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Introduction

Alginate is an anionic copolymer composed by mannu-
ronic (M) blocks and guluronic acid (G) blocks. Only the 
G-blocks of the alginate participate in the intermolecular 
cross-linking with divalent or trivalent cations, for exam-
ple, Ca2+, forming intersections in which calcium ions are 
placed. Such binding zones between the G-blocks are 
referred to as “egg-boxes.”1 Usually, sodium alginate (SA) 
is combined with copolymers, for example, gelatin (Gel), 
to improve both printability and cell viability.2

In order to confer suitable mechanical properties to the 
printed construct, the hydrogel is stabilized using post-
printing chemical treatments, generally referred to as gela-
tion processes.3,4 Among different techniques, chemical 
gelation promotes the formation of G-blocks thanks to the 
diffusion of reactive ions through the gel. Calcium chloride 
(CaCl2) is one of the most used alginate cross-linking 
agents, since it allows for a simple and rapid gelation thanks 

to the release of Ca2+ cations. At the same time, cross-link-
ing via CaCl2 is not a controlled process due to its high 
solubility in aqueous solutions.5–7 The cross-linking degree 
highly depends on alginate and CaCl2 concentration and is 
a critical factor for controlling hydrogel uniformity and 
strength: a faster gelation rate is better for cell encapsula-
tion, while slower gelation rate produces more uniform 
structures with higher mechanical properties.1,8,9 Moreover, 
cross-linking processes alter the topology of the polymeric 
network, obstructing diffusive processes.5,10,11 Therefore, 
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the fidelity and effectiveness of bioprinting strategies 
highly depend on coupled effects given by the interplay of 
cross-linking mechanisms and diffusive processes.5,7,12

Bioprinting protocols, as well as post-printing treat-
ments, might be optimized by means of computer-assisted 
strategies for virtual testing and design.13,14 To this aim, a 
reliable computational model, properly validated and cali-
brated through feasible experimental strategies, would sup-
port the development of novel in silico tools.15 Currently, to 
the best of author’s knowledge, there are still lack of knowl-
edge and computational tools for the prediction of the het-
erogeneous gelation pattern induced by calcium-driven 
cross-linking in SA hydrogels.14 For instance, the effects of 
cross-linking on the diffusion of gelation agents are gener-
ally not considered in the available computational models. 
Nevertheless, this mechanism affects the evolution of the 
front of the solidified gel in the final bioprinted structure. 
The proposed study aims at developing a computational 
model that describes the reaction-diffusion mechanisms 
occurring during gelation mechanism and to calibrate this 
model using standard experimental procedures, easily 
reproducible and of low cost. In particular, the effects of 
cross-linking-dependent mechanisms on hydrogel diffusiv-
ity properties are primarily investigated.

Materials and methods

Experimental tests

Hydrogel preparation. Commercial SA, Gel, and CaCl2 are 
used (Sigma-Aldrich, Gillingham, UK). Gel was dissolved 
into 72°C Phosphate-Buffered Saline (PBS) solution and 

mixed at 60°C. SA was added to Gel and blended for 5 min at 
60°C with magnetic stirring. Then, SA–Gel hydrogel was 
centrifuged at 2000 r/min for 5 min (Heraeus Megafuge 16R 
Centrifuge, Thermo Scientific, Waltham, MA, USA) to elim-
inate air bubbles. The hydrogel was loaded into a syringe and 
stored in a fridge at 4°C overnight. After 24 h, the syringe was 
immersed in a water bath at 25°C for 1 h. Finally, the culture 
medium was added to SA–Gel hydrogel to reach the final 
concentration of 8% (w/v) SA and 4% (w/v) Gel. The solu-
tion was swapped repeatedly among two syringes through a 
Luer connector until the blend was homogenized. The cross-
linking agent consists of 1% (w/v) CaCl2 solution and it is 
prepared using a colored deionized water: 0.5 mL of blue 
food dye was added to 20 mL of deionized water.

Experimental setup. A 0.5 mL of 8% (w/v) SA–4% (w/v) 
Gel hydrogel was transferred into eight different 1 mL 
syringes and weighted using a precision balance (Figure 
1(a)). A 0.5 mL of 1% (w/v) CaCl2 was added to the syringe 
for cross-linking the SA–Gel hydrogel (Figure 1(b)). The 
excess CaCl2 was removed after 2, 5, 10, 15, and 20 min, 
as well as after 2, 24, and 48 h, and the syringe was 
weighted again (Figure 1(c)). The amount of CaCl2 
absorbed by SA–Gel hydrogel was calculated from the dif-
ference between the consecutive measures, converting it in 
volume unit. Tests were repeated three times.

Theoretical and computational model

In agreement with experimental conditions, diffusive 
mechanisms in the hydrogel specimen can be described as 
a one-dimensional (1D) problem. Therefore, the geometry 

Figure 1. Experimental setup. (a) SA–Gel: A 0.5 mL of 8% (w/v) SA–4% (w/v) Gel was loaded in a syringe and weighted. (b) SA–
Gel + CaCl2: A 0.5 mL of 1% (w/v) CaCl2 was added to the syringe for cross-linking the 0.5 mL of 8% SA–4% Gel hydrogel. (c) After 
24 h—CaCl2 removal: After a given time tca, the excess calcium chloride was removed and weighted again. The amount of absorbed 
CaCl2 was calculated from the difference between the two measures. The focus shows the diffusion of the colored solution within 
the gel. Experiments have been conducted for tca = 2, 5, 10, 15, and 20 min, as well as for 2, 24, and 48 h. The case tca = 24 h is shown 
in the image.
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of the hydrogel is defined by means of the scalar coordi-
nate variable x L∈[0, ]  (Figure 1), where L  is the length 
of the gel inside the syringe. For describing cross-linking 
dynamics, the time variable t > 0  is also introduced. The 
chemical system is defined by two internal variables:

1. gelation degree, α α= ( , )x t ;
2. calcium concentration, c c x tc c= ( , ) .

The gelation degree α  represents the ratio between the 
solid gel concentration cg of the chemically cross-linked 
polymer chains and the initial concentration of free-alginate 
cA (before cross-linking), here equal to cA = 0.08 mg µL−1 
from hydrogel preparation (8% (w/v) SA). Neglecting the 
free-alginate diffusivity in comparison to the calcium diffu-
sivity, it always results ≤c cg A , and thus

 α = 0,1
c

c
g

A

∈[ ].  (1)

As schematically depicted in Figure 2, when α = 0 , 
polymer chains are non-cross-linked and the gel exhibits a 
liquid-like behavior; and when α =1 , all polymer chains 
in the gel are cross-linked and the gel can be considered as 
fully solid. The intermediate case 0 1≤ ≤α  corresponds to 
a partially cross-linked network. The physical properties 
of the gel (e.g. stiffness, permeability) smoothly vary from 
fully liquid (at α = 0 ) to fully solid (at α =1) values. A 
characteristic gelation point αgel ∈ (0,1)  can be identified 
as the gelation degree over which the gel exhibits a solid-
like response although not being fully cross-linked.

Calcium concentration cc  and the gelation degree α  
are described through the Mikkelsen–Elgsaeter model, 
here considered in its reduced form under the assumption 
of negligible free-alginate diffusion.16 The gelation degree 
is considered to affect the diffusion coefficient D  govern-
ing calcium transport. Therefore, a coupled system arises, 

where the transport and the gelation reaction affect each 
other. In particular, D  is postulated as a function of α , 
here chosen as

 D D D D
n

n
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α α

α
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where D0  represents the diffusion coefficient of the gel in 
its liquid-like phase (i.e. α = 0 ), D1  is associated with a 
fully solid state (i.e. α =1), and n∈ (0,1)  is a model 
parameter governing the rate of diffusivity change.

Diffusion. Diffusion of the calcium in the specimen is 
described by a reaction-diffusion equation
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where ∂  denotes partial derivatives, r  is a consumption 
term due to the chemical reaction, and Nc  is the stoichio-
metric coefficient, namely, the average number of Ca2+ 
ions per alginate–alginate formation.16 Note that diffusiv-
ity D  is a function of the cross-linking degree α  and that, 
in general, the latter can depend on the coordinate x . 
Therefore, D  in equation (3) is an implicit function of 
space.

Chemical reaction. The gelation degree evolves with the 
ordinary differential equation
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where K  is a model parameter governing the reaction 
rate.

Figure 2. Chemical cross-linking during the gelation process: from a fully non-cross-linked network (α = 0 , left) to a fully cross-
linked gel (α =1 , right). The red dots and black chains represent calcium ions and polymer chain, respectively.
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Computational strategy. Hydrogel cross-linking is described 
by means of the partial differential problem represented by 
the coupling of the transport equation (3) and the reaction 
equation (4). An additional source of coupling is given by 
equation (2). The diffusion coefficient D  depends indeed 
on the gelation degree α , given by the solution of the 
reaction equation. The latter depends on calcium concen-
tration cc , obtained from the solution of the transport 
problem which is in turn affected by the diffusion 
coefficient.

The diffusion equation (3) is solved by discretizing the 
unknown function c x tc ( , )  by means of a backward-Euler 
difference scheme in time and a finite element discretiza-
tion in space. The overall time interval t t∈[0, ]end  is split 
in nt  time intervals with constant time increments 
∆t t tn n= 1− −  (with n nt=1, , ). Moreover, N  finite ele-
ments in the spatial domain x L∈[0, ]  are introduced, 
together with a set of linear shape functions N xi ( )  (with 
i N=1, , 1 + ). Accordingly, the calcium concentration 
function is discretized through

 c x t N x c tc
i

N

i ci, =
=1

1

( ) ( ) ( )
+

∑ ,  (5)

where c tci ( )  represents nodal unknowns, whose time 
derivatives at time t tn=  are ( )n nt= 2, ,
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with c c tci n ci n, = ( )  being the value of nodal unknowns at 
time tn . Therefore, neglecting boundary terms, the discre-
tized weak form at time t tn=  reads

 
i

N

ji n ci n j nc f
=1

1

, , ,=
+

∑  (7)

where the stiffness term  ji n,  is

  ji n n
i j

i j

L

D
N

x

N

x t
N N dx,

0

=
1

α( )
∂

∂

∂

∂
+









∫ ∆
,  (8)

and the source term f j n,  results
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In equation (8), the diffusion coefficient D  is com-
puted on the basis of the gelation degree α αn nx t= ( , )  at 
time tn , which is in general inhomogeneous in space, that 
is, α αn n x= ( ) . A two-point Gauss quadrature rule is 

employed for spatial integration. Therefore, the value of 
diffusion, and hence of gelation, is required at integration 
points. The value αn

g  at time tn  in the integration point 
xg  is given by

    α α αn
g

n
g cn

g

A
n
gK

c

c
t= 11

1
1−

−
−+ −( )∆ ,  (10)

where c c x tc n
g

c g n, − −1 1= ( , )  is calcium concentration in 
Gauss point xg  at time tn−1  and K  is the reaction rate.

Results

In order to reproduce experimental conditions, the follow-
ing set of boundary (B.C.) and initial (I.C.) conditions are 
considered for numerical simulations

 B.C.:
for and
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 I.C.: for c x xc ,0 = 0 0( ) ≠ ,  (12)

The assigned boundary concentration cc  is given by 
c cc
 =

2
wCa CaCl⋅ , where cCaCl 1mg L

2
= 0.01 µ −  from cross-

linker preparation (1% (w/v) CaCl2) and wCa  is the weight 
fraction of Ca2+ in CaCl2 (wCa+2 = 0.36) . For the calibra-
tion of the diffusion parameter function in equation (2), a 
reference value D0  for D0  is obtained from the mean of 
experimental data by Braschler et al.,17 resulting equal to 
D0

9 2 1= 0.83 10× − −m s . Moreover, parameter D1  is cho-
sen to be a fraction δ  of D0 , that is, D D1 0= δ . As dis-
cussed in the following section, δ = 0.5  agrees well with 
data from molecular dynamics simulations.11 Similarly, the 
gelation point αgel = 0.2  will be adopted. The stoichio-
metric coefficient Nc = 0.1  is obtained by Thu et al.,18 and 
the diffusivity rate change parameter n = 5  has been cali-
brated based on the experimental result. Finally, address-
ing the gelation mechanism (equation (4)), the value 
K = 0.03 1s−  has been chosen for the reaction rate constant 
(see Discussion and conclusions section). Validation and 
effectiveness of the proposed model will be investigated 
on the basis of the time evolution of the total absorbed 
volume Vc  of CaCl2 solution, that is, of function V tc ( ) . 
This is read from the computed flux of calcium on the top 
surface of the gel ( )x = 0  as

 V t
A

D
c

x
dtc

c
x

t
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∂
∂∫= |

2
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0
wCa CaCl

Solutionρ
,  (13)

with the syringe cross-sectional area being equal to 
A =17.81 2mm  and the solution density ρCaCl

Solution

2
 is esti-

mated as 0.01
2

ρCaCl
Powder , where ρCaCl

Powder 1mg L
2
= 2.15 µ −  is 
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the density of the powder of CaCl2. Based on the vol-
ume occupied by the gel in the syringe, L  results equal 
to 28 mm. Cross-linking-dependent effects are investi-
gated comparing the capability of the diffusion model in 
equation (3) in reproducing experimental data by adopt-
ing a simplified approach which assumes a constant dif-
fusion parameter D D= 0 . Furthermore, the sensitivity 
of the results with respect to δ , αgel , and K  will also 
be investigated in a parametric campaign of simula-
tions. The value ∆ t = 20s  has been employed in numer-
ical simulations by addressing a final simulation time 
tend  equal to 2 h. A sensitivity study has been conducted 
in order to prove that results are not sensitive to varia-
tions of ∆ t  for ∆t ≤ 20s . No numerical issues have 
been experienced in the afore-specified range of 
values.

Experimental results and model validation

Experimental results for means and standard deviations of Vc  
are reported in Table 1 up to 2 days. The accurateness of the 

Table 1. Experimental data: absorbed CaCl2 solution volume at different times.

Time 2 min 5 min 10 min 15 min 20 min 2 h 24 h 48 h

mean 
(µL)

2.97 5.13 6.01 7.77 8.95 18.25 53.38 78.65

S.D. (µL) 0.90 0.79 0.82 0.63 1.37 5.01 8.17 8.00

CaCl2: calcium chloride, S.D.: standard deviation

Figure 3. Model validation: absorbed CaCl2 solution volume versus time. (a) Comparison between experimental data and model 
results with gelation-dependent diffusion coefficient D( )α  in equation (2) and constant diffusion coefficient D D= 0 , both modeling 
results employ D D0 0

9 2 1= = 0.83 10× − −m s  by Braschler et al.17 (b) Comparison between experimental data and model results 
with constant diffusion coefficient D D= 0  for different values D0 . In particular, the value D0

9 2 1= 0.72( 10× −m s )  is one standard 
deviation far from the mean of experimental values reported by Braschler et al.17 and it does not allow to fit experimental data for 
t > 5 min ; on the contrary, the value D0

9 2 1= 0.5( 10× −m s ) , which allows to fit the experimental variation of absorbed CaCl2 up to 
t = 20min , lies outside the experimental range reported by Braschler et al.17 for the diffusivity constant.

adopted experimental methodology is proved by the robustness 
of measures (normalized standard deviation ≈ −10 15%% ).
Experimental data are also reported in Figure 3 up to 20 min, 
which is the time range of practical interest for three-dimen-
sional (3D) printing applications.

Figure 3 also reports modeling predictions. As shown in 
Figure 3(a), function V tc ( )  obtained with a constant dif-
fusivity D D= 0  significantly deviates from experimental 
data. As reported in Table 2, the normalized average error 
up to 2 h is above 30% for the reference value D D0 0= . 
On the contrary, accounting for the dependence of the dif-
fusivity on cross-linking (i.e. D( )α ), experimental data 
can be accurately fitted, even considering D D0 0= . The 
average error results equal to about 6%  with respect to 
mean values (cf. Table 2). Remarkably, model predictions 
are always within a standard deviation of experimental 
measurements.

Clearly, when employing a constant diffusivity, parameter 
D0  might be tuned in order to fit the obtained experimental 
data. This is shown in Figure 3(b) and Table 2. It is worth 
highlighting that a good fitting is possible only for D0  lying 
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significantly outside the experimental range reported by 
Braschler et al.,17 that is, D0

9 2 1(0.72 0.94) 10∈ − × − −m s .

Cross-linking effects

The evolution of calcium concentration cc  is reported in 
Figure 4(a), showing the effects of a cross-linking-dependent 
diffusivity with respect to a constant one. The gelation, that is, 
the formation of new cross-links between polymeric chains, 
represents an obstacle to diffusion, inducing a slower diffusive 
process. This is captured by the proposed modeling frame-
work, as shown by the evolution of the effective diffusivity D  
in Figure 4(b). Although D  is explicitly only a function of α  
from equation (3), it depicts variation in time and space within 
the gel due to inhomogeneities in the gelation degree α.

The evolution of α  in time and space is reported in 
Figure 5(a). Since actors of a strongly coupled system, 

also α  is affected by the choice of a constant or a vary-
ing diffusivity. Although D  does not explicitly appear in 
equation (4), variations of D  affect the calcium concen-
tration distribution c x tc ( , ) , which in turn affects the 
gelation rate.

This outcome has relevant consequences for applica-
tions. For instance, the front of the solidified portion of the 
gel evolves significantly differently when considering a 
varying or a constant diffusivity. This is depicted in Figure 
5(b), where the gel front xgel , that is, the coordinate x  for 
which α α( ) =xgel gel , is reported versus time. Accounting 
for a constant diffusivity, the width of the gel front might 
be generally overestimated of about 20% (around 100 µm 
at t =10 min ).

Parametric study

The robustness of data fitting with respect to uncertainties 
on the values of model parameters is analyzed by means 
of a parametric analysis. Addressing parameters p = δ , 
αgel ,  and K , the average normalized variation ∆V sp ( )  of 
absorbed CaCl2 volume at p s=  is estimated as

 ∆
∆

∆

V s
n

V t p s V t p s

V t p sp
i

n

c i c i

c i

( ) ( ) − ( )
( )∑=

1 ; = ; =

; =
,  (14)

where V t p sc i( ; = )  represents function V tc ( )  at t ti=  
obtained by employing value s  for model parameter p . 
Moreover, ti  are n∆ discrete values of time in (0, ]tend , 
and s  is a reference value. In particular, it is employed 

Table 2. Absorbed CaCl2 solution volume: normalized 
deviation (%) of model predictions with respect to the mean of 
experimental data at different times (Table 1).

Time 2 min 5 min 10 min 15 min 20 min 2 h Average

D0 = 0.83 4.98 0.17 42.61 53.23 70.07 262.51 72.26
D0 = 0.72 13.28 8.07 31.21 41.12 56.72 234.73 64.19
D0 = 0.50 31.65 26.47 5.66 13.96 26.74 172.14 46.10
D( )α 19.33 23.01 1.24 2.82 8.74 12.85 11.33

CaCl2: calcium chloride.
The average error is reported. Model results are obtained by employ-
ing a constant diffusivity for different values D0

9 2 110( )× − −m s  and by 
employing function D( )α  in equation (2).

(a) (b)

Figure 4. Cross-linking effects: (a) calcium concentration function c x t( , ) , normalized with respect to applied boundary 
concentration c , and (b) diffusivity D , normalized with respect to the reference diffusivity constant D D0 0= . Results are reported 
along gel’s width x L∈[0, ]  for different values of time t = 2,5,10,15,20 min . Dashed lines in plot (a) correspond to results obtained 
with a constant diffusivity D D= = 0.83 100

9 2 1× − −m s  obtained from Braschler et al.17
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{ , , } = {2,5,10,15,20}1 5t t min , and s K= ,δ  with 
δ = 0.5 , and K s= 0.03 1−  as in previous numerical tests.

The results of this parametric campaign of simulations 
are shown in Figure 6. The conducted analysis depicts that 
the absorbed CaCl2 volume highly varies with all parame-
ters under investigation.

Discussion and conclusions

The present study describes an experimental characteriza-
tion and the computational modeling of hydrogel cross-
linking. Chemical gelation has been addressed, analyzing 
the diffusion of CaCl2 within the gel. Computational anal-
ysis is another important element in bioprinting as it pro-
vides tool to qualitatively and quantitatively investigate 
the relation between the patterned construct and the bio-
logical outcome.15 Naghieh et al.19 have investigated the 
effect of cross-linking mechanism on the mechanical 
behavior of 3D bioprinted alginate scaffolds by varying 
the cross-linking agent volume and cross-linking time. 
These two factors play a decisive role in modulating the 
elastic modulus of 3D-bioplotted alginate scaffolds. Ca2+ 
ions promote indeed the formation of G-blocks within the 
gel, stabilizing the polymeric network. Experimental data 
of absorbed volumes of CaCl2 have been obtained and 
fitted by means of a reactive-diffusive model which 
accounts for the effects of cross-linking in the diffusivity 
properties.

When employing a constant diffusivity D D= 0 , that is 
not depending on cross-linking, the obtained experimental 
data could not be fitted by employing values of constant 
D0  within experimental ranges reported in the literature.17 
In particular, a good fitting would require a diffusivity 

Figure 5. Cross-linking effects: (a) gelation degree α , and (b) gel front xgel , such that α α( ) =xgel gel , namely, the gelation degree 
over which the gel exhibits a solid-like response. Results are reported along gel’s width x L∈[0, ]  for different values of time 
t = 2,5,10,15,20min. Dashed lines in plot (a) correspond to results obtained with a constant diffusivity D D= = 0.83 100

9 2 1× − −m s  
obtained from Braschler et al.17

constant significantly lower than the self-diffusion coeffi-
cient of Ca2+ ions in water at limiting dilution (equal to 
0.78 10 9 2 1× − −m s ).20 This seems to be unreasonable since 
it is expected that Ca2+ ions can diffuse essentially unhin-
dered through the gel before solidification because they 
are much smaller than the pore size of the alginate gel.17

On the contrary, by introducing a cross-linking-depend-
ent diffusion coefficient D( )α , an excellent fitting of 
experimental data can be obtained. Remarkably, this has 
been obtained employing values of D0  fully in agreement 
with experimental ranges. As regards the functional form 
chosen for D( )α  in equation (2), results are sensitive to 
both the gelation point αgel  and the diffusivity value D1  at 
the solid state. This has been shown in terms of sensitivity 
analysis. In particular, the reference value δ = 0.5  has 
been chosen for the ratio δ = /1 0D D  on the basis of evi-
dence obtained from molecular dynamics simulations, 
which show an average decrease of 50%  of water diffu-
sivity in hydrogels before and after cross-linking.11 
Nevertheless, it is worth highlighting that more case-
specific data would be required for a proper estimation 
based on the structure of the polymeric network at hand. In 
this regard, the functional form itself of D( )α  in equation 
(2) is an arbitrary choice. Multiscale computational and 
modeling approaches describing the effects of cross-link-
ing on the features of polymer networks (i.e. pore size) 
might advantage a more physically based description. 
Moreover, electrostatic effects associated with ion move-
ments should be also taken into account.

The value of the reaction rate K  has been chosen within 
the range ( )10 104− −  on the basis of previously reported in 
the literature for the reaction kinetic constant k K cA= / 2 .16,18 
It is worth pointing out that the model chosen for the reaction 
equation (4) is simplistic with respect to the real physical 
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Figure 6. Parametric analysis for (a) ratio δ = /1 0D D , (b) reaction rate K  in s−1, and (c) gelation point αgel . Left: normalized 
volume variation ∆Vp  (cf. equation (14)), and right: gel front xgel .
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mechanisms occurring within the gel. More refined 
approaches are indeed available in the literature.17 These are 
currently under investigation for future work, since they 
would allow to introduce parameters with a clear physical 
meaning and for which well-established experimental values 
would be available. As a matter of fact, K  can have a rele-
vant effect on the absorbed volume of the cross-linking 
agent. Moreover, a fundamental aspect which has not been 
taken into account in the present study is that volume changes 
due to fluid movements in porous materials can cause sig-
nificant alterations in the porosity and thereby in permea-
bility properties. Several poroelastic and poroelasto-plastic 
theories are available in the literature and are able to prop-
erly reproduce the thermoelastic swelling response of poly-
meric materials.21–23 Nevertheless, cross-linking induces 
shrinking which represents an inelastic deformation mech-
anism, concurrent to swelling, whose effect is generally not 
described in the available modeling frameworks. Moreover, 
the effects of cross-linking-dependent variations of diffu-
sion properties on poroelastic responses have not been 
explored in the available literature. Therefore, future devel-
opments of the present study will address the coupling of 
the proposed chemo-diffusive description of cross-linking 
with large deformation poroelastic theories of microporous 
polymeric materials.21 Furthermore, the effects of varia-
tions of the hydrostatic pressure of CaCl2 solution on the 
hydrogel are assumed negligible.

From an applicative viewpoint, the present study 
addressed the evolution of the gel front with time. This 
information might guide the design of optimal post-print-
ing protocols. Depending on modeling choices (i.e. con-
stant vs cross-linking-dependent diffusivity) and on the 
values of model parameters (i.e. diffusive properties at the 
solid state and reaction rates), the predicted position of the 
gel front might differ ∼100 µm. These differences are of 
significant relevance when addressing tissue engineering 
scaffolds obtained by means of bioprinting technologies. 
Hence, the local mechanical environment experienced by 
biological cells at different locations within the gel, and 
hence their mechanobiological stimulus, would signifi-
cantly vary with the state of the gel. Therefore, when a 
high resolution in the printing fidelity is required for bio-
printing applications, in silico predictions are reliable 
only accounting for the coupled chemo-diffusion prob-
lem. The present work represents a first step toward a full 
characterization and a comprehensive understanding of 
the involved mechanisms.
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