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Abstract

Due to their large water content and structural similarities to the extracellular

matrix, hydrogels are an attractive class of material in the tissue engineering

field. Polymers capable of ionotropic gelation are of special interest due to their

ability to form gels at mild conditions. In this study we have developed an

experimental toolbox to measure the gelling kinetics of alginate upon crosslink-

ing with calcium ions. A reaction-diffusion model for gelation has been used to

describe the diffusion of calcium within the hydrogel and was shown to match

experimental observations well. In particular, a single set of parameters was

able to predict gelation kinetics over a wide range of gelling ion concentrations.

The developed model was used to predict the gelling time for a number of ge-

ometries, including microspheres typically used for cell encapsulation. We also

demonstrate that this toolbox can be used to spatiotemporally investigate the

formation and evolution of mineral within the hydrogel network via correla-
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tive Raman microspectroscopy, confocal laser scanning microscopy and electron

microscopy.

Keywords: alginate, hydrogel, modeling, raman spectroscopy

1. Introduction

Alginates are a group of biopolymers widely used in biomedical applications

and research, largely due to low immunogenicity, low toxicity and ease of forming

stable hydrogels under cell compatible and near physiological conditions.[1–8]

Alginate hydrogels with different physical forms, often made with encapsulated5

cells, have been fabricated, including micro- and macro-scale beads, alginate

fibers, films, foams and 3D gels.[9–15] Recent research areas of particular inter-

est and innovation include a wide variety of both hard and soft tissue engineering

applications as well as cell encapsulation for the treatment of diseases such as

diabetes.[16, 17] Chemically modified alginates are also being investigated as10

extracellular matrix mimics.[18, 19] To be able to design and fabricate new

types of hydrogel based biomaterials, including hydrogel composites, a better

understanding of the gel formation process and in situ modification strategies is

needed.[20, 21] When hydrogels are formed from polymers capable of ionotropic

gelation, i.e. crosslinking by exogenous inorganic ions, the gel formation is a15

complex reaction-diffusion process, involving both transport of gelling and non-

gelling ions, diffusion of the ungelled polymer and the formation of junction

zones. For alginate, a polysaccharide consisting of mannuronic (M) acid and

guluronic (G) acid residues, these junction zones consist of aligned polymers

with repeating units of the G-monomer, termed the egg-box model.[22, 23] In20

addition, it has been shown that MG-blocks also form stable junction zones.[24]

A detailed understanding of these processes would not only allow for optimiza-

tion of cell encapsulation, but also enable the formation of gels with complex

geometries, such as fibers, films, microbeads and hollow spheres. In addition,

if one is able to combine this knowledge with a detailed understanding of in25

situ modification methods, for example by incorporation of solid inorganic com-
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ponents, fibrous reinforcement or hydrogel-hydrogel composites, it would open

new avenues for development of composite materials for application within tissue

engineering and biomedical research and technology.

Modification of hydrogels with calcium phosphate (CaP) minerals to mimic30

the microenvironment of bone is one strategy to realize new classes of such com-

posite materials.[25–27] We have focused on controlled mineralization of alginate

hydrogels in situ, in a process which is compatible with cell encapsulation.[28, 29]

In such a system, CaP mineral is formed within the hydrogel network at the

time of gelling. However the mineral phase undergoes several transformation35

and maturation steps, and both initial precipitation and subsequent storage will

effect the properties of the final CaP phase. Processes such as crystal nucleation

and growth within the gel network, solution mediated transformations and lo-

cal changes in pH induced by gel formation and/or mineral precipitation are

important.[30–32] Kinetics of alginate gelling have previously been investigated40

in non-mineralized systems and this knowledge has been applied to facilitate the

formation of alginate structures with different geometries.[33–37] Mikkelsen and

Elgsaeter developed a reaction-diffusion model which describes both gel forma-

tion kinetics, as well as the density distribution of alginate in calcium-alginate

gels formed by the diffusion of gelling ions.[36] Thu et al. has estimated that45

the alginate gel front moves at a velocity of about 100 µm min−1 corresponding

to 1.67 µm s−1 when 50 mM CaCl2 solution was used.[35] However high spatial

and temporal resolution experimental data is lacking, making progress in bet-

ter understanding of the process difficult. High spatial and temporal resolution

data on the gel front velocity combined with information about polymer con-50

centration profiles, could be implemented in already existing numerical models,

which in turn could be used to aid the rational design of hydrogel fabrication

processes in other systems and geometries such as mineralized films, cell encap-

sulation matrices and microfluidic-based fabrication of alginate microbeads and

fibers. Extensive knowledge of the gel system would allow for optimal process55

design. For example, one could maximize cell viability during cell encapsula-

tion in microbeads, fibers or films, by finding the optimal ion concentrations
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and gelling times needed to make stable gels, at the same time minimizing cell

exposure to potentially detrimental physicochemical conditions.

The situation is even more complex when a mineral phase, such as calcium60

phosphate, is precipitated within the hydrogel at the time of gelling. The pro-

cess involves a complex interplay between many aspects, including fluxes of the

reaction substrates and gelling ions, ion consumption due to gel formation, su-

persaturation controlled nucleation and growth of the mineral phase, spatial

and temporal evolution of pH and transformation of the mineral phases.[38] A65

model experimental system in which these process could be studied in situ, in

real time and with a range of physical methods would allow for a quantitative

description of all these process. In the long run, this type of data could be

used to construct complex models of the mineralization process, accounting for

nucleation, growth and transformation rates of various CaP phases. This goal70

is however beyond the scope of this contribution, but it remains as a future

challenge.

In this work we present an experimental framework for studying the spatially

and temporally resolved gelling and in situ mineralization of alginate/calcium

phosphate composites. To this experimental framework we apply a range of75

characterization techniques including dark field and confocal microscopy, scan-

ning electron microscopy, and Raman spectroscopy to investigate the kinetics

of gel formation and mineralization in real time. We then describe the devel-

opment of methods to study the interplay between the hydrogel and mineral

phases in hitherto undescribed detail.80

2. Experimental

Alginate and gelling solution

All chemical reagents were purchased from Sigma-Aldrich, Norway unless

otherwise stated. De-ionized water (DIW, 10-15 MΩcm) was used in all of

the experiments. Sodium alginate (Laminaria hyperborea, Protanal LF 200S,85

MW =2.74×105 g mol−1, FMC BioPolymer AS, fraction of G-monomers: FG =
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0.68, FGG = 0.57 and FGM = 0.11) was used in the entire work, except for

the alginate labelled with Fluoresceinamine (Laminaria hyperborea, Protanal

SF60, MW =2.2× 105 g mol−1, FMC BioPolymer AS, fraction of G-monomers:

FG = 0.67, FGG = 0.58, FGGG = 0.52) The fluorescently labelled alginate was90

made as described by Strand et al.[39]

Stock solutions of 1 M CaCl2 and 1 M CaCl2 and 0.9 % (w/v) NaCl (VWR)

were made in DIW. Buffering was done with 25 mM 3-(N-Morpholino) propane-

sulfonic acid (MOPS) at pH 6.5 and 7.4 for the gelling experiments and with

50 mM Tris(hydroxymethyl) aminomethane (TRIS) and 50 mM sodium acetate95

(NaAc) for mineralization experiments at pH 7 and 5 respectively. Gelling ex-

periments refer to experiments where alginate solutions without a phosphate

precursor have been used. Mineralization experiments refer to experiments

where alginate solutions containing a phosphate precursor have been used. In all

cases, gelling solution refers to a solution containing CaCl2. The concentration100

of calcium and the pH in the gelling solution is specified where necessary.

For the gelling experiments, 2 % (w/v) alginate solution was prepared by dis-

solving sodium alginate in DIW. For the mineralization experiments 1.8 % algi-

nate solutions containing 0.9 % NaCl, with either 200 mM or 300 mM phosphate

were prepared by dissolving sodium alginate and a mixture of Na2HPO4 · 7 H2O105

and NaH2PO4 · 2 H2O (Thermo Fisher Scientific). The ratio of the phosphate

precursors were chosen to give a final pH between 5 and 7. All sodium alginate

solutions were stored at 4 ◦C between experiments.

Alginate flow cells

In order to conduct the experiments, a simple flow cell was constructed. The110

flow cell consisted of an alginate droplet sandwiched between two microscope

slides separated by strips of 140 µm thick double-sided tape. A 1.5 µL droplet of

alginate solution was placed onto the centre of the slide and covered by either a

second microscope slide or a cover slip as shown in Figure 1 a. Gentle pressure

was applied in order to compress the droplet into a disc. 150 µL of gelling115

solution was then applied into the spacing between the slides to initiate the
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gelling.

Dark-field microscopy

The gelling reaction was studied in an Olympus IX-70 Inverted Microscope.

The objective used was Olympus UPlanFl 4x/0.13NA in combination with a120

Ph1 condenser annulus. This objective did not have a phase ring which lead to

a non-traditional contrast mechanism provided by a mixture of phase contrast

and dark-field contrast. However, the settings were chosen on purpose, as this

mode provided the best contrast for observation of the moving gel front. A high

speed camera (Photron SA-3) connected to the microscope side port filmed the125

gelling. The gel front velocity was determined from the videos using a custom

developed script and MATLAB (R2014b). Briefly, the Canny edge detector

operator with low threshold was used to detect the gel front, producing a binary

image of all high contrast features in the image. The gel front was isolated by

excluding all static features and all edges below a threshold size and was then130

fitted with an ellipse. The gel front radius was calculated by averaging the

two ellipse axes. All samples were close to circular. The gel front position was

plotted as a function of time, and the gel front velocity was found by calculating

the slope of the linear region of the resulting plot.

Confocal laser scanning microscopy135

The gelling of Fluoresceinamine-labelled alginate was performed in the flow

cells described above and observed with a Leica TCS SP5 Confocal Laser Scan-

ning Microscope (CLSM). A Leica HCX PL FLUOTAR 5.0x/0.15NA dry ob-

jective was used in combination with argon laser 488 nm line. The resulting

time series were analyzed in MATLAB.140

pH measurements with CLSM

In addition to measurements of the gel front, CLSM was also used in com-

bination with a pH-sensitive dye to measure the local pH. Rhodamine 6 and

ethylenediamine was refluxed in methanol for 6 h resulting in a pH-sensitive
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fluorescent molecule, named R6G-EDA, according to previous reports.[40, 41]145

R6G-EDA was used at a concentration of 20 µM in both the alginate- and

the gelling-solutions. Sulfhorhodamine 101 (SR101), a pH-insensitive dye, was

added to give a concentration of 5 µM to both solutions. An argon laser (LA-

SOS LGK 7872 ML05, wavelength 514 nm) and a diode pumped solid state

laser (LASOS DPSS, wavelength 561 nm) were scanned sequentially line by line150

in order to avoid cross-talk between the two dyes. Emission filters at 525-555

nm and 575-625 were used for R6G-EDA and SR101, respectively. The lasers

were set at the same intensity in the measurements as during the calibration,

and low noise Leica HyD detectors were used in photon counting mode. The

scan speed was set at 100 Hz, which, with a resolution of 256x256 pixels, limited155

the temporal resolution of the pH measurements to 0.1 frame per second. A

3x3 pixel median filter was applied to the images and the ratio between the

R6G-EDA images and SR101 images was calculated for each pixel. This ratio

was converted to a pH-value by comparison with a standard curve based on

measurements of known pH-values of the calcium-solution. The standard curve160

was made based on eight samples of known pH. The samples contained 1 M

CaCl2, 0.9 % NaCl, 20 µM R6G-EDA, 5 µM SR101 and either 50 mM sodium

acetate or TRIS buffer and ranged from pH 4 to 7.5 in 0.5 intervals. Three

images were recorded at different locations for each of the eight pH values, and

pixel ratios were found as described above. The SR101/R6G-EDA-ratio was165

used for pH-values above pH 5.5 while the R6G-EDA/SR101-ratio was used for

pH-values below 5.5. The measured intensity ratios were fitted with a fourth

degree polynomial for SR101/R6G-EDA and a seventh degree polynomial for

R6G-EDA/SR101. The measurements and resulting fits can be seen in Figure

S.1 a in the Supplementary Info. These curves were then used to convert the170

intensity ratio in an image pixel into a pH value. Figure S.2 b in the Supple-

mentary Info shows a correlation plot of the known pH-values vs. the measured

pH with the method described.
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Raman microspectroscopy

Raman microspectroscopy was performed using a Renishaw InVia Reflex175

Spectrometer equipped with a 532 nm laser (RL532C100) through a Leica 10X

0.25NA lens. The flow cell for these experiments was made in the same way

as described earlier, although the regular microscope slides were replaced with

Raman grade CaF2-slides from Crystran Ltd, UK (see Figure S.2). Spatial infor-

mation was obtained by collecting measurements while scanning the laser across180

the hydrogel discs. Line scans were performed by scanning 50 points along the

radius of hydrogel discs, resulting in one point approximately every 15 µm. 10

spectra were collected for 3 s each and co-added to produce a single spectrum for

each point. Database samples for Raman analysis of brushite (DCPD), octacal-

cium phosphate (OCP) and hydroxyapatite (HAp) were prepared according to185

methods described by Elliott and phase purity was confirmed with powder X-ray

diffraction (D8 Advance DaVinci, Bruker AXS) prior to Raman measurements,

see Figure S.3.[42]

Scanning electron microscopy

For scanning electron microscopy (SEM) studies, the samples made in the190

flow cell were rinsed with DIW after a given time inside the flowcell. The flowcell

was separated and the alginate discs were dehydrated in increasing concentra-

tions of ethanol and critical point dried using CO2 (Emitech K850 critical point

dryer). Dried samples were attached to SEM stubs with carbon tape and sputter

coated (Cressington 208 HR) with 5 nm platinum/palladium (80/20). Imaging195

was performed with an accelerating voltage between 1 and 10 kV (Hitachi S-5500

S(T)EM).

Numerical solution of gelling model

Numerical modeling of the gelling process was based on a simple reaction-

diffusion model originally proposed by Mikkelsen-Elgsaeter and an alginate-200

calcium interaction scheme commonly referred to as the egg-box model.[22, 34,
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36] Combined with adjustments for calcium binding stoichiometry proposed by

Thu et al. the following system of differential equations have been obtained:[35]

∂c

∂t
= Dc∇2c−Nc

∂g

∂t
(1)

∂a

∂t
= ∇[Da∇a]− ∂g

∂t
(2)

∂g

∂t
= kca2 + kcag (3)

Here, c, a, and g are the total concentration of calcium, ungelled alginate and

gelled alginate, respectively (c and a are given as the concentration of alginate205

monomers, equivalent to the molar concentration of carboxyl groups). Dc and

Da are the diffusion constants for calcium ions and ungelled alginate molecules.

Nc is a stoichiometric coefficient describing the number of calcium-ions per

alginate-dimer, dependent on both the guluronic acid content of the alginate as

well as the affinity between calcium ions and alginate blocks. Finally, in this210

model k is an effective reaction rate constant.[36] The model has in principle

four adjustable parameters: Nc, Dc, Da, k, in addition to the CaCl2 and alginate

concentrations which were determined by the experimental conditions.

The system of differential equations was solved numerically in MATLAB

using the built-in solver pdepe for one dimensional parabolic-elliptic partial215

differential equations. In all cases, 1000 time steps were used and an evenly

spaced grid of 2000 points was used for the spatial dimension along the radius

of an alginate cylinder or alginate sphere for which the gel front position as

a function of time was calculated. The reaction-diffusion model was solved in

cylindrical or spherical coordinate system using the option of the pdepe solver220

for disc and sphere geometries respectively.

Comparison between the gel front position predicted by the model and ob-

served experimentally was used to determine the adjustable parameters in the

model. Previously reported values of the diffusion constant for calcium ions in

free solution of 0.78 ×10−9 m2 s−1 was used for Dc[43]. The diffusion of Ca2+225
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in the alginate gel is largely unaffected by the gel network since the diffusion of

molecules with a molecular weight below 2×104 g mol−1 are expected to behave

the same as in free solution.[44] A diffusion constant for ungelled alginate of

1×10−11 m2 s−1 was used, since the gel front kinetics do not strongly depended

on the diffusion constant of alginate.[34] The two remaining parameters of the230

model NC and k were determined by fitting the predicted gelling kinetics to the

experimental data and calculating the root-mean-square error. A systematic

search through the parameter space was used in order to exclude local minima.

3. Results and discussion

Kinetics of alginate gel formation235

The design of the flow cell is shown in Figure 1 a. Figure 1 b and c illustrate

the processes that can be studied in the flow cell system. In the first instance

we investigated the kinetics of alginate gel formation in order to verify the

experimental design and to investigate the dependence of gel formation kinetics

on gelling ion concentration, pH and the presence of additives such as NaCl.240

Following introduction of the calcium solution to the flow cell, the gel front could

be observed both in dark field (DF) microscopy (Figure 2) as well as in CLSM

when fluorescently labeled alginate was used (Figure 3). In DF microscopy, the

gel front was visible as a narrow bright band and significant contrast between

gelled and ungelled alginate was observed, presumably due to the difference in245

refractive index for the two conditions. In CLSM the gel front was visible as a

narrow region with reduced fluorescence (depletion zone) as shown in Figure 3.

The origin of that depletion zone is described below and has also been observed

previously.[34]

For DF microscopy, a series of images were recorded and analyzed to deter-250

mine the velocity of the gel front, see Figure 2 a. The position of the gel front

was determined using a custom MATLAB script and was plotted as a function

of time, see Figure 2 b. To compare gelling kinetics for different experimental

conditions, the slope of the linear region in a plot of the front position versus
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time was used. The advantage of our experimental system is a well defined cylin-255

drical geometry, with a flux of gelling ions only along the radial coordinate. The

alginate and gel concentrations, as well as the concentrations of gelling and non-

gelling ions was uniform along the direction parallel to the flow cell normal. For

this sample geometry, the gel front velocity in the linear region was measured

to increase from approximately 1 µm s−1 up to 4.5 µm s−1 when the calcium260

concentration was increased from 50 mM to 1 M, respectively, see Figure 2 c.

The gel front velocity determined from the position of the depletion zone ob-

served in CLSM when using a fluorescently labeled alginate corresponded well

to that determined by DF microscopy (Figure 3 b). This confirms that both

techniques allowed direct observation of the gel front. It is therefore straight-265

forward to investigate the influence of other experimental parameters on the gel

front kinetics, such as pH and ionic strength. Using the setup described above,

we have found that the gel front velocity was not substantially dependent on

the addition of NaCl (see Figure S.4 a). The largest difference was observed

for 1 M CaCl2, where the gel front velocity was increased from 4.4 µm s−1 to270

4.9 µm s−1 upon addition of 0.9 % NaCl. High salt concentration is expected

to lower the binding between alginate and Ca2+ ions due to increased screening

and competition with the Na+ ions, which in turn should increase the gel front

velocity. No difference was found for unbuffered samples (pH ∼7) and samples

buffered at pH 6.5 and 7.4, see Figure S.4 b.275

The results obtained for disc geometries cannot be directly compared with

literature values measured for spherical geometries, as the sample geometry

affects the flux of ions to the gel core, and the front velocity is different for the

two cases. However, our results allow for the development of a gelling model

which can be used to predict gelling kinetics for spherical geometries from the280

parameters determined for cylindrical geometries (see below for a more detailed

description of the modeling strategy). The observed gel front velocity in a disc

geometry recalculated to a spherical geometry and experimental conditions as

used by Thu et al. (50 mM CaCl2, d=4 mm, 1.8% alginate solution), gives the

velocity in the linear region equal to 1.1 µm s−1. The average velocity for the285
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whole gelling process and not only for the linear region for this sample size,

geometry, and ionic strength was herein calculated to be 1.4 µm s−1, which is in

good agreement with the estimate of 1.7 µm s−1 based on low resolution optical

microscopy in the work of Thu et al.[35]

Modeling290

Experimental data was used to construct a quantitative description of the

gelling process by fitting the observed, time dependent gel front position to

those predicted from the reaction-diffusion model described above. The model

has 4 adjustable parameters, namely the diffusion constants for ungelled alginate

and calcium ions Da and Dc, the reaction rate for egg-box formation k and the295

Ca2+ binding stoichiometry coefficient Nc.[34, 36] As described in materials and

methods, literature values for Dc and Da were used here. The two remaining

parameters of the model, Nc and k, were determined by comparing the predicted

gelling kinetics with experimental data. We started by determining the values

of the two model parameters using gel front position data from an experiment300

using 1 M CaCl2 solution. As illustrated in Figure 4 a, excellent agreement

between the observed and modeled gel front positions was obtained for k ≥ 275

M−2 s−1, Nc = 0.30 at 1 M CaCl2. We found that all models with k larger than

this lower boundary value could explain the experimental data. This clearly

indicates that the gel front velocity is limited by the diffusion of ions and not305

by reaction kinetics. If the proposed modeling approach is correct, the model

should be able to predict gel front position as a function of time for samples

with other concentrations of CaCl2 without recourse to modify any other model

parameters. Indeed, good agreement between the observed and predicted gel

front position for all investigated CaCl2 concentrations down to 50 mM was310

observed. The agreement is excellent for 750 mM, 500 mM and 250 mM. For

the two lowest concentrations (100 mM and 50 mM) the model predicts the

correct slope (velocity of the gel front), but the experimental curve is slightly

offset with respect to that predicted by the model (Figure 4 a). However, it is

important to note that for the two lowest concentrations tested, the gel front315
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was more difficult to observe in the optical techniques used here and its absolute

position might be subject to a larger systematic error. This is a likely cause of

the slight discrepancy in the calculated gel front velocity between the work of

Thu et al. and the results presented here.

We also note that our experimental system could be used to precisely deter-320

mine the diffusion constant of alginate during gel formation at various conditions

using CLSM, fluorescently labeled alginate and the shape and intensity reduc-

tion in a clearly visible depletion zone by applying, for example, the theoretical

framework presented recently by Braschler et al.[34] This is, however, beyond

the scope of the current work and would serve as an interesting addition. This325

approach could also be used to study the reaction constant k for different types

of alginates or reaction with various divalent cations in great detail.

As described by Braschler et al. the determined Nc parameter is closely

related to the fraction of G-units of alginate, assuming that only G-units are

able to bind Ca2+ ions and that the binding is independent of the sequence330

of G and M units.[34] In practice, it is known that divalent cation binding by

G-blocks in alginate is cooperative, and a longer stretch of consecutive G-units

is needed to form stable junction zones.[22] It has also been shown that MG-

sequences bind Ca2+.[24] We can use our measured value for Nc to estimate

the apparent fraction of G-units that rapidly binds calcium during the initial335

gel formation step, F ∗
G. F ∗

G is still related to the stoichiometry in the egg-box

model and is given as:[45]

F ∗
G =

4

3
Nc

Using the equation above, F ∗
G was calculated to be 0.4 and this is based only

on the amount of Ca2+ ions consumed during the gelling process. Note that

this experiment has only considered alginate sequences with the highest affinity340

for Ca2+ ions, and it is likely that more Ca2+ ions are bound to the polymer

as the gel matures.[23, 46] This cooperative binding i.e. blocks of G-monomers

will bind Ca2+ faster than single G-monomers, is a probable reason for the dis-

crepancy between the calculated F ∗
G=0.4 and the FG=0.67 given by the manu-
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facturer.345

The predicted temporal evolution of the gel front is illustrated in Figure

4 b where the gelled alginate concentration profiles (green line) and the total

alginate (orange line) are plotted at 40 s intervals (these concentrations refer

to alginate monomers, not alginate molecules). Here a depletion zone is clearly

seen moving towards the center of the disc (at r = 0), which is consistent with350

observations made by CLSM. The origin of this depletion zone is illustrated

more clearly in Figure 4 c and d where the predicted concentration profiles for

Ca2+ (blue), ungelled (red), gelled (green) and total alginate (orange) at 240 s

and 720 s after the gelling was initiated are shown. Gelling is predicted to be

confined to a small region of approximately 200 µm, where the solution rapidly355

transitions from an ungelled Na-alginate sol to gelled Ca-alginate gel.

Figure 5 a shows the developed model applied to the prediction of gelling

kinetics for two different geometries of alginate sample, discs and spheres, as

a function of CaCl2 concentration. Here, the diameter of both geometries was

set to 500 µm which represents a typical size of an alginate bead used for cell360

encapsulation. The model predicts that at a concentration of 50 mM CaCl2,

the time needed to fully gel such a bead is approximately 20 s; the gelling time

is reduced to 15 s and 5s for 100 and 1000 mM CaCl2 respectively.

Figure 5 b illustrates a simulation in which the gelling model was applied to

predict how gelling would occur when an alginate fiber is produced in a coax-365

ial flow microfluidic device.[10, 47] Here, we have simulated a central alginate

stream with a circular cross-section and a diameter of 200 µm which contacts

the gelling solution from both sides and flows to the right with the same veloc-

ity at t = 0. The alginate and gelling stream flow together and Ca2+ diffuses

into the alginate causing gel formation. Gelling begins along the fiber edges370

and after approximately 600 ms a shell of gelled alginate has formed around the

fiber. After 3.5 s, 50 % of the alginate in the fiber core is gelled and a fully

gelled fiber is formed after approximately 7.5 s. Some residual inhomogeneity

with respect to the gelled alginate concentration in the fibers is observed with

the lowest concentration in the center, which is comparable to the sphere and375
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disc geometries. Depending on the flow rate, this can be used to calculate the

length of the channel where gelling occurs in a microfluidic device.

Mineralization

By introducing a phosphate precursor into the alginate solution, precipita-

tion of calcium phosphate mineral may occur at the same time as the gel is380

formed following addition of Ca2+. As illustrated in Figure 6, deposition of the

mineral phase could be directly observed using optical microscopy. Here, the

alginate solution contains 300 mM of sodium phosphate. The formed mineral

phase was typically visible as an opaque, light scattering region close to, but

trailing slightly behind the gel front. Interestingly, the appearance of this re-385

gion was not constant, but appeared to change with time, within both short

(i.e. minutes) and long (i.e. tens of hours) time scales.

It is known that CaP crystallization might cause local changes in the pH

of the sample due to different stoichiometry of CaP phases. To investigate this

aspect of the mineralization process, CLSM in combination with two fluorescent390

dyes was used. The dye R6G-EDA is known to have an increasing fluorescence

intensity as the degree of protonation increases and has a detectable fluorescence

from pH 7.5 and accurate measurements of pH changes can be made between

pH 4-6.[41] We also applied a pH-insensitive dye, SR101, in order to correct

for artifacts in fluorescence intensity measurements which may occur due to395

dilution, sample thickness, uneven illumination and scattering from mineral

formation. This combination of dyes gave excellent sensitivity to pH in the

range of pH 4-6.5, see Figure S.1.

Figure 7 shows bright field and R6G-EDA/SR101 ratio images of two min-

eralizing samples at different time points. For the sample marked pH 5, the400

alginate disc was buffered at pH 7 due to the phosphate content and the sur-

rounding calcium solution was buffered at pH 5. As mineral precipitated and

the surrounding solution diffused into the alginate disc, the pH was lowered.

For this sample, the gelling process was completed after 300 s, however the pH

continued to drop and reached a minimum of 4.4 in the center of the disc after405
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approximately 18 min. The sample marked pH 7 was made in a similar manner

except that the gelling solution was buffered at pH 7. Here the increased flu-

orescence intensity was entirely due to H+ produced during the mineralization

process. This sample also showed the same trend with the lowest pH observed

at the center of the disc. The pH in the center of the disc was found to drop410

to 4.5 after approximately 20 min. Once the pH had reached this minimum it

was stable in the center of the disc for the rest of the measurement which, in

both cases, lasted 33 min in total. A probable cause was the consumption of

the buffer agent (phosphate buffer) within the discs in the mineralization pro-

cess, resulting in a pH-gradient as the buffer agent in the surrounding solution415

(TRIS or sodium acetate) diffused into the gelling disc. This gradient persisted

throughout the duration of the experiments.

The sample geometry allowed for in situ monitoring of the mineral forma-

tion and transformation using confocal Raman microspectroscopy (CRM). This

is especially important, as dehydration needed for characterization using pow-420

der X-ray diffraction (XRD) or electron diffraction techniques might introduce

changes in the mineral phase. Also, due to small sample size, characterization,

particularly using XRD, is challenging. Figure 8 a shows Raman spectra of

several minerals and species of interest for our mineralized alginate composite,

including HAp, OCP, brushite, alginate and alginate-phosphate precursor solu-425

tion. Figure 8 b shows a heat map generated by collecting Raman spectra in a

radial direction across a mineralized alginate disc. Here the data was collected

from a sample which was prepared with alginate containing 300 mM phosphate

and gelled in 1 M CaCl2 buffered at pH 5 with sodium acetate. In the region

close to the disc edge, an intense signal located at 958 cm−1, corresponding to430

OCP was recorded. In the region of interest, the OCP Raman spectrum consists

of a main peak at 958 cm−1 and a distinct shoulder at 967 cm−1.[48] There is

also a characteristic (but weak) HPO4-stretch located at 1010 cm−1, however,

this peak was close to the background level in the used experimental conditions.

The peak shape of HAp is more symmetrical (although there is a slight shoulder435

at lower wavenumbers, i.e. the other side than the OCP-shoulder) and via curve-
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fitting the two phases can be distinguished using Raman microspectroscopy.[49]

A weaker signal from the alginate itself was also observed at 816 and 890 cm−1

as well as a broad peak from the acetate buffer at 932 cm−1. The signal from

alginate and buffer were unchanged throughout the radius of the disc, while the440

signal from the mineral was strong towards the edge and gradually diminished

towards the center of the disc. No mineral was detected in a radius of 250 µm

from the center of the disc.

The morphology of the formed mineral phase was investigated at high reso-

lution using SEM after careful drying of the samples. SEM could also be applied445

to the same sample as CRM, therefore allowing highly accurate phase identifi-

cation combined with high magnification imaging of the same area. Figure 8 c

shows example images of a mineralised alginate sample, showing the difference

in mineral content and morphology at different areas of the disc: at the center

(1), halfway to the edge (2) and at the edge (3). Their corresponding positions450

are marked in Figure 8 b. In the center, no mineral was observed, corrobo-

rating the CRM measurements described earlier. Further towards the edge of

the sample, mineral platelets were dispersed in the alginate network. Close to

the edge of the disc, a large abundance of acicular crystals were found. The

images in Figure 8 c correspond to positions 50, 450 and 600 µm respectively455

in Figure 8 b. The combination of these techniques can also be used to study

mineral phase transformations within the hydrogel, and this concept is studied

in detail elsewhere.[49]

4. Conclusion

In summary, we have developed an experimental platform in which the460

gelling kinetics of polymers capable of ionotropic gelation can be studied with

high spatial and temporal resolution. The gel front velocity for 1.8 % high

G-content alginate gel was measured at a range of condition with both trans-

mitted light and fluorescence microscopy. For the disc geometry investigated

in this study, this velocity ranged from 1 to 5 µm s−1 for CaCl2 concentrations465
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between 50 mM and 1 M. Modeling of the gel formation process based on a

reaction-diffusion approach was implemented and the gelling front velocity was

calculated for a range of geometries and CaCl2 concentrations. The calculated

values are in excellent agreement with measured or previously published data.

The same platform was combined with several other analytical techniques such470

as confocal Raman microspectroscopy, confocal laser scanning microscopy and

scanning electron microscopy to obtain temporally and spatially resolved infor-

mation regarding the chemical composition, polymer concentration, evolution

of pH and sub-micron morphology of regions of interest. This is especially suit-

able for characterization of in situ mineralization processes of a hydrogel system,475

here demonstrated by mineralization of alginate with calcium phosphate. The

presented platform represents a powerful new characterization toolbox to un-

dertake studies of gelling kinetics, in situ mineral formation and maturation

behavior within hydrogels in exquisite detail.
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Figure 1: (a) Illustration of the flow cell for gelling experiments. (b) and (c) Schematic

cross-sections of a gelling and mineralizing hydrogel bead or disc. The blue arrows denote

calcium flux, the gray arrows denote phosphate flux, and the black arrows denote H+ flux. The

solid green color represents gelled alginate, while brown color represents mineral formation.
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Figure 2: (a) Gel front position as observed by DF microscopy for gelling with 100 mM CaCl2

at indicated timepoints (minutes). (b) Gel front position as a function of time determined

from DF micrographs for CaCl2 between 50 mM and 1 M showing 3 parallel experiments for

each concentration. (c) Gel front velocity as a function of CaCl2 concentration determined

from the linear region.
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Figure 3: (a) Time series of alginate gelling in flow cells as determined by confocal microscopy.

Brightness corresponds to the fluorescence intensity of labeled alginate and the time difference

between frames is 60 s. The top left image was taken immediately before the gelling solution

was added. The gel front is visible as a region with reduced fluorescence moving towards

the center of the disc. (b) A comparison of the gel front position as a function of time

as determined by CLSM and DF microscopy showing excellent correlation between the two

techniques. In both (a) and (b) the concentration of gelling solution was 50 mM CaCl2.
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Figure 4: (a) A comparison of the gel front position as a function of time as determined

experimentally by DF microscopy (dots) compared to model predictions (line). (b) Modelling

of the spatiotemporal evolution of the gelled alginate concentration (gel front) calculated for

100 mM CaCl2 at intervals of 40 s. The movement of the gel front is indicated by an arrow.

(c) and (d) Concentration profiles for Ca2+ (black), ungelled (blue), gelled (red) and total

alginate (i.e. ungelled + gelled, green) 240 s (c) and 720 s (d) after the gelling was initiated,

calculated for a gelling solution concentration of 100 mM.

28



Time [s]
0 10 20 30 40

D
is

ta
nc

e 
fr

om
 d

is
c 

ed
ge

 [m
m

]

0

0.05

0.1

0.15

0.2

0.25

0.3
Gel front position

Sphere 1000 mM
Disc 1000 mM
Sphere 100 mM
Disc 100 mM
Sphere 50 mM
Disc 50 mM

Predicted gelling of a 200 µm fiber

Time [s]
0 2 4 6 8 10

R
ad

iu
s 

[µ
m

]

-100

-50

0

50

100

0

0.02

0.04

0.06

0.08

0.1
(a) (b)

Figure 5: (a) The calculated gel front position as a function of time for a spherical and

cylindrical geometry with radius = 250 µm for different CaCl2 concentrations (50 mM, 100

mM and 1000 mM) using the proposed model.(b) The calculated amount of gelled alginate

(between 0 and 0.1 M) for a fiber with radius = 100 µm in a microfluidic device with 100 mM

CaCl2. The x-axis represents time in the gelling channel.

Figure 6: Gel front and mineral front position as observed by DF microscopy of a phosphate-

containing alginate disc gelled with 1 M CaCl2 solution. The gel front indicated by blue arrows

appeared weaker and moved slower as compared to previous experiments without phosphate.

A moving front of minerals indicated by red arrows trailed the gel front and widened over

time. Time for each frame in minutes is shown in the top left corner.

29



10 s 100 s 300 s 1000 s

1 mm

7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

10 s 100 s 300 s 1000 s

1 mm

a) pH 5

b) pH 7
pH

Figure 7: a) Bright field images (top) and pH-images (bottom) of a phosphate containing

sample subjected to 1 M CaCl2 buffered at pH 5. The intensity in the green images correspond

to the pH given in the scale on the right. b) Bright field images (top) and pH-images (bottom)

of a phosphate containing sample subjected to 1 M CaCl2 buffered at pH 7. In both cases,

the initial pH of the alginate was pH 7.
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Figure 8: (a) Raman spectra of relevant standard samples showing typical features which can

be identified. (b) A heat map showing the distribution of mineral from the center towards

the edge of the disc. The white numbers refer to the positions of SEM-images shown in c). c)

SEM images of positions 50 µm from the center (1), 450 µm from the center (2) and 600 µm

from the center, close to the edge (3) of a mineralized alginate disc after 24 h in the gelling

solution.
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