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Mineralizing hydrogels with CaCO3 is an attractive strategy to reinforce them, because of the 

excellent mechanical and biological properties of CaCO3. Unfortunately, the degree of hydrogel 

reinforcement achieved with CaCO3 remains limited. An important contributing factor is the 

poor control over the CaCO3 formation that leads to an incomplete understanding of its 

reinforcing mechanism. To address this challenge, we systematically investigate the influence 

of the formation of CaCO3 on the mechanical properties of a model hydrogel, poly(acrylamide) 

(PAM), that is reinforced by these minerals. We demonstrate that the amount, size, structure 

and morphology of CaCO3 significantly influences the mechanical properties of mineralized 

hydrogels. For example, while the fracture energy of PAM hydrogels is increased 3-fold if 

reinforced with individual micro-sized CaCO3 crystals, it increases by a factor of 13 if 

reinforced with a percolating ACC nano-structure that forms in the presence of a sufficiently 

high quantity of Mg2+ additives. These insights will likely enable a more targeted reinforcement 

of hydrogels with CaCO3 by tuning the mechanical properties of the resulting composites over 

a much wider range than is currently possible. 

 

1. Introduction 

Hydrogels are three-dimensional polymer networks that are filled with a large amount of 

water.[1] They are attractive materials for a wide range of applications including regenerative 

medicine,[2] bioelectronics,[3] water treatment[4] and energy storage.[5] However, the poor 

mechanical properties of many hydrogels often limit their applications.[6] The mechanical 

properties of hydrogels can be improved by designing novel topological hydrogels that possess 
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more homogeneous networks.[7,8] Alternatively, they can be improved by incorporating energy 

dissipative domains,[6] such as sacrificial polymer chains,[9] inorganic mineral particles,[10,11] 

microgels,[12] and fibers,[13] on the molecular,[9,14] nanoscopic,[10,11,15] microscopic[12,16] and 

macroscopic[13] scales into conventional hydrogel networks. Among them, a particularly 

attractive means to reinforce hydrogels is the mineralization with CaCO3:[17–20] This mineral is 

abundant in nature, easy to synthesize, possesses a tunable size, structure and morphology, and 

displays excellent mechanical properties, biocompatibility, biodegradability and 

bioactivity.[17,19,21–25]  

Nature often uses CaCO3 biominerals to mechanically reinforce soft organic tissues. The 

formation of CaCO3 and thereby the size, structure, morphology and orientation of the resulting 

CaCO3 biominerals are precisely controlled by the physicochemical properties of the tissue 

matrices and the presence of certain soluble additives, such as acidic proteins and Mg2+ ions.[26–

28] As a result of this precise control, many CaCO3-based biocomposites, such as nacre[29,30] and 

crustacean exoskeletons,[31] display fascinating mechanical properties. Inspired by the 

biomineralization strategy employed by nature, a variety of excellent examples to reinforce dry 

hard composites with CaCO3 have been demonstrated.[32–34] By contrast, the biomineralization 

strategy has been rarely employed to reinforce soft hydrogels with CaCO3,[17–20] despite the 

large number of studies devoted to the formation of micro-sized CaCO3 single crystals within 

hydrogel matrices.[35] This shortcoming is likely related to the incomplete understanding of the 

influence of soluble additives and the composition of hydrogels, especially their 

functionalization with high affinity motives for CaCO3 on the mechanical properties of 

mineralized hydrogels. 

Systematic studies of the effect of minerals on the mechanical properties of reinforced 

hydrogels require a mineralization method that offers a tight control over the content, location, 

size and structure of CaCO3. In addition, this method must be compatible with different soluble 

additives and functional groups present within the hydrogel. Currently available mineralization 

methods cannot simultaneously meet all these requirements. Soft matrices are frequently 

reinforced with CaCO3 by immersing the hydrogel in a Ca2+ containing solution before CO32- 

is introduced via the addition of another aqueous solution[36,37] or the diffusion of gases[32,38–40] 

to initiate the mineralization. Unfortunately, these methods often lead to an uncontrolled 

formation of minerals that are preferentially located at the surface of the matrices. This 

shortcoming can be addressed with the more recently introduced enzyme-induced 

mineralization where CaCO3 homogeneously forms within the hydrogel. This is achieved by 

trapping urease, an enzyme that catalyzes the decomposition of urea and hence the production 
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of CO32-, within the hydrogel.[17,18,41] However, the enzymatic activity and therefore the degree 

of mineralization strongly depend on the composition of the hydrogel and the mineralization 

solution, preventing systematic studies on the influence of soluble additives and functional 

groups present within the hydrogel on the mineralization. This shortcoming limits the choice of 

hydrogels and additives that can be used to control the mineralization. Moreover, while the 

possibility to control the mineral content in hydrogels by changing the mineralization time has 

been demonstrated in all the mentioned methods, the extent of this control is limited. To 

overcome these limitations and thereby to gain a better understanding of the reinforcement of 

hydrogels with CaCO3, new mineralization methods that offer a tight control over the formation 

of CaCO3 in the presence of different soluble additives and functional groups present within 

the hydrogel are required. 

In this paper, we systematically study the influence of the formation of CaCO3 on the 

mechanical properties of a model hydrogel, PAM. To achieve this goal, we introduce a modified 

gas-diffusion mineralization method to produce CaCO3 that is uniformly distributed within 

PAM. Taking advantage of this feature, we demonstrate that especially the amount, size, 

structure, and morphology of CaCO3 influences the mechanical properties of mineralized PAM. 

In particular, we demonstrate that hydrogels can be reinforced very efficiently with a 

percolating mineral network of amorphous calcium carbonate (ACC) nanoparticles that forms 

within the hydrogel if Mg2+ is present: The fracture energy of these hydrogels increases by a 

factor 13 while their stiffness increases 4-fold upon mineralization. We show that the stiffness 

of the hydrogel increases even more, by a factor 50, if PAM is functionalized with acrylic acid 

(AA) that strengthens the hydrogel-ACC interactions and controls the size and percolation of 

ACC nanoparticles . These results illustrate the potential to efficiently mechanically reinforce 

hydrogels with CaCO3 by taking advantage of lessons learned from nature.  

2. Results and discussion 

2.1. Modified gas-diffusion mineralization method 

Polyacrylamide (PAM) hydrogels are often employed as a model system to explore different 

reinforcing strategies.[9,11,14,42] To investigate the reinforcing effect of CaCO3 on hydrogels, we 

therefore employ this hydrogel as the soft matrix. Unfortunately, the conventional gas-diffusion 

method that has often been used to conduct CaCO3 mineralization in soft matrices[32,38–40] 

results in an uncontrolled formation of CaCO3 layer on the surfaces of mineralized hydrogels. 

This mineral layer influences the mechanical properties of reinforced hydrogels, thereby 

hampering systematic studies on the formation of CaCO3 on its reinforcing effect. To overcome 

this difficulty, we modify this gas-diffusion method: We dissolve CaCl2 in an acrylamide (AM) 
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monomer solution before we crosslink the monomers using UV light, as schematically 

illustrated in Figure 1a. To initiate the mineralization, we expose the crosslinked CaCl2-

containing hydrogels to ammonium carbonate powder that decomposes into CO2 and ammonia. 

The CaCl2-containing PAM hydrogels are initially transparent and become white after 4 days 

of incubation, as shown in Figure 1b and 1c. These results indicate that CaCO3 particles that 

randomly scatter light form within CaCl2-containing hydrogels. To determine the structure of 

the formed CaCO3 particles, we perform X-ray diffraction (XRD) and Fourier-transform 

infrared spectroscopy (FTIR) on the samples. The CaCO3 particles are composed of vaterite 

and calcite, two anhydrous crystalline polymorphs of CaCO3, as shown in Figure S1 and S2. 

To test if our method indeed avoids the uncontrolled formation of CaCO3 layers on the PAM 

hydrogel surface, we visualize the cross-section of the mineralized PAM hydrogel using 

scanning electron microscopy (SEM) and characterize its composition with Energy-dispersive 

X-ray spectroscopy (EDX). We observe uniformly distributed CaCO3 crystals throughout the 

sample and do not find any obvious sign of mineral surface layers, as exemplified in Figure 1d, 

1e and S3. These results indicate that our method homogeneously mineralizes hydrogels 

without depositing undesired mineral layers on their surfaces. 

 
Figure 1. Mineralization of PAM hydrogels with CaCO3. (a) Schematic illustration of the 

preparation of PAM hydrogels mineralized with CaCO3. (b-c) Photographs of the CaCl2-

containing PAM hydrogel (b) before and (c) after mineralization. (d) SEM images of the 

polished cross-section of a mineralized PAM hydrogel. (e) SEM image of the region marked 

with the rectangle in (d) overlayed with the Ca element map obtained using EDX. (f) Weight 

fraction of CaCO3 crystals (Wdry,CaCO3) in the dry hydrogel as a function of the initial CaCl2 
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concentration. Values measured with TGA are indicated with red dots and the theoretical values 

calculated by assuming a complete conversion of CaCl2 into CaCO3 are indicated with the black 

line. 

 

Our samples are prepared by pre-mixing well-defined concentrations of CaCl2 and AM 

monomers. We therefore expect the mineral content contained in the hydrogels to be only 

determined by the initial ratio of CaCl2 to monomer. To verify this expectation, we vary the 

initial concentration of CaCl2 from 0.3 to 1.8 M while keeping the monomer content constant 

and quantify the weight fractions of CaCO3 contained in the dry mineralized hydrogels using 

thermogravimetric analysis (TGA), as detailed in Figure S4. With increasing amount of added 

CaCl2, the CaCO3 content within the dry hydrogels increases from 13.6 ± 1.5 wt% to 47.4 ± 0.7 

wt%. This result is in good agreement with the theoretical values calculated by assuming a 

complete conversion of CaCl2 into CaCO3, as shown in Figure 1f. Hence, our modified gas-

diffusion mineralization method offers a precise control over the CaCO3 mineral content within 

hydrogels. 

2.2. Influence of CaCO3 crystal content 

The extent of mechanical reinforcement of the hydrogel obtained with fillers often depends on 

the filler content.[10,11,15] To study how the amount of CaCO3 contained in our hydrogels 

influences their mechanical properties, we measure their Young’s moduli (E) as a function of 

the volume fraction of CaCO3 contained in them using tensile tests. The Young’s modulus of 

these hydrogels increases with increasing mineral content, as shown in Figure 2a and S5a, 

indicating that the formed CaCO3 crystals stiffen the hydrogels. To determine the reason for 

this stiffening, we compare our Young’s moduli with those predicted by the Guth-Gold model 

for non-interacting filler particles.[42,43] The Guth-Gold model predicts the E of hydrogels 

containing 8.0 vol% CaCO3, corresponding to those produced from a monomer solution 

containing 1.8 M, to be 30 kPa CaCl2, as detailed in Figure S6. We obtain a much higher E of 

54.0 ± 7.7 kPa, suggesting that the formed CaCO3 crystals interact with the PAM hydrogel 

network. To investigate the nature of these interactions, we compare the FTIR spectra of neat 

PAM hydrogels with those containing CaCO3 crystals. If hydrogels are mineralized with CaCO3 

crystals, the characteristic peak corresponding to the C=O stretching of PAM shifts from 1662 

cm−1 to 1655 cm−1, as shown in Figure 2b and S2. Similarly, the peak at 3200-3340 cm-1 

corresponding to the N-H stretching of PAM splits into two peaks. These changes in the FTIR 

spectra imply that the formed CaCO3 crystals chemically interact with the PAM hydrogel.[44,45] 

Particles that interact with hydrogels can often act as multivalent crosslinking points.[15,46] To 
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test if the formed CaCO3 crystals provide any additional crosslinking sites for the PAM, we 

visualize the morphology of the organic/inorganic interfaces using SEM. Interestingly, the 

surfaces of CaCO3 crystals are connected to the hydrogel matrix through many thin polymer 

fibers, as exemplified in Figure 2c and S7. These results suggest that the formed CaCO3 crystals 

increase the crosslinking density of the PAM hydrogel and thereby significantly stiffen it. 

Fillers that interact with the hydrogel often increase its toughness.[11,15,47] To test if this is also 

the case for our hydrogel, we carry out single-edge notch tensile tests on them.[14] Indeed, 

notched mineralized hydrogels display larger critical extensions that correspond to the crack 

initiation compared to the notched neat PAM hydrogels, as illustrated in Figure 2d. These 

results indicate that the interaction between CaCO3 crystals and PAM hydrogels effectively 

delays the crack initiation. In addition, the notched mineralized hydrogels display a more 

progressive fracture upon crack propagation, which is likely attributed to the crack deflection 

or bridging caused by the same interaction.[48] To quantify the toughness of hydrogels, we 

calculate their fracture energy (Γ) using the tensile test results, as detailed in the Figure S5. 

While the neat hydrogels have Γ around 105.0 ± 23.5 J m-2, hydrogels containing 1.2 vol% 

CaCO3 crystals possess a Γ of 184.0 ± 22.8 J m-2, as summarized in Figure 2e. However, this 

low CaCO3 content does not significantly increase the stiffness of hydrogels: E of neat 

hydrogels is around 23.2 ± 1.4 kPa, whereas that of hydrogels containing 1.2 vol% CaCO3 is 

around 24.9 ± 1.1 kPa, as shown in Figure 2a. These results confirm that the interaction 

between CaCO3 crystals and PAM hydrogel networks retard the crack initiation within 

hydrogels under elevated tension and thereby make hydrogels tougher. If we increase the 

amount of CaCO3 contained in hydrogels to 2.4 vol%, the fracture energy increases to 298.9 ± 

51.3 J m-2. Note that a further increase in the mineral content does not increase the fracture 

energy of hydrogels any more. This observation can be assigned to the decreasing critical 

extension for the crack initiation that trades off the increasing stiffness of these hydrogels. The 

decreasing critical extension implies that the incorporation of more CaCO3 crystals hampers 

their potential to delay crack initiation, even if they offer more interaction sites between CaCO3 

crystals and the hydrogel network. This observation might be related to the size of CaCO3 

crystals contained in the hydrogels: They have diameters ranging from 3 to 10 µm, as shown in 

Figure 2c and S7. This size is significantly larger than the pore size of PAM hydrogel networks, 

which ranges from 100 nm to 2 µm as shown Figure 2f and S7. Hence, as CaCO3 crystals form, 

they introduce defects into the hydrogel network, thereby making it more prone to crack 

initiation if stretched. As a result of the trade-off between the higher stiffness and smaller 

critical extension for the crack initiation, the fracture energy of these hydrogels remains similar, 
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as shown in Figure 2e. Our results indicate that the stiffness of our CaCO3-reinforced PAM 

hydrogels scales with the CaCO3 content. By contrast, their toughness depends on the structure 

of the hydrogel after mineralization and its interaction with the CaCO3 crystals. 

 
Figure 2. Influence of CaCO3 crystal content. (a) Young’s moduli (E) of hydrogels as a function 

of the volume fraction of CaCO3 minerals (ΦCaCO3) contained in as-prepared hydrogels. The 

prediction of E for non-interacting filler particles by the Guth-Gold model is shown as dashed 

line. The initial concentration of CaCl2 contained in the monomer solution is indicated next to 

the respective sample. (b) FTIR spectra of neat and mineralized PAM hydrogels. (c) 

Representative SEM image of the hydrogel mineralized with CaCO3 crystals. The connections 

between the crystals and hydrogel matrix are indicated with arrows. (d) Representative tensile 

force (F)-extension (ΔL) curves of notched hydrogel samples, indicated as solid lines, and 

unnotched ones, indicated as dashed lines. The critical extensions corresponding to the crack 

initiation are marked with asterisks. (e) Fracture energy (Γ) of hydrogels as a function of ΦCaCO3. 

(f) SEM image of the neat PAM hydrogel. 

 

2.3. Influence of soluble additives 
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Nature often uses soluble additives, such as amino acids, phosphates and Mg2+, to control the 

structure of CaCO3 formed in soft matrices and thereby the mechanical properties of the 

resulting materials.[26–28] Among them, Mg2+ is a prominent example that has been extensively 

used to control the CaCO3 structure in natural and synthetic systems.[28,49] Hence, we employ 

Mg2+ as a model additive to tune the CaCO3 mineralization process within PAM hydrogels. To 

test the influence of the Mg2+ concentration on the structure of the forming minerals, we keep 

the initial CaCl2 concentration constant at 0.3 M and vary the MgCl2 concentration to obtain 

Mg/Ca ratios between 1/1 and 5/1. Hydrogels that have been mineralized with Mg/Ca ratios of 

1/1 and 2/1 contain a mixture of calcite and nesquehonite (MgCO3 3H2O), as shown in the XRD 

patterns in Figure 3a and FTIR spectra in Figure S8. With increasing Mg/Ca ratio, the fraction 

of amorphous CaCO3 (ACC) increases until we obtain exclusively ACC at a Mg/Ca ratio of 5/1. 

These results are consistent with those observed for CaCO3 particles formed in bulk aqueous 

solutions where a sufficiently high amount of Mg2+ is known to result in ACC and to stabilize 

this phase against crystallization.[28,50] The resulting hydrogels display the characteristic peaks 

of PAM, the C=O stretching around 1656 cm−1 and the two split peaks corresponding to the N-

H stretching at 3200-3340 cm-1, as shown in Figure S8. These peaks are similar to those 

measured for hydrogels mineralized with CaCO3 crystals in the absence of Mg2+, indicating 

similar chemical interactions between the PAM and the formed mineral particles. In addition, 

the morphology of hydrogels mineralized with calcite and MgCO3 3H2O is similar to that of 

hydrogels mineralized with CaCO3 crystals in the absence of Mg2+: Big crystals are connected 

to the surrounding hydrogel network through several polymer fibers, as shown in Figure 3b 

and S9. If the Mg/Ca ratio is increased to 3/1 or 4/1, such that the majority of the formed 

minerals is ACC, we observe particles with average diameters of 869 ± 101 nm and 707 ± 43 

nm respectively, as exemplified in Figure 3c and S10. The size of these particles is significantly 

smaller than that of crystalline CaCO3 particles. Note that the number of fibers that connect the 

individual ACC particles to the hydrogel network is higher than what we observe for crystalline 

counterparts. If the Mg/Ca ratio is further increased to 5/1, the formed ACC particles possess a 

much smaller average diameter, 459 ± 75 nm. Remarkably, these ACC particles are 

homogeneously distributed within the hydrogel network and their concentration is sufficiently 

high to form a percolating structure, in stark contrast to the individual ACC particles observed 

for Mg/Ca ratios of 3/1 and 4/1, as shown in Figure 3d and S10. These results indicate that the 

size, structure, and morphology of CaCO3 particles formed within the hydrogel, and hence the 

hydrogel structure, is influenced by the amount of Mg2+. 
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To test if the size, structure and morphology of CaCO3 influence the mechanical properties of 

hydrogels, we quantify their Young’s moduli and fracture energy. The addition of Mg2+ at a 

Mg/Ca ratio of 1/1 increases the Young’s modulus two-fold, as shown in Figure 3e. An increase 

in Mg2+ concentration up to a Mg/Ca ratio of 4/1 does not significantly increase the stiffness of 

the resulting mineralized hydrogels, even though it alters the structure and size of the formed 

CaCO3. Interestingly, we observe an abrupt increase in the Young’s modulus for hydrogels that 

have been mineralized with a Mg/Ca ratio of 5/1: The stiffness of these hydrogels is 

approximately 4 times as high as that measured for hydrogels mineralized without Mg2+. These 

results suggest that the percolating ACC structure that we observe under this condition 

contributes to the increased stiffness of the hydrogel, in good agreement with recent reports on 

the hydrogel reinforcement with amorphous calcium phosphate (ACP) nanoparticles[11] and 

ACC nanoparticles.[41] Similarly, the critical extension for crack initiation in hydrogels 

mineralized with a Mg/Ca ratio of 5/1 is much higher than that measured for all the other 

samples, as shown in the force-extension curves in Figure 3f and S11. The chemical 

interactions between the minerals and the hydrogel are independent of the Mg/Ca ratio, as 

shown in Figure S8. Therefore, we attribute the strong increase in the critical extension to the 

percolating ACC network that forms if a sufficient quantity of Mg2+ is present. This mineral-

based percolating network distributes the applied stress over a wider area around the notch, 

thereby delaying the crack initiation.[51] As a result of the significantly higher stiffness and 

larger critical extension, the fracture energy of these hydrogels is as high as 1303.7 ± 337.0 J 

m-2, a value similar to that measured for double-network hydrogels.[9] Hence, the percolating 

ACC network increases the stiffness of the neat PAM hydrogel four-fold and the fracture energy 

by a factor of 13. This reinforcement is much more effective than that provided by CaCO3 

crystals that form in the absence of Mg2+. 
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Figure 3. Influence of the soluble additive Mg2+. (a) Representative XRD patterns of 

mineralized hydrogels produced from monomer solutions containing 0.3 M CaCl2 and different 

concentrations of MgCl2. The Mg/Ca ratios are labelled next to the corresponding curves. (d-f) 

SEM images of mineralized hydrogels produced with Mg/Ca ratios of (b) 2/1, (c) 4/1 and (d) 

5/1. (f) Young’s moduli (E) and fracture energy (Γ) of hydrogels as a function of the Mg/Ca 

ratio. (f) Force (F)-extension (ΔL) curves of notched mineralized hydrogels, indicated as solid 

lines, and unnotched ones, indicated as dashed lines. 
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2.4. Influence of functionalization of hydrogel matrix 

Surfaces of natural soft tissues often contain proteins possessing certain functional groups with 

a high affinity to Ca2+, such as carboxylic groups.[26,27,52] These functional groups have been 

shown to control the size, morphology, crystallinity and orientation of the formed CaCO3 during 

the biomineralization and hence the mechanical properties of resulting CaCO3-containing 

materials.[26,27,52,53] To study how the functional group of PAM influences the CaCO3 

mineralization in our work, we replace part of the acrylamide monomers with acrylic acid (AA) 

to form a covalently crosslinked PAM-co-PAA (w/w = 85/15) hydrogel that acts as the matrix 

for the mineralization. Similar to the PAM hydrogels mineralized with CaCO3 crystals, the 

PAM-co-PAA hydrogels produced from a monomer solution containing 1.8 M CaCl2 also 

comprise a mixture of vaterite and calcite, as shown in the Figure S12 and S13. However, 

crystals formed in the PAM-co-PAA matrix are larger, with diameters ranging from 20 µm to 

40 µm, and more spherical than those formed in PAM hydrogels, as shown in Figure 4a and 

S14. These results are in good agreement with a previous report suggesting that the 

functionalization of AA favors the spherulitic growth of large crystals.[54] By contrast, the 

functionalization of AA does not influence the structure of CaCO3 if formed in the presence of 

Mg2+ with a Mg/Ca ratio of 5/1: the resulting minerals are still ACC, as confirmed by the XRD 

pattern in Figure S12 and the FTIR spectra in Figure S13.  

Acrylic acid is known to increase the affinity of the matrix towards CaCO3 crystals[27,52] such 

that we expect the crystals to be better connected to the hydrogel network. Indeed, we observe 

more and tighter connections between the crystal surfaces and the hydrogel after the PAM 

hydrogel has been functionalized with AA: the CaCO3 crystals are fully attached to the 

surrounding hydrogel network, as shown in Figure 4a. Acrylic acid changes the 

hydrogel/mineral interface even more if CaCO3 forms in the presence of Mg2+: These ACC 

minerals are highly percolating agglomerates composed of small clusters with sizes ranging 

from a few 10s nm to 100 nm, as shown in Figure 4b and S15. In certain regions of the 

mineralized hydrogels especially those containing a lower density of ACC agglomerates, the 

hydrogel network is coated with a layer of ACC, as illustrated in Figure 4b-d and S15. These 

results are similar to those reported for the mineralization of cellulose acetate microfibers, in 

which the microfibers are coated with a uniform CaCO3 layer rather than randomly distributed 

crystals if functionalized with PAA.[55] The formation of a mineral coating on the hydrogel 

network is likely caused by the small size of ACC clusters and their high affinity towards the 

hydrogel chains offered by the functionalization with AA. 
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Our results suggest that the size and morphology of CaCO3 formed within hydrogels changes 

if the hydrogels are functionalized with AA. To test if these factors influence the mechanical 

properties of the resulting mineralized hydrogels, we quantify the Young’s moduli and fracture 

energy of mineralized PAM-co-PAA and compare these values to those measured for PAM 

hydrogels. Neat PAM-co-PAA hydrogels display a similar Young’s modulus and fracture 

energy to the neat PAM hydrogel, indicating that the functionalization of PAM with 15wt% 

AA does not significantly change the mechanical properties of the hydrogels, as summarized in 

Figure 4e. The functionalization of hydrogels with AA slightly increases their Young’s 

modulus from 54.0 ± 7.7 kPa to 63.7 ± 1.5 kPa if mineralized with CaCO3 crystals. This increase 

in stiffness is likely caused by the stronger hydrogel-mineral interactions, as shown in Figure 

4a. However, the functionalization with AA decreases the facture energy of these hydrogels 

from 298.1 ± 55.3 J m-2 to 157.8 ± 30.4 J m-2. This reduction might be caused by the bigger size 

of crystals formed in PAA-co-PAM hydrogels that introduce more defects into the hydrogel 

network. Interestingly, the increase in stiffness upon functionalization with AA is much more 

pronounced if the hydrogel is mineralized with ACC: the Young’s modulus increases 12-fold 

from 93.7 ± 4.3 kPa to 1145.7 ± 467.0 kPa whereas its fracture energy decreases only 

approximately 2-fold from 1303.7 ± 337.0 J m-2 to 686.0 ± 231.0 J m-2, as shown in Figure 4e. 

Hence, the stiffness of the PAM-co-PAA hydrogel increases more than 50 times if reinforced 

with ACC whereas its fracture energy is approximately 6 times higher.  

 
Figure 4. Influence of the functionalization of PAM hydrogels with acrylic acid (AA). (a-e) 

SEM images of mineralized PAM-co-PAA hydrogels produced from monomer solutions 

containing (a) 1.8 M CaCl2 and (b-d) 0.3 M CaCl2 and 1.5 M MgCl2. The mineral coating layers 

formed on the hydrogel network are indicated with arrows and the neat hydrogel network with 

asterisks. (e) Comparison of Young’s moduli (E) and fracture energy (Γ) of PAM-based 

hydrogels and PAM-co-PAA counterparts. (f) Stress (σ)-strain (ε) curves measured on PAM 
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hydrogels, marked as dotted lines and PAM-co-PAA hydrogels, marked as solid lines. 

Hydrogels are produced from monomer solutions containing (i) no CaCl2 or MgCl2 (ii) 1.8 M 

CaCl2 and (iii) 0.3 M CaCl2 and 1.5 M MgCl2. 

 

To investigate the reason for the remarkable enhancement in the stiffness observed for PAM-

co-PAA hydrogels mineralized with ACC, we test if an ionically crosslinked network forms by 

the complexation of the acrylic group with Ca2+ and Mg2+. Indeed, certain metal cations, such 

as Fe3+ and Ca2+, have been reported to favor the formation of an ionically crosslinked hydrogel 

network via their complexation with acrylic groups contained in hydrogels, thereby 

significantly enhancing the mechanical properties of hydrogels.[14,56,57] To test if the AA-cation 

complexation influences the mechanical properties of our hydrogels, we prepare non-

mineralized PAM-co-PAM hydrogels containing 1.8 M NaCl, in which no complexation 

between Na2+ and carboxylic groups can occur. We compare their mechanical properties to 

those containing 1.8 M Ca2+ and 0.3 M Ca2+/1.5 M Mg2+. All three types of hydrogels display 

similar mechanical properties, as shown in Figure S16. This result indicates that the ionically 

crosslinked network between acrylic groups and Ca2+ or Mg2+ contained in our hydrogels is 

unlikely to form and hence, to contribute to the increased stiffness. Instead, we assign the 

remarkable increase in stiffness to the formation of the mineral coating layer on the hydrogel 

network and the percolating mineral network composed of smaller ACC clusters. The small 

mineral clusters are expected to be better integrated into the hydrogel network, consistent with 

a report on PAM hydrogels mineralized with ACP particles.[58] However, the mineral-coated 

hydrogel network is more rigid and displays a reduced stretchability, as illustrated in the stress-

strain curves in Figure 4f. As a result of the much lower stretchability, these hydrogels display 

a smaller fracture energy compared to the mineralized PAM counterparts. Hence, our results 

demonstrate that the functionalization of PAM hydrogels with AA significantly broadens the 

range of mechanical properties that can be achieved by reinforcing hydrogels with CaCO3. 

3. Conclusion 

Calcium carbonate biominerals that display different sizes, structures and morphologies are 

often the structural components in living organisms, yet the influence of these factors on the 

mechanical properties of the resulting biomaterials is still poorly understood.[26,31,59,60] We 

demonstrate that these factors also strongly influence the overall mechanical properties of the 

mineralized hydrogels. For example, reinforcing hydrogels with large individual CaCO3 

crystals enhances their toughness three-fold whereas the reinforcement with small percolating 

ACC nanoparticles increases it 13-fold. These results hint at the importance of the size, structure 
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and morphology of CaCO3 minerals in living organisms for the mechanical properties and 

structural function of the resulting biomineral-based materials. Moreover, we exemplify the 

power of soluble additives and the hydrogel functionalization in controlling the size, structure 

and morphology of CaCO3 and hence, the mechanical properties of mineralized hydrogels: The 

stiffness hydrogels increases up to 50-fold if functionalized with acrylic acid and reinforced 

with a percolating network of ACC particles that forms in the presence of sufficient amounts 

of Mg2+. The structure of CaCO3 as well as additives contained in it have been shown to 

significantly influence the bioactivity and biodegradability of CaCO3.[21,22,24,60] Taking 

advantage of this knowhow, our work might open up new opportunities to fabricate strong and 

tough CaCO3-reinforced functional materials. 

 

4. Experimental Section 

Preparation of mineralized hydrogels 

To produce PAM hydrogels mineralized with CaCO3 crystals, we premix CaCl2 (anhydrous, 

Carl Roth) with an aqueous hydrogel precursor solution that contains 20 wt% acrylamide (AM, 

Sigma-Aldrich) monomer, 0.1 mol% N,N'-Methylenebisacrylamide (MBAA, Carl Roth) used 

as a crosslinker and 0.1 mol% 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone 

(Irgacure 2959, Sigma-Aldrich) that is a photo-initiator. The mixture is poured into a Teflon 

mold (30 mm × 15 mm × 2 mm) that is covered with glass slides and subsequently crosslinked 

using UV light (UVP CL-1000, Analytik Jena, 365 nm, 2 mW cm−2) for 15 min. To study the 

influence of Mg2+, the indicated amount of MgCl2 (hexahydrate, Carl Roth) is also added to the 

above-mentioned mixture prior to the UV-initiated crosslinking. To functionalize the PAM 

hydrogels with acrylic acid, we replace the 20 wt% acrylamide with a mixture of 17 wt% 

acrylamide and 3 wt% acrylic acid (Sigma-Aldrich). The pH of the acrylic acid solution is 

adjusted to around 6, similar to that of the acrylamide solution, by titrating with a NaOH 

solution.  

The covalently crosslinked hydrogels are mineralized in a well-sealed petri dish. Hydrogels are 

placed on top of two plastic micro spatulas to ensure that most of their surfaces are exposed to 

the ambient atmosphere. A small petri dish containing 5 mL DI-water is put in the chamber to 

avoid dehydration of the hydrogels, as demonstrated in the Table S1. Another small petri dish 

containing 3 g ammonium carbonate powder ((NH4)2CO3 (Sigma-Aldrich)) is put next to the 

hydrogel. The ammonium carbonate powder decomposes into CO2 and NH3 gases. While the 

dissolution of CO2 in water contained in hydrogels forms carbonic acid (H2CO3), the dissolution 

of NH3 produces NH3∙H2O.[61] The increase in pH of the mineralization solution caused by 
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NH3∙H2O deprotonates carbonic acids to form CO32- ions and thereby initiates the formation of 

CaCO3 minerals. Hydrogels are left in the reaction chamber at room temperature for 4 days to 

ensure a complete conversion of CaCl2 into CaCO3 minerals. 

Characterizations 

Single edge notch tensile test: Single edge notch tensile tests are conducted using a commercial 

uniaxial testing machine (ZwickiLine 5 kN, Zwick Roell, 100 N load cell). Cuboidal hydrogel 

samples (30 mm × 15 mm × 2 mm) are mounted between two metallic clamps with a distance 

of 20 mm. Samples are preloaded with 0.005 N and are stretched at a constant velocity of 

100 mm min−1. The measurement is automatically stopped once the measured force falls below 

80% of the maximum applied force. For each notched hydrogel sample, a 7.5 mm long notch 

is cut into the hydrogel using a scissor. To better assess the toughness of hydrogels, we quantify 

their fracture energy from the force-extension curves of notched and unnotched samples, as 

detailed in the Figure S5. The results obtained with this method have been shown to be very 

reproducible since it is insensitive to defects already present in the hydrogel or caused by the 

clamps during stretching.[14] Fourier-transform infrared spectroscopy (FTIR): FITR spectra are 

acquired on as-prepared hydrogels samples using a Nicolet 6700 FTIR spectrometer 

(ThermoFisher Scientific) operated in the attenuated total reflection (ATR) mode. X-ray 

diffraction (XRD): XRD patterns are acquired on as-prepared samples using an Empyrean 

diffractometer (Malvern Panalytical) at a scanning rate of 0.1° s-1. Thermogravimetric analysis 

(TGA): TGA measurements are performed with a TGA 4000 instrument (Perkin Elmer). To 

avoid the influence of any soluble salts contained in the hydrogel, all the hydrogels are washed 

thoroughly with deionized water and subsequently dried at 60 ℃ in the oven overnight. For 

each measurement, approximately 5 to 10 mg of dry hydrogel is placed into an alumina crucible. 

The crucible is heated from 30 ℃ to 850 ℃ at a rate of 10 ℃ min-1 under a flow of dry nitrogen 

or air with a flow rate of 20 ml min-1. Scanning electron microscopy (SEM): The morphology 

of neat and mineralized hydrogels is characterized using a scanning electron microscope (Zeiss 

Merlin and Zeiss Gemini) with an Inlens detector. To avoid artifacts from soluble salts 

contained in the mineralized hydrogels, we wash the mineralized hydrogels with an excess of 

solvent before drying them in air. To minimize the effect of solvent on the swelling of the 

hydrogel networks and alteration of minerals during washing as well as to ensure a good 

solubility of salts within it, we employ methanol (Carl Roth) to wash our hydrogels. The washed 

mineralized hydrogels are dried at room temperature in air. Dry samples are fractured into small 

pieces to expose the cross-section of hydrogels to methanol during a second washing procedure, 

which is the same as described above. To measure the pore size of neat hydrogels, the freshly 
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prepared neat hydrogels are frozen using liquid nitrogen and subsequently dried with a freeze-

dryer (Labconco, FreeZone 2.5). To better visualize the distribution of CaCO3 crystals in 

hydrogels, certain hydrogels mineralized with crystalline CaCO3 are washed with water and 

subsequently dried at 60 ℃ overnight so that the hydrogel networks collapse into a dense matrix. 

The cross-sections of these dried samples are exposed and polished using a mechanical polisher 

(Milian Dutscher Group, 420CA). All the samples investigated with SEM are coated with a 

conductive 10 nm Au:Pd (80/20) or 6 nm Pt:Pd (80/20) film to avoid charging effects.  

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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We study the reinforcing effect of CaCO3 minerals on hydrogels by systematically tuning 

the content, size, structure, and distribution of CaCO3 contained in them. We demonstrate 

that the reinforcement is most efficient if small amorphous CaCO3 particles form a 

percolating network that strongly interacts with the hydrogel matrix.  
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