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Human hard tissues are composed of collagen microfibril and bioapatite crystals, also called
hydroxyapatite (HA) [1]. As an example, the teeth enamel has the highest concentration (~96 wt.%) of
HA minerals [2], and bone tissue is made of 70 wt.% mineral (with nano-sized HA being the majority
phase [3]. The mineralization process of HA is essentially controlled by the nucleation and growth of
crystalline HA at the microscopic level. Dysfunctional or aberrant mineralization leads to a variety of
medical problems, such as decays in teeth and osteoporosis that are related to the demineralization of HA,
and arteriosclerosis that is related to the unwanted mineralization of HA. The biomineralization of HA is
the core reaction determining the health conditions of hard tissue. The repair of bone and hard tissue or
overcoming pathological calcification in soft tissue requires the detailed understanding of
biomineralization pathways of calcium phosphate materials. It is generally accepted that during the
mineralization process of HA, amorphous calcium phosphate (ACP) plays an important role. However,
the details regarding how ACP transforms to HA are still unclear. While it is accepted that ACP as the
intermediate phase can provide energetically favorable landscape for HA formation, it is not clear how
they transform to HA crystals. Here, we report the first in-situ liquid-cell transmission electron microscopy
(TEM) study of HA mineralization process in an artificial saliva solution. We demonstrate the co-
existence of the classical and non-classical nucleation in the HA mineralization process. It is found that
the mineralization of HA starts with a liquid-liquid phase mechanism separating the saliva media into ion-
rich and ion-poor solutions. The direct evidence could be recorded by in-situ liquid cell TEM.
Interestingly, we observed that in addition to the formation of ACP nanoparticles, smaller crystals of HA
also formed simultaneously within the ion-rich solution. While ACP nanoparticles can grow in size up to
150 nm, the HA crystals do not grow and maintain sizes below 10 nm. The transition of ACP to HA starts
by the heterogeneous nucleation of HA crystals on ACP nanoparticles at the solution-ACP interfaces
followed by the dissolution of ACP. The growth of HA crystals is governed by the aggregation
mechanism. This new understanding is important to address the physiological and pathological formation
of HA minerals, such as improve the biomineralization to help the repair of hard tissue or stop the growth
of HA to prevent the pathological calcification at nanoscale.
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