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ABSTRACT: The development of sustainable strategies for the integration of wood with excellent 

mechanical and fire-retardant properties is increasingly appealing to bridge this renewable 

engineering material with multiple emerging applications. Inspired by biomineralization on soft 

tissues for a protective function, we developed enzymatic mineralization for the deposition of 

CaCO3 minerals in wood compartments. The immobilized urease in vessels and fibers increased 

the local concentration of bicarbonate anions, which, together with the directional diffusion of 

calcium cations, caused the deposition of calcitic CaCO3 mineral preferentially in cellular 

compartments of cells near the wood surface. The employment of the polymeric additives ensured 

that multistage mineralization started on the lumen-facing cell wall surfaces, and the local space 

in the lumina was filled with mesocrystalline CaCO3 deposits after multiple rounds of enzymatic 

mineralization. The incorporation of rod-shaped CaCO3 mesocrystals resulted in mineralized 

wood with improved surface hardness, and flame retardancy, while at the same time, the moderate 

incorporation level preserved the intrinsic lightweight merit of wood. This bioinspired enzymatic 

mineralization approach can regulate the positioning and structure of functional minerals for the 

fabrication of high-performance mineralized wood in a sustainable manner. 
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flame retardancy  
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INTRODUCTION 

Present industrial development requires strong and tough lightweight engineering materials for 

construction, transportation, packing, and energy storage and conversion produced in a sustainable 

manner1, 2. Wood has an ecological advantage compared to synthetic materials like plastic, 

concrete, and steel, because the former is a renewable natural resource with a negative carbon 

footprint3-8. Wood is composed of elongated cells, most of which are oriented in the longitudinal 

direction with a hollow lumen at the microscale and are connected via pits or perforations9, 10. At 

the ultrastructural level of wood, the cell walls consist mainly of cellulose, hemicellulose, and 

lignin11-13. Cellulose microfibrils aggregates with a width of ~20 nm form a skeleton, which is 

surrounded by hemicelluloses and lignin functioning as a matrix. As a result, wood exhibits high 

stiffness and strength relative to its low apparent density.9 

Fabrication of wood composites5, 14 may enable the utilization of fast-growing timbers as 

structural materials in urban areas15, 16, because fast growing timbers typically face the challenge 

of poor mechanical properties7, 17-19 and low flame retardancy19-24. Consequently, modifications 

are necessary for engineering applications25-28. Mineralization, which integrates a stiff inorganic 

phase in the organic wood scaffold can be a wood modification strategy. However, current 

treatments either result in a severe mass gain of the composite23, 26 or demolish its cellular 

structure7, 29, which sacrifice the intrinsic lightweight merit of wood. Therefore, emerging methods 

are required to deliver wood with a minimum of density increase, but with a significant 

enhancement in mechanical performance and flame retardancy via a sustainable approach17. To 

this end, bioinspired mineralization can become a practical approach to achieving multifunctional 

composite wood and contribute to the design principles of stiffening soft materials with mineral 

structures4, 13, 30. It is nonetheless challenging to modify the complex hierarchical wood structure 
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by bioinspired mineralization. The primary challenge is the rather unknown correlation between 

the shape information of the embedded minerals and the functional performance31. Design of 

controllable routes to achieving the related forms is another challenge, as the hierarchical porous 

framework strongly increases the diffusion distance of reacting chemicals and therefore, the 

maintenance of high supersaturation levels in the cell lumina is increasingly difficult in the course 

of mineralization. Third, the presence of embedded minerals in cell lumina can lead to an increase 

of stiffness and strength in composite wood, but at the same time it may inevitably sacrifice density 

and toughness19, 23. Hence, it is worth noting that besides the introduction of emerging functions, 

the evaluation of mass gain by mineralization is equivalently important, as in comparison with 

conventional engineering materials, wood is advantageous for a low density in view of its 

functionalities6, 17.  

The anisotropic microstructure of wood can direct the orientation and distribution of mineral 

particles, as known for petrified wood32. Although bioinspired strategies show great potential for 

design of advanced engineering materials4, 30, 33, they have been rarely implemented to date, 

especially, in terms of upscaling and cost. In this work, we report on enzymatic mineralization, 

which can lead to the in-situ deposition of mesocrystalline CaCO3 microrods in lumina of cells 

near the wood surface, and therefore, generate a mineralized wood with impact on surface 

hardening and flame-retardancy. The scheme of enzymatic mineralization is shown in Figure 1a. 

Urease was immobilized in cell lumina to ensure mineralization occurs preferentially in the wood 

structure (Figure 1). Multiple rounds of enzymatic mineralization were carried out to ensure 

sufficient deposition. Micro-computed tomography (microCT), scanning electron microscopy 

(SEM), and Raman microscopy were used to study the spatial distribution of the deposits and the 

related structural features. Wood samples treated for various periods of mineralization were 
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characterized with SEM to reveal the related growth mechanisms. Surface hardness tests were 

conducted for the evaluation of the mechanical properties of native and mineralized wood. The 

limiting oxygen index (LOI) test allowed to define a fire-retardant level of the wood before and 

after enzymatic mineralization. 

RESULTS AND DISCUSSION 

An enzymatic mineralization was developed to deposit CaCO3 in poplar wood (Figure 1a). In a 

standard mineralization protocol, a wood block (30 × 2 × 2 mm3 (L × T × R)) loaded with urease 

beforehand was infiltrated with the precursor solution containing calcium cations (20 mM), urea 

(25 mM), and poly(aspartic acid) (PAsp; 0.01 g L-1). Urease anchored to the cellular wall surfaces 

(Figure s1) beforehand catalyzed the hydrolysis of urea to produce bicarbonate anions, which 

increased the local concentrations of the reacting anions as well as the pH value. The calcium 

cations in the bulk phase diffused continuously into wood cell lumina to interact with bicarbonate 

anions, which led to the deposition of CaCO3 minerals. PAsp was indispensable for the preferential 

deposition of CaCO3 mineral in wood cells lumina, and in the meantime, the reacting mother liquor 

remained clear in the course of enzymatic mineralization. As a comparison, its absence led to the 

unselective precipitation of CaCO3 minerals both in wood and in bulk phase. Previous studies of 

bioinspired mineralization reported that the soluble polymeric additives such as PAsp could 

promote the heterogeneous nucleation of CaCO3
34-36. Up to three circles of mineralization were 

run to achieve deposition of CaCO3 in wood cell lumina. 
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Figure 1. (a) Schematic of the enzymatic mineralization process which leads to the in-situ 

deposition of CaCO3 mineral in wood cell lumina. (b-e) Micro computed X-ray tomography 

images of the mineralized wood (b-d) and native wood (e), where 3D reconstruction displays the 

spatial distribution of the CaCO3 constituents in wood cell lumina. In images b-c, the yellow and 

gray colors represent the CaCO3 and wood constituents, respectively. In images d-e, the white and 

gray colors represent the CaCO3 and wood constituents, respectively.  

 

Micro computed X-ray tomography (microCT) was used to identify the spatial distribution of 

the CaCO3 constituents in poplar wood (Figure 1b-d). Compared with the honeycomb cells of 

native wood (Figure 1e), the occurrence of mineral particles was revealed in wood cell lumina 

including vessels and fibers, the vast majority of which were positioned in the marginal area of the 

wood surface. The preferential positioning can be ascribed to the establishment of local 

supersaturation levels in wood. The decomposition of urea caused by the presence of urease in 

wood cells led to the spontaneous permeation of bicarbonate anions out of the wood block, while 

the directional diffusion of calcium cations was in the contrary direction. Hence, a high 

supersaturation level may have been established in the marginal area of the wood block, where the 

deposition of CaCO3 minerals occurred eventually.  

A micro computed X-ray tomographic image confirms that the mineral particles incorporated in 

wood cells are rod in shape (Figure 2a). To facilitate the structural analyses, the mineral particles 

were detached from the wood cells after combustion at 500 C (no polymorphic transformation 

occurred under this experimental condition). A group of polarized optical microscopic (POM) 

images shows that these individual rod-shaped particles are characteristic of uniform birefringent 

contrast when being rotated under polarizers, which suggests a high crystallinity and single 
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crystalline-like nature37 (Figure 2b). Moreover, both Raman spectrum (Figure 2c) and XRD 

patterns (Figure s3) unambiguously confirm that these crystals are calcitic CaCO3 with high purity, 

as the bands at 281 cm−1, 711 cm−1, and 1085 cm−1 in the Raman spectrum are assigned to 

asymmetric stretching of calcite, in-plane bending, and symmetric stretching, respectively38.  
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Figure 2. Structural characterization of the CaCO3 mineral embedded in wood cells. (a) Micro 

computed X-ray tomography images showing the shape of the CaCO3 mineral in the mineralized 

wood. (b) Rotating POM images of a combustion residue. (c) Raman spectrum of an exemplary 

CaCO3 microparticle (see the inserted optical microscopic image). (d-e) SEM images showing the 

structural characteristics of the transverse surface (d) and the radial surface (e) of a mineralized 

wood. (f-h) Transmission electron microscopic (TEM) image (f), selected area electron diffraction 

pattern (g), and high-resolution TEM image (h) of a fractured calcite piece. The particles in images 

c and d were detached from the wood matrices after the combustion treatment. 

 

SEM imaging provides the microstructural information of the mineral particle growth in vessels 

and axial fibers. The transverse section of the mineralized wood displays that the local space of 

the vessel was filled with particles (Figure 2d). The CaCO3 growth also occurred in the lumina of 

wood fibers. The longitudinal section of the wood block exposed the rod-shaped minerals, which 

were aligned along the elongation direction of the vessel. Different from the classical 

rhombohedral shape of single crystalline calcite, rod-shaped calcite was evolved ascribed to the 

specific mineralization microenvironment, as the mineralization proceeded preferentially along 

the axial direction of the vessel because of the easiness of permeation of reactants to the growth 

front. The topographic information of the surface of microrods in a vessel is particularly instructive 

because of the appearance of protruding microdomains that are reminiscent of the pits on the cell 

wall of the vessels (Figure 2e). It is hypothesized that when the size of a growing microrod is close 

to that of the vessel diameter, the diffusion of the reactant is not only along the longitudinal 

direction but through the pits connecting the lumina of the vessels. In principle, the presence of 



 11 

many protruding microdomains on the embedded CaCO3 microrods can increase the integration 

between calcitic crystals and cellular walls. 

A high magnification SEM imaging on the rapture of a protruding area reveals that the 

mesoscopic structure of the microrod is composed of densely-packed nanograins (Figure 2e). This 

piece of information is particularly instructive, as it evidently confirms that the formation of the 

microrods could undergo a non-classical, nanoparticle-accretion process due to the presence of 

PAsp39, 40. The transmission electron microscopic (TEM) image depicts that the fractured mineral 

piece is composed of densely-packed nanograins (Figure 2f). Additionally, a selected area electron 

diffraction (SAED) pattern consists of diffraction spots, which suggests the single crystalline-like 

structure of the mineral (Figure 2g). Moreover, a high-resolution TEM image discloses that 

adjacent nanocrystalline domains are crystallographically ordered (Figure 2h). Hence, the TEM 

finding (Figure 2f-h), together with  the uniform birefringent contrast under the polarizers (Figure 

2b), confirms the mesocrystalline nature of the microrods41. The mesocrystalline nature is evidence 

for the growth scenario of a microrod starting from a single nucleation site (Figure 3a). Owning to 

its crystallographic ordering, the mesocrystalline candidate should exhibit a better reinforcement 

effect compared to its polycrystalline counterparts. 

The urease concentration in wood was varied to optimize the protocol of enzymatic 

mineralization in the current study. The urease concentrations of 5.0 g L-1 and 7.0 g L-1 gave rise 

to mineral deposition in wood, as was disclosed in the massive increase of the mineralized wood 

(Figure 3b). Both experiments demonstrate that the increased concentration of urease in wood cell 

lumina could cause the relatively high local concentrations of bicarbonate anions and consequently 

the increased mineral deposition. The establishment of a high supersaturation level within urease–

loaded wood is therefore pivotal to the massive deposition of CaCO3 mineral in-situ. On the other 
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hand, a further increase of urease load to a value of 9.0 g L-1, though led to the massive deposition 

in wood cells, caused the unselective precipitation of CaCO3 mineral. The precipitation occurring 

in the bulk phase can be ascribed to the high concentration of bicarbonate anions in the 

surroundings. The precipitates were a mixture of calcite and vaterite, the latter of which belongs 

to a metastable polymorphic form of CaCO3 mineral and shows moderate mechanical performance 

when compared with its calcitic counterpart (Figure 3c). Based on the above information, it can be 

inferred that the concentration of urease anchored in wood determines not only the local 

concentration of bicarbonate anions but also its concentration gradient in wood and its 

surroundings. 

 

Figure 3. (a) Schematic depiction of the deposition of CaCO3 mesocrystals in urease-immobilized 

wood. (b) Statistics of the time-resolved mass increases in the mineralized wood, when the urease 
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concentrations were 5 g L-1 (red spheres), 7 g L-1 (blue triangles), and 9 g L-1 (pink triangles), 

respectively. (c) XRD patterns of the mineralized products collected from the mineralized wood 

when the urease concentrations were 7 g L-1 (red line) and 9 g L-1 (black line), respectively. The 

abbreviations, namely “C” and “V” in the XRD patterns, denote calcite and vaterite, respectively. 

(d) Raman spectrum of the mineralized product in wood, which is the combustion residue and 

depicted in the inserted optical microscopic image. (e-f) SEM images of the radial surfaces 

showing aggregated nanoparticles on the cell wall of a lumen and rhombohedral-shaped single 

crystalline calcite. The images e and f were collected using the wood samples enduring 

mineralization periods of 12 hrs and 48 hrs, respectively). The particles in images c and d were 

detached from the wood matrices after the combustion treatment. 

 

As mentioned previously, the presence of the PAsp components played an indispensable role in 

the deposition of CaCO3 mesocrystals in wood cell lumina. The schematic depiction of the 

deposition of CaCO3 mesocrystals confirms that the mineral deposition in cell lumina endured a 

multistage process (Figure 3a), namely non-classical mineralization39, 40. The presence of 0.01 g 

L-1 PAsp in the reacting liquor witnessed the appearance of aggregated nanoparticles on the surface 

of cell walls (Figure 3e), which is hypothesized to be amorphous in nature42. Subsequently, 

scattered microcrystals with the sizes of 1-10 µm appeared and were associated with the cell wall, 

which were probably transformed from the aggregated nanoparticles via the dissolution-

recrystallization pathway. Afterwards, these microcrystals evolved into the pseudo-dodecahedral 

shape, which was ascribed to the presence of the PAsp components in the course of mineralization 

that controlled the crystal structure by affecting the relative growth rates of different crystal faces43, 

44 (Figure 3f). Raman microscopy was employed to confirm the calcitic form of an exemplary 
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pseudo-dodecahedral microcrystal in the vessel, where bands at 281 cm−1, 711 cm−1, and 1085 

cm−1 could be assigned to asymmetric stretching of calcite, in-plane bending, and symmetric 

stretching, respectively38 (Figure 3d). It is worth noting that the aspect ratios of these microcrystals 

were roughly unity when their sizes were significantly smaller than those of the vessel diameters. 

With time, these microcrystals expanded in 3D and started to grow preferentially along the 

longitudinal direction of wood when their size was comparable with the diameter of the vessels. 

When the microcrystals completely filled the vessels, the reactants could only be transported to 

both ends of the mineral in the longitudinal directions, which caused the formation of rod-shaped 

calcitic mesocrystals in vessels. The growth scenario was therefore in line with the SEM finding 

(Figure 2a-b). The large aspect ratios of the rod-shaped mesocrystals, together with the occurrence 

of many protruding microdomains extending into the cell wall pits, favored the interactions 

between the mineral and wood cells. 

Additionally, due to the limitation of the urease activity period, the mineral deposition could last 

no longer than six days (Figure s2). Therefore, repetitive mineralization was employed to 

accomplish mineral deposition in wood. The total mass of the mineralized wood increased steadily 

with the increase of the circulation number (Figure 4a) till the value reached a plateau after two 

rounds, which implies that the vast majority of wood cells were blocked by minerals and urease 

could not diffuse into the wood structure for the in-situ hydrolysis of urea.  

It is imperative that three-circle mineralization proceeding in wood cells started on cell wall 

surfaces – a heterogeneous crystallization process that ensured the subsequent mineral growth in-

situ (Figure 3e-f). The selective mineralization on the cell wall surface is ascribed to the synergistic 

effect of the chemistry of the cell wall and the employment of the PAsp components in the course 

of mineralization36. In the reacting mother liquor, calcium cations and the carboxyl groups on PAsp 



 15 

can form nanocomplexes45, which, owing to their high interfacial energy and weakly-charged 

nature, are adsorbed on cellular walls where waterproof lignin is enriched11. Meanwhile, the 

presence of a low amount of negatively-charged glycoproteins may also facilitate the adsorption 

of nanocomplex precursors and function as heterogeneous nuclei of multistage mineralization, as 

well13. Therefore, cell walls, in the presence of the PAsp components, enrich calcium cations for 

in-situ deposition of CaCO3 minerals. Similarly, in a study of biomineralization, the appearance of 

nanogranules on an insoluble organic coccolith scaffold was detected in in-vitro mineralization in 

the presence of coccolith-associated soluble biomacromolecules36. These nanocomplexes can be 

transformed into amorphous and CaCO3 microcrystals in the upcoming stages of multistage 

mineralization stepwise.  

 

Figure 4. (a) The correlation between the mineralization circle number and apparent density. (b) 

Surface hardness of the tangential and transverse surfaces of native wood and the mineralized 
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wood. (c-d) Photographs of native wood (c) and the mineralized wood (d) before and after the 

limited oxygen index tests, respectively. A continuous layer white in color (see the white arrow in 

image d) can be observed at the edge of the mineralized wood after the combustion test, which is 

assumedly ascribed to CaCO3 deposits. 

 

The mechanical performance of the mineralized wood was evaluated by surface hardness tests. 

The surface hardness of the mineralized wood was evaluated, as mineralization occurred 

preferentially in cells close to wood surfaces. The hardness values of the tangential surfaces of the 

mineralized and native woods were 617.0 ± 114.6 N (parallel testing number N = 2) and 429.5 

± 54.4 N (N = 2), respectively (Figure 4b). Similarly, the hardness of the transverse surfaces of 

the mineralized wood (1956.0 ± 92.3 N, parallel testing number N = 3) was 38% higher than that 

of native wood (1420.3 ± 130.0 N, N = 3). The increase in the hardness of the mineralized wood 

was ascribed to the incorporation of the mesocrystalline deposit in cells adjacent to the exterior 

surface of the wood, which substantially increased the local density of the mineralized wood and 

compensated for the appearance of the defects of the cellular walls under external force.  

The deposition of CaCO3 minerals also caused the improvement of the fire resistance of wood 

(Figure 4c-d). Limited oxygen index (LOI) was employed to evaluate the flammability of the 

mineralized wood. The LOI value of the mineralized wood is about 24.4%, and therefore can be 

classified as the combustible material24, 46. As a comparison, the LOI value of native poplar wood 

is 19.8%, which belongs to the flammable material. The impregnation of mesocrystalline CaCO3, 

therefore, caused the enhancement of the flame retardancy of the poplar wood, as their spatial 

distribution close to the surface could inhibit heat transfer, diffusion of oxygen interiorly, and 

volatilization of flammable gas36. 
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CONCLUSIONS 

The current paper presents that enzymatic mineralization successfully enriched wood cells with 

mesocrystalline deposits. The formation of the microrods undergoes a non-classical, nanoparticle-

accretion process, starting with the enrichment of calcium cations on the surface of wood cell 

walls. The subsequent crystal growth was along the longitudinal direction of the wood, resulting 

in the impregnation of mesocrystalline calcitic microrods in wood cells including vessels and 

fibers. The coupling of the wood surface with CaCO3 minerals gives rise to mechanical protection 

and support of the relatively soft wood tissues interiorly. Additionally, the mineralized constituents 

act as a non-flammable layer for the wood to inhibit heat transfer and volatilization of flammable 

gas, improving the flame-retardant capacity of the mineralized wood. The method can be extended 

to other functional minerals with emerging properties, where the mineralization strategy gives rise 

to the precise control of structural forms, which in turn have a direct impact on the properties of 

the mineralized wood.  
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SYNOPSIS: Bioinspired mineralization armors native wood with mesocrystalline microrods for 

reinforcement and improvement of flame-retardancy in a sustainable manner.  
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