04 2.142E-02 7.207E-01 2.972E-02

4.2 1.527E-02 9.660E-04 1.832E-04 2.293E-02 7.450E-01 3.078E-02

4.5 1.559E-02 9.660E-04 1.910E-04 2.356E-02 7.450E-01 3.163E-02

4.8 1.601E-02 9.200E-04 2.013E-04 2.385E-02 7.572E-01 3.150E-02

5.1 1.688E-02 8.740E-04 2.239E-04 2.278E-02 7.693E-01 2.962E-02

5.4 1.702E-02 8.740E-04 2.275E-04 2.373E-02 7.693E-01 3.085E-02

5.7 1.707E-02 8.420E-04 2.288E-04 2.492E-02 7.777E-01 3.204E-02

6 1.711E-02 7.830E-04 2.300E-04 2.609E-02 7.933E-01 3.289E-02

Table F.11: The mechanical properties at different applied load on  hydrogel_2 cylinder equilibrated in BSA solution (0.05) at T=32°C.

 T = 32º, 5·10
-2

 M BSA

Diameter, d0, m Area0, m
2

Thickness, l =t0, m 7.826E-05

Force, N Diameter, d,m Thickness, l =t, 

m
Area, m

2
Calc. Stress, Pa/Mpa Calc. Strain Young's Modulus, Mpa

0.3 1.086E-02 2.438E-03 9.256E-05 3.241E-03 3.565E-01 9.093E-03

0.6 1.168E-02 2.070E-03 1.072E-04 5.596E-03 4.536E-01 1.234E-02

0.9 1.247E-02 1.840E-03 1.221E-04 7.374E-03 5.143E-01 1.434E-02

1.2 1.329E-02 1.610E-03 1.388E-04 8.645E-03 5.750E-01 1.503E-02

1.5 1.348E-02 1.518E-03 1.427E-04 1.051E-02 5.993E-01 1.754E-02

1.8 1.389E-02 1.338E-03 1.516E-04 1.188E-02 6.468E-01 1.836E-02

2.1 1.449E-02 1.288E-03 1.649E-04 1.273E-02 6.600E-01 1.929E-02

2.4 1.481E-02 1.242E-03 1.723E-04 1.393E-02 6.722E-01 2.072E-02

2.7 1.523E-02 1.150E-03 1.821E-04 1.483E-02 6.964E-01 2.129E-02

3 1.555E-02 1.104E-03 1.899E-04 1.580E-02 7.086E-01 2.230E-02

3.3 1.601E-02 1.012E-03 2.013E-04 1.640E-02 7.329E-01 2.237E-02

3.6 1.615E-02 9.660E-04 2.047E-04 1.758E-02 7.450E-01 2.360E-02

3.9 1.624E-02 9.200E-04 2.071E-04 1.883E-02 7.572E-01 2.487E-02

4.2 1.670E-02 9.200E-04 2.190E-04 1.918E-02 7.572E-01 2.533E-02

4.5 1.679E-02 8.740E-04 2.214E-04 2.032E-02 7.693E-01 2.642E-02

4.8 1.697E-02 8.280E-04 2.263E-04 2.121E-02 7.814E-01 2.714E-02

5.1 1.730E-02 7.820E-04 2.350E-04 2.171E-02 7.936E-01 2.735E-02

5.4 1.757E-02 7.810E-04 2.425E-04 2.227E-02 7.938E-01 2.805E-02

5.7 1.789E-02 7.360E-04 2.515E-04 2.267E-02 8.057E-01 2.813E-02

6 1.817E-02 6.900E-04 2.593E-04 2.314E-02 8.179E-01 2.829E-02

Table F.12: The mechanical properties at different applied load on  hydrogel_2 cylinder equilibrated in BSA solution (0.1) at T=32°C.

 T = 32º, 10
-1

 M BSA

Diameter, d0, m Area0, m
2

Thickness, l =t0, m 7.971E-05

Force, N Diameter, d,m Thickness, l =t, 

m
Area, m

2
Calc. Stress, Pa/Mpa Calc. Strain Young's Modulus, Mpa

0.3 1.095E-02 1.840E-03 9.414E-05 3.187E-03 5.143E-01 6.196E-03

0.6 1.155E-02 1.702E-03 1.047E-04 5.731E-03 5.507E-01 1.041E-02

0.9 1.219E-02 1.426E-03 1.167E-04 7.712E-03 6.236E-01 1.237E-02

1.2 1.265E-02 1.242E-03 1.257E-04 9.548E-03 6.722E-01 1.420E-02

1.5 1.334E-02 1.196E-03 1.398E-04 1.073E-02 6.843E-01 1.568E-02

1.8 1.366E-02 1.104E-03 1.466E-04 1.228E-02 7.086E-01 1.733E-02

2.1 1.403E-02 1.058E-03 1.546E-04 1.358E-02 7.207E-01 1.885E-02

2.4 1.458E-02 9.303E-04 1.670E-04 1.437E-02 7.544E-01 1.905E-02

2.7 1.500E-02 8.740E-04 1.766E-04 1.529E-02 7.693E-01 1.987E-02

3 1.513E-02 8.740E-04 1.799E-04 1.668E-02 7.693E-01 2.168E-02

3.3 1.532E-02 8.280E-04 1.843E-04 1.791E-02 7.814E-01 2.291E-02

3.6 1.615E-02 8.280E-04 2.047E-04 1.758E-02 7.814E-01 2.250E-02

3.9 1.661E-02 7.820E-04 2.166E-04 1.801E-02 7.936E-01 2.269E-02

4.2 1.674E-02 7.820E-04 2.202E-04 1.907E-02 7.936E-01 2.404E-02

4.5 1.697E-02 7.360E-04 2.263E-04 1.989E-02 8.057E-01 2.468E-02

4.8 1.700E-02 6.900E-04 2.270E-04 2.115E-02 8.179E-01 2.586E-02

5.1 1.701E-02 6.440E-04 2.272E-04 2.245E-02 8.300E-01 2.705E-02

5.4 1.702E-02 6.440E-04 2.275E-04 2.373E-02 8.300E-01 2.859E-02

5.7 1.734E-02 5.980E-04 2.362E-04 2.413E-02 8.421E-01 2.865E-02

6 1.757E-02 5.520E-04 2.425E-04 2.474E-02 8.543E-01 2.896E-02

Sample 10.3

Sample 10.1

1.017E-02

2.392E-03

Sample 10.2

9.982E-03

2.760E-03

1.007E-02

2.116E-03
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Table F.13: The mechanical properties at different applied load on  hydrogel_2 cylinder equilibrated in BSA solution (1.51) at T=32°C.

 T = 32º, 1,51 M BSA

Diameter, d0, m Area0, m
2

Thickness, l =t0, m 7.754E-05

Force, N Diameter, d,m Thickness, l =t, 

m
Area, m

2
Calc. Stress, Pa/Mpa Calc. Strain Young's Modulus, Mpa

0.3 1.081E-02 1.702E-03 9.178E-05 3.269E-03 5.507E-01 5.935E-03

0.6 1.145E-02 1.518E-03 1.030E-04 5.823E-03 5.993E-01 9.716E-03

0.9 1.228E-02 1.288E-03 1.184E-04 7.599E-03 6.600E-01 1.151E-02

1.2 1.274E-02 1.242E-03 1.275E-04 9.411E-03 6.722E-01 1.400E-02

1.5 1.334E-02 1.104E-03 1.398E-04 1.073E-02 7.086E-01 1.515E-02

1.8 1.362E-02 1.012E-03 1.456E-04 1.236E-02 7.329E-01 1.687E-02

2.1 1.394E-02 9.660E-04 1.526E-04 1.376E-02 7.450E-01 1.847E-02

2.4 1.412E-02 9.200E-04 1.567E-04 1.532E-02 7.572E-01 2.023E-02

2.7 1.431E-02 8.740E-04 1.608E-04 1.679E-02 7.693E-01 2.183E-02

3 1.454E-02 8.280E-04 1.660E-04 1.808E-02 7.814E-01 2.313E-02

3.3 1.472E-02 7.820E-04 1.702E-04 1.939E-02 7.936E-01 2.444E-02

3.6 1.495E-02 7.820E-04 1.755E-04 2.051E-02 7.936E-01 2.584E-02

3.9 1.509E-02 7.360E-04 1.788E-04 2.181E-02 8.057E-01 2.707E-02

4.2 1.555E-02 6.900E-04 1.899E-04 2.212E-02 8.179E-01 2.705E-02

4.5 1.578E-02 6.900E-04 1.955E-04 2.302E-02 8.179E-01 2.814E-02

4.8 1.628E-02 6.440E-04 2.083E-04 2.305E-02 8.300E-01 2.777E-02

5.1 1.656E-02 5.980E-04 2.154E-04 2.368E-02 8.421E-01 2.812E-02

5.4 1.716E-02 5.060E-04 2.312E-04 2.335E-02 8.664E-01 2.695E-02

Table F.14: The mechanical properties at different applied load on  hydrogel_2 cylinder equilibrated in BSA solution (0.01) at T=37°C.

 T = 37º, 10
-2

 M BSA

Diameter, d0, m Area0, m
2

Thickness, l =t0, m 1.729E-05

Force, N Diameter, d,m Thickness, l =t, 

m
Area, m

2
Calc. Stress, Pa/Mpa Calc. Strain Young's Modulus, Mpa

0.2 4.784E-03 1.840E-03 1.798E-05 1.113E-02 5.143E-01 2.163E-02

0.4 4.830E-03 1.610E-03 1.832E-05 2.183E-02 5.750E-01 3.797E-02

0.6 5.060E-03 1.518E-03 2.011E-05 2.984E-02 5.993E-01 4.979E-02

0.8 5.198E-03 1.426E-03 2.122E-05 3.770E-02 6.236E-01 6.045E-02

1 5.336E-03 1.380E-03 2.236E-05 4.472E-02 6.357E-01 7.034E-02

1.5 5.750E-03 1.288E-03 2.597E-05 5.776E-02 6.600E-01 8.752E-02

2 5.934E-03 1.196E-03 2.766E-05 7.232E-02 6.843E-01 1.057E-01

2.5 6.486E-03 1.058E-03 3.304E-05 7.567E-02 7.207E-01 1.050E-01

3 6.854E-03 9.200E-04 3.690E-05 8.131E-02 7.572E-01 1.074E-01

3.5 7.130E-03 8.280E-04 3.993E-05 8.766E-02 7.814E-01 1.122E-01

4 7.636E-03 7.360E-04 4.580E-05 8.734E-02 8.057E-01 1.084E-01

4.5 7.820E-03 6.900E-04 4.803E-05 9.369E-02 8.179E-01 1.146E-01

5 7.912E-03 6.440E-04 4.917E-05 1.017E-01 8.300E-01 1.225E-01

5.5 8.004E-03 5.520E-04 5.032E-05 1.093E-01 8.543E-01 1.280E-01

6 8.050E-03 5.520E-04 5.090E-05 1.179E-01 8.543E-01 1.380E-01

Table F.15: The mechanical properties at different applied load on  hydrogel_2 cylinder equilibrated in BSA solution (0.05) at T=37°C.

 T = 37º, 5·10
-2

 M BSA

Diameter, d0, m Area0, m
2

Thickness, l =t0, m 2.122E-05

Force, N Diameter, d,m Thickness, l =t, 

m
Area, m

2
Calc. Stress, Pa/Mpa Calc. Strain Young's Modulus, Mpa

0.2 5.290E-03 1.564E-03 2.198E-05 9.100E-03 5.872E-01 1.550E-02

0.4 5.382E-03 1.472E-03 2.275E-05 1.758E-02 6.114E-01 2.876E-02

0.6 5.566E-03 1.380E-03 2.433E-05 2.466E-02 6.357E-01 3.879E-02

0.8 5.658E-03 1.288E-03 2.514E-05 3.182E-02 6.600E-01 4.821E-02

1 5.888E-03 1.242E-03 2.723E-05 3.673E-02 6.722E-01 5.464E-02

1.5 6.164E-03 1.104E-03 2.984E-05 5.027E-02 7.086E-01 7.094E-02

2 6.394E-03 1.058E-03 3.211E-05 6.229E-02 7.207E-01 8.642E-02

2.5 6.670E-03 1.012E-03 3.494E-05 7.155E-02 7.329E-01 9.763E-02

3 6.716E-03 9.660E-04 3.543E-05 8.469E-02 7.450E-01 1.137E-01

3.5 6.946E-03 8.740E-04 3.789E-05 9.237E-02 7.693E-01 1.201E-01

4 7.130E-03 8.280E-04 3.993E-05 1.002E-01 7.814E-01 1.282E-01

4.5 7.406E-03 7.360E-04 4.308E-05 1.045E-01 8.057E-01 1.296E-01

5 7.406E-03 7.360E-04 4.308E-05 1.161E-01 8.057E-01 1.441E-01

5.5 7.544E-03 7.360E-04 4.470E-05 1.230E-01 8.057E-01 1.527E-01

6 7.636E-03 7.360E-04 4.580E-05 1.310E-01 8.057E-01 1.626E-01

1.426E-03

2.070E-03

Sample 4.2

4.692E-03

Sample 10.4

Sample 4.1

5.198E-03

1.932E-03

9.936E-03
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Table F.16: The mechanical properties at different applied load on  hydrogel_2 cylinder equilibrated in BSA solution (0.1) at T=37°C.

 T = 37º, 10
-1

 M BSA

Diameter, d0, m Area0, m
2

Thickness, l =t0, m 2.011E-05

Force, N Diameter, d,m Thickness, l =t, 

m
Area, m

2
Calc. Stress, Pa/Mpa Calc. Strain Young's Modulus, Mpa

0.2 5.198E-03 1.702E-03 2.122E-05 9.425E-03 5.507E-01 1.711E-02

0.4 5.382E-03 1.564E-03 2.275E-05 1.758E-02 5.872E-01 2.995E-02

0.6 5.566E-03 1.472E-03 2.433E-05 2.466E-02 6.114E-01 4.033E-02

0.8 5.704E-03 1.380E-03 2.555E-05 3.131E-02 6.357E-01 4.925E-02

1 5.888E-03 1.334E-03 2.723E-05 3.673E-02 6.479E-01 5.669E-02

1.5 6.210E-03 1.242E-03 3.029E-05 4.952E-02 6.722E-01 7.368E-02

2 6.486E-03 1.150E-03 3.304E-05 6.053E-02 6.964E-01 8.692E-02

2.5 6.808E-03 1.058E-03 3.640E-05 6.868E-02 7.207E-01 9.529E-02

3 6.946E-03 9.660E-04 3.789E-05 7.917E-02 7.450E-01 1.063E-01

3.5 7.314E-03 8.740E-04 4.201E-05 8.330E-02 7.693E-01 1.083E-01

4 7.406E-03 7.860E-04 4.308E-05 9.285E-02 7.925E-01 1.172E-01

4.5 7.636E-03 7.820E-04 4.580E-05 9.826E-02 7.936E-01 1.238E-01

5 7.774E-03 7.820E-04 4.747E-05 1.053E-01 7.936E-01 1.327E-01

5.5 7.912E-03 7.360E-04 4.917E-05 1.119E-01 8.057E-01 1.388E-01

6 8.004E-03 6.900E-04 5.032E-05 1.192E-01 8.179E-01 1.458E-01

Table F.17: The mechanical properties at different applied load on  hydrogel_2 cylinder equilibrated in BSA solution (1.51) at T=37°C.

 T = 37º, 1,51 M BSA

Diameter, d0, m Area0, m
2

Thickness, l =t0, m 1.867E-05

Force, N Diameter, d,m Thickness, l =t, 

m
Area, m

2
Calc. Stress, Pa/Mpa Calc. Strain Young's Modulus, Mpa

0.2 5.336E-03 1.656E-03 2.236E-05 8.943E-03 5.629E-01 1.589E-02

0.4 5.382E-03 1.610E-03 2.275E-05 1.758E-02 5.750E-01 3.058E-02

0.6 5.382E-03 1.564E-03 2.275E-05 2.637E-02 5.872E-01 4.492E-02

0.8 5.428E-03 1.518E-03 2.314E-05 3.457E-02 5.993E-01 5.769E-02

1 5.474E-03 1.518E-03 2.353E-05 4.249E-02 5.993E-01 7.090E-02

1.5 5.474E-03 1.518E-03 2.353E-05 6.374E-02 5.993E-01 1.064E-01

2 5.520E-03 1.472E-03 2.393E-05 8.357E-02 6.114E-01 1.367E-01

2.5 5.520E-03 1.472E-03 2.393E-05 1.045E-01 6.114E-01 1.708E-01

3 5.612E-03 1.426E-03 2.474E-05 1.213E-01 6.236E-01 1.945E-01

3.5 5.612E-03 1.426E-03 2.474E-05 1.415E-01 6.236E-01 2.269E-01

4 5.704E-03 1.380E-03 2.555E-05 1.565E-01 6.357E-01 2.462E-01

4.5 5.750E-03 1.380E-03 2.597E-05 1.733E-01 6.357E-01 2.726E-01

5 5.750E-03 1.380E-03 2.597E-05 1.925E-01 6.357E-01 3.029E-01

5.5 5.750E-03 1.380E-03 2.597E-05 2.118E-01 6.357E-01 3.332E-01

6 5.842E-03 1.334E-03 2.680E-05 2.238E-01 6.479E-01 3.455E-01

Table F.18: The mechanical properties at different applied load on  hydrogel_2 cylinder equilibrated in BSA solution (0.01) at T=40°C.

 T = 40º, 10
-2

 M BSA

Diameter, d0, m Area0, m
2

Thickness, l =t0, m 2.011E-05

Force, N Diameter, d,m Thickness, l =t, 

m
Area, m

2
Calc. Stress, Pa/Mpa Calc. Strain Young's Modulus, Mpa

0.2 5.060E-03 1.886E-03 2.011E-05 9.946E-03 5.022E-01 1.981E-02

0.4 5.106E-03 1.748E-03 2.048E-05 1.953E-02 5.386E-01 3.627E-02

0.6 5.152E-03 1.610E-03 2.085E-05 2.878E-02 5.750E-01 5.005E-02

0.8 5.290E-03 1.564E-03 2.198E-05 3.640E-02 5.872E-01 6.199E-02

1 5.474E-03 1.334E-03 2.353E-05 4.249E-02 6.479E-01 6.559E-02

1.5 5.658E-03 1.242E-03 2.514E-05 5.966E-02 6.722E-01 8.876E-02

2 5.980E-03 1.104E-03 2.809E-05 7.121E-02 7.086E-01 1.005E-01

2.5 5.026E-03 1.012E-03 1.984E-05 1.260E-01 7.329E-01 1.719E-01

3 6.164E-03 9.660E-04 2.984E-05 1.005E-01 7.450E-01 1.349E-01

3.5 6.210E-03 9.200E-04 3.029E-05 1.156E-01 7.572E-01 1.526E-01

4 6.256E-03 9.200E-04 3.074E-05 1.301E-01 7.572E-01 1.719E-01

4.5 6.302E-03 8.740E-04 3.119E-05 1.443E-01 7.693E-01 1.875E-01

5 6.302E-03 8.740E-04 3.119E-05 1.603E-01 7.693E-01 2.084E-01

5.5 6.348E-03 8.740E-04 3.165E-05 1.738E-01 7.693E-01 2.259E-01

6 6.348E-03 8.740E-04 3.165E-05 1.896E-01 7.693E-01 2.464E-01

Sample 3.6

1.840E-03

Sample 12.5

5.060E-03

2.024E-03

5.060E-03

2.070E-03

Sample 3.5

4.876E-03
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Table F.19: The mechanical properties at different applied load on  hydrogel_2 cylinder equilibrated in BSA solution (0.05) at T=40°C.

 T = 40º, 5·10
-2

 M BSA

Diameter, d0, m Area0, m
2

Thickness, l =t0, m 1.938E-05

Force, N Diameter, d,m Thickness, l =t, 

m
Area, m

2
Calc. Stress, Pa/Mpa Calc. Strain Young's Modulus, Mpa

0.2 5.106E-03 1.564E-03 2.048E-05 9.767E-03 5.872E-01 1.663E-02

0.4 5.152E-03 1.426E-03 2.085E-05 1.919E-02 6.236E-01 3.077E-02

0.6 5.198E-03 1.334E-03 2.122E-05 2.827E-02 6.479E-01 4.364E-02

0.8 5.244E-03 1.288E-03 2.160E-05 3.704E-02 6.600E-01 5.612E-02

1 5.382E-03 1.196E-03 2.275E-05 4.396E-02 6.843E-01 6.424E-02

1.5 5.428E-03 1.150E-03 2.314E-05 6.482E-02 6.964E-01 9.308E-02

2 5.566E-03 1.104E-03 2.433E-05 8.220E-02 7.086E-01 1.160E-01

2.5 5.612E-03 1.058E-03 2.474E-05 1.011E-01 7.207E-01 1.402E-01

3 5.704E-03 1.012E-03 2.555E-05 1.174E-01 7.329E-01 1.602E-01

3.5 5.796E-03 9.703E-04 2.638E-05 1.327E-01 7.439E-01 1.783E-01

4 5.934E-03 9.200E-04 2.766E-05 1.446E-01 7.572E-01 1.910E-01

4.5 6.256E-03 8.880E-04 3.074E-05 1.464E-01 7.656E-01 1.912E-01

5 6.302E-03 8.740E-04 3.119E-05 1.603E-01 7.693E-01 2.084E-01

5.5 6.394E-03 7.830E-04 3.211E-05 1.713E-01 7.933E-01 2.159E-01

6 6.486E-03 7.820E-04 3.304E-05 1.816E-01 7.936E-01 2.288E-01

Table F.20: The mechanical properties at different applied load on  hydrogel_2 cylinder equilibrated in BSA solution (0.1) at T=40°C.

 T = 40º, 10
-1

 M BSA

Diameter, d0, m Area0, m
2

Thickness, l =t0, m 2.048E-05

Force, N Diameter, d,m Thickness, l =t, 

m
Area, m

2
Calc. Stress, Pa/Mpa Calc. Strain Young's Modulus, Mpa

0.2 5.106E-03 1.610E-03 2.048E-05 9.767E-03 5.750E-01 1.699E-02

0.4 5.152E-03 1.564E-03 2.085E-05 1.919E-02 5.872E-01 3.268E-02

0.6 5.244E-03 1.472E-03 2.160E-05 2.778E-02 6.114E-01 4.543E-02

0.8 5.336E-03 1.380E-03 2.236E-05 3.577E-02 6.357E-01 5.627E-02

1 5.382E-03 1.288E-03 2.275E-05 4.396E-02 6.600E-01 6.660E-02

1.5 5.566E-03 1.196E-03 2.433E-05 6.165E-02 6.843E-01 9.009E-02

2 5.612E-03 1.196E-03 2.474E-05 8.085E-02 6.843E-01 1.182E-01

2.5 5.842E-03 1.104E-03 2.680E-05 9.327E-02 7.086E-01 1.316E-01

3 5.980E-03 1.012E-03 2.809E-05 1.068E-01 7.329E-01 1.457E-01

3.5 6.072E-03 1.012E-03 2.896E-05 1.209E-01 7.329E-01 1.649E-01

4 6.118E-03 9.800E-04 2.940E-05 1.361E-01 7.413E-01 1.835E-01

4.5 6.256E-03 9.660E-04 3.074E-05 1.464E-01 7.450E-01 1.965E-01

5 6.348E-03 9.200E-04 3.165E-05 1.580E-01 7.572E-01 2.087E-01

5.5 6.762E-03 8.820E-04 3.591E-05 1.532E-01 7.672E-01 1.996E-01

6 6.946E-03 8.280E-04 3.789E-05 1.583E-01 7.814E-01 2.026E-01

Table F.21: The mechanical properties at different applied load on  hydrogel_2 cylinder equilibrated in BSA solution (1.51) at T=40°C.

 T = 40º, 1,51 M BSA

Diameter, d0, m Area0, m
2

Thickness, l =t0, m 1.867E-05

Force, N Diameter, d,m Thickness, l =t, 

m
Area, m

2
Calc. Stress, Pa/Mpa Calc. Strain Young's Modulus, Mpa

0.2 4.876E-03 1.978E-03 1.867E-05 1.071E-02 4.779E-01 2.241E-02

0.4 4.922E-03 1.840E-03 1.903E-05 2.102E-02 5.143E-01 4.088E-02

0.6 5.106E-03 1.702E-03 2.048E-05 2.930E-02 5.507E-01 5.321E-02

0.8 5.244E-03 1.564E-03 2.160E-05 3.704E-02 5.872E-01 6.308E-02

1 5.336E-03 1.518E-03 2.236E-05 4.472E-02 5.993E-01 7.462E-02

1.5 5.520E-03 1.472E-03 2.393E-05 6.268E-02 6.114E-01 1.025E-01

2 5.888E-03 1.196E-03 2.723E-05 7.345E-02 6.843E-01 1.073E-01

2.5 6.302E-03 1.104E-03 3.119E-05 8.015E-02 7.086E-01 1.131E-01

3 6.578E-03 1.101E-03 3.398E-05 8.828E-02 7.093E-01 1.245E-01

3.5 6.900E-03 9.200E-04 3.739E-05 9.360E-02 7.572E-01 1.236E-01

4 7.084E-03 8.740E-04 3.941E-05 1.015E-01 7.693E-01 1.319E-01

4.5 7.268E-03 8.280E-04 4.149E-05 1.085E-01 7.814E-01 1.388E-01

5 7.452E-03 7.820E-04 4.362E-05 1.146E-01 7.936E-01 1.445E-01

5.5 7.774E-03 7.360E-04 4.747E-05 1.159E-01 8.057E-01 1.438E-01

6 7.820E-03 6.900E-04 4.803E-05 1.249E-01 8.179E-01 1.527E-01

2.070E-03

5.106E-03

2.024E-03

Sample 12.1

4.876E-03

Sample 12.4

4.968E-03

1.702E-03

Sample 12.2
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APPENDIX G: 

Collective Diffusion Coefficient Program 

 

%Initial input given by the paper% 
do=1.183; %Input diameter  
d=1.4651; %final diameter  
%r=0.5915;%inital radius  
%A=1.0985989; %Area 

lo=0.33948; %initial height  
l=0.20664;%final height  
F=1;%forec  
g=9.82; %gravitional force  
Ra=0.33;% 

ra=0.025;% 

da=0.19;%parameter to calculate(fdyn) 
%*************************************************************************% 

%calcute radius intial  
r=do/2; %................(1) 
% calculate area  
A=3.14*r*r; %................(2) 
 

% Calculate Stress and strain. that is  
stress=F/A; % ................(3) 
strain=(lo-l)/lo; %.................(4) 
% Calculate E 

E=(stress/strain);% Youngmodulus.....(5) 
%Calculate poission's ratio  
v=-log(1+(do-d)/do)/(log(1+(lo-l)/lo)); %..............(6) 
% calculate (fdyn) 
fdyn=((8.95*10^10)/da)*(Ra/ra)^2; %farction coeff..(7) 
% 

%calculate fraction coefficient [N] 
fn=fdyn*0.00001;% fn[N]..........(8) 
%calculate diffusion coefficient  
def_coef=((E/3*(1-2*v))+4*E/(6*(1+v)))/fn; %deff_coffi....(9) 
%calculating converting unit  
def_coef_m=def_coef*0.0001;%converting unit(10) 
% Calculate K 

K=E/(3*(1-2*v));% value of K w.r.t E....(11) 
% calcu1late G 

G=(3*(1-2*v)*K)/(2*(1+v));%value of G w.r.t K......(12) 
%calculate K w.r.t G 

K2=(2*(1+v)*G)/(3*(1-2*v)); %value of K2 using G ....(13) 
%value of G2 again w.r.t E 

G2= E/(2*(1+v)); % value of G2 using E.....(14) 
%calculate E2 using K 

E2=3*(1-2*v)*K;%using K .................(15) 
% calculate E3 using G 

E3=2*G*(1+v);%using G..................(16)  
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APPENDIX H: 

Bi-Dimensional Diffusion Model 

 

Initial equation [Siepman et. al., 1999]: 

______ ______      _____  _________          

)),,(()),,((
1

zr 
























z

C
tzrD

zr

C
tzrrD

rrt

C
zr

 

Finite difference approximation: 
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 – time step; j – time index. 

Fixed number of grid points (I, K=101) were used and a variable spatial step, defined as:

I

)t(R
r   - radial; 

K

)t(Z
z  - axial.  

The solution is made in two steps for every time (j): 
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Equations (H.1) and (H.2) with the respective boundary conditions in r- and z-direction are then 

solved by the three-diagonal Thomas method to obtain the concentration field at a given time 

j. Starting with the initial conditions the solution is repeated for each new time point j+1.  
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