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Introduction

Hydrogels: three-dimensional, hydrophilic, polymeric networks

capable of absorbing large amounts of water or biological fluids

Applications:

* Drug delivery: controlled release

signals
effector
Drug release
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-Q - p ey J -
QGOO : lT sensor | *.”_ .
- iNormaI OFF .

gg ; Feedback

[Ebara et al., Smart Biomaterials 2014]
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Introduction

Hydrogels: three-dimensional, hydrophilic, polymeric networks

capable of absorbing large amounts of water or biological fluids

Applications:

* Drug delivery: controlled release

* Wound dressing: maintenance of moisture
concentration for minimizing bacterial infection and
facilitate wound healing

[Lee and Mooney, Progress Pol Science 2012]
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Introduction

Hydrogels: three-dimensional, hydrophilic, polymeric networks

capable of absorbing large amounts of water or biological fluids

Applications:

* Drug delivery: controlled release

* Wound dressing: maintenance of moisture
concentration for minimizing bacterial infection and
facilitate wound healing

* Bioprinting: optimal material for tissue engineering
scaffolds

Due to its biocompatibility, low toxicity, low costs and
slight gelling, alginate is a polymer widely used for
producing hydrogels, especially in biomedical applications [Costantini et al., Biofabrication 2016]
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Calcium Alginate

Alginic acid: AIternating sequences of G, M and GM blocks:
O NI \w\ \w\
o/\OH
m (M) - mannuronate - ~ J
(G) - gluronate G Block G\' Block M - Block

@ @ Calcium-induced chemical crosslinking
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Kim et al, J Int Soc Simul Surg 3:49-59, 2016; Daemi et al, Int J Biol Macromol 66:212-220, 2014
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Computational Modelling of Hydrogels Chemomechanics

Calcium Alginate

Chemical gelation process: Mikkelsen-Elgsaeter model

alginate + N.Ca?" — gel (Ca-alginate) ¢, = concentration alginate
¢. = concentration Ca?t

OH
PR @ ©.£.9.0.¢© cy = concentration gel (Ca-alginate)
O/\OH

%Ct“ — (DgVeg) — % with k11 = kg = k I:> kcace(ca + cq)
oc, dc ' ' '
9 v (D:Vee) — Nca—tg k11cccaca + k1gCeCacy
%—v-(DVC)-FT(C Ces Cg) - Ocg l |
It — 9 c, . g\ Co g, — assuming D, = 0 O B r¢(Ca, Ce, Cq)
diffusion reaction ki1 = reaction rate of two alginate monomers
k14, = mean reaction rate of an alginate monomer with gel

Reactions between alginate polymers are neglected
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Calcium Alginate

Chemical gelation process: Mikkelsen-Elgsaeter model

Full ME model:

[ Oca deg
ot~V (PaVea) = 5
dce Ocy
5 V- (D.Vc.) — N, 5
oc
8_tg = kcgce(cq + ¢4)

—

Reduced ME model: Negligible free-alginate diffusion D, < D,

oc Oc d(c, + c
> a—t" ~ _8—759 O % ~0 ) (cq+ cg) is constant in time: (Ca + ¢g) = Calt=0 = ca

. c Cq + C C
Gelation degree: o= -2 Resulting ——2 = % +a~1 with a€]|0,1]
CA CA CA

K

1 Ocg Cq + C ) . Ce Cq Ce Oa c
— =9 = kegee I) k-2 =K=(1-a K-S (1-
E> cq Ot ( CA ACA CA CA ( ) ot CA( @)
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Calcium Alginate

Chemical gelation process: Mikkelsen-Elgsaeter model

Full ME model:

[ Oca deg
o Y (PeVea) =)
dce Ocy
5 = V- (D.Vc.) — N, 5
oc
8_tg = kcgce(cq + ¢4)

—

Reduced ME model: Negligible free-alginate diffusion D, < D,

%(;C = V- (DeVee) — NoKee (1 - @)
1 90 . IZ> Time-discretization (Backward Euler)
o et 01| _ I fun
Cq Ot |y N At

Gelation degree: a = —
CA
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Chemical gelation process: Mikkelsen-Elgsaeter model

Reduced ME model:

Toy example: one material point

(no Calcium diffusion)

% = —N.Kc.(1—a)
v Ce (ODE)

* Relationship between initial Calcium concentration and stoichiometric coefficient

concentration (mM)

_
n

—

e
)]

Cc|t:0 < NcCA

—gel ¢,
—calcium c./N,
—free-alginate ¢,

—
—_ n

concentration (mM)
=
i

Cc|t:O > NCCA

—gel ¢,
—calcium c./N,
—free-alginate ¢,
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Calcium Alginate

Chemical gelation process: Mikkelsen-Elgsaeter model

% = —N.Kc.(1—a)
Reduced ME model: ~ Toy example: one material point 50 . (ODE)
. . . K1~
(no Calcium diffusion) o ~ Ko (1)
* Effect of reaction rate constant K = kc%
k=5-10°M"?s~! k=10°M"2s"!
1.5 1.5
—gel ¢, —gel ¢,
g —calcium c./N, g —calcium c./N,
= | —free-alginate ¢, = | —free-alginate ¢,
= =
2 2
% 0.5 % 0.5
] (]
g g
o ]
0 0
0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1
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Calcium Alginate

Chemical gelation process: Mikkelsen-Elgsaeter model

oce
. . = —N.Kec. (1 - a)
Reduced ME model: ~ Toy example: one material point S ) (ODE)
(no Calcium diffusion) o K 0

e For N, =0.3 and cclt=0 =cc =10ca > ca

[E—

IZ> Full transformation at almost
constant Calcium concentration

-
.2
)
% 0.8
S * Reaction term plays a minor role:
S 0.6 y
Qo
204+
N
Tae —gel ¢;/ca * Time evolution depends almost
0.2 eale ] ) i
= calcium ¢./co exclusively on the diffusion term:
3 . y
'z —free-alginate ¢, /cy
O L L L )
0 2 4 6 8 10 dee

o ) Dc c
¢ (min) g =V (DeVe)
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Calcium Alginate

Chemical gelation process: Mikkelsen-Elgsaeter model

Reduced ME model: (only diffusion)

88‘;‘3 — V. (D.Ve)
dar . (PDE)
o - Be, (1-a)

Finite element discretization:

MNnodes

celm,t) m cl(w,t) = ) Ni(@)ei(t) }eittn) = Cin
=1 N

l -
ON; ON; 1
Ko = [ 2NN Ly,
" /Ol Ox 8x+At J}dx

Mnodes l
1
fj,n = Z (/O ENZNde) C’i,’n—l

=1

- K¢, = fn
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Calcium Alginate

Chemical gelation process: Mikkelsen-Elgsaeter model

. ) . with Michele Conti, Franca Scocozza,
Reduced ME model: (only diffusion) Experimental data: | ¢ ginando Auricchio (Univ. of Pavia)

aactc _ v ) (DCVCC) a)SA‘-GeI b)|.+CaCl; c) After 24h - CaCl, removal
9 c. (PDE)
— =K—(1-a)
ot CA
[ z=0 c(0,t) = ¢,
(z,0) =0 : Boundary
a(z,0) =0 | ‘ conditions
Initial 1
conditions =1 (DeVee) oty = 0
) M Total absorbed CaCl, volume:
lcc(x’t) Time 2min | Smin | 10min | 15min | 20min | 2h 24h | 48h
I:> Ve(t) = A / . dx mean (ul) | 2.97 | 5.13 | 601 | 777 | 895 | 18.25 | 53.38 | 78.65
0 A sd.(ul) | 090 | 079 | 082 | 063 | 137 | 501 | 817 | 8.00
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Calcium Alginate
Chemical gelation process: Mikkelsen-Elgsaeter model

Reduced ME model: (only diffusion)  Calcium diffusion parameter: D.

dce 1) Constant diffusion D. = Dy = const
8t —_— v * (DCVCC)
0 (PDE) —9_ 2 —1
oa C—(l—a) Dy € (0.72 —-10.94) x 10" "m*~s
ot CA Braschler et al, Anal. Chem. 83:2234-2242, 2011
[ = t = C T T T T T
z=0 ) cel0,1) = & +Dy=072 A
‘ - Dy =0.50 T
4 = 10/ @ Exp.data ’/‘/” ‘i
c(,0) = 0 || Boundary = S
- ey © A e -7 H
a(z,0) = 0 ‘ conditions £ P
[ [} - T
M z 6 T /// /:::z’
Initial ' 5 AT
i i ‘ m /”/’ ”’
conditions =1 (DeVee)|pmty =0 S 4l ,/,":?"r
- v B k:,:,/,’
S ) 3
RS g
l < 2r I‘I =
Celw,t i
= v-a[ 20 ;
0o €A Ole ‘ ‘ ‘ £
0 5 10 15 20

Time t [min]



Invited Seminar

Computational Modelling of Hydrogels Chemomechanics

Institut fur
Kontinuumsmechanik

05 April 2019

Mcihele Marino — with A Hajikhani, JH Urrea Quintero, P. Wriggers University of Pisa, Italy

Calcium Alginate

Chemical gelation process: Mikkelsen-Elgsaeter model

Reduced ME model: (only diffusion)  Calcium diffusion parameter: D.

%ic V. (D.Ve) 1) Constant diffusion D. = Dy = const
9 (PDE) 9 21
k1w Do € (0.72 — 0.94) x 10~7m"?s
ot CA Braschler et al, Anal. Chem. 83:2234-2242, 2011
[ z=0 c(0,t) = ¢,
: 2) Varying diffusion D.= D.(a) | a /= D.\
(z,0) =0 ' Boundary
i q dt
o(x,0) =0 { | LonTem Molecular Dy = 0.5D,
Initial 1 Dynamic (Salahshoora, Rahbar,
conditions | |, —; LY (D)o, =0 Simulations IMBBM 2014)
Deolm, t exp(—a/« —1
|:> Vo(t) = A/ ( >d$ D(Oé) = Dy + (Dl _ DO) p( / gel)
0o ¢4 exp(_l/agel) —1
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Calcium Alginate
Chemical gelation process: Mikkelsen-Elgsaeter model

Reduced ME model: (only diffusion)

5 12/ & Dy = Dy = 0.83 x 10~ ?m?s~"! A
c G <
8tc — v * (DCVCC) [ -.- g(a)d t ””””
— = Exp.data ’/‘¢ .
90 e o (PDE) = 10 ™ B ]
- = — — Q - |
8t CA t /A// T /?
_ E 8 ,/’ ”#t”’ i*
x=0 ce(0,t) = ¢, % e Tl 1
‘ = i i/i :::
1 AN e /” ”’ -
j g ° AT
o(z,0) =0 : Boundary S ////,::/’ 1
alz,0) =0 ‘ conditions § 4 K/ ik, ]
[ 8 1 //"
Initial ' 2 ,,;,?'
conditions ] < ol 4 ]
x=1 (Dcvcc)‘:c:l,t =0 L 1“' 1
L ’l" 4
l 01 I I I I 1 I I I I 1 I I I I 1 I I I I lA
celx,t
= V) :A/ %) 4y 0 5 10 15 20
0o €A

Time t [min]
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Calcium Alginate
Chemical gelation process: Mikkelsen-Elgsaeter model

Reduced ME model: (only diffusion) Continuous lines: D. = D.(o)  Dashed lines: D, = D,

— 2min |

Normalized Concentration c¢/¢
Gelation Degree «

00 05 10 15 20 25
Gel Width x [mm)] Gel Width x [mm]
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Calcium Alginate
Chemical gelation process: Mikkelsen-Elgsaeter model

Reduced ME model: (only diffusion)

= Do A

s 1.0r ] )

9 D@

S P

= 2.07 ,¢’ 7

2 0.9} | j & e

g —_ L ,/’, ,/”

§ E t ,,/’ ,””’

aq:.) 0.8 £ L5} yoaal > 1

S Time ¢ E’b i /‘ P

= > = — s

8 g | ey

207 2 1.0

a : E [ ,,, /,,

a — 2min | 5 i el

.= 2m%n O : /:x

X 0.6 = Jmin...J 0.5t

E — 10min : i

§ — 15min I

Z 05 — 20min | 0.0k 1
0 1 2 3 4 0 5 10 15 20

Gel Width x [mm)] Time t [min]
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Calcium Alginate

Chemical gelation process: Mikkelsen-Elgsaeter model

Reduced ME model:

i oc, e Analysis of Calcium reaction kinetics v
o = V- (D:Vec.) — NKee (1 — )
1 9o e | ) * Analysis of Calcium diffusion v
K= (1=-a
| o €A * Effects of free-alginate diffusion? X
C
Gelation degree: a = i Basic hypothesis:

Negligible free-alginate diffusion D, < D,
B Need of the use of:

—

dcq . acg

E V * (DaVCa) - W

aCc o 6cg
Full ME model: 5 =V (DeVee) = Ne

Oc

Bt = keacelca+ cy)
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Calcium Alginate

Chemical gelation process: Mikkelsen-Elgsaeter model
Gel (calcium-alginate)

%:V-(DGV%)—% 1.0
ot ot 08
oce. Jc S: - \
Full ME model: A e V- (D.Ve,) —Nca—f ~ 0.6 \
QO
oc 04
* Low free-alginate diffusion: D, = 0.0001D, 01 02 03 04 05 z/h
Calcium ions 7 Free-alginate
1.0¢ sacacssences
08 time j
S 06
~— L
S 04
< N 0.2

04 05 01
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Calcium Alginate

Chemical gelation process: Mikkelsen-Elgsaeter model

_ 1.24
%:v (Davca)_% 1.0
ot ot <
Full ME model: 4 2% = v . (D.ve,) - N.2% g 08
' ot cre “ ot S 0.6
dcg 0.4
i i kcace(cq + ¢g) 02
* Mild free-alginate diffusion: D, = 0.001D, 01 02 03 04 05 z/h
Calcium ions Free-alginate

Ca/CA
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Calcium Alginate

Chemical gelation process: Mikkelsen-Elgsaeter model

9¢a =V - (D,Veg) — dcq 2.0
ot ot <
FUll ME model: 4 2% —v. (pwey- N0 S 10 e
" et eVe) = ey S 10
Oc
Bt~ Feaceleatcg) 0.5
* High free-alginate diffusion: D, = 0.01D, -~ 01 02 03 04 05z/h
Calcium ions Free-alginate
time
~——— <
Q
~~—
§
01 02 03 04 0.5
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Calcium Alginate

Chemical gelation process: Mikkelsen-Elgsaeter model

Full ME model: Application

cc @ cc @ Calcium ions cc/cc
l_‘_\

l_‘_\

Parameters: D, =0.01D., L=0.2, H=0.1, T =0.5 (adimensional)
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Calcium Alginate

Chemical gelation process: Mikkelsen-Elgsaeter model

Full ME model: Application

Free-alginate ca/ca Gel (calcium-alginate) cg/ca
Ct
— A.o‘:v o‘lf;’_“

Parameters: D, =0.01D., L=0.2, H=0.1, T =0.5 (adimensional)
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Calcium Alginate

Chemical gelation process: Mikkelsen-Elgsaeter model

Full ME model: Application

cc @ cc @ cc @ «c @ @ «c@

Parameters: D, =0.01D., L=0.2, H=0.1, T =0.5 (adimensional)
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Calcium Alginate

Chemical gelation process: Mikkelsen-Elgsaeter model

Full ME model: Application

Gel (calcium-alginate) cq/ca Gel (calcium-alginate) cg/ca

-
)
™
.
.

Parameters: D, =0.01D., L=0.2, H=0.1, T =0.5 (adimensional)
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And the fluid content?

Hydrogels: three-dimensional, hydrophilic, polymeric networks

capable of absorbing large amounts of water or biological fluids

Theoretical challenges:

1. Coupled (Multiphysics) mechanisms:

o Fluid content

o Chemical reactions (e.g., crosslinking) \ |~o o
. "‘0 e =0 H,O o;.o
2. Large deformations L ot@
.J
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Calcium Alginate Hydrogels

Two concurring mechanisms:
1. Fluid diffusion m Swelling

2. Polymer crosslinking ™ Shrinking

Polymer
Diffusion Cross-linker
° .: .0..° K @) O
°® .. ¢ .'.:. O

Invited Seminar
05 April 2019

University of Pisa, Italy
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Calcium Alginate Hydrogels
Two concurring mechanisms:

1. Fluid diffusion m Swelling

2. Polymer crosslinking ™ Shrinking

Swelling ratio vs. Concentration

1,000 |- | ‘+ Gei91 Naél u
—a— Gel91 CaCl,
= 800 : * Swelling ratio of hydrogels decreases with an
o0 . . . .
2 - increase of the ionic strength of the solution
2 i |
.
= 400 f * In CaCl; solutions, the swelling ratio decreases
= . . .
2 ol 7 quicker than in NaCl solutions
0 |

| | | | |
0 2.107%4-1072%6-10"28-10"2 0.1
Concentration (mol/L)

Chang et al, European Polymer J 46:92-100 (2010)
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Calcium Alginate Hydrogels
Two concurring mechanisms:

1. Fluid diffusion m Swelling

2. Polymer crosslinking ™ Shrinking

Swelling ratio vs. Concentration

1,000 | i Geigl Naél 1 Why?
—a— Gel91 CaCly

@ 800} | * Higher cationic charge of CaCl, than NaCl

£ o00f f > Difference in the concentration of mobile ions
E 7 between the hydrogel and the solution is

E reduced (Donnan equilibrium theory)

200 |- —
* Permanent structural alterations due to Ca-
0 |

0 2.10-24.10%6.10-%8. 102 0.1 induced crosslinking (egg-boxes)

Concentration (mol/L)

Chang et al, European Polymer J 46:92-100 (2010)
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Calcium Alginate Hydrogels

Two concurring mechanisms:
1. Fluid diffusion m Swelling

2. Polymer crosslinking ™ Shrinking

Swelling ratio vs. Concentration %::Imercham _
T T ] ] /-\ °
1,000 - —e— Gel91 NaCl-T] ~
—a— Gel91 CEILCIQ :
= 800| 2 A \7>
~
o0 : : ,
2 600 |
= i
s
2
= o ca”
% 400 i ?(Polymerchain
&
200 |-
O | | | | | |
0 2.107%4-107%6-10728-10"2 0.1
Concentration (mol/L)

Chang et al, European Polymer J 46:92-100 (2010)
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Calcium Alginate Hydrogels

Two concurring mechanisms:
1. Fluid diffusion m Swelling

2. Polymer crosslinking ™ Shrinking

300

Distilled Water ~ —=—=—- NaCl (50 mg/l) CaCl2 (200 mg/l)
_ 250
E 20 Evidence of permanent
: =0 structural alterations due
:
g to Ca-induced crosslinking
50 -

o -+
1st cycle 2nd cycle 3rd cycle 4th cycle

Absorption-desorption Cycles

Sanz Gémez, PhD Thesis Dissertation, Universidad de Sevilla (2015)
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Calcium Alginate Hydrogels

F
Chemo-mechanical description: m
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Inelastic deformation ch o o

(chemical mechanisms) © Elastic deformation
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Calcium Alginate Hydrogels

Swelling  Shrinking
] . ) —=
Results: Free-swelling (no Calcium) Fre = [Jrelcs, )] PT= (14 Acy — Ta)' T
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Swelling  Shrinking
] . ) —=
Results: Free-swelling (no Calcium) Fre = [Jrelcs, )] PT= (14 Acy — Ta)' T
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Calcium Alginate Hydrogels

Swelling  Shrinking
——

Results: Drained-Shrinking (no swelling) F . = [Js.(cs, )] T = (1 + Acy — Do) 1
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Computational Modelling of Hydrogels Chemomechanics
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