Department of Industrial Engineering
Master’s degree in Chemical Engineering

Analysis of the poroelastic behavior of
alginate-glucose hydrogels

Thesis in
Transport phenomena

Supervisor: Candidate:
Prof. Eng. Gaetano Lamberti Francesca Calipa
Prof. Anette Larsson 0622200745

Prof. Anna Strom

Co-Supervisor:

Eng. Diego Caccavo
Eng. Raffaella De Piano

Academic Year 2019/2020






CHALMERS

Part of this work was developed during the Erasmus project at Chalmers
University of Technology, Goteborg, Sweden. It was performed at the
Department of Chemistry and Chemical Engineering, in the
Pharmaceutical Technology research group, under the supervision of
Prof. Anette Larsson and Prof. Anna Strém.

CHALMERS

Parte del lavoro di tesi ¢ stato realizzato nell’ambito del progetto
Erasmus presso la Chalmers University of Technology, Goteborg,
Svezia. In particolare, le attivita di ricerca sono state svolte presso il
Dipartimento di Chimica ed Ingegneria Chimica, nel gruppo di ricerca
di Tecnologie Farmaceutiche, sotto la supervisione della Prof.ssa
Anette Larsson e della Prof.ssa Anna Strom.






A mamma e papa



Questo testo € stato stampato in proprio, in Times New Roman

La data prevista per la discussione della tesi & il 19 febbraio 2021
Fisciano, 4 febbraio 2021



Table of contents

Table of CONtENTS........cccovv i I
Table of fiQUIeS ... \
Table of tables........ccccvviviiie VII
ADSEFACT ......ooeiieec e IX
INErOdUCTION ... e 1

1. Hydrogels

1.1.1 Generalities
1.1.2 Classifications of hydrogels
1.1.3 Applications

1.1 Rheological and mechanical characterization

1.1.2 Poroelasticity
1.1.3 Viscoelasticity

1.2 Mechanical properties
1.2.1 Rheology

2
2
3
4
5
1.1.1 Viscoelastic and poroelastic behavoir in hydrogel 5
6
7
7
8
8

1.2.3 Compressive behavior

1.3 Aim of the project 11

Materials, equipment and methods............cccccceveeieenee. 13

2.1 State of the art 14
2.1.1 Impact of adding co-solute 14

[



Pag. Il Poroelastic behavior of alginate-glucose hydrogels  Francesca Calipa

2.1.2 Impact on Mechanical properties
2.2 Materials

2.2.2  Gelation technique: ionic interaction

2.3 Method for the preparation of alginate hydrogels

2.3.1 Preparation of the alginate solution 2% wi/v
2.3.2  Preparation of the CaCO3/GDL solution
2.3.3 Preparation of the hydrogel

2.4 Equipment

2.4.1 Mechanical Tests of Gels

MOdEliNG .....oovieeeec

3.1 Introduction

3.2 The monophasic model

3.2.2 Mass balance, linear momentum balance and volumetric
constraint

3.2.3 Constitutive equations

3.2.4 The Helmholtz free energy
3.3 The Rubber Theory

3.3.1 Statistical parameters
3.3.2 The Gaussian distribution of the polymer chains

3.4.3 The Non-Gaussian distribution: Langevin network

3.5 Matlab Implementation

3.5.1 Gaussian, three chain and eight chain models
3.5.2 Matlab Plot

3.6 COMSOL Multiphisics Implementation

Results and diSCUSSION .......uuvvieeeieeeeeeceee e eee e e e e

4.1 Experimental results

4.2 Modeling results

4.2.1 Gaussian Model Results

4.3 Modeling results for 8-chain Model

14
15
16
17
17
18
20
22
22




Summary and Indexes. Pag. I

4.3.1 Estimation of G, D, A_ parameters for the pure alginate

hydrogel 59
4.2.2 Estimation of G parameter for the 15-30% wt glucose
hydrogel 60
4.2.4 Estimation of G parameter for the 45%-50% wt glucose
hydrogel 61
4.3 Comparison of modeling results 61
CONCIUSTION ..ot 65

RETEIENCES ..., 69




Pag. IV Poroelastic behavior of alginate-glucose hydrogels Francesca Calipa




Summary and Indexes. Pag. V

Table of figures

Figure 1. A cross-linked hydrogel structure[1].......ccccovevvivenieniieiieceee e, 2
Figure 2. Classification of hydrogels [2] ......cccevoveiviii i, 3
Figure 3. Viscoelastic and poroelastic behavoir in hydrogel [21] ......c.cccevnnee. 6
Figure 4. Unconfined (left) and confined (right) compression tests [21] ............. 9
Figure 5. Structure of the Alginate [11].......ccccoeriiiiieniiiieieeee e 16
Figure 6. EQQ SrUCtUre [11] ......ooiireieiiieieiniee e 17
Figure 7. Alginate SOIULION .......cccciiiiiiii e 18
Figure 8. CACO3/GDL SOIULION .....cveiiiiiiiiirieieie e 21
Figure 9. Cylindric molds for Hydrogels.............ccooiiiiniiiiinineeeee e, 21
Figure 10. On the left the solution was filled in the molds, on the right hydrogel

AFTEI AB NOUIS. ... e 22
Figure 11, INSrON 5542 ......cuiiiiieiiieice e e 23
Figure 12. The deformation function y and the displacement vector up. [21] ....27
Figure 13. Three, four and eight chain models [19] .......cccovvvvvivvivivciecicre e, 34

Figure 14. Comparison of the nominai stress-stretch behavior of the 3-chain
network model to Treloar data in uniaxial tension, pure shear, and equibiaxial
tension; N k0=.27 MPa, 1= 82. [20] ....cceervrrurrirrerieerireiee e seesneseeenie e snee e 36

Figure 15. Eight-chain model of Arruda and Boyce: (a) the unstretched state, in
which the vector r0 connects the center of the cube to a corner; and (b) the
stretched State.[20]......coeoieeeee et 37

Figure 16. - Comparison of the nominai stress-stretch behavior of the 8-chain
network model to Treloar data in uniaxial tension, pure shear, and equibiaxial

tension; NkB= .27 MPa, 1 =26.5.[20] ....cccciriiiriiiirieeneee e 39
Figure 17. Variables symbolically defined ..o, 40
Figure 18. Strain energy function, gaussian model .............ccoconiiiiiiniincnenn, 40
Figure 19. Strain energy function, three chain model.............cccccoovivviiivcienenn, 40
Figure 20. Parameters 81, $2, 3, three chain model.............ccccooviniiiienennn 41
Figure 21. Strain energy function, eight chain model.............ccccoovvvvivviicienenn, 41

Figure 22. Inverse Langevin function approximation, eight chain model .......... 42




Pag. VI Poroelastic behavior of alginate-glucose hydrogels Francesca Calipa

Figure 23. Relaxed version of the strain energy function ...........cccocevevnenencnn 43
Figure 24. Piola SLrESS TENSON .......cvivirieiiiierieesie et 43
Figure 25. Procedure to obtaining “p” .......c.ccocveiverinirininineeieeesene e 44
Figure 26. Plot gaussian Model...........cccuiiriiiiniiiene e 44
Figure 27. Comparison between the Matlab curve and the literature
data(Treloar), gaussian MOGEL..........ccceiiiiiieiece e 45
Figure 28. Plot three chain model............covoieiieiiei e, 45
Figure 29. Comparison between the Matlab curve and the literature data, three
ChaIN MOMEN ... 46
Figure 30. Plot eight chain model...........ccoiiiiiiiiiiee e 46

Figure 31. Comparison between the Matlab curve and the literature data, eight
ChAIN MOEI ... 47

Figure 32. Comparison between the different Inverse Langevin function, eight
ChAIN MOEI ... 48

Figure 33. Comparison between gaussian, three chain and eight chain models 48

Figure 34. Chance of reference frame.........ccocoovririineiniieee e, 51
Figure 35. Implementation on COMSOL MultiphiSiCs ........ccccooevinieiiiiniennnn 52
Figure 36 Average trend of pure alginate, 15%-30% wt glucose samples......... 54
Figure 37. Average trend of 45%(left)-50%(right) glucose samples................. 55
Figure 38. Average StreSS-time CUIVES........ccveieiierierie e 55
Figure 39. Trend Stress-%gIUCOSE ........couiiiiiiiieie e e 56
Figure 40. Comparison of experimental and modelling curves, pure alginate
(left) and 15% glucose (right) hydrogel, gaussian model ...........c.ccocvvvvevevvennnne. 57
Figure 41. Comparison of experimental and modelling curves, 30% (left) and
45% glucose (right) hydrogel, gaussian model............ccccoovviveievcnii v 57
Figure 42. Comparison of experimental and modelling curves, 50% glucose
hydrogel, gaussian MOUEI ..........ccooevirieiiiise e 58
Figure 43. Comparison of experimental and modelling curves, pure alginate
RYAFOGEL ... bbb 59
Figure 44. Comparison of experimental and modelling curves, 15%(left)-
30%(right) wt glucose hydrogel ... 60
Figure 45. Comparison of experimental and modelling curves, 45% wt glucose
RYAFOGEL ... bbb 61
Figure 46. Comparison of modeling results, in terms of parameter G............... 62

Figure 47. Comparison of modeling results, in terms of parameter G and
sperimental results in terms of stress at t=200S ...........ccocvvvvriveierenesie s 62




Summary and Indexes. Pag. VII

Table of tables

Table 1. Amount of glucose, alginate and Water ..........ccccceeevviveiievi v e, 18
Table 2. Literature parameters.......c.cccecveieeiesieesiee e stessee e e e sreeste e e 44
Table 3. Comparison of compression test reSults. ........ccccevvverivrivnennieererenenn 56
Table 4. Optimized values of G, gaussian model.........cccccevevvviviivnnnieeiereren, 58
Table 5. Imposed paramete in the Model...........ccoovvvvivieienn e, 58
Table 6. Estimated parameters, pure alginate hydrogel..........cccoovvoviriinnnnnn, 59
Table 7. . Estimated parameters, 15%-30%wt glucose hydrogel ....................... 60
Table 8. Estimated parameters, 45%-50%wt glucose hydrogel ............cccoeneee. 61

Table 9. Comparison of modeling results, in terms of parameter G................... 61




[VII]



Summary and Indexes. Pag. IX

Abstract

In this thesis work, the influence on the mechanical behavoir of the
addition of a co-solute, specifically glucose, within polymeric network
of alginate hydrogel was evaluated.

In particular, the mechanical behavior was studied to obtain the stress-
time trend of the alginate-glucose gels performing uniaxial compression
tests.

The uniaxial compression tests were performed by the Chalmers
research group on pure alginate hydrogels and on hydrogels with
different glucose concentrations, specifically at 15-30-45-50% wit.

The experimental stress-time curves obtained showed a light
dependence on the low amount of glucose (15-30%) present in the gels
and a strong influence for the hydrogel with high glucose concentration
(45-50%) in their structure. Therefore, the stress values, at all times,
were greater increasing the concentration of co-solute present within
the structure.

This result was expected and totally agrees with the previous literature
studies, in fact, as the concentration of co-solute (glucose) in the
hydrogel increases, its rigidity increases and therefore the hydrogel
tends to respond to the same deformation with increased stress. It can
be concluded that glucose gives the structure greater consistency and
stiffness.

Afterwards, the behavior of the hydrogel was simulated using the
COMSOL Multiphysics software. First, it was seen how the model
based on a Gaussian description of mechanical behavior failed to
describe the experimental data. It was therefore decided to modify the
mechanical behavior using a Non-Gaussian description of the
polymeric network. The models schematize the entire polymeric
network with just a number N of polymer chains: 3 in the "Three chain
model” and 8 in the "Eight chain model”. Both were found to be able to
describe the trend of stress-time obtained experimentally, but the eight-
chain model was chosen because, unlike the three-chain model, it is able
to distinguish the type of deformation imposed on the material.
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Once the type of model to be used has been established, after adding to
the elastic contribution the mixing one and applying the volumetric
constraint, the right expression of the Helmholtz free energy
implemented on COMSOL Multiphysics software. In particular, a
Cylindrical 2D-axisymmetric geometry was implemented, and some
hypotheses were necessary to be able to totally replicate the conditions
in which the uniaxial compression experimental tests were conducted.
The model used presents unknown parameters, G, D and AL which were
determined by a parametric study on pure alginate gels. At this point, D
and AL have been set in the hypothesis that the effect of glucose is
prevalent and it modified the mechanical behavior of the network and
the G parameter has been optimized for the remaining hydrogel types
to reproduce the sperimental stress- time trend.

Plotting the G parameter obtained from the simulations in COMSOL
Multiphysics, against the respective mass fraction of glucose in the
samples, it was observed that this value is greater the greater the
percentage of glucose within the analyzed hydrogels.

In conclusion, it can be stated that the mechanical characterization of
hydrogels, using uniaxial compression tests, has shown that an increase
in the quantity of glucose gives the gel structure greater consistency and
rigidity and this is shown into an increase in the stress value increasing
the amount of glucose.

While about the modeling results, it is possible to conclude that the gels
analyzed cannot be described using a Gaussian model but the
implemented model capable of describing the experimental trend was a
non-Gaussian model based on an eight chain model; after an
appropriate optimization of the G parameter (which was greater the
higher the amount of glucose in the gels), the model created was fully
able to describe the behavior observed experimentally.
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In questo lavoro di tesi € stata valutata I’influenza sul comportamento
meccanico dell’aggiunta di un co-soluto, nello specifico di glucosio,
all’interno del network polimerico di idrogel a base di alginato.

In particolare, ¢ stato studiato il comportamento meccanico al fine di
ottenere 1’andamento sforzo-tempo di tali gel eseguendo dei test di
compressione uniassiale.

| test di compressione uniassiale sono stati effettuati dal gruppo di
ricerca della Chalmers University su idrogel di puro alginato e su
idrogel con differenti concentrazioni di glucosio, nello specifico al 15-
30-45-50% wt.

Le curve sforzo-tempo sperimentali ottenute hanno mostrato una lieve
dipendenza da bassi quantitativi di glucosio presente nei gel e una forte
influenza da quest’ultimo nei casi di elevata concentrazione di glucosio
(45-50%). Ovvero, i valori dello stress, ad ogni tempo, sono risultati
essere maggiori al crescere della concentrazione di co-soluto presente
all’interno della struttura.

Questo risultato € in linea con quanto atteso e con quanto ottenuto da
diversi studi in letteratura, infatti, al crescere della concentrazione di
co-soluto (glucosio) rigidita dell’ idrogel aumenta e quindi l'idrogel
tende a rispondere alla stessa deformazione con un aumento dello stress.

Successivamente, il comportamento dell’hydrogel € stato simulato
mediante il software COMSOL multiphysics. Si € visto inizialmente
come i modelli gia utilizzati che prevedevano una descrizione
Gaussiana del comportamento meccanico fallivano nel descrivere i dati
sperimentali. Si €& deciso quindi di modificare il comportamento
meccanico utilizzando una descrizione Non-Gaussiana del network
polimerico. I modelli analizzati schematizzano I’intero network
polimerico mediante 1’ausilio di un numero N di catene polimeriche: 3
nel “Three chain model” e 8 nell” “Eight chain model”. Entrambi sono
risultati in grado di descrivere 1’andamento sforzo-tempo ottenuto
sperimentalmente, ma ¢ stato scelto 1’eight chain model perché a
differenza del three chain model € in grado di distinguere il tipo di
deformazione cui il materiale € soggetto.

Una volta stabilito il tipo di modello da utilizzare per la componente
elastica, ¢ stato possibile definire la corretta espressione dell’energia
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libera di Helmotz da implementare nel software COMSOL
Multiphysics, aggiungendo il termine di mixing e applicando il vincolo
volumetrico.

L’implementazione del modello in COMSOL Multiphysics é stata
realizzata usando una geometria 2-assialsimmetrica e alcune ipotesi si
sono rese necessarie per poter replicare pedissequamente le condizioni
in cui sono state condotte le prove sperimentali (deformazione
uniassiale).

Il modello utilizzato presenta dei parametri incogniti, G, D e AL che
sono stati determinati mediante uno studio parametrico sui gel di puro
alginato. A questo punto, i parametri D e AL sono stati fissati nell'ipotesi
in cui l'effetto prevalente del glucosio sia quello di modificare il
comportamento meccanico del network e il parametro G é stato
ottimizzato per le restanti tipologie di idrogel al fine di replicare al
meglio I’andamento sforzo-tempo ottenuto sperimentalmente.

Rappresentando il parametro G ottenuto dalle simulazioni in
COMSOL Multiphysics, contro la rispettiva frazione massica di
glucosio nei campioni, si & osservato che tale valore e tanto maggiore
quanto piu grande e la percentuale di glucosio all’interno degli hydrogel
analizzati.

In conclusione, si puod affermare che la caratterizzazione meccanica
degli hydrogel mediante i test di compressione uniassiale ha evidenziato
che un incremento del quantitativo di glucosio, conferisce alla struttura
dei gel maggiore consistenza e rigidita e questo si traduce in un
incremento del valore dello stress, che é tanto maggiore quanto piu alto
e il quantitativo di glucosio contenuto nella struttura.

Mentre dal punto di vista modellistico, e possibile concludere che i gel
analizzati non possono essere descritti mediante un modello di tipo
gaussiano; ma il modello implementato capace di descrivere
I’andamento sperimentale ¢ stato un modello in cui la meccanica é
descritta da una distribuzione non gaussiana basata su un eight chain
model; infatti dopo un’opportuna ottimizzazione del parametro G (che
e risultato tanto maggiore quanto piu elevato é il quantitativo di
glucosio nei gel) il modello realizzato é stato pienamente in grado di
descrivere il comportamento osservato sperimentalmente.
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