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Abstract

:

Biomineralization is a process in which organic matter and inorganic matter combine with each other under the regulation of living organisms. Because of the biomineralization-induced super survivability and retentivity, biomineralization has attracted special attention from biologists, archaeologists, chemists, and materials scientists for its tracer and transformation effect in rock evolution study and nanomaterials synthesis. However, controlling the biomineralization process in vitro as precisely as intricate biology systems still remains a challenge. In this review, the regulating roles of temperature, pH, and organics in biominerals forming process were reviewed. The artificially introducing and utilization of biomineralization, the bio-inspired synthesis of nanomaterials, in biomedical fields was further discussed, mainly in five potential fields: drug and cell-therapy engineering, cancer/tumor target engineering, bone tissue engineering, and other advanced biomedical engineering. This review might help other interdisciplinary researchers to bionic-manufacture biominerals in molecular-level for developing more applications of biomineralization.
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1. Introduction


As a natural protective structure, biomineralization is a process in which organic matter and inorganic matter combine with each other under the regulation of living organisms [1]. Biomineralized crystals are different from the regular structure and surface of artificial crystals. According to the growing environment, biomineralized crystals exhibit distinct physical and chemical characteristics, which are difficult to simulate and manufacture in vitro, while the biomineralization forming process is much similar. As the development of image representation technology, the biomineralization forming mechanism has been found and defined, and their classification has been discussed in some review papers from different systems [2,3,4]. Based on this, many bio-inspired nanomaterials were created through simulating or mimicking the biomineralization forming process.



Biomineralization is a widespread phenomenon that leads to the formation of well-organized biominerals, which refers to the formation of inorganic minerals in organisms [3]. These inorganic minerals not only help to protect the living organisms, like mature mollusk shells [5], brachiopod shells [6], and crustacean cuticles [7], but also help to support organisms and sense signals from surroundings, like bones [8], teeth [9], echinoderm skeletons [10], coral skeleton [11,12], and sponge spicules [13]. C.J.G., et al. [14] have described the mechanism, structure, and bio-function of skeleton-shaped biomineralization in detail in a book. Biomineralization involves biology, chemistry, crystallography, materials science, mineralogy, and medicine, and other disciplines have also led to specialization in these fields. Studying the characteristics of biomineralization forming mechanism is not only helpful to the development and utilization of new nanomaterials, but also helps to treat abnormal mineralization that is caused by the human body disease, such as osteoporosis, osteomalacia, hypophosphatasia, kidney stones, and atherosclerosis. On the other hand, various nano-functional materials were synthesized and biomineralized with living characteristics. Because of the biomineralization-induced super survivability and retentivity, biomineralization has attracted special attention from biologists, archaeologists, chemists, and materials scientists for its tracer and transformation effect in rock evolution study and nanomaterials synthesis. However, controlling the biomineralization process in vitro as precisely as intricate biology systems still remains a challenge.



In this report, we first reviewed the biomineralization forming process in Section 2, including the general crystal growth type, the factors affecting biomineral formation, mechanism and approach of mineralization, and biomimetic biomineralization. In Section 3, the latest applications of biomineralization in biomedical engineering were summarized. Also, Section 4 discussed the future perspectives of biomineralization. This review might help other interdisciplinary researchers to simulate, and bionic-manufacture biominerals in molecular-level for developing more applications for biomineralization.




2. Biomineralization Forming Process


2.1. The Type of Mineralization


According to the degree of biological mineral control, biomineralization could be divided into two categories: biological induction and biological control. Bio-induced biomineralization is a process caused by physiological activities of organisms, such as metabolism, inhalation of oxygen, exhalation of carbon dioxide by respiration, as well as establishment of cell walls, which change the physical and chemical conditions of the surrounding environments. This mineralization is not guided by specific cell tissues or biological macromolecules, resulting in arbitrary orientation of crystals and lack of unique morphology. Negatively charged cell walls (containing carboxyl and phosphatidyl groups) combine Fe3+ ions by electrostatic interaction, and Fe3+ ions react with silicic acid to form iron silicate. This process is seldom controlled by cells, and its crystalline form is similar to that of iron silicate that is produced in inorganic solutions. Biologically controlled mineralization is a process that is caused by biological physiological activities and controlled by biology in three aspects: space, structure, and chemistry. It occurs in delineated confined spaces. Biomineral organic matter is formed with high content, unique crystallization habit, uniform size, uniform shape, and regular arrangement.



There are two forms of mineralization: one is normal mineralization, such as skeleton, teeth and shellfish, formation of shells, and so on. Another is abnormal mineralization, such as stones, dental stones and caries teeth, and so on. There are two theories to explain this biomineralization. Solution crystallization theory and polymer-induced liquid phase precursor mineralization theory. For solution crystallization theory, Type I collagen molecules self-assemble into a native “hole”, the “hole” contain negatively charged amino acids, the –COO– could bind to Ca2+, which lead to the deposition of Ca2+ in the “hole”[15]. After deposition, the calcium phosphate (Ca-Pi) is electrostatically formed through binding. The Ca–Pi nucleus is the basic building blocks of bone structure [16]. In addition, the “hole” is the nucleation site of hydroxyapatite crystals, which is another important component of bones [17]. For polymer-induced liquid phase precursor mineralization theory, highly hydrated amorphous calcium phosphate phase nanometer droplets penetrate into the pores and voids of collagen fibers the hydrates lose water and crystallize in the pores and voids of collagen fibers [18]. The calcification of atherosclerosis (AS) plaque is a typical sample of abnormal mineralization.




2.2. Factors Controlling Biomineralization


Mineralization in organisms can be divided into four stages. (1) Organic macromolecules are pre-assembled into ordered structures. Insoluble organic matter in organisms constructs an organized micro-reaction environment before mineral deposition, which determines the location of inorganic nucleation and the function of mineral formation. This stage is the precondition of biomineralization. (2) Molecular recognition of organic-inorganic interfaces controlling crystal nucleation and growth. (3) Growth regulation enabling the initial assembly of crystals to form subunits. (4) Cell prepressing, forming biominerals with multilevel structure by assembling subunit minerals. It is believed that biomineralization is controlled by varying factors. The formation of biominerals is often the result of the synergistic action of various factors, including pH, temperature, and matrix.



2.2.1. Temperature and pH


Temperature is an important factor affecting calcium carbonate deposition. The solubility of most salts in water will increase with the increase of temperature. However, calcium carbonate has abnormal solubility, the solubility will decrease when the temperature rises. That is to say, more calcium carbonate will deposit when the temperature rise. pH also has great influence on the solubility of carbonate. Reducing PH value will increase the solubility of carbonate. Furthermore, pH and temperatures can control calcium carbonate particles forming various crystal morphologies [19], such as, plate, rhombohedra, rectangles ellipsoid, cube, etc. Vaterite with specific morphologies was formed at low temperature, whereas needle-shaped aragonite crystals were obtained at high temperature [20,21].



There exists some controversy pertaining about the temperature effect on the biomineralization forming process. Some previous studies on the oysters C. gigas and C. virginica have found that raising temperature has stronger effects than moderate ocean acid on shell growth and metabolism [22,23]. The lesser pH effect demonstrated here agrees with D.G.H., et al. [24].



pH is the most important factor affecting the precipitation structure in Uranium (VI) biomineralization by Saccharomyces cerevisiae [25]. Some other reports have shown that there were no negative effects on the calcification rate, CaCO3 deposition, shell ultrastructure, and metabolic pathways in P. fucata exposed to warmed seawater [26]. If the thermal threshold is not breached, temperature elevation may promote CaCO3 deposition during biomineralization [26], as shown in Figure 1(A). Indeed, the effects of temperature rise on organic biomineralization vary from species to species. The effects of temperature and pH value on biomineralization are synergistic. It was also recognized that the Mg content in coralline carbonate varied seasonally experiments on synthetic Mg-calcite [27], which demonstrated a positive correlation between Mg content and temperature. Sometimes, they would need to improve the thermostability. It should be noted that egg cells with mineral shells are extremely thermostable. The stability of modified minerals could also be maintained at suitable pH [28] (Figure 1(B)) and temperature [29] (Figure 1(C)).



pH plays a significant role in controlling pores diameter on the surface of virus, which is usually used as an environment for biomimetic mineralization. The nano-in-micro composites were produced by coating oxidation-responsive NPs with chitosan and encapsulated in a pH-sensitive polymer. The microparticles maintain integrity at acidic pH, which could be used in drug release. The detrimental effects of ocean acid, pH altering, on biomineralization are a common response of marine organisms to environmental changes [30,31,32].




2.2.2. Guidance of Organic Matrix on Biominerals


The organic matrix in biominerals can be defined as any organic matrix localized at the surfaces of constituents, such as proteins, phospholipids, collagen and carbohydrates, and so on, which act as a mediator for the mineralization of biological systems. A large number of organic matrices, especially proteins, are involved in the formation of inorganic materials in the process of biomineralization, controlling the nucleation [33,34], growth, crystalline form, and trend of inorganic crystals. This process is also called molecular recognition. The macromolecules also play a role in initiating nucleation and directing crystal growth.




2.2.3. Additives


In recent years, the chemical composition and complex of additives have tremendously attracted scientific attention. Detailed controlling mechanism of additives on mineralization could be reviewed in recent Denis Gebauer’s paper [35]. Additives and matrix could lead to the crystal morphology modification. Insoluble and soluble organic additives provide a heterogeneous nucleation site and regulate crystal growth by their adsorption. Soluble organic substances distribution and incorporation level in the CaCO3 crystals can alter the growth kinetics and morphology of calcium carbonate. Insoluble matrices, as biomacromolecules, can form a three-dimensional framework for promoting the nucleation of CaCO3 crystals and thus lead to a finer crystallization of CaCO3 [36,37]. The inorganic ions have been demonstrated to be incorporated into the lattice of calcite, thus influencing the morphology of calcite crystals [38]. Citrate coated Au nanoparticles (CIT-Au NPs) and agarose gels were both introduced into the crystallization [39]. CIT, and the matrix, agarose gel, have synergistic effects on morphology regulation of synthetic calcite single-crystals. The agarose gel matrix is inert to the crystal morphology in the sense that the agarose gel grown calcite crystals maintain in characteristic rhombohedra. In contrast, CIT additives are active in crystal morphology modification and crystals begin to exhibit curved rough surfaces when grown in solutions. Apart from inorganic ions, the organic components, including amino acids, peptides, diblock copolymers, and proteins, which also contributed to shaping crystals while acquiring an in-depth understanding of crystal-additive interactions.



Polyacrylic acid (PAA) additives can control the morphologies of calcium carbonate crystal at a concentration dependency manner [19]. In the presence of cetyltrimethylammonium bromide (CTAB), various unusual calcium carbonate crystal morphologies, such as dendrite-shaped, flower-like, wheatgrass-like, needle-like, whiskers, and double-taper-like, can be obtained depending on the addition of various organic additives, such as glycol, glycerine, formaldehyde, acetaldehyde, glycol-methyl ether, and glycol-ethylether [40]. Calcite crystals gradually recovered their sharp rhombohedral morphology in the presence of Water soluble matrix (WSM) from irregular state [20]. One-dimensional Ca-deoxycholate fibers, as a novel insoluble organic polymorph controller, was demonstrated to be the key role in mediating the crystallization and controlling self-assembly processes of calcium carbonate [21]. A novel matrix protein Hic31 from the prismatic layer of Hyriopsis Cumingii displaying a collagen-like structure may play important roles in biomineralization of the pearl prismatic layer [41].



In summary, as shown in Figure 2, biomineralization could be divided into two types, normal mineralization and abnormal mineralization, and the forming process mainly regulated by the temperature, pH and additives.





2.3. Mechanism and Approach of Mineralization


The mineralization process in organisms is very complex. Recognizing the formation mechanism of biominerals and matrix, cell and other symbiosis regulation of minerals and substances will be very helpful. Most of the research simply established simulation system and coordinated the regulation of biological macromolecules outside of the organism. There are very few studies on the control effect. Accordingly, we need to be closer to organisms. Further study on the specific regulation of biological macromolecules under environmental conditions function and synergistic regulation to further study organisms in matrix mineralization processes, cell-mineral interactions, to elucidate biominerals.



A deep molecular-level mechanistic understanding of how proteins participate in the nucleation and growth of inorganic crystals (both in vitro and in vivo) can be achieved by computational methods at the atomic scale, as shown in Figure 3(A) [42].



Michael S. Pacella et, al. compared the results of the Rosetta-Surface algorithm to an experimental benchmark of kinetic and thermodynamic measurements on peptide−biomineral interactions taken from atomic force microscopy, and successfully identified which mineral face and step edges will bind peptides the strongest [42]. The interaction effect between proteins and crystal can be illustrated using examples from biomineralization, as well as by the immune responses from pathological crystallizations to crystalline antigens, as shown in Figure 3(B). A.J., et al. [44] have employed self-assembled monolayers (SAMs) on Au or Ag, with disordered head groups, to induce the formation of an amorphous CaCO3 film. The mechanism of the molecular interactions occurred at the interface between the inorganic mineral and the macromolecules [45]. A form of additive manufacturing, selective laser sintering (SLS) uses a roller feed system, a heated chamber, and a laser to fuse plastic, ceramic powder layers or metal, together form a wide variety of solid objects [46]. As opposed to other printing methods that restrict model geometry or require removable, unfused powder provides support for parts. Together with the biocompatibility of the material feedstocks, this process also gives printed objects a rough surface of partially fused powder and provides a viable avenue for fabricating a wide variety of effective high-surface area substrates for tissue engineering and biomedical implants. Furthermore, the model of three-dimensional printed frameworks has tremendous potential for synthesis of biomaterials. It is especially effective when combined with post-synthesis chemical treatment, and this will be discussed in the later section.




2.4. Biomimetic Biomineralization


Traditional biomineralization studies emphasize the bionic design and preparation of materials by imitating nature, highlighting the regulation of inorganic crystallization by organic systems, thus improving the properties of materials. The new trend of biomineralization research is to use natural strategies for realizing the regulation of biological organisms through inorganic materials, highlighting the use of material systems to achieve bio-functional transformation.



In 2008, Tang Ruikang’s team successfully realized the mineralization transformation of yeast cells [47], and proposed that using the biomineralization strategy for more biological species could be endowed with new functions through material shells. For example, the preservation of vaccines is highly dependent on the cold chain. Through biomimetic mineralization, the team constructed a new vaccine-calcium phosphate complex, which greatly enhanced the thermal stability of vaccines on the basis of maintaining the original efficacy, and initially realized the construction of heat-stable vaccines independent of refrigerators. Biomimetic mineralization can not only enhance the structural stability of organisms through materials, but also change the original functions of organisms. By inducing the spontaneous accumulation of green algae through biomimetic mineralization of green algae, the group can activate hydrogenase while also ensuring the activity of photosynthetic system II, thus changing the photosynthetic pathway of green algae, and directly decompose water to produce hydrogen under natural conditions. Its hydrogen production efficiency is equal to the normal photosynthetic efficiencies.



When compared with natural or synthetic minerals, biominerals often exhibit excellent mechanical and other properties. The reason is that biominerals have multilevel ordered micro- and nano-structures with specific morphologies, which are also consistent with the macro-scale structure. The acquisition of multilevel ordered mineral structure depends on the synergistic effect of various biomass macromolecules in the process of biomineralization. Clearly, understanding this synergistic effect can better guide material chemists to make controllable composites to obtain excellent mechanical and other properties. However, it is difficult to observe the biomineralization process in situ, and the information that is provided by static biomineral microstructural analysis is relatively limited. Therefore, controllable biomimetic mineralization is still a major problem in the field of material synthesis. Up to now, biomimetic mineralization research is mostly based on empirical knowledge, and biomimetic mineralization research based on controllable route design is few and far between. Calcium carbonate films with shellfish-like prism structure were synthesized by the total synthesis method for the first time, as shown in Figure 4(A), and precise control of the micro-structure of bionic films was achieved, resulting in excellent mechanical properties [48].



Calcium oxalate needle crystals are formed plants using protein nanowires (14 kDa) embedded in needle crystals as templates in banana. Calcium oxalate nanospheres are induced to deposit orderly along the template and they eventually form hexagonal pyramidal mesoscopic structures driven by organic-inorganic self-assembly [49]. This study effectively reveals the structure-functional relationship between the chemical evolution of plant crystal morphology and the environment during the long evolutionary process, as shown in Figure 4(B). That is, in the physiological micro-environment of excessive calcium or oxalic acid metabolism (C4 plants), plants can maximize the capture of calcium and oxalic acid in the limited all oocyte, thus maintaining the metabolism of inorganic calcium and organic acid in plants. It is also of great significance to the development of bionic materials and the study of human pathological mineralization, such as kidney stones (calcium oxalate is also the main component).



Biomineralization, as a functional strategy in the process of biological evolution, can make organisms more adaptable to the environment and they produce evolutionary chains that are more conducive to their own development. It also provides a reference direction for human beings to realize the regulation of biological organisms through materials. By learning from nature, the study of biomineralization has realized the transformation from the regulation of material crystallization by biological system to the improvement of organisms by using materials, which provides a new direction for the sustainable development of human beings.



A rapid synthesis method of multifunctional macro-graphene composites was developed. Graphene oxide was added into biomimetic mineralized gel system to form graphene oxide, amorphous calcium carbonate nanoparticles, and polyacrylic acid cross-linked network structure. The soft and hard state of the graphene composite can be controlled by moisture content. It is also found that the material has excellent plasticity and self-healing ability, and it is expected to be used in multi-scale rapid processing and forming of graphene materials [50].





3. Application of Biomineralization in Biomedical Engineering


As a natural phenomenon, the forming process of biomineralization has been thoroughly studied and mimicked in vitro. Based on the mentioned forming process, incorporated with other rising technologies to synthesize new nanomaterials, biomineralization has penetrated into many fields around our life, for instance, mechanical engineering [51,52,53], electrical engineering [54,55,56], environmental engineering [57,58,59], as well as biomedical engineering [60,61,62]. As the pathfinder of human health and life, biomedical engineering has received specific attention and developed into a booming industry. Therefore, it becomes necessary to review the application of biomineralization in biomedical engineering. As shown in Figure 5, the application mainly includes these directions: drug engineering, cancer engineering, bone engineering, enzyme engineering, three-dimensional (3D) printing engineering, and microbial engineering. The detailed combination between biomineralization and biomedical engineering will be discussed in this section. Several important and interesting research were reviewed in the past eight years, and in order to elucidate revolution of these applications, we added the published year in the descriptions.



3.1. Drug and Cell-Therapy Engineering


As an organic regulated forming method of inorganic structure, biomineralization overcomes the problem of biocompatibility, offering an approach to protect the curing viral vectors from molecular recognition [63] on the application of drug and cell-therapy engineering. Inspired by the biomineralization of diatoms, Y.S.H., et al. (2011) [64] proposed a biomimetic method to silica-encapsulate yeast cells with surface functionalization, which firstly introduced the thiol functionalization into silica-encapsulation, as well as the fluorescein and streptavidin onto the silica-shells for better observation. The polyethyleneimine (PEI) and poly-sodium 4-styrenesulfonate (PSS), two biocompatible polyelectrolyte multilayers, were combined to perform as a catalytic template for yeast-surface silica-biomineralization, as shown in Figure 6(A). Following this mechanism, L.H., et al. (2014) [65] reported a biomineralization-based silica encapsulation of individual saccharomyces cerevisiae cell and realized the control of thickness of silica shells. The precise thickness regulation could better control the functional activities of internal drugs and metabolic activities of encapsulated cells, as well as increase the physicochemical stability of the nanomaterial. During fabrication, the layer-by-layer technology was combined with bioinspired silicification to form the living shell of cells, as shown in Figure 6(B).



C.W., et al. (2013) [71] reported a method to fabricate nano-solidified intermedia (NSI) of cisplatin based on biomineralization, and realize the carry and reverse of cancer drugs in vivo and in vitro, as shown in Figure 6(C). Biomineralization, used in the synthesis, not only enhanced the drug biocompatibility, but importantly overcame the drug resistance for better and longer cancer chemotherapy. The authors have made great progresses and results in the field of biomineralization-based nanomaterials on drug and cell-therapy engineering. In the next year, C.W., et al. (2014) [60] has particularly reviewed the biomineralization nanomodified of living organisms, and divided it into two typical categories, according to the location of biomineralization. One is the biological surface induced external mineral particle, which forms the functional shell. The other is the biological internal materials induced mineral particle, which forms the inorganic organelle, as shown in Figure 6(D). The location where biomineralization happened decides the structure of the novel organism, external shells, or internal scaffolds, which usually results from different processing methods. These novel living-mineral nanocomplexes have functional application on drug delivery, biological protection, and storage, etc.



Recently, X.B., et al. (2018) [72] proposed an albumin-template biomineralization, incorporating with oxidization polymerization, to synthesize nanotherapeutic agents for safer vascular drug delivery engineering. This technique was been demonstrated in several polymer monomers, including dopamine (DA), epigallocatechin (EGC), pyrrole (PY), as well as diamino-pyridine (DP). During the reaction, polymer monomers were suspended in bovine serum albumin (BSA) solution, and KMnO4 was chosen as the catalyst to induce the polymerization and biomineralization. After stirring at room temperature for 2h, the polymers and manganese dioxide hybrid nanoparticles (PMHNs) were synthesized. After intravenous injection into the mice, these PMHNs performed high sensitivity and resolution of imaging on magnetic resonance (MR) and ultrasonic detection. When combining with external precision control, these PMHNs could carry efficient drugs and pass through blood vessel wall to tumor sites, and further realize the in-situ ablation of tiny tumor, as shown in Figure 6(E).




3.2. Cancer/Tumor Target Engineering


With the development of nanotechnology, various nanomaterials based therapeutic platforms have been developed for the diagnosis and treatment of cancer/tumor, which have been the biggest killer threatening human life and health. Except for the excellent biocompatibility, synthetic nanomaterials that are inspired by biomineralization have unique optical, magnetic, and thermal properties, which facilitate the construction of out-body control systems for better positioning, imaging, and final diagnosis of cancer/tumor. Inspired by the natural biomineralization of ferritin (Fn), W.Z.T., et al. (2016) [73] proposed a biomimetic synthesis method to synthesize Fn supported ultra-small copper sulfide (CuS) nanoparticles, which had high sensitivity and resolution on the photoacoustic imaging (PAI). When combined with position emission tomography (PEI), the quantitative PAI realized photothermal therapy (PTT) with superior therapeutic efficiency on cancer both in vitro and in vivo, as shown in Figure 7(A).



Z.J., et al. (2016) [74] also utilized a protein-platform to synthesize fluorescence contrast agents for MRI/NIR detection of cancer. The BSA, an easily decorated protein, was chosen as the platform for biomineralization to carry engineered Ag2S-pQDs with Gd3+ ions. After the intravenous injection into mice, the synthesized nanomaterial exhibited pronounced capability for tiny tumor targeting capability with high 3D resolution and sensitivity, as shown in Figure 7(B). Similarly, X.Z.M., et al. (2018) [66] produced a biomineralization nanoprobe, as a visualization tool, to realize the real-time imaging of multimodal detection during MRI/NIR on tumor diagnosis. On the basis of cypate-grafted biomineralization, ovalbumin was used to synthesize gadolinium oxide nanoparticles, after being labeled by a NIR fluorescence dye, the ovalbumin scaffold was intravenously injected into the mice to realize the real-time visualization of osteosarcoma and lymph nodes, as shown in Figure 7(C). Biomineralization enhanced the stability and biocompatibility of the nanoprobe, when comparing with previous colloidal nanoprobes, and the small size enables the nanoprobe to be cleared by the circulatory system.



Adenosine triphosphate (ATP), an existence form of energy, was found to mediate drug-liberating process during cancer therapy, and to be acted as an antineoplastic agent in vitro [76]. Based on this, S.P., et al. (2018) [75] synthesized an ATP-loaded nanocomposite with pronounced apoptosis in tumor cells. First, mesoporous silica nanoparticles (MSNPs), a biocompatible deliver, was decorated with ATP on the surface. Subsequently, the doxorubicin (DOX), an efficient cancer drug, was loaded into the poriferous nanoparticles. After biomineralization of ATP and CaCO3, the pores on the surface of NSNPs were closed and the DOX was encapsulated. Under an acidic environment, tumor location, CaCO3 was dissolved, ATP was exposed to bind with antigen on the surface of tumor, pores opened, and DOX could be released to effect on the tumor, as shown in Figure 7(D). When comparing with traditional drug therapy for tumor, this biomineralization-based synthesis of drug carrier nanomaterial protected ATP and DOX before they arrived tumor location, further reduced tumor burden, and increased the survival rate.



Y.B., et al. (2018) [69] reported a novel black-phosphorus (BP) supported biomineralization-based 3D printing scaffold for better treatment of osteosarcoma, as shown in Figure 7(E). The calcium-extracted biomineralization was induced in vivo, and the design and BP-modification of nanosheets were processed by 3D printing technology in vitro. Under the target physiological microenvironment, the excellent photothermal properties enable BP to induce in situ biomineralization of the nanosheets, and further promote the local bone tissue regeneration to repair the damage that is caused by osteosarcoma, an aggressive malignant neoplasm. Therefore, this technology could also be applied in bone tissue regeneration engineering.




3.3. Bone Tissue Engineering


Except for the cell/drug-based disease therapy engineering, bone tissue engineering is another important area of the biomineralization application. S.Y.C., et al. (2016) [67] proposed a biomineralization-based conversion coating method to enhance the polarization resistance of coatings, as well as increase corrosion resistance and surface bioactivity. The synthesized nanocomposites were demonstrated to be well applied on the bone tissue engineering, as shown in Figure 8(A). Magnesium (Mg), a conventional orthopedic implant material, was used as the basic template to fabricate HA/Mg composites by authors themselves. After coating with hydroxyapatite (HA) and biocompatible dicalcium phosphate dihydrate (DCPD), biomineralization was induced on the template. Further electrochemical results were also carried out to prove the enhanced capability of corrosion resistance and biocompatibility of the novel synthesis.



The orthopedic implant material not only needs to have the capability of corrosion resistance, but it also needs to have the ability to enhance the expression of osteocalcin.P.K.M., et al. (2017) [77] reported a biomineralization-based fabrication of recombinant peptide scaffolds with enhanced expression of osteocalcin. As shown in Figure 8(B), a linear mineralized scaffold was fabricated by utilizing biomimetic nucleation, which had enhanced mechanical strength, increased HA content, as well as improved osteoblast mineralization. The all three scaffold signals, mechanics, chemistry, and architecture of the material, were optimized together, which is important and necessary for directing cell response in bone regeneration engineering. Based on this, L.Y., et al. (2018) [78] reported an elastomeric bioactive nanocomposite with multifunctional properties on biomineralization activity, elastomeric behavior, bioimaging tracking, osteogenic cellular response, as well as inflammatory response, as shown in Figure 8(C), these enhanced properties offered new design for better bone regeneration technology.



It has been proven that external electrical stimulation could be used to improve bone regeneration [79] and enhance bone healing [80]. However, how to control the electrical stimulation to fit the physiological potential is still not clear. Z.C.G., et al. (2018) [81] proposed a novel method to control surface potential of the bone membranes for enhancing and optimizing the regenerated bone tissue. Polyvinylidene fluoridetrifluoroethylene (PVDF-TRFE), a flexible and stable bone-healing material, was used as a template to investigate the relationship between osteogenic outcomes and surface potentials, as shown in Figure 8(D). It was found that bone-healing material with proper surface potential could be used as a promising periosteum substitutes in bone engineering.




3.4. Bionic and 3D Printing Engineering


Strictly speaking, all of the biomineralization-based synthesis of materials in vitro is called bionic manufacturing, because the fabrication method is mimicking the forming process of biominerals, which are organic/inorganic hybrid materials, the essential components of living organisms. Therefore, there is no doubt that biomineralization has many applications on bionic engineering. A.A., et al. (2015) [4] summarized the molecularly controlled processes of biomineralization and their application on bionic manufacturing. The forming process of biomineralization is controlled by three important factors, including catalysts, surface recognitions, and template effects, as shown in Figure 9(A). Controlling the composition of these three factors at the molecular level could result in distinct biomineralization with different structures, morphologies, functions, and performance.



Y.R., et al. (2018) [82] reported biomineralization-based bionic natural molluscan shell design and 3D printing, and layer-by-layer method was adopted, as shown in Figure 9(B). When comparing with nacre and foliated, the crossed lamellar microstructure was demonstrated to have high impact characteristics and improved wear rate. This microstructural dependent site-specific printing technology could serve for bionic and biomedical engineering on advanced functionalized materials. About the 3D printing of bionic nacre, Y.R., et al. (2017) [83] has made a good review. Similar to the unit assembly in 3D printing, I.F., et al. (2018) [84] proposed biomineralization-involved cell-microreactor assemblies to bio-mimic natural healing process of bone in vitro, as shown in Figure 9(C). First, alginate droplet was generated by a flow-focusing microfluidic chip, then it was coated with poly-lysine (PLL) in Ca-low-HEPES buffer, and the microreactor was fabricated. Altering the fluid materials and contents in microfluidic fabrication, four microreactors could be achieved. In the next step, the microreactor was biomineralized with SaOS-2 cells to form spheroids. During the reaction, under the induction of osteoconductive media, matrix vesicles (MVs), extracellular vesicles (EVs), as well as artificial MVs (AMVs) and organic pyrophosphates (PPi) was hydrolyzed by tissue-nonspecific alkaline phosphatases (TNAP) into inorganic phosphate (Pi), caused calcium carbonate to precipitate on the surface of spheroids. 3D printing technology has extended its application from mechanical materials to biomaterials [85]; however, biocompatibility is still a challenge when directly printing biological materials. J.R.J., et al. (2018) [86] proposed a method of combining 3D printing technology with biomineralization to optimize the biocompatibility of 3D-printed scaffolds, as shown in Figure 9(D). The 3D scaffolds were printed by polymer with porous structure, then the biomineralized materials could be grown on the surface, as well as the cells. It also demonstrated that the magnetic nanoparticles could be synthesized into the porous 3D surfaces to enable a chemical-free sterilization, which presented a great potential for application on bone grafting.




3.5. Other Biomedical Applications


Biomineralization is an ideal strategy to tailor and hidden the surface characteristics of virus, such that the virus could get into the biosystem without recognition as an exogenous organism by bodies [61], which is the fundamental purpose and main application target of biomineralization in tumor therapy and drug delivery engineering. As for the bone and 3D printing engineering, biomineralization is more like a modification method to improve the biocompatibility of artificial bone tissue for better bone tissue repairment. Except for these four fields, biomineralization has also been applied on other biomedical research, as follows. The biomineralization-based encapsulation of virus to synthesize novel vaccine with high targeting ability [29,87] is also an application direction of biomineralization in the biomedical field, which was not discussed here, because viruses are strongly influenced by temperature and pH, which have been discussed in previous forming mechanisms (Part 2).



Z.X., et al. (2010) [88] proposed a biomineralization-assisted amplification (BMA) method to realize the detection of DNA, as shown in Figure 10(A). It utilized the tandem reaction between two gold-nanoparticles composed probes, AuNP-O probe and AuNP-S probe, which were synthesized by biomineralization. AuNP probe has been demonstrated to generate a silver visual signal when contacting with other protein molecules [89], like DNA. After functional group modification by biomineralization, this technology had high sensitivity and selectivity of small DNA, which could be used on the future molecular diagnosis technologies. H.E.T., et al. (2013) [68] reported a novel method to fabricate amorphous calcium phosphate nanocomposite (ACP-NC) with the assistance of enzyme inside for regulating the functions of biomineralization. As shown in Figure 10(B), the enzyme was entrapped in the nanocomposites, and the loading method was easy via precipitation. The enzyme loading capacity could be improved up to 70%, and, even after repeated harsh shakings, 85% of the enzyme could retain their activity. This biomineralization-based enzyme loading technology enables enzymes to play an important role in biomedical engineering.



W.X., et al. (2018) [90] reported a biomineralization-based fabrication of nacre-mimetic nanofilm with application of body flexible armor, as shown in Figure 10(C). The graphene oxide and silk fibroin were spin-assisted layer-by-layer depicted together, like the brick and mortar, to form the nanofilm with precisely controlled thickness. The advance laser-induced projectile impact test of the nanocomposite demonstrated that the nanofilm had high stain rate (HSR) mechanical characterization, which could be applied on the armor materials in biomedical engineering, as well as military engineering. Similarly, W.Z., et al. (2018) [70] used montmorillonite (MTM) nanosheet as the brick, and konjac glucomannan (KGM) as the mortar, to synthesize nanocomposite membrane with enhanced light transmission performance. As shown in Figure 10(D), after the incorporation of Ag nanoparticles into the nanocomposite by means of in situ reducing, the nanocomposite membrane obtained a obvious antimicrobial effect, which could be potentially applied in biomedical engineering. Before this study, L.F., et al. (2013) [91] reported biomineralization-based bio-films growing with Au nanoparticles for the detection of bacteria.





4. Conclusions and Perspectives


In summary, most of the biomineralization happens in soft tissues, close to cells, thus cells and minerals utilize and interact with each other. Temperature, pH, and organics are the three important factors, regulating the forming process of biomineralization. Biomineralization not only offers an excellent support to synthesize various nanomaterials to protect drugs/cells/viruses from the physiological clearance during their transportation to target tumor/cancer, but also increases the thermal, magnetic, and optical properties of the nanomaterial for better real-time imaging diagnosis and treatment of diseases. More than that, biomineralization has been optimized by various researchers for more functional application, such as, drug and cell-therapy engineering, cancer/tumor targeting engineering, bone tissue engineering, and other advanced fields of biomedical engineering. However, the biological safety issue [92] must be addressed. As a modification method, biomineralized shell for viruses/cells/bacteria has been developed and applied, which helped to cure some disease and deliver drugs, at the mean time increase the survivability of living organisms. If these modified living organisms get back to the nature, they may interfere with the life cycle of other living organisms, and further break the ecological balance, leading to unimaginable disaster to humans and the earth. Therefore, efficient biomineralization removal technology should also be developed at the same time to restore the artificial virus to their natural form, maintaining the existing ecological order. As a modification strategy, biomineralization connects, as well as blurs the boundary of inorganic and organic matters. The nanomaterials that are produced by biomineralization possess the characteristics of life, which has brought a big revolution to biomedical engineering. As the development of nanotechnology and intelligent industry, the living nanomaterials would also bring a promising direction to intelligent bio-materials.
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Figure 1. (A) Scanning electron micrographs of Pinctada fucata shells exposed to seawater acidification and elevated temperatures. Reprinted with permission from Ref. [26] Copyright (2016) American Chemical Society. (B) The coating of nanoparticles (NPs) with chitosan (CS) significantly enhanced their stability in intestinal pH. Reproduced by permission of Wiley-VCH from Ref. [28]. (C) Homology modeling of the mutant viral protein. EV71 capsid proteins VP1, VP2, and VP3 are shown in cyan, yellow, and orange, respectively. Reproduced by permission of National Academy of Science from Ref. [29]. 
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Figure 2. Schematics of types and affecting factors of biomineralization forming process. 
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Figure 3. (A) Crystals and proteins have structured surfaces that may contact each other by means of multiple cooperative interactions. Reprinted with permission from Ref. [42] Copyright (2018) American Chemical Society. (B) The protein chain is folded into a secondary structure, often characterized by two and three-dimensional regularity, such as in b-strands and a-helices. Reprinted with permission of Springer from Ref. [43] Copyright (2001). 
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Figure 4. (A) Synthetic approach to prismatic-type thin films and their structural similarity to biogenic counterparts [48]. This work is licensed under a Creative Commons Attribution 4.0 International License. (B) The formation mechanism of calcium oxalate needle crystals induced by self-assembled protein nanowire template. Reprinted with permission from Ref. [49] Copyright (2014) American Chemical Society. 
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Figure 5. Summary of application of biomineralization on biomedical engineering. (A) Drug engineering. Reproduced by permission of Wiley-VCH from Ref. [61]. (B) Cancer engineering. Reprinted with permission from Ref. [66]. Copyright (2018) American Chemical Society. (C) Bone engineering. Reprinted with permission from Ref. [67]. Copyright (2016) American Chemical Society. (D) Enzyme engineering. Reprinted with permission from Ref. [68]. Copyright (2013) American Chemical Society. (E) Three-dimensional (3D) printing engineering. Reproduced by permission of Wiley-VCH from Ref. [69]. (F) Microbial Engineering [70] Copyright (2018) with permission from Elsevier. 
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Figure 6. Application of biomineralization in drug engineering. (A) Layer-by-layer-biomineralization based silica encapsulation of yeast cells for cell sensor and drug delivery. Reproduced by permission of Wiley-VCH from Ref. [64]. (B) Layer-by-layer-biomineralization based encapsulation of saccharomyces cerevisiae cell for cell therapy engineering. Reproduced by permission of Wiley-VCH from Ref. [65]. (C) Biomineralization based nano-solidified intermedia (NSI) of cisplatin to carry and reverse cancer drugs in vivo and vitro. Reproduced by permission of The Royal Society of Chemistry 2013 from Ref. [71]. (D) Nano modification of living organisms by biomineralization to create living-mineral complexes for drug delivery. Reprinted with permission of Springer from Ref. [60] Copyright (2014). (E) Incorporation of oxidization polymerization into albumin-templated biomineralization to generate nanotheranostic agents for drug delivery. Reprinted with permission from Ref. [72]. Copyright (2018) American Chemical Society. 
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Figure 7. Application of biomineralization in cancer and tumor target engineering. (A) Biomineralization inspired synthesis of nanoparticles for diagnosis and treatment of cancer. Reprinted with permission from Ref. [73]. Copyright (2016) American Chemical Society. (B) BSA induced biomineralization of paramagnetic NIR Ag2S quantum dots to target tiny tumor. Reprinted with permission from Ref. [74]. Copyright (2016) American Chemical Society. (C) Antibody-modified biomineralization induced fabrication of nanoprobe for detection of osteosarcoma and imaging of lymph nodes. Cancer engineering. Reprinted with permission from Ref. [66]. Copyright (2018) American Chemical Society. (D) Doxorubicin loaded and adenosine triphosphate (ATP) attached biomineralization for the therapy of lymphoma. Reprinted with permission from Ref. [75]. Copyright (2018) American Chemical Society. E. Black-phosphorus nanosheets enhanced biomineralization for localized cure of osteosarcoma. Reproduced by permission of Wiley-VCH from Ref. [69]. 
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Figure 8. Application of biomineralization in bone tissue engineering. (A) Biomineralization-based conversion coating method to increase corrosion resistance and surface bioactivity of bone tissue materials Reprinted with permission from Ref. [67]. Copyright (2016) American Chemical Society. (B) Biomineralization-based fabrication of recombinant peptide scaffolds with enhanced expression of osteocalcin. Reprinted with permission from Ref. [77]. Copyright (2016) American Chemical Society. (C) Fabrication of an elastomeric bioactive nanocomposite with multifunction on biomineralization activity, bioimaging tracking, as well as decreased inflammatory response. Reprinted with permission from Ref. [78]. Copyright (2018) American Chemical Society. (D) The control method of surface potential of the bone membranes for enhanced regenerated bone tissue, and the figure mainly showed the generation of surface potentials. Reproduced by permission of Wiley-VCH from Ref. [81]. 
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Figure 9. Application of biomineralization in bionic three-dimensional (3D) printing engineering. (A) The molecularly controlled processes of biomineralization and their application on bionic manufacturing [4]. This Open Access Article is licensed under a Creative Commons Attribution-Non Commercial 3.0 Unported Licence. (B) Biomineralization-based bionic natural molluscan shell design and 3D printing. Reprinted with permission from Ref. [82]. Copyright (2018) American Chemical Society. (C) Biomineralization-involved cell-microreactor assembly to bio-mimic natural healing process of bone in vitro. Reprinted with permission from Ref. [84]. Copyright (2018) American Chemical Society. (D) Combination of 3D printing technology with biomineralization to optimize biocompatibility of 3D-printed scaffolds for biomedical and chemical applications.Reprinted with permission from Ref. [86]. Copyright © 2018 American Chemical Society. 
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Figure 10. Application of biomineralization in other medical engineering. (A) Biomineralization-assisted amplification (BMA) method to realize the detection of DNA. Reprinted with permission from Ref. [88]. Copyright (2013) American Chemical Society. (B) A novel method to fabricate amorphous calcium phosphate nanocomposite (ACP-NC) with assistance of enzyme inside for regulating the functions of biomineralization. Reprinted with permission from Ref. [68]. Copyright (2013) American Chemical Society. (C) Biomineralization-based fabrication of nacre-mimetic nanocomposite with application of body flexible armor. Reprinted with permission from Ref. [90]. Copyright (2018) American Chemical Society. (D) Biomineralization-based fabrication of nanocomposite membrane composed of montmorillonite (MTM) nanosheet and konjac glucomannan (KGM), to obtain an antimicrobial effect in biomedical engineering [70] Copyright (2018) with permission from Elsevier.. 
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