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In the past decades, biomineralization-enabled structural composites with self-healing and self-growing properties have attracted significant amounts of attention from the research community. In this perspective article, we recapitulate the state of the art of biomineralization-enabled structural composites, its recent advances into 3D printing, and point out that nanomaterials may possess distinctive advantages to be included in the bioink, due to their remarkable effect on mechanical reinforcement and positive influence on microbial growth and biomineralization efficiency.
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INTRODUCTION
Biomineralization is a well-regulated process where living organisms promote the precipitation of minerals, influencing their morphology, composition, and location (Lowenstam, 1981). In the past decades, biomineralization-enabled structural composites with self-healing and self-growing properties have attracted significant amounts of attention from the research community (Beatty et al., 2022). Various types of microorganisms have been investigated or engineered to produce bonding materials to glue fine granular particles into a cohesive structure.
A newly emerging and possibly revolutionary advancement of this research area is 3D printing, which utilizes the scheme of material addition to build 3D objects under automated control, creating geometrically complex structures with excellent resolution. Among various 3D printing techniques, direct ink writing stands out as a single-step method to print biomineralization-enabled structural composites. Using this technique, a bioink is dispensed through a nozzle programmed by the computer-aided design software to build 3D structures layer by layer (Baniasadi et al., 2024). The bioink is designed to include both microbial cells and granular particles, possess appropriate rheological properties to flow through the nozzle, and exhibit satisfactory structural integrity upon deposition. So far, this technology has achieved a significant level of advancement but still suffers from many limitations, such as insufficient mechanical strength.
BIOMINERALIZATION-ENABLED STRUCTURAL COMPOSITES
As early as 2012, Dosier (Author Anonymous, 2023) utilized bacterial biomineralization to consolidate sand particles into masonry units, as shown in Figure 1a. Dosier founded a company called bioMASON based on her patented process (Dosier). Samples are produced in a two-step process. Molds are first filled with sand and then inoculated with ureolytic bacteria, which are well-known for its capability of microbially induced calcite precipitation (Ma et al., 2020). To trigger biomineralization, the molds are then repeatedly flushed with a solution containing Ca2+ and urea.
[image: A series of images illustrating scaffold fabrication and morphological changes over time. (a) A pyramid of cylindrical samples showing various texture surfaces. (b) Scaffolds being printed and showing different stages of material texture. (c) Day-by-day progression of sample growth, from green on day 1 to white and porous by day 7, with a close-up of porous structure. (d) Images from day 0 to day 10 showing macropores formed by printing patterns. (e) Day-by-day growth progression of scaffolds with natural mesopores and micropores. (f) Close-up images showing scaffold microstructure with varying pore sizes over six days.]FIGURE 1 | (a) Cylinders produced by bioMASON (Dosier). (b) Spatially patterned structures produced by powder bed-based 3D printing (Nething et al., 2020). One indicates the print head; two indicates the print bed; three indicates mixture of powder and sand; and four indicates pure sand. (c) Biomineralization-enabled structural composites printed via direct ink writing (Reinhardt et al., 2023). Scale bar is 2.0 mm. (d) Scaffolds with multi-scale pores demonstrate significant biomineralization, transforming into a load-bearing composite (Song et al., 2025). Scale bar is 1.0 mm. (e) In comparison, non-porous scaffolds printed by a traditional 3D printing technique called fused filament fabrication does not display significant biomineralization (Song et al., 2025). Scale bar is 1.0 mm. (f) The pores can be observed at different length scales (Song et al., 2025). Scale bar is 5.0 mm for the first image and 100 µm for the last three images.In 2020, Nething et al. (Nething et al., 2020) fabricated a variety of structures using powder bed-based 3D printing, as shown in Figure 1b. Samples are produced in a three-step process. Pure sand and urease active powder containing ureolytic bacteria are selectively deposited in a mold. After printing, the mold is filled with a solution containing Ca2+ and urea. Powder-containing areas ureolytically produce CaCO3, which glues the sand particles into a cohesive structure. Pure sand does not solidify and is removed by rinsing with water. However, this method has many issues, such as dimensional deviations in the build-up direction and even avalanche-like collapses (Schmutzler et al., 2016). In addition, it is difficult to scale up, since the process requires multiple steps, including structure exposure to a mineralizing solution and removal of unsolidified material.
Utilizing recent advances in the development of cell-laden inks for 3D printing, some researchers (Reinhardt et al., 2023; Hirsch et al., 2023) developed microbe-loaded bioink to print structures in a single-step process via direct ink writing. The process is straightforward, i.e., microbial cells and granular particles are formulated into a bioink with controlled rheology and then extruded from a moving nozzle. After printing, the biominerals precipitated by the microbes within the printed scaffold convert the pliable scaffold into a load-bearing composite, as shown in Figure 1c. Note that any microbes that are capable of inducing biomineral precipitation can be used. For example, Reinhardt et al. used mineralizing cyanobacteria (Reinhardt et al., 2023) and Hirsch et al. used ureolytic bacteria (Hirsch et al., 2023).
It has been found that biomineralization efficiency is closely linked to the size, distribution, and interconnectivity of pores across multiple scales. To address this issue, some researchers (Zhao et al., 2023; Song et al., 2025) invented techniques to successfully print scaffolds with multi-scale pores. Using the porous scaffolds, much more significant biomineralization has been observed, as shown in Figure 1d, in comparison with non-porous scaffolds, as shown in Figure 1e. The presence of multi-scale pores, as shown in Figure 1f, is crucial to enable the biomineralization process. Each pore scale serves a different role, i.e., macropores enable efficient nutrient transport, mesopores facilitate cell accommodation and cell-cell interaction, and micropores promote biomineral precipitation and provide internal connectivity for the diffusion of metal ions. Macropores are typically created by printing patterns, whereas mesopores and micropores are formed naturally within the scaffold due to various physical or chemical mechanisms.
However, the mechanical strength of biomineralization-enabled structural composites obtained via direct ink writing is typically low compared with conventional building materials, because including too many granular particles into the bioink often renders the bioink stiff and brittle, not appropriate for extrusion-based printing. For example, Reinhardt et al. (Reinhardt et al., 2023) found that the highest sand percentage was 70 wt% in the cyanobacteria-loaded bioink, and when above 70 wt%, the bioink was no longer printable. To overcome this challenge of insufficient mechanical strength, the authors conducted extensive investigation and found that nanomaterials have distinctive advantages to be included in the bioink, due to their remarkable effect as mechanical reinforcement and positive influence on microbial growth and biomineralization efficiency.
USE OF NANOMATERIALS IN 3D PRINTING AND BIOPRINTING
Nanomaterials include materials with at least one dimension measuring between 1 nm and 100 nm and materials that contain nanoscale structures internally or on their surfaces (Mekuye and Abera, 2023). They can be composed of a variety of core materials, such as carbon, metals, and metal oxides, while taking on different morphologies, such as 0D nanoparticles, 1D nanofibers, 2D nanosheets, and 3D nanostructures. These materials exhibit unique properties due to their tiny size, differing remarkably from their bulk counterparts, and because of this, nanomaterials have been widely integrated into 3D printing to fabricate multifunctional materials for various applications (Zhang et al., 2022).
In particular, the incorporation of nanomaterials in 3D bioprinting of tissue and organ scaffolds is rapidly growing (Theus et al., 2021). It has been found that, besides the structural stability and shape fidelity enhancement during and after printing, the use of nanomaterials can trigger certain cellular activities, leading to improved cell growth, proliferation and extracellular matrix secretion (Bhattacharyya et al., 2021).
3D bioprinting of biomineralization-enabled structural composites distinguishes itself from conventional bioprinting of tissue and organ scaffolds, because the post-printing process is dominated by crystal nucleation and precipitation, and thus has its unique challenges. To the best of our knowledge, nanomaterials have never been incorporated into 3D bioprinting of biomineralization-enabled structural composites. The current practices (Reinhardt et al., 2023; Hirsch et al., 2023; Zhao et al., 2023; Song et al., 2025) did not involve the use of nanomaterials.
USE OF NANOMATERIALS IN CONCRETE
Similar to biomineral composites, concrete, the most widely employed construction material across the globe, is also a nano-structured composite material that contains multi-scale pores, from nano-sized to milli-sized. Concrete consists of calcium–silicate–hydrate gel, i.e., an amorphous phase produced during cement hydration, nano-sized and micro-sized crystals, and bound water. While strong in compression, concrete inherently suffers from insufficient tensile strength. To address this issue, a variety of nanomaterials, including 0D nanoparticles (such as SiO2, TiO2, Fe2O3, Cr2O3 and Al2O3), 1D nanomaterials (such as carbon nanotubes and carbon nanofibers), and 2D nanosheets (such as graphene, graphene oxide, reduced graphene oxide, and boron nitride) have been tested in concrete (Goel et al., 2022).
The enhanced mechanical performance due to addition of 0D nanoparticles can be mainly ascribed to two mechanisms (Sanchez and Sobolev, 2010). Firstly, they function as nucleation sites for hydration products, significantly promoting cement hydration thanks to their large specific surface area, large surface-to-volume ratio, and high reactivity. Secondly, by acting as nucleation sites, they provide the seeding of hydration products that can fill the available pore space in the cement matrix. As a result, the total porosity is reduced, the pore distribution is homogenized, and the pore shape is modified (Suh et al.).
In addition to increasing hydration nucleation and influencing pore structure, 1D nanofibers and 2D nanosheets also behave as reinforcing materials to bridge cracks. Reinforcements at the nanoscale in concrete are more powerful than conventional milli-sized reinforcements because they can control nano-sized cracks at the very initial stage of crack development (Konsta-Gdoutos et al., 2010). For example, Lv et al. (Lv et al., 2013) reported that incorporating 0.03 wt% graphene oxide into cement composites improves the tensile, flexural, and compressive strengths by 78.6%, 60.7%, and 38.9%, respectively. To bridge cracks, it is crucial for 1D and 2D nanomaterials to have high aspect ratios and sufficient intrinsic strength.
One of the most significant challenges associated with the use of 0D, 1D, and 2D nanomaterials in concrete is their dispersion in cement pore solution. Even low loadings often encounter aggregation and agglomeration issues. On the other hand, 3D nanomaterials, i.e., nanostructures with interconnected pores, do not have issues with aggregation and agglomeration, providing the largest accessible surface area among all the nanomaterials (Verma et al., 2023; Sun et al., 2020).
Similar to nanomaterials in concrete, 0D, 1D, 2D, and 3D nanomaterials can function as nucleation sites during biomineral precipitation and densify pore structure of the biomineral composites, whereas 1D, 2D, and 3D nanomaterials can also behave as reinforcing materials to bridge cracks. However, the effect of nanomaterials in biomineral composites will be more multifaceted due to the presence of microbes.
EFFECT OF NANOMATERIALS ON MECHANICAL REINFORCEMENT
Tanyildizi et al. (2024) studied the crack-healing of concrete with carbon nanotubes incorporated at different dosages. After 28 days of curing, the first group of samples was mechanically loaded to generate controlled cracks and then they were healed using ureolytic bacteria. After 20 days of healing, the tensile strength test was conducted on the healed samples. The second group of samples were used as control and did not go through the crack generation and bacterial healing processes. Due to the presence of carbon nanotubes, some healed samples displayed higher tensile strength than the control. The healed cracks remained intact after reloading even when some new cracks appeared close to the healed ones. In comparison, for concrete without carbon nanotubes, the recovery rate for tensile strengths after bacterial healing was 85% (Kan and Shi, 2012). It can be concluded that the presence of carbon nanotubes during biomineral precipitation creates an exceedingly strong structure, by providing additional nucleation sites on fracture surfaces (Siad et al., 2018) and acting as bridges across nano-sized cracks, preventing or delaying its propagation.
EFFECT OF NANOMATERIALS ON MICROBIAL GROWTH
In the past decades, studies on the interaction between nanomaterials and microbial cells appear conflicting (Zhang and Tremblay, 2020). Using graphene-based nanomaterials as an example, on one hand, many researchers suggested that they promote microbial colonization, because their large specific surface area can enhance microbial growth and metabolism (Ruiz et al., 2011). For example, graphene oxide sheets acted as a template for bacterial adhesion and biofilm formation (Ahamed et al., 2024). On the other hand, there are numerous studies that reported antimicrobial effects of graphene-based nanomaterials. Since the specific dosage thresholds are significantly varied depending on the application, we here instead focus on the mechanisms which could lead to the cytotoxic effects of nanomaterials. As summarized in Figure 2a, physical mechanisms include membrane disruption, wrapping effect, and phospholipids extraction (Perreault et al., 2015; Li et al., 2013; Chaudhary et al., 2024), whereas chemical mechanisms include reactive oxygen species (ROS)-dependent and ROS-independent oxidative stresses (Kumar et al., 2019). The sharp edges and nanoscale dimensions of nanomaterials can physically pierce or disrupt cell membranes, compromising their integrity and causing leakage of cellular contents (Li et al., 2013). The thin, flexible structure of graphene-based materials enables it to wrap around microbial cells, separating them from their growth medium and obstructing nutrient intake and waste elimination, eventually resulting in cell death (Chaudhary et al., 2024). In addition, phospholipids can be directly extracted from the lipid bilayer, facilitated by van der Waals forces between graphene planes and lipid tails (Perreault et al., 2015). Microbes can no longer proliferate upon damage of their lipids, proteins, and nucleic acids due to ROS produced by the graphene-based materials (Kumar et al., 2019). Some graphene-based materials can act as electron acceptors, drawing electrons from antioxidant biomolecules in cells. This electron transfer can disrupt cellular redox balance and damage cellular components, even without a significant increase in ROS (Kumar et al., 2019).
[image: Diagram showcases various scientific illustrations: (a) depicts a process of graphene sheets interacting with cell membranes, affecting phospholipids and ROS production. (b) shows a 3x4 grid of microscopic images illustrating fiber changes with increasing graphene oxide and time. (c) features a brick with a ruler for scale. (d) presents a microscopic view of cylindrical structures with a 1 cm scale bar. (e) outlines the evolution from cement paste to a nanomaterial-porous scaffold, highlighting the role of nanomaterials.]FIGURE 2 | (a) The antimicrobial effects of graphene-based nanomaterials are due to differing mechanisms (Perreault et al., 2015). (b) The biomineralization process was accelerated with increasing amounts of graphene oxide, due to the additional nucleation sites provided by graphene oxide (Liu et al., 2017). (c,d) Biomineralized mycelium scaffolds with intentionally manipulated internal geometries were fabricated to mimic cortical bone (Viles et al., 2025). (e) Densification of the pore space in cement paste due to addition of nanomaterials (Ruan et al., 2021). Similarly, the addition of nanomaterials in biomineralizing composites provides the seeding of biomineral crystals which can fill the available pore space.This contradiction suggests that specific conditions should be provided for nanomaterials to positively influence microbial survival and growth. The morphology of nanomaterials, such as size, shape, specific surface area, and surface roughness, can be adjusted to avoid physical damage to microbial cells and enhance microbial attachment and proliferation. The dosage and distribution of nanomaterials can be tailored to reduce harmful physical or chemical interaction with microbes. The surface chemistry of nanomaterials can be modified to eliminate or reduce the origins of nanomaterial-induced cytotoxicity by the addition of functional groups and defects, doping of heteroatoms, and coating of organic polymer (Luo et al., 2016). For example, Liu et al. (Liu et al., 2020) employed a one-step functionalization, i.e., a homogenous coating of carbon nanotubes, which remarkably enhanced cell adhesion, proliferation, and differentiation. Shi et al. (Shi et al., 2012) found that the surface chemistry of nanoparticles such as ligand type and surface oxidation can be manipulated to reduce ROS creation. These practices facilitate positive interactions between nanomaterials and microbes, which can significantly enhance the application potentials of nanomaterials in biomineral composites.
EFFECT OF NANOMATERIALS ON MICROBIAL BIOMINERALIZATION
Similar to nanomaterials in concrete, 0D, 1D, 2D, and 3D nanomaterials can enhance biomineral precipitation by providing additional nucleation sites. In a previous study (Liu et al., 2017), the biomineralization process was accelerated with increasing amounts of graphene oxide in the nanofibers, due to the additional nucleation sites offered by graphene oxide, as shown in Figure 2b.
Since nanomaterials serve as nucleation sites, they can be spatially arranged into certain geometries as a means to spatially control over the biomineralization process and enhance the resulting composite’s mechanical properties. For example, Viles et al. (Viles et al., 2025) fabricated biomineralized beams inspired by the osteonal arrangement of cortical bone using intentionally manipulated internal geometries of mycelium scaffolds, as shown in Figures 2c,d. These cylindrical structures consist of concentric layers of bone around a Haversian canal, which hosts blood vessels and nerves. Osteons are interconnected by Volkmann’s canals, providing a network for nutrient and waste transport (Mishra and Knothe Tate, 2003). The osteonal structure is crucial for cortical bone to obtain its strength, ability to withstand stress, and capacity for nutrient and waste transport. Although fungal mycelium is not a nano-sized material, but the concept can be readily adapted and potentially applied to nanomaterials.
In addition to spatial distribution, surface chemistry of nanomaterials can also be manipulated to promote metal carbonate precipitation by attracting certain metal ions or by capturing CO2 from the air (which can be converted by the microbes into carbonate ions) (Fang and Achal, 2024). According to literature, the alteration of surface chemistry of the nanomaterials, including the addition of functional groups and defects, doping of heteroatoms, and coating of additional materials, often plays a crucial role in their ability to attract certain metal ions (Mensah et al., 2021) or CO2 from the air (Firdaus et al., 2021).
SYNERGISTIC EFFECT OF NANOMATERIAL INCORPORATION AND PORE GENERATION
To print biomineral composites, a multi-scale pore structure needs to be created to enable the biomineralization process (Zhao et al., 2023; Song et al., 2025). For example, Song et al. (2025) invented a method to fabricate multi-scale pores with macropores created based on printing conditions such as the filament hatch distance for lattices and micropores generated through a phase separation process when a polymer solution is extruded into a non-solvent yield-stress support bath. Note that Song et al. did not include nanomaterials in the bioink.
If nanomaterials are added, there will be a synergistic effect of nanomaterial incorporation and pore generation. The final mechanical strength of the resulting composite may be significantly enhanced partly due to the densification of the pore space, i.e., similar to the commonly observed densification of the cement gel due to the addition of nanomaterials (de Souza et al., 2022; Ruan et al., 2021) as shown in Figure 2e. The addition of nanomaterials in biomineral composites provides the seeding of biomineral crystals which can fill the available pore space. Hence, it is expected that the total porosity is reduced, the pore distribution is homogenized, and the pore shape is modified.
Therefore, it is of high potential value to study the synergistic effect of nanomaterial incorporation and pore generation on cell viability, biomineralization efficiency, and mechanical properties of the final structure. A series of multi-scale pore structures can be fabricated to generate a variety of porosity, pore size, pore size distribution, pore shape, and pore interconnectivity. In parallel, a series of nanomaterials, including 0D, 1D, 2D, and 3D, each with a variety of surface chemistry, can be incorporated in the bioink at different dosages and with varying spatial distributions. Their synergistic effect can be studied using a combination of complementary material characterization techniques.
MATERIAL CHARACTERIZATION AND MECHANICAL TESTING
To achieve a high level of control over the biomineralization process, it is essential to study the effect of nanomaterials and pore structures on the mineral precipitation at the microscopic level and directly under in situ conditions. A combination of in situ/operando techniques are needed to provide a complete picture of the reaction mechanisms involved. This suite includes scanning electron microscope (SEM), transmission electron microscope (TEM), cryo-scanning electron microscope (Cryo-SEM), cryo-transmission electron microscope (Cryo-TEM), liquid-cell TEM (LC-TEM), atomic force microscope (AFM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and X-ray computed tomography (micro-CT and nano-CT).
To monitor the structural and morphological changes over time, SEM and TEM will be performed at different stages of the biomineralization process. SEM can be used to characterize the morphological and composition evolution of the solid precipitates. TEM has an unparalleled ability to provide morphological, structural, and chemical information down to atomic and near atomic scales. However, SEM/TEM requires high vacuum to operate. Although environmental SEM (ESEM) operates in comparatively humid and low vacuum conditions, the pressure in an ESEM chamber is still too low for microbial samples except for dormant spores.
Cryo-SEM/-TEM is a form of SEM/TEM where the sample is studied at cryogenic temperatures, enabling imaging of wet samples that are flash-frozen. Such complementary tools will provide the much-needed insights into the fundamental mechanisms of biomineral precipitation in the environment of printed soft scaffolds, including the location and density for the heterogeneous nucleation of the biomineral phase, the nature of the microbe-biomineral and nanomaterial-biomineral interfaces, and the evolution of crystallinity and microstructure of the solid precipitates. However, Cryo-SEM/-TEM still cannot image the samples in fluid environment.
With development of nanofabrication techniques, imaging of samples in a liquid environment using TEM has only recently become possible. LCTEM typically involves a microchip with a thin membrane, typically made of silicon nitride or graphene, that creates a barrier between the liquid sample and the microscope’s vacuum. The electron beam from the TEM passes through the membrane and then through the liquid sample, directly imaging the sample in its liquid state. The development of nanofabrication techniques has enabled the creation of thin, robust, and electron-transparent membranes, which are essential for LCTEM. Taking advantage of this instrument, the microbe-biomineral and nanomaterial-biomineral interfaces can be studied in situ at the sub-nanometer scale, including the evolution of morphology, polymorphic type, and crystallographic orientation of the biomineral crystals.
AFM is highly versatile in monitoring the surface topography and mechanical properties of both microbial cells and nanomaterials during biomineral precipitation. AFM uses a sharp tip on a cantilever probe to scan the surface, creating a 3D map of the sample’s topography with high resolution. By tapping the surface, AFM can measure the mechanical properties of the material, such as elasticity, viscosity, and their spatial variation, based on the interaction between the tip and the surface. Lateral deflection of the cantilever indicates the strength of the interaction between the AFM tip and the surface. The phase lag between the tip and its driver provides additional information such as vibration damping of the surface, as the tip’s oscillation is affected by the surface’s characteristics. In addition, force spectroscopy, an approach-retract mode of AFM, can measure the adhesion strength between microbial precipitates and nanomaterials.
To complement the local information obtained by TEM, SEM, and AFM, mixtures of microbial cells, nanomaterials, and precipitated biominerals can be periodically collected for XRD and XPS analyses. XRD can help understand the phase transformation and associated strain evolution on the global scale. XPS can monitor the chemical composition evolution. In addition, micro-CT and nano-CT can be used for direct quantification of the total amount and distribution of the precipitates inside the printed scaffolds.
Finally, mechanical properties of the final structure at both mesoscale and macroscale, with or without going through further heat treatment, can be tested using soil column tests, tension tests, compression tests, flexural tests, round panel tests, biaxial tests, triaxial tests, cone penetration tests, etc.
CONCLUDING REMARKS
For 3D bioprinting of biomineralization-enabled structural composites, the effect of incorporating nanomaterials to the bioink on both cell viability and biomineral precipitation is of high potential value to be researched. A variety of commercially available nanomaterials can be directly incorporated to the bioink, such as graphene oxide, carbon nanotubes, fullerenes, carbon dots, and their derivatives, etc.
Many critical questions need to be elucidated, such as the effect of varying dosage and distribution of nanomaterials on microbial survival, growth, and activities, the effect of the spatial arrangement and surface chemistry of nanomaterials on crystal nucleation and crystal growth kinetics, and the synergistic effect of both the incorporation of nanomaterials and the fabrication of multi-scale pores on the spatial and temporal control of the biomineralization process, etc.
With recent development of material characterization instruments, a combination of complementary in situ/operando techniques can be used to understand the effect of nanomaterials and pore structures on biomineral precipitation at the microscopic level and directly under in situ conditions. Such knowledge can be used to achieve biomineralization-enabled structural composites with optimized mechanical properties.
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