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Biomineralization is a typical interdisciplinary subject attracting biologists, chemists, and geologists to figure out its potential mechanism. A mounting number of studies have revealed that the classical nucleation theory is not suitable for all nucleation process of biominerals, and phase-separated structures such as polymer-induced liquid precursors (PILPs) play essential roles in the non-classical nucleation processes. These structures are able to play diverse roles biologically or pathologically, and could also give inspiring clues to bionic applications. However, a lot of confusion and dispute occurred due to the intricacy and interdisciplinary nature of liquid precursors. Researchers in different fields may have different opinions because the terminology and current state of understanding is not common knowledge. As a result, our team reviewed the most recent articles focusing on the nucleation processes of various biominerals to clarify the state-of-the-art understanding of some essential concepts and guide the newcomers to enter this intricate but charming field.
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HIGHLIGHTS

Biomineralization is an amazing phenomenon in nature. The inner structures of these biominerals are mostly beautiful and highly organized, which implied the complex crystallization processes, particularly in nucleation sections.
Nucleation theories based on LLPS are becoming popular. PILP was the first theory proposed to identify the liquid-like nature of the biomineral precursors induced by acidic polymers.
Some researchers found that LLPS could be an inherent property of calcium carbonate when nucleating, and polymers act as participants of the LLPS process.
PNCs theory was raised to deeply explain the properties of precursors on smaller scales. However, the question about whether the PNCs aggregate through LLPS remains unclear.
WHAT IS BIOMINERALIZATION
Biomineralization refers to a charming process describing the formation of various biominerals participated by complex interactions of organic and inorganic molecules (Berendsen and Olsen, 2015; Kim et al., 2016; Grünewald et al., 2020; Li et al., 2020; Schoeppler et al., 2021; Wu et al., 2021). It is a typical interdisciplinary subject attracting biologists (Muñoz et al., 2019), chemists (Yuan et al., 2019), and geologists (Sivaguru et al., 2018; Sivaguru et al., 2020; Sivaguru et al., 2021) to figure out its potential mechanisms, and also provide inspiring clues to bionic applications (Cho et al., 2018).
Biominerals are commonly highly organized. Their attractive architectures were mostly explained due to the induction of organic molecules to inorganic environment. For instance, the molluscan nacre is a kind of typical fascinating biomineral. So Yeong Bahn etc. (Bahn et al., 2017) were interested in its beautiful appearance and found that a matrix protein, pif80, could form Ca2+-pif80 coacervates through LLPS to stabilize and further regulate the release of PILP-like amorphous calcium carbonate granules in intracellular vesicles, which may reveal the main biomineralization mechanism of nacre. Gallstone disease, which was considered a pathological biomineralization process, has made millions of patients suffer from pain and surgery every year. Luis E. Munoz etc. (Muñoz et al., 2019; O’Neil and Kaplan, 2019) found that neutrophil extracellular traps could act like the “glue” that sticks biliary calcium and cholesterol crystals, promoting gallstones assembly. When suppressing the innate immune system, the formation and growth of gallstones were also significantly suppressed. Moreover, Wenge Jiang etc. (Jiang et al., 2017) observed that chiral architectures of calcium carbonate can be easily controlled by adding chiral acidic amino acids (Asp and Glu). When adding L- and D-enantiomers separately to supersaturated calcium carbonate solutions, the chiral toroid that calcium carbonate formed could spiral in the counterclockwise or clockwise direction, respectively. This research emphasized the crucial roles of organic molecules in the crystal growth part of biomineralization (Jiang et al., 2018).
These highly organized, attractive architectures indicate the ability of organisms to control crystal nucleation and growth, which has not been fully understood. Among all the self-assembly processes, nucleation characterizes the very first step of crystallization and could heavily affect further crystal growth. How the first crystal appears in solution or colloid, although has been studied for decades, remains unclear. It seems hard to figure out the global crystallization or biomineralization process without a better understanding of the nucleation process.
CLASSICAL NUCLEATION THEORY IS FACING CHALLENGES
Two nucleation theories including classical nucleation theory (CNT) and non-classical nucleation theory were commonly used to explain crystal nucleation (Erdemir et al., 2009). CNT is the simplest theory to illustrate the nucleation process. Gibbs (Gibbs, 1878) firstly proposed this theory in the 19th century to describe the condensation process of supersaturated vapor into a liquid phase. After many efforts by other founders, CNT has been widely applied now to explain nucleation kinetics from solutions (Guo and Severtson, 2003; Qiao et al., 2019; Xu et al., 2021). It contained explanations to two situations including homogeneous nucleation and heterogeneous nucleation. Homogeneous nucleation illustrates a process that the formation of nuclei in supersaturated solution is a result of the stochastic fluctuations of monomer association. According to CNT, nuclei are assumed to be spherical, and the global free energy ([image: image]) of nuclei could be expressed as Eq. (1).
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The bulk energy ([image: image]) is the driving force of nucleation and could decrease the global free energy, which is determined by temperature (T), Boltzmann constant ([image: image]), supersaturation degree (S), and molar volume (v). [image: image] could be expressed as Eq. (2).
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The decreased extent caused by bulk energy is proportional to the cube of nuclei radius (r). The interface energy ([image: image]) is the resistance force of nucleation and could increase the global free energy. The increased extent caused by interface energy is proportional to the square of nuclei radius (Gibbs, 1878; Gebauer et al., 2014). The function curve (Figure 1A) is graphed according to this hypothesis. The top point of global free energy is called the free-energy barrier, and the nuclei radius which could make the global system overcome the free-energy barrier is defined as the critical size (Smeets et al., 2017). As is shown to us, to achieve the free-energy barrier, the [image: image] should meet condition Eq. (3).
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[image: Figure 1]FIGURE 1 | Diagrammatic sketch for classical nucleation theory.(A) The bulk energy is proportional to the cube of nuclei radius. Whereas the interface energy is proportional to the square of nuclei radius. The top point of global free energy is called the free-energy barrier, and the nuclei radius which could make the global system overcome the free-energy barrier is defined as the critical size. (B) The solute could firstly overcome the free energy barrier ([image: image]) to achieve a metastable state. Solute in the dense droplets could then overcome the free energy barrier ([image: image]) to accomplish the nucleation process.
Taking Eq. 1 and Eq. (3) together into consideration, we can deduce that the critical size could be expressed as Eq. (4).
[image: image]
Then, the free-energy barrier that nuclei should overcome could be expressed as Eq. (5). 
[image: image]
As we know, most solid phase nucleation in biomineralization is heterogeneous. Heterogeneous nucleation illustrates the accelerated nucleation process due to the presence of foreign molecules which could act as heterogeneous nuclei and reduce the free energy barrier. The global free energy of heterogeneous nucleation could be expressed as Eq. (6).
[image: image]
In this equation, [image: image] represents interfacial correlation factor, and stands for the decreased degree of the free energy barrier caused by the appearance of foreign molecules. It is determined by interfacial interaction parameter (m) and the relative size of the foreign molecule, which ranges from 0 to 1. When [image: image], it represents the poor correlation between foreign molecules and solutions, and the global free energy almost equals to that in homogeneous nucleation. However, when [image: image], the free energy barrier is almost canceled, reflecting the promoted nucleation process compared to homogeneous nucleation.
Nowadays, along with the rapid development of the experimental instrument, a mounting number of researchers found the nucleation process that CNT predicted is not consistent with experimental results in numerous matters, no matter in homogeneous or heterogeneous nucleation, which may result from the oversimpliﬁcation of the nucleation model. Deniz Erdemir etc. (Erdemir et al., 2009) summarized some shortcomings of CNT, including the assumption that nuclei have uniform interior densities which is against numerous complex situations, the ignorance of the curvature dependence of the surface tension, the ignorance of collisions between more than two particles as well as two pre-existing clusters and so on. These challenges largely limit understanding of nucleation, and new theories need to be proposed to explain complex nucleation processes.
WHEN NON-CLASSICAL NUCLEATION THEORY ENCOUNTERS LLPS
Non-classical nucleation theory demonstrates a process that before the formation of the crystal nuclei from the liquid phase, a metastable precursor phase firstly appears, and the crystal nuclei could next appear in this metastable precursor phase (Ma et al., 2017; Schreiber et al., 2017; Liu et al., 2019; Li C et al., 2021; Xu et al., 2021). Precursor phases could be shown in several forms including amorphous nanoparticles, droplets, complexes and so on.
Liquid-liquid phase separation (LLPS) is a popular interdisciplinary concept and is at the very core of the chemical (Freedman, 2020; Martin et al., 2020; Park et al., 2020; Riback et al., 2020; Iwata et al., 2021), biological (Ahn et al., 2021; Li RH et al., 2021; Deepankumar et al., 2021; Huang et al., 2021), and physical (Martin et al., 2021) processes of nature. Hundreds of high-level articles from many research fields focused on LLPS and tried to figure out its formation, performance, and regulation (Zhang et al., 2018; Alberti et al., 2019; Case et al., 2019; Gibson et al., 2019; Martin et al., 2020). In short, LLPS refers to a physicochemical process by which well-mixed fluid could separate into a dense phase and a dilute phase. With the rapid development of experimental tools, researchers found that many of solution precursors exist in the form of LLPS. This fact means that solute-rich droplets would firstly get separated from the whole solution, and could largely decrease the nucleation free-energy barriers. From a thermodynamic point of view (Figure 1B), the non-classical nucleation theory hypothesized that the solute could firstly overcome the free energy barrier ([image: image]), which is much lower than the free energy barrier in CNT theory ([image: image]), to achieve a metastable state. This state could be in the form of LLPS dense droplets, which has been observed by many researchers. Solute in the dense droplets could then overcome the free energy barrier ([image: image]) to accomplish the nucleation process. However, a lot of confusion and dispute occurred due to the intricacy and interdisciplinary nature of liquid precursors. Researchers in different fields may have different opinions because the terminology and current state of understanding is not common knowledge. As a result, our team reviewed the most recent articles focusing on the nucleation processes of various biominerals to clarify the state-of-the-art understanding of some essential concepts and guide the newcomers to enter this intricate but charming field (Figure 2).
[image: Figure 2]FIGURE 2 | Diagrammatic sketch for nucleation processes. Among all nucleation processes, three LLPS dependent nucleation processes were identified, including PILP, amorphous particles, and PNCs.
Calcium Carbonate
Calcium carbonate is the most studied component of biominerals. The study of its liquid precursor began in 2000. Laurie B. Gower etc. (Gower and Odom, 2000) firstly proposed the concept of polymer-induced liquid-precursor and began the period of studying liquid precursors. They added acidic polypeptides such as poly-aspartate into super-saturated calcium carbonate solution to simulate the induction functions of biomolecules, and in-situ observations showed that large droplets with distinct boundaries were subsequently formed. This phenomenon is then named PILP. Further investigations showed that different type of polymers resulted in different crystallization morphology, for example, addiction of poly-αL-aspartate commonly lead to streaks of a mosaic film of calcite, and poly-α, β, D, L-aspartate tends to produce thicker, isolated tablets. They explained the different morphology of crystals may result from various shapes of their liquid precursors. PILP theory emphasized the importance of the polymer, they hypothesized polymer could sequester and concentrate the ionic species, and then form a metastable solution (Figure 3). The liquid nature of the induced precursors was later identified by Wolf et al. (2017) using in-situ atomic force microscopy (AFM) in 2017.
[image: Figure 3]FIGURE 3 | Diagrammatic sketch for PILP process. PILP theory hypothesized that polymer could sequester and concentrate the ionic species, and then form a metastable solution.
The concept of PILP raised the passion of researchers. Further research conducted by Olszta et al. (2003) demonstrated proof-of-concept of PILP theory by mineralizing type I collagen. Scanning electron microscopic (SEM) analysis was performed and illustrated the biomineralization processes as follows. With the addition of polyacrylic acid, a liquid-like calcium carbonate precursor was first formed. Because of clear phase boundaries between PILP and solution, capillary force is easily generated. Then the liquid-like precursors could seep into collagen cracks and therefore result in space-filling crystals (Figure 4). A similar phenomenon was also found in the sea urchin spine (Cheng and Gower, 2006).
[image: Figure 4]FIGURE 4 | Diagrammatic sketch for collagen mineralizing. With the addition of polyacrylic acid, a liquid-like calcium carbonate precursor was first formed. Because of clear phase boundaries between PILP and solution, capillary force is easily generated. Then the liquid-like precursors could seep into collagen cracks and therefore result in space-filling crystals.
However, the PILP theory wasn’t fully accepted by researchers. Some researchers (Bolze et al., 2002; Pontoni et al., 2003) began to explore to what extent the polymers are able to control the nucleation process. In 2004, Faatz et al. (2004) first proved that amorphous calcium carbonate (ACC) could get isolated from the whole solution via liquid-liquid phase separation process through a reaction of calcium chloride and carbon dioxide (which could produce calcium carbonate homogenously) observed by light scattering experiments and SEM analyses when the whole reacting system achieved proper concentration and temperature even without the participant of polymers. Wolf et al. (2008) provided more convincing evidence by designing an ultrasonic trap and observing with synchrotron X-ray scattering techniques in order to achieve a real-time and less-disturbance observation of the nucleation process. Their experiments further proved that ACC could increase in LLPS manners with the increasing super-saturation degrees without any additions.
These facts indicated that LLPS could be an inherent property of calcium carbonate when nucleating from a mother phase, and polymers could act as promoters or participants of the LLPS process, which could be particularly called PILP. Stephan E. Wolf etc. then introspected the potential connection between PILP and ACP, and took the eggshell of Gallus gallus as an attractive example to redefine the concept of PILP (Wolf et al., 2011). Firstly, their small-angle neutron-scattering (SANS) data showed ovalbumin could accumulate calcium ions to decrease the calcium activity of the bulk solution and increase the calcium concentration next to the protein, which could relieve the super-saturation status and thus stabilize the ACC phase. Then, electrospray ionization mass spectrometry (ESI-MS) was performed to prove that the ACC droplets were negatively charged and electrostatically stabilized. When adding negatively charged acidic protein such as ovalbumin (pI = 4.7) in this case, the LLPS phase could be stabilized and was similar to the PILP process that Gower etc. observed. However, when adding positively charged protein such as lysozyme (pI = 9.3), the whole system was destabilized and resulted in a strong coalescence. They assumed that the inner mechanisms of the PILP coating effect were the consequence of the destabilization of the ACC phase. This theory unified ACC and PILP theory and gave strong evidence to the regulation of organic polymers to inorganic matters. Furthermore, Gautron et al. (2021) summarized the roles of some specific proteins such as ovotransferrin (OVOT) (Panheleux et al., 1999), ovalbumin (OVA) (Dunn et al., 2012), ovocleidin-17 (Reyes-Grajeda et al., 2002), osteopontin (OPN) (Hincke et al., 2012) and the calcium-binding proteins (CaBPs) (Stapane et al., 2019; Stapane et al., 2020) which could perform an important function during avian eggshell biomineralization. These researches may solve the questions that how the chicken eggshell matrix proteins affect and regulate ACC mineralization and provided strong evidences to the hypothesis that organic polymers could regulate the biomineralization of inorganic matters.
The concepts of ACC and PILP based on LLPS theory have made some headway in exploring non-classical nucleation processes. However, these theories were mainly based on the observations and concentrate detections of the liquid precursors. To deeply understand the properties of these precursors, the hypothesis must be proposed on smaller scales. Pre-nucleation clusters (PNCs) theory was then raised by Gebauer et al. (2008) in 2008. A calcium ion selective electrode was used to measure the free calcium ions. They found that no matter at the undersaturated or the supersaturated stage, detected free calcium ions were always less than and in proportion to added calcium ions or carbonate ions. Considering the linear relationship between bound calcium ions and carbonate ions, they hypothesized that the calcium multi-binding during the prenuclear process happened, which was then called PNCs. After nucleation, further added calcium would be consumed by the growth of particles, and then forms a constant solubility concentration thermodynamically. Analytical ultracentrifugation (AUC) was further applied to indirectly prove their theories. Results showed that before nucleation, small size clusters could be identified with roughly 70 calcium and carbonate ions combined in a single cluster. Larger cluster species (hydrodynamic diameter ∼4–∼6 nm) could also be detected due to cluster aggregation. However, when it comes to the post-nucleation phase, the smaller clusters couldn’t be detected anymore. These facts supported the hypothesis that stable clusters aggregate and result in nucleation, which is quite different from the unstable clusters predicted by CNT (Figure 5).
[image: Figure 5]FIGURE 5 | Diagrammatic sketch for PNCs theory. PNCs theory hypothesized that stable clusters aggregate and result in nucleation. Some researchers believed that the PNCs particles could aggregate and form LLPS-dependent structures, however, other researchers used the classical theory to explain PNCs’ aggregation.
How to illustrate the behavior of PNCs before nucleation, and how to explain the liquid-like property of PNCs aggregation bothered scientists for almost 10 years. If LLPS existed in the aggregation of PNCs remains unclear. Gebauer et al. (2008) only provided indirect evidence to the existence of PNCs and didn’t prove the relationship between PNCs and LLPS. The debate about whether the PNCs aggregate through LLPS still continues. Quite a number of researchers supported the opinions that PNCs aggregate through LLPS. In 2009, Pouget et al. (2009) employed cryogenic transmission electron microscopy (cryo-TEM) to prove the existence of oligomeric clusters in calcium carbonate solutions. Adam F. Wallace et al. (2013) used molecular dynamics simulations and observed a dense liquid phase within the concentration range in which the PNCs could be observed. In 2020, Avaro et al. (2020) proved that the solute PNCs could form phase-separated nanodroplets when crossing the binodal limit using potentiometric titrations and stopped-flow ATR-FTIR spectroscopy.
Multiple evidence (Habraken et al., 2013; Liu et al., 2015; Schreiber et al., 2017) seems to support the LLPS view of PNCs. However, many researchers disagreed with these opinions. For example, Henzler et al., 2018) used classical nucleation theory to predict the nucleation process of calcium carbonate PNCs and found out the great agreement with experimental data, which is against the LLPS view of non-classical nucleation way. So, identification of the property of PNCs still needs further direct evidence (Figure 5).
Calcium Phosphate
Calcium phosphate (CP) is an important former of biominerals. CP could crystallize into hydroxyapatite (HAP) nanocrystals to become the main component of biominerals such as bones and teeth. However, the crystallization processes are still unclear. Research conducted by Olszta et al. (2003) demonstrated the complex interaction between calcium carbonate and type I collagen, giving proof-of-concept evidence for PILP theory. However, bones are mainly composed of collagen fibrils and HAP. Simulation of interaction between calcium carbonate and collagen couldn’t truly reflect the biomineralization process of bones. As a result, this team conducted deeper analyses (Jee et al., 2010). Acidic polypeptides (as simulations for non-collagenous proteins in bones) were first added into the mineralization CP solution, and then induced the liquid-like amorphous calcium phosphate (ACP) precursors. The synthetic collagen sponges were subsequently mineralized and their microscopic structures were comparable with bones. The higher molecule weight the acidic polypeptides were, the higher biomineralization degree and quicker reaction speed could be achieved. So, they concluded that PILP takes crucial parts of bone mineralization. This team also successfully re-mineralized the demineralized manatee bone in vitro to further prove their hypothesis (Thula et al., 2011).
Based on their research, a number of scientists focused on the biomineralization of bones and therefore deepened its understanding. In 2014, Rodriguez et al. (2014) realized that polymer simulation using poly-aspartic acid was far away from real biology condition. They made a lot of efforts to find out the director of bone biomineralization, and found osteopontin has the potential properties to be the inducer of PILP because osteopontin has a domain with consecutive aspartic acid residues, along with many phosphorylated residues, and the intrinsically disordered structures, which is easy to induce LLPS. Their experiments showed that osteopontin could direct intrafibrillar mineralization in a PILP-depend manner and could activate osteoclasts. Taking this study and the ACC study (Wolf et al., 2011) together into consideration, we can realize the roles that acidic polymers play in the PILP process are more likely to be directors or promoters than the inducers.
In 2020, He et al. (2020) reported a mechanistic study of the HAP mineralization pathways using in-situ transmission electron microscopy (TEM). They found that the mineralization of HAP is controlled not only by classical pathways but also by non-classical pathways. By classical ways, HAP was observed directly nucleated from the solution, while by non-classical ways, ACP could function as the substrate for HAP nucleation on the ACP surface. This study is meaningful and brought us new thinking about the relationship between CNT and non-classical nucleation theory, which might be dialectically unified rather than completely opposite, and could be coexisted in a similar situation.
The formation of some pathological biominerals is also associated with CP. Amos et al. (2009) reported that the formation of the Randall’s plaque may be related to the PILP process of ACP. They added poly-L-aspartic acid to the CP solution, and observed multi-laminated CP spherules formed through the PILP pathway by SEM. These spherules were striking resemble kidney stones, which give some clues that PILP could be a necessary process of kidney stone formation (Chidambaram et al., 2015; Lovett et al., 2019; O’Kell et al., 2019).
Organic Biominerals
The nucleation process of organic matters is still mysterious to researchers. Many organic biominerals have not been studied. Among these organic biominerals, calcium oxalate seems to be one of the most common biominerals in nature. It represents more than 80% of the dry weight of some plants and is the main component of pathological biominerals such as kidney stones. Some researchers (Qiu et al., 2004; Hajir et al., 2014; Gehl et al., 2015; Kolbach-Mandel et al., 2015) identified that the amorphous phase existed before the nucleation of calcium oxalate. However, the nature of this pre-nucleation amorphous phase remains unclear. Ruiz-Agudo et al. (2017) tried to use PNCs theory to illustrate its property. Their results showed that calcium oxalate could form pre-nucleation clusters first in solution. The clusters grow by aggregation and could induce LLPS in this process, from which amorphous calcium oxalate nucleates. The whole nucleating process could be inhibited by citrate by colloidal stabilization effects. This study could help us understand the nucleating process of calcium oxalate, and may lead to the potential prevention strategy of kidney stones.
As is known to us, a large number of proteins could undergo LLPS depending on their intrinsically disordered regions (IDRs) and could condensate in a non-classical way, which may be responsible for a series of diseases. For example, the irreversible liquid-to-solid transition of microtubule-associated protein tau is tightly associated with Alzheimer’s disease (AD). Wegmann et al. (2018) observed the formation of tau droplets in vivo and in vitro and found that the intracellular LLPS of tau could lead to subcellular foci in a high concentration, which could be the structural basis of its physiological roles. Aberrant phosphorylation could lead to tau nucleation and thus causes AD. Zhang et al. (2020) observed protein tau phase transition in living cells. They found that the proline-rich domain of tau could drive and regulate LLPS through its phosphorylation, which may be the potential mechanism of AD. Similar to protein tau, protein FUS (Murakami et al., 2015; Monahan et al., 2017) and some RNA-binding proteins (Kato et al., 2012; Kroschwald et al., 2015) were also proved to undergo LLPS process and aggregate in a non-classical way.
Furthermore, a number of researchers began to study the roles of RNAs in LLPS. Because the structures of RNAs are sensitive to many factors such as salt concentration, pH, and ion composition, there is limited understanding on how RNA contributes to this condensate process (Roden and Gladfelter, 2021). Zhang et al. (2019) found that the G-quadruplex (GQ) forms of RNAs could trigger LLPS under physiological conditions, which provided the first evidence of the RNAs’ roles in triggering or maintaining LLPS. This may be the beginning of unveiling the mystery of RNAs nucleation.
The LLPS state is mostly unstable and is considered hard to achieve or maintain in nature, however, researches have shown that LLPS seems could be well utilized and regulated by cells, which is amazing and worth further studying.
There are still many problems unsolved about the nucleation process of organic biominerals, such as gallstones and atheromatous plaques. These structures are mostly composed of cholesterol crystals, which were poorly understood. Our team is focusing on the formation mechanism of gallstones and hopes to figure out the nucleation pathways of cholesterol.
BIONIC APPLICATIONS
Biominerals are commonly highly organized. Their special structures could provide not only pretty appearance but also excellent mechanical performance as if done by the spirits of nature. To some extents, these biominerals have better properties than artificial materials. So, researchers studied bionic applications to mimic the biominerals (Wang et al., 2015; Picker et al., 2017; Huang et al., 2019; Yang et al., 2021). Laurie B. Gower etc. (Kim et al., 2007) first put forward the idea that PILP could be used for bionic applications in 2006. PILP theory indicated that polymers could induce liquid-like mineral precursors, and liquid precursors could be preferentially deposited onto the prepared functionalized templates. Connecting this property and the microcontact printing technique, their research provided the theoretical basis for further bionic utilizations.
Upon the basis of this feasibility test, a number of bionic applications were invented (Antebi et al., 2013). Li et al. (2012) used the PILP process to mineralize prepared densified collagen films, and produced stronger and more biocompatible biomaterials for bone grafts, which were comparable with bones. Their further research (Li et al., 2015) updated the mineralization template to thermo-responsive hydrogels composed of elastin-like recombinamers to achieve the controlled morphogenesis. The PILP precursors then crystallized to form close-packed crystals which were comparable to the bovine cortical bone because of the clustered porosity of the elastin-like temples. Other researchers (Wingender et al., 2016) also made an original contribution on mineralization templates and good effects were obtained. Moreover, Thula et al. (2010) compared the induction abilities of different polymers including poly-L-aspartic acid (PASP), poly-L-glutamic acid (PGLU), polyvinylphosphonic acid (PVPA), and polyacrylic acid (PAA). Then they found PASP and PGLU/PASP could yield nano-structured composites with the highest mineral content, which could be useful in bone grafts.
Besides the possible usage for bone grafts, the PILP process could also be used in the guided bone regeneration (GBR) and osteoporosis field. Wang et al. (2019) utilized homologous PILP processes and produced biomineralized membranes. The membranes are biocompatible with a high-stress strength, and could also promote the proliferation of bone cells. We are expecting their in vivo experiments, and hope that could bring new therapy strategies for GBR. Yao et al. (2019) also made exciting progress in the osteoporosis field. They designed a calcium phosphate polymer-induced liquid-precursor (CaP-PILP) material and injected the calcein-stained CaP-PILP droplets into the osteoporotic mice. They surprisingly found that the repaired bones of mice exhibited largely improved mechanical performance even comparable with the normal mice, which shed new light on hard tissue repair. Based on this research (Yao et al., 2019), Zhou et al. (2021) explored the effects of CaP-PILP injection on bone density and early implant osseointegration in mice. In vivo experiments showed that the CaP-PILP injection group had a superior bone repair and excellent implant osseointegration. This CaP-PILP material could possibly be applied as an adjuvant therapy to lower the bone-implant failure rate of osteoporotic patients.
Bionic applications of PILP in bones were not just limited to bone grafts. Because the PILP process could robustly produce intrafibrillar mineralization of collagen in vitro, which is quite similar to that formed in human beings, the minerals produced by PILP could be used as cell culture substrates for analyzing biological behaviors. For example, Choi et al. (2019) used this PILP-based bionic system and found that mineralization of collagen fibrils could reduce bone metastasis of breast cancer by resisting tumor cell adhesion, which provided potential prevention measurements for bone metastasis.
Bionic applications in dentistry were also popular and practical (Nurrohman et al., 2016; Nurrohman et al., 2017; Saeki et al., 2017; Saxena et al., 2018; Bacino et al., 2019). Similar to bionic applications of bones, Bacino et al. (2019) utilized PILP theory and found that the addition of poly-aspartic acid along with resin-modified glass ionomer (RMGI) could easily induce the PILP process and could be a feasible method to repair caries. Chen et al. (2020) tried to assess the repairability of CaP-PILP material (Yao et al., 2019) in caries dentin lesions. In vitro experiments showed that the CaP-PILP material could successfully induce remineralization of demineralized dentin collagen. A higher CaP-PILP could lead to an enhanced remineralization capacity.
The prevention of pathological biomineralization is a great part of these applications. A number of patients suffered from pathological biomineralization such as kidney stones and gallstones, and few useful prevention methods could be applied. Díaz-Soler et al. (2021) found that calcium oxalate precursors, which are the main component of kidney stones, could be stabilized by polyacrylic acid (PAA) by forming an LLPS-dependent PILP process. They found that PAA could stabilize the multi-ion complexes, and so that delaying the nucleation process. These facts may help to understand the pathological biomineralization process of kidney stones and give clues to its prevention.
CONCLUDING REMARKS
Biomineralization is an amazing phenomenon in nature. The inner structures of these biominerals are mostly beautiful and highly organized, which implied the complex crystallization processes, particularly in nucleation sections. Among all nucleation hypothesizes, theories based on LLPS are becoming popular, and researches about the relationship between LLPS and the non-classical nucleation theory are increasing. So, we summarized them in the order of molecule types and timelines.
PILP theory was the first theory proposed to identify the liquid-like nature of the precursors induced by acidic polymers. Laurie B. Gower’s team discovered this phenomenon and lead related researches in theoretical and experimental levels for almost 20 years. Many biominerals were identified to undergo the PILP process in an LLPS-dependent way, and a number of bionic applications were also invented due to this theory. To clarify to what extent the polymers could affect the nucleation process, some researchers found that LLPS could be an inherent property of calcium carbonate when nucleating from a mother phase, and polymers could act as promoters or participants of the LLPS process, which could be particularly called PILP. This point of view sheds new light on the nucleation processes. PNCs theory was next raised to deeply explain the properties of precursors on smaller scales. However, the question about whether the PNCs aggregate through LLPS remains unclear, further direct evidence is still needed.
OUTSTANDING QUESTIONS
The interaction of organic molecules and inorganic molecules is complicated, through what regulation network the organisms could construct the intricate biominerals?
What genes control the nucleation-related organic molecules? Are there any transcriptional or post-transcriptional regulations inside this process?; How could we directly observe LLPS on the nanoscale?; Whether the PNCs aggregate through LLPS?
Organic crystallization is also common in human beings. Kidney stones are made of calcium oxalate crystals and gallstones are mainly composed of cholesterol crystals. These pathological biominerals are difficult to treat and are easy to recur. However, there is still no clear understanding in their nucleation and growth processes, especially the gallstones.
By understanding the nucleation process of gallstones, could it be possible to stop nucleating and prevent disease recurrence?
The applications of CaP-PILP in bones and teeth are successful, is it possible to finally apply CaP-PILP to treat patients?
AUTHOR CONTRIBUTIONS
DQ and ZH wrote this article. PL and SZ reviewed and revised this article.
FUNDING
The authors have received financial support from National Natural Science Foundation of China (Nos 82070575, 81970496), Beijing Municipal Natural Science Foundation (J180010), Beijing Municipal Science and Technology Commission (Z191100006619080) and Capital’s Funds for Health Improvement and Research (2020-2-2026).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ABBREVIATIONS
AD, Alzheimer’s disease; ACC, Amorphous calcium carbonate; ACP, Amorphous calcium phosphate; AUC, analytical ultracentrifugationl; AFM, atomic force microscopy; CP, calcium phosphate; CaP-PILP, calcium phosphate polymer-induced liquid-precursor; CaBPs, calcium-binding proteins; CNT, classical nucleation theory; cryo-TEM, cryogenic transmission electron microscopy; ESI-MS, electrospray ionization mass spectrometry; GQ, g-quadruplex; GBR, guided bone regeneration; HAP, hydroxyapatite; IDRs, intrinsically disordered regions; LLPS, liquid-liquid phase separation; OPN, osteopontin; OVA, ovalbumin; OVOT, ovotransferrin; PAA, polyacrylic acid; PGLU, poly-L-glutamic acid; PILPs, polymer-induced liquid precursors; PVPA, polyvinylphosphonic acid; PNCs, pre-nucleation clusters; RMGI, resin-modified glass ionomer; SEM, scanning electron microscopic; SANS, small-angle neutron-scattering.
REFERENCES
 Ahn, J. H., Davis, E. S., Daugird, T. A., Zhao, S., Quiroga, I. Y., Uryu, H., et al. (2021). Phase Separation Drives Aberrant Chromatin Looping and Cancer Development. Nature 595, 591–595. doi:10.1038/s41586-021-03662-5
 Alberti, S., Gladfelter, A., and Mittag, T. (2019). Considerations and Challenges in Studying Liquid-Liquid Phase Separation and Biomolecular Condensates. Cell 176, 419–434. doi:10.1016/j.cell.2018.12.035
 Amos, F. F., Dai, L., Kumar, R., Khan, S. R., and Gower, L. B. (2009). Mechanism of Formation of Concentrically Laminated Spherules: Implication to Randall's Plaque and Stone Formation. Urol. Res. 37, 11–17. doi:10.1007/s00240-008-0169-x
 Antebi, B., Cheng, X., Harris, J. N., Gower, L. B., Chen, X.-D., and Ling, J. (2013). Biomimetic Collagen-Hydroxyapatite Composite Fabricated via a Novel Perfusion-Flow Mineralization Technique. Tissue Eng. C Methods 19, 487–496. doi:10.1089/ten.tec.2012.0452
 Avaro, J. T., Wolf, S. L. P., Hauser, K., and Gebauer, D. (2020). Stable Prenucleation Calcium Carbonate Clusters Define Liquid-Liquid Phase Separation. Angew. Chem. Int. Ed. 59, 6155–6159. doi:10.1002/anie.201915350
 Bacino, M., Girn, V., Nurrohman, H., Saeki, K., Marshall, S. J., Gower, L., et al. (2019). Integrating the PILP-Mineralization Process into a Restorative Dental Treatment. Dental Mater. 35, 53–63. doi:10.1016/j.dental.2018.11.030
 Bahn, S. Y., Jo, B. H., Choi, Y. S., and Cha, H. J. (2017). Control of Nacre Biomineralization by Pif80 in Pearl Oyster. Sci. Adv. 3, e1700765. doi:10.1126/sciadv.1700765
 Berendsen, A. D., and Olsen, B. R. (2015). Bone Development. Bone 80, 14–18. doi:10.1016/j.bone.2015.04.035
 Bolze, J., Peng, B., Dingenouts, N., Panine, P., Narayanan, T., and Ballauff, M. (2002). Formation and Growth of Amorphous Colloidal CaCO3 Precursor Particles as Detected by Time-Resolved SAXS. Langmuir 18, 8364–8369. doi:10.1021/la025918d
 Case, L. B., Zhang, X., Ditlev, J. A., and Rosen, M. K. (2019). Stoichiometry Controls Activity of Phase-Separated Clusters of Actin Signaling Proteins. Science 363, 1093–1097. doi:10.1126/science.aau6313
 Chen, R., Jin, R., Li, X., Fang, X., Yuan, D., Chen, Z., et al. (2020). Biomimetic Remineralization of Artificial Caries Dentin Lesion Using Ca/P-PILP. Dental Mater. 36, 1397–1406. doi:10.1016/j.dental.2020.08.017
 Cheng, X., and Gower, L. B. (2006). Molding Mineral within Microporous Hydrogels by a Polymer-Induced Liquid-Precursor (PILP) Process. Biotechnol. Prog. 22, 141–149. doi:10.1021/bp050166+
 Chidambaram, A., Rodriguez, D., Khan, S., and Gower, L. (2015). Biomimetic Randall's Plaque as an In Vitro Model System for Studying the Role of Acidic Biopolymers in Idiopathic Stone Formation. Urolithiasis 43, 77–92. doi:10.1007/s00240-014-0704-x
 Cho, S., Park, W., Kim, H., Jokisaari, J. R., Roth, E. W., Lee, S., et al. (2018). Gallstone-Formation-Inspired Bimetallic Supra-Nanostructures for Computed-Tomography-Image-Guided-Radiation TherapyACS Appl. Nano Mater 1, 4602–4611. doi:10.1021/acsanm.8b00908
 Choi, S., Friedrichs, J., Song, Y. H., Werner, C., Estroff, L. A., and Fischbach, C. (2019). Intrafibrillar, Bone-Mimetic Collagen Mineralization Regulates Breast Cancer Cell Adhesion and Migration. Biomaterials 198, 95–106. doi:10.1016/j.biomaterials.2018.05.002
 Deepankumar, K., Guo, Q., Mohanram, H., Lim, J., Mu, Y., Pervushin, K., et al. (2021). Liquid-Liquid Phase Separation of the Green Mussel Adhesive Protein Pvfp‐5 Is Regulated by the Post‐Translated Dopa Amino Acid. Adv. Mater. , 2103828. doi:10.1002/adma.202103828
 Díaz-Soler, F., Rodriguez-Navarro, C., Ruiz-Agudo, E., and Neira-Carrillo, A. (2021). Stabilization of Calcium Oxalate Precursors during the Pre- and Post-Nucleation Stages with Poly(acrylic Acid). Nanomaterials 11, 235. doi:10.3390/nano11010235
 Dunn, I. C., Rodríguez-Navarro, A. B., Mcdade, K., Schmutz, M., Preisinger, R., Waddington, D., et al. (2012). Genetic Variation in Eggshell crystal Size and Orientation Is Large and These Traits Are Correlated with Shell Thickness and Are Associated with Eggshell Matrix Protein Markers. Anim. Genet. 43, 410–418. doi:10.1111/j.1365-2052.2011.02280.x
 Erdemir, D., Lee, A. Y., and Myerson, A. S. (2009). Nucleation of Crystals from Solution: Classical and Two-step Models. Acc. Chem. Res. 42, 621–629. doi:10.1021/ar800217x
 Faatz, M., Gröhn, F., and Wegner, G. (2004). Amorphous Calcium Carbonate: Synthesis and Potential Intermediate in Biomineralization. Adv. Mater. 16, 996–1000. doi:10.1002/adma.200306565
 Freedman, M. A. (2020). Liquid-Liquid Phase Separation in Supermicrometer and Submicrometer Aerosol Particles. Acc. Chem. Res. 53, 1102–1110. doi:10.1021/acs.accounts.0c00093
 Gautron, J., Stapane, L., Le Roy, N., Nys, Y., Rodriguez-Navarro, A. B., and Hincke, M. T. (2021). Avian Eggshell Biomineralization: an Update on its Structure, Mineralogy and Protein Tool Kit. BMC Mol. Cel Biol. 22, 11. doi:10.1186/s12860-021-00350-0
 Gebauer, D., Völkel, A., and Cölfen, H. (2008). Stable Prenucleation Calcium Carbonate Clusters. Science 322, 1819–1822. doi:10.1126/science.1164271
 Gebauer, D., Kellermeier, M., Gale, J. D., Bergström, L., and Cölfen, H. (2014). Pre-nucleation Clusters as Solute Precursors in Crystallisation. Chem. Soc. Rev. 43, 2348–2371. doi:10.1039/C3CS60451A
 Gehl, A., Dietzsch, M., Mondeshki, M., Bach, S., Häger, T., Panthöfer, M., et al. (2015). Anhydrous Amorphous Calcium Oxalate Nanoparticles from Ionic Liquids: Stable Crystallization Intermediates in the Formation of Whewellite. Chem. Eur. J. 21, 18192–18201. doi:10.1002/chem.201502229
 Gibbs, J. W. (1878). On the Equilibrium of Heterogeneous Substances. Am. J. Sci. s3-16, 441–458. doi:10.2475/ajs.s3-16.96.441
 Gibson, B. A., Doolittle, L. K., Schneider, M. W. G., Jensen, L. E., Gamarra, N., Henry, L., et al. (2019). Organization of Chromatin by Intrinsic and Regulated Phase Separation. Cell 179, 470–484. doi:10.1016/j.cell.2019.08.037
 Gower, L. B., and Odom, D. J. (2000). Deposition of Calcium Carbonate Films by a Polymer-Induced Liquid-Precursor (PILP) Process. J. Cryst. Growth 210, 719. doi:10.1016/s0022-0248(99)00749-6
 Grünewald, T. A., Liebi, M., Wittig, N. K., Johannes, A., Sikjaer, T., Rejnmark, L., et al. (2020). Mapping the 3D Orientation of Nanocrystals and Nanostructures in Human Bone: Indications of Novel Structural Features. Sci. Adv. 6, eaba4171. doi:10.1126/sciadv.aba4171
 Guo, J., and Severtson, S. J. (2003). Application of Classical Nucleation Theory to Characterize the Influence of Carboxylate-Containing Additives on CaCO3 Nucleation at High Temperature, pH, and Ionic Strength. Ind. Eng. Chem. Res. 42, 3480–3486. doi:10.1021/ie020803q
 Habraken, W. J. E. M., Tao, J., Brylka, L. J., Friedrich, H., Bertinetti, L., Schenk, A. S., et al. (2013). Ion-association Complexes Unite Classical and Non-classical Theories for the Biomimetic Nucleation of Calcium Phosphate. Nat. Commun. 4, 1507. doi:10.1038/ncomms2490
 Hajir, M., Graf, R., and Tremel, W. (2014). Stable Amorphous Calcium Oxalate: Synthesis and Potential Intermediate in Biomineralization. Chem. Commun. 50, 6534–6536. doi:10.1039/c4cc02146k
 He, K., Sawczyk, M., Liu, C., Yuan, Y., Song, B., Deivanayagam, R., et al. (2020). Revealing Nanoscale Mineralization Pathways of Hydroxyapatite Using In Situ Liquid Cell Transmission Electron Microscopy. Sci. Adv. 6, eaaz7524. doi:10.1126/sciadv.aaz7524
 Henzler, K., Fetisov, E. O., Galib, M., Baer, M. D., Legg, B. A., Borca, C., et al. (2018). Supersaturated Calcium Carbonate Solutions Are Classical. Sci. Adv. 4, eaao6283. doi:10.1126/sciadv.aao6283
 Hincke, M. T., Nys, Y., Gautron, J., Mann, K., Rodriguez-Navarro, A. B., and McKee, M. D. (2012). The Eggshell: Structure, Composition and Mineralization. Front. Biosci. 17, 1266–1280. doi:10.2741/3985
 Huang, W., Restrepo, D., Jung, J. Y., Su, F. Y., Liu, Z., Ritchie, R. O., et al. (2019). Multiscale Toughening Mechanisms in Biological Materials and Bioinspired Designs. Adv. Mater. 31, 1901561. doi:10.1002/adma.201901561
 Huang, S., Zhu, S., Kumar, P., and MacMicking, J. D. (2021). A Phase-Separated Nuclear GBPL Circuit Controls Immunity in Plants. Nature 594, 424–429. doi:10.1038/s41586-021-03572-6
 Iwata, T., Hirose, H., Sakamoto, K., Hirai, Y., Arafiles, J. V. V., Akishiba, M., et al. (2021). Liquid Droplet Formation and Facile Cytosolic Translocation of IgG in the Presence of Attenuated Cationic Amphiphilic Lytic Peptides. Angew. Chem. Int. Ed. 60, 19804–19812. doi:10.1002/anie.202105527
 Jee, S.-S., Thula, T. T., and Gower, L. B. (2010). Development of Bone-like Composites via the Polymer-Induced Liquid-Precursor (PILP) Process. Part 1: Influence of Polymer Molecular Weight. Acta Biomater. 6, 3676–3686. doi:10.1016/j.actbio.2010.03.036
 Jiang, W., Pacella, M. S., Athanasiadou, D., Nelea, V., Vali, H., Hazen, R. M., et al. (2017). Chiral Acidic Amino Acids Induce Chiral Hierarchical Structure in Calcium Carbonate. Nat. Commun. 8, 15066. doi:10.1038/ncomms15066
 Jiang, W., Pacella, M. S., Vali, H., Gray, J. J., and McKee, M. D. (2018). Chiral Switching in Biomineral Suprastructures Induced by Homochiral L -amino Acid. Sci. Adv. 4, eaas9819. doi:10.1126/sciadv.aas9819
 Kato, M., Han, T. W., Xie, S., Shi, K., Du, X., Wu, L. C., et al. (2012). Cell-free Formation of RNA Granules: Low Complexity Sequence Domains Form Dynamic Fibers within Hydrogels. Cell 149, 753–767. doi:10.1016/j.cell.2012.04.017
 Kim, Y.-Y., Douglas, E. P., and Gower, L. B. (2007). Patterning Inorganic (CaCO3) Thin Films via a Polymer-Induced Liquid-Precursor Process. Langmuir 23, 4862–4870. doi:10.1021/la061975l
 Kim, Y.-Y., Carloni, J. D., Demarchi, B., Sparks, D., Reid, D. G., Kunitake, M. E., et al. (2016). Tuning Hardness in Calcite by Incorporation of Amino Acids. Nat. Mater 15, 903–910. doi:10.1038/nmat4631
 Kolbach-Mandel, A. M., Kleinman, J. G., and Wesson, J. A. (2015). Exploring Calcium Oxalate Crystallization: a Constant Composition Approach. Urolithiasis 43, 397–409. doi:10.1007/s00240-015-0781-5
 Kroschwald, S., Maharana, S., Mateju, D., Malinovska, L., Nüske, E., Poser, I., et al. (2015). Promiscuous Interactions and Protein Disaggregases Determine the Material State of Stress-Inducible RNP Granules. eLife 4, e06807. doi:10.7554/eLife.06807
 Li, Y., Thula, T. T., Jee, S., Perkins, S. L., Aparicio, C., Douglas, E. P., et al. (2012). Biomimetic Mineralization of Woven Bone-like Nanocomposites: Role of Collagen Cross-Links. Biomacromolecules 13, 49–59. doi:10.1021/bm201070g
 Li, Y., Chen, X., Fok, A., Rodriguez-Cabello, J. C., and Aparicio, C. (2015). Biomimetic Mineralization of Recombinamer-Based Hydrogels toward Controlled Morphologies and High Mineral Density. ACS Appl. Mater. Inter. 7, 25784–25792. doi:10.1021/acsami.5b07628
 Li, H., Sun, C.-Y., Fang, Y., Carlson, C. M., Xu, H., Ješovnik, A., et al. (2020). Biomineral Armor in Leaf-Cutter Ants. Nat. Commun. 11, 5792. doi:10.1038/s41467-020-19566-3
 Li C, C., Liu, Z., Goonetilleke, E. C., and Huang, X. (2021). Temperature-dependent Kinetic Pathways of Heterogeneous Ice Nucleation Competing between Classical and Non-classical Nucleation. Nat. Commun. 12, 4954. doi:10.1038/s41467-021-25267-2
 Li RH, R.-H., Tian, T., Ge, Q.-W., He, X.-Y., Shi, C.-Y., Li, J.-H., et al. (2021). A Phosphatidic Acid-Binding lncRNA SNHG9 Facilitates LATS1 Liquid-Liquid Phase Separation to Promote Oncogenic YAP Signaling. Cell Res. 31, 1088–1105. doi:10.1038/s41422-021-00530-9
 Liu, G., Liu, J., Sun, H., Zheng, X., Liu, Y., Li, X., et al. (2015). In Situ Imaging of On-Surface, Solvent-free Molecular Single-Crystal Growth. J. Am. Chem. Soc. 137, 4972–4975. doi:10.1021/jacs.5b02637
 Liu, Z., Shao, C., Jin, B., Zhang, Z., Zhao, Y., Xu, X., et al. (2019). Crosslinking Ionic Oligomers as Conformable Precursors to Calcium Carbonate. Nature 574, 394–398. doi:10.1038/s41586-019-1645-x
 Lovett, A. C., Khan, S. R., and Gower, L. B. (2019). Development of a Two-Stage In Vitro Model System to Investigate the Mineralization Mechanisms Involved in Idiopathic Stone Formation: Stage 1-biomimetic Randall's Plaque Using Decellularized Porcine Kidneys. Urolithiasis 47, 321–334. doi:10.1007/s00240-018-1060-z
 Ma, X., Zhang, S., Jiao, F., Newcomb, C. J., Zhang, Y., Prakash, A., et al. (2017). Tuning Crystallization Pathways through Sequence Engineering of Biomimetic Polymers. Nat. Mater 16, 767–774. doi:10.1038/nmat4891
 Martin, E. W., Holehouse, A. S., Peran, I., Farag, M., Incicco, J. J., Bremer, A., et al. (2020). Valence and Patterning of Aromatic Residues Determine the Phase Behavior of Prion-like Domains. Science 367, 694–699. doi:10.1126/science.aaw8653
 Martin, E. W., Harmon, T. S., Hopkins, J. B., Chakravarthy, S., Incicco, J. J., Schuck, P., et al. (2021). A Multi-step Nucleation Process Determines the Kinetics of Prion-like Domain Phase Separation. Nat. Commun. 12, 4513. doi:10.1038/s41467-021-24727-z
 Monahan, Z., Ryan, V. H., Janke, A. M., Burke, K. A., Rhoads, S. N., Zerze, G. H., et al. (2017). Phosphorylation of the FUS Low‐complexity Domain Disrupts Phase Separation, Aggregation, and Toxicity. EMBO J. 36, 2951–2967. doi:10.15252/embj.201696394
 Muñoz, L. E., Boeltz, S., Bilyy, R., Schauer, C., Mahajan, A., Widulin, N., et al. (2019). Neutrophil Extracellular Traps Initiate Gallstone Formation. Immunity 51, 443–450. doi:10.1016/j.immuni.2019.07.002
 Murakami, T., Qamar, S., Lin, J. Q., Schierle, G. S. K., Rees, E., Miyashita, A., et al. (2015). ALS/FTD Mutation-Induced Phase Transition of FUS Liquid Droplets and Reversible Hydrogels into Irreversible Hydrogels Impairs RNP Granule Function. Neuron 88, 678–690. doi:10.1016/j.neuron.2015.10.030
 Nurrohman, H., Saeki, K., Carneiro, K. M. M., Chien, Y.-C., Djomehri, S., Ho, S. P., et al. (2016). Repair of Dentin Defects from DSPP Knockout Mice by PILP Mineralization. J. Mater. Res. 31, 321–327. doi:10.1557/jmr.2015.406
 Nurrohman, H., Carneiro, K. M. M., Hellgeth, J., Saeki, K., Marshall, S. J., Marshall, G. W., et al. (2017). The Role of Protease Inhibitors on the Remineralization of Demineralized Dentin Using the PILP Method. PLoS ONE 12, e0188277. doi:10.1371/journal.pone.0188277
 O’Kell, A. L., Lovett, A. C., Canales, B. K., Gower, L. B., and Khan, S. R. (2019). Development of a Two-Stage Model System to Investigate the Mineralization Mechanisms Involved in Idiopathic Stone Formation: Stage 2 In Vivo Studies of Stone Growth on Biomimetic Randall's Plaque. Urolithiasis 47, 335–346. doi:10.1007/s00240-018-1079-1
 O’Neil, L. J., and Kaplan, M. J. (2019). NETched in Stone. Immunity 51, 413–414. doi:10.1016/j.immuni.2019.08.015
 Olszta, M. J., Douglas, E. P., and Gower, L. B. (2003). Scanning Electron Microscopic Analysis of the Mineralization of Type I Collagen via a Polymer-Induced Liquid-Precursor (PILP) Process. Calcified Tissue Int. 72, 583–591. doi:10.1007/s00223-002-1032-7
 Panheleux, M., Bain, M., Fernandez, M. S., Morales, I., Gautron, J., Arias, J. L., et al. (1999). Organic Matrix Composition and Ultrastructure of Eggshell: a Comparative Study. Br. Poult. Sci. 40, 240–252. doi:10.1080/00071669987665
 Park, S., Lee, S. S., and Kim, S. H. (2020). Photonic Multishells Composed of Cholesteric Liquid Crystals Designed by Controlled Phase Separation in Emulsion Drops. Adv. Mater. 32, 2002166. doi:10.1002/adma.202002166
 Picker, A., Nicoleau, L., Burghard, Z., Bill, J., Zlotnikov, I., Labbez, C., et al. (2017). Mesocrystalline Calcium Silicate Hydrate: A Bioinspired Route toward Elastic concrete Materials. Sci. Adv. 3, e1701216. doi:10.1126/sciadv.1701216
 Pontoni, D., Bolze, J., Dingenouts, N., Narayanan, T., and Ballauff, M. (2003). Crystallization of Calcium Carbonate Observed In-Situ by Combined Small- and Wide-Angle X-ray Scattering. J. Phys. Chem. B 107, 5123–5125. doi:10.1021/jp0343640
 Pouget, E. M., Bomans, P. H. H., Goos, J. A. C. M., Frederik, P. M., de With, G., and Sommerdijk, N. A. J. M. (2009). The Initial Stages of Template-Controlled CaCO 3 Formation Revealed by Cryo-TEM. Science 323, 1455–1458. doi:10.1126/science.1169434
 Qiao, Z., Zhao, Y., and Gao, Y. Q. (2019). Ice Nucleation of Confined Monolayer Water Conforms to Classical Nucleation Theory. J. Phys. Chem. Lett. 10, 3115–3121. doi:10.1021/acs.jpclett.9b01169
 Qiu, S. R., Wierzbicki, A., Orme, C. A., Cody, A. M., Hoyer, J. R., Nancollas, G. H., et al. (2004). Molecular Modulation of Calcium Oxalate Crystallization by Osteopontin and Citrate. Proc. Natl. Acad. Sci. U S A 101, 1811–1815. doi:10.1073/pnas.0307900100
 Reyes-Grajeda, J., Jauregui-Zuniga, D., Rodriguez-Romero, A., Hernandez-Santoyo, A., Bolanos-Garcia, V., and Moreno, A. (2002). Crystallization and Preliminary X-ray Analysis of Ovocleidin-17 a Major Protein of the gallus gallus Eggshell Calcified Layer. Protein Pept. Lett. 9, 253–257. doi:10.2174/0929866023408805
 Riback, J. A., Zhu, L., Ferrolino, M. C., Tolbert, M., Mitrea, D. M., Sanders, D. W., et al. (2020). Composition-dependent Thermodynamics of Intracellular Phase Separation. Nature 581, 209–214. doi:10.1038/s41586-020-2256-2
 Roden, C., and Gladfelter, A. S. (2021). RNA Contributions to the Form and Function of Biomolecular Condensates. Nat. Rev. Mol. Cel Biol. 22, 183–195. doi:10.1038/s41580-020-0264-6
 Rodriguez, D. E., Thula-Mata, T., Toro, E. J., Yeh, Y.-W., Holt, C., Holliday, L. S., et al. (2014). Multifunctional Role of Osteopontin in Directing Intrafibrillar Mineralization of Collagen and Activation of Osteoclasts. Acta Biomater. 10, 494–507. doi:10.1016/j.actbio.2013.10.010
 Ruiz-Agudo, E., Burgos-Cara, A., Ruiz-Agudo, C., Ibañez-Velasco, A., Cölfen, H., and Rodriguez-Navarro, C. (2017). A Non-classical View on Calcium Oxalate Precipitation and the Role of Citrate. Nat. Commun. 8, 768. doi:10.1038/s41467-017-00756-5
 Saeki, K., Chien, Y.-C., Nonomura, G., Chin, A. F., Habelitz, S., Gower, L. B., et al. (2017). Recovery after PILP Remineralization of Dentin Lesions Created with Two Cariogenic Acids. Arch. Oral Biol. 82, 194–202. doi:10.1016/j.archoralbio.2017.06.006
 Saxena, N., Cremer, M. A., Dolling, E. S., Nurrohman, H., Habelitz, S., Marshall, G. W., et al. (2018). Influence of Fluoride on the Mineralization of Collagen via the Polymer-Induced Liquid-Precursor (PILP) Process. Dental Mater. 34, 1378–1390. doi:10.1016/j.dental.2018.06.020
 Schoeppler, V., Stier, D., Best, R. J., Song, C., Turner, J., Savitzky, B. H., et al. (2021). Crystallization by Amorphous Particle Attachment: On the Evolution of Texture. Adv. Mater. 33, 2101358. doi:10.1002/adma.202101358
 Schreiber, R. E., Houben, L., Wolf, S. G., Leitus, G., Lang, Z.-L., Carbó, J. J., et al. (2017). Real-time Molecular Scale Observation of crystal Formation. Nat. Chem. 9, 369–373. doi:10.1038/nchem.2675
 Sivaguru, M., Saw, J. J., Williams, J. C., Lieske, J. C., Krambeck, A. E., Romero, M. F., et al. (2018). Geobiology Reveals How Human Kidney Stones Dissolve In Vivo. Sci. Rep. 8, 13731. doi:10.1038/s41598-018-31890-9
 Sivaguru, M., Lieske, J. C., Krambeck, A. E., and Fouke, B. W. (2020). GeoBioMed Sheds New Light on Human Kidney Stone Crystallization and Dissolution. Nat. Rev. Urol. 17, 1–2. doi:10.1038/s41585-019-0256-5
 Sivaguru, M., Saw, J. J., Wilson, E. M., Lieske, J. C., Krambeck, A. E., Williams, J. C., et al. (2021). Human Kidney Stones: a Natural Record of Universal Biomineralization. Nat. Rev. Urol. 18, 404–432. doi:10.1038/s41585-021-00469-x
 Smeets, P. J. M., Finney, A. R., Habraken, W. J. E. M., Nudelman, F., Friedrich, H., Laven, J., et al. (2017). A Classical View on Nonclassical Nucleation. Proc. Natl. Acad. Sci. USA 114, E7882–E7890. doi:10.1073/pnas.1700342114
 Stapane, L., Le Roy, N., Hincke, M. T., and Gautron, J. (2019). The Glycoproteins EDIL3 and MFGE8 Regulate Vesicle-Mediated Eggshell Calcification in a New Model for Avian Biomineralization. J. Biol. Chem. 294, 14526–14545. doi:10.1074/jbc.RA119.009799
 Stapane, L., Le Roy, N., Ezagal, J., Rodriguez-Navarro, A. B., Labas, V., Combes-Soia, L., et al. (2020). Avian Eggshell Formation Reveals a New Paradigm for Vertebrate Mineralization via Vesicular Amorphous Calcium Carbonate. J. Biol. Chem. 295, 15853–15869. doi:10.1074/jbc.RA120.014542
 Thula, T. T., Svedlund, F., Rodriguez, D. E., Podschun, J., Pendi, L., and Gower, L. B. (2010). Mimicking the Nanostructure of Bone: Comparison of Polymeric Process-Directing Agents. Polymers 3, 10–35. doi:10.3390/polym3010010
 Thula, T. T., Rodriguez, D. E., Lee, M. H., Pendi, L., Podschun, J., and Gower, L. B. (2011). In Vitro mineralization of Dense Collagen Substrates: A Biomimetic Approach toward the Development of Bone-Graft Materials. Acta Biomater. 7, 3158–3169. doi:10.1016/j.actbio.2011.04.014
 Wallace, A. F., Hedges, L. O., Fernandez-Martinez, A., Raiteri, P., Gale, J. D., Waychunas, G. A., et al. (2013). Microscopic Evidence for Liquid-Liquid Separation in Supersaturated CaCO 3 Solutions. Science 341, 885–889. doi:10.1126/science.1230915
 Wang, G., Wang, H.-J., Zhou, H., Nian, Q.-G., Song, Z., Deng, Y.-Q., et al. (2015). Hydrated Silica Exterior Produced by Biomimetic Silicification Confers Viral Vaccine Heat-Resistance. ACS Nano 9, 799–808. doi:10.1021/nn5063276
 Wang, J., Qu, Y., Chen, C., Sun, J., Pan, H., Shao, C., et al. (2019). Fabrication of Collagen Membranes with Different Intrafibrillar Mineralization Degree as a Potential Use for GBR. Mater. Sci. Eng. C 104, 109959. doi:10.1016/j.msec.2019.109959
 Wegmann, S., Eftekharzadeh, B., Tepper, K., Zoltowska, K. M., Bennett, R. E., Dujardin, S., et al. (2018). Tau Protein Liquid-Liquid Phase Separation Can Initiate Tau Aggregation. EMBO J. 37, e98049. doi:10.15252/embj.201798049
 Wingender, B., Bradley, P., Saxena, N., Ruberti, J. W., and Gower, L. (2016). Biomimetic Organization of Collagen Matrices to Template Bone-like Microstructures. Matrix Biol. 52-54 (54), 384–396. doi:10.1016/j.matbio.2016.02.004
 Wolf, S. E., Leiterer, J., Kappl, M., Emmerling, F., and Tremel, W. (2008). Early Homogenous Amorphous Precursor Stages of Calcium Carbonate and Subsequent Crystal Growth in Levitated Droplets. J. Am. Chem. Soc. 130, 12342–12347. doi:10.1021/ja800984y
 Wolf, S. E., Leiterer, J., Pipich, V., Barrea, R., Emmerling, F., and Tremel, W. (2011). Strong Stabilization of Amorphous Calcium Carbonate Emulsion by Ovalbumin: Gaining Insight into the Mechanism of 'Polymer-Induced Liquid Precursor' Processes. J. Am. Chem. Soc. 133, 12642–12649. doi:10.1021/ja202622g
 Wolf, S. L. P., Caballero, L., Melo, F., and Cölfen, H. (2017). Gel-Like Calcium Carbonate Precursors Observed by In Situ AFM. Langmuir 33, 158–163. doi:10.1021/acs.langmuir.6b03974
 Wu, S., Zhang, M., Song, J., Weber, S., Liu, X., Fan, C., et al. (2021). Fine Customization of Calcium Phosphate Nanostructures with Site-specific Modification by DNA Templated Mineralization. ACS Nano 15, 1555–1565. doi:10.1021/acsnano.0c08998
 Xu, S., Zhang, H., Qiao, B., and Wang, Y. (2021). Review of Liquid-Liquid Phase Separation in Crystallization: From Fundamentals to Application. Cryst. Growth Des. 21, 7306–7325. doi:10.1021/acs.cgd.0c01376
 Yang, Y., Lu, Y. T., Zeng, K., Heinze, T., Groth, T., and Zhang, K. (2021). Recent Progress on Cellulose‐Based Ionic Compounds for Biomaterials. Adv. Mater. 33, 2000717. doi:10.1002/adma.202000717
 Yao, S., Lin, X., Xu, Y., Chen, Y., Qiu, P., Shao, C., et al. (2019). Osteoporotic Bone Recovery by a Highly Bone‐Inductive Calcium Phosphate Polymer‐Induced Liquid‐Precursor. Adv. Sci. 6, 1900683. doi:10.1002/advs.201900683
 Yuan, C., Levin, A., Chen, W., Xing, R., Zou, Q., Herling, T. W., et al. (2019). Nucleation and Growth of Amino‐acid and Peptide Supramolecular Polymers through Liquid‐liquid Phase Separation. Angew. Chem. Int. Edition 58, 18116. doi:10.1002/anie.201911782
 Zhang, G., Wang, Z., Du, Z., and Zhang, H. (2018). mTOR Regulates Phase Separation of PGL Granules to Modulate Their Autophagic Degradation. Cell 174, 1492–1506. doi:10.1016/j.cell.2018.08.006
 Zhang, Y., Yang, M., Duncan, S., Yang, X., Abdelhamid, M. A. S., Huang, L., et al. (2019). G-quadruplex Structures Trigger RNA Phase Separation. Nucleic Acids Res. 47, 11746–11754. doi:10.1093/nar/gkz978
 Zhang, X., Vigers, M., McCarty, J., Rauch, J. N., Fredrickson, G. H., Wilson, M. Z., et al. (2020). The Proline-Rich Domain Promotes Tau Liquid-Liquid Phase Separation in Cells. J. Cel Biol. 219, e202006054. doi:10.1083/jcb.202006054
 Zhou, Y., Hu, Z., Ge, M., Jin, W., Tang, R., Li, Q., et al. (2021). Intraosseous Injection of Calcium Phosphate Polymer-Induced Liquid Precursor Increases Bone Density and Improves Early Implant Osseointegration in Ovariectomized Rats. Int. J. Nanomedicine 16, 6217–6229. doi:10.2147/IJN.S321882
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Qin, He, Li and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_3.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Liquid-Liquid Phase Separation in Nucleation Process of Biomineralization		Highlights

		What is Biomineralization

		Classical Nucleation Theory Is Facing Challenges

		When Non-classical Nucleation Theory Encounters LLPS		Calcium Carbonate

		Calcium Phosphate

		Organic Biominerals





		Bionic Applications

		Concluding Remarks

		Outstanding Questions

		Author Contributions

		Funding

		Publisher’s Note

		Abbreviations

		References









OPS/images/inline_2.gif





OPS/images/inline_5.gif
Vp





OPS/images/inline_4.gif





OPS/images/inline_14.gif





OPS/images/inline_13.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Chemistry





OPS/images/fchem-10-834503-g005.gif





OPS/images/inline_1.gif





OPS/images/fchem-10-834503-g003.gif





OPS/images/fchem-10-834503-g004.gif
PILP.doplts

cotogen





OPS/images/inline_12.gif





OPS/images/inline_10.gif
f(m,x) —1





OPS/images/inline_11.gif
f(m,x) — 0





OPS/images/math_5.gif
©





OPS/images/cover.jpg
* frontiers
in Chemistry

Liquid-Liquid Phase Separation
in Nucleation Process of
Biomineralization





OPS/images/math_4.gif
@





OPS/images/math_6.gif
\Giomo f (m,x) (0 f(m,x)=s1)

(6)





OPS/images/fchem-10-834503-g001.gif





OPS/images/math_1.gif
Sar 2,
AG = S7r*AG, + 4y,

[0





OPS/images/fchem-10-834503-g002.gif





OPS/images/math_3.gif
®





OPS/images/math_2.gif
“kelin(5)

@





OPS/images/inline_7.gif





OPS/images/inline_6.gif





OPS/images/inline_9.gif





OPS/images/inline_8.gif





