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Abstract
Local environments have strict influence over (bio)mineralization in calcifying systems. This snapshot review discusses 
recent insights into the roles of Ca2+-macromolecule interactions on the nucleation of calcium carbonate and calcium phos-
phate minerals. Experimental findings combined with simulations/modeling are providing breakthrough information and 
raising important questions for future studies. The emerging picture is that both nucleation and growth are driven by local 
ordering of ions and water about the macromolecule interface, rather than broader properties or molecular class. Tuning 
macromolecular properties at the atomic scale thus provides opportunities for highly specific controls on mineralization; 
however, many limitations and challenges remain. We highlight studies employing in-situ atomic force microscopy (AFM) 
and transmission electron microscopy (TEM) to observe crystallization processes on or near macromolecular substrates. As 
the distribution and ability of these techniques increases, fundamental studies integrating experimental and computational 
methods will be crucial to inform a broad range of applications.

Introduction

The persistence of crystallization processes and products 
through deep time and across diverse environments speaks 
to the significance of mineralization in the natural world. 
For example, organisms can create ornate, hierarchically 
organized biocomposites for many functions, with the most 
commonly recognized being skeletal features composed of 
calcium carbonate (CaCO3) or calcium phosphate materials 
(Fig. 1) [1–3]. However, the details of these processes are 
not yet well-understood or replicated by modern science. 
Many prominent fields employ crystalline materials and/
or processes and would benefit from advanced control over 
mineralization.

For instance, calcium minerals are the most common 
source of scaling and buildup in industrial and water 
treatment plants [4, 5]. Calcium mineral-organic compos-
ites function as water purifiers, adsorbing heavy metals 
and synthetic dyes [6]. Other environmental applications 
include carbon capture [7, 8], soil remediation, and erosion 

prevention [9]. The biocompatible nature, low cost, and 
high catalytic efficiency of calcium minerals lend them 
to biomedical applications such as detection agents, bone 
scaffolds, and drug delivery systems [10–12]. In electron-
ics, calcium minerals may aid the synthesis of more bioin-
ert lithium-ion batteries [13]. Thus, organisms and industry 
alike prominently utilize these versatile materials.

Macromolecules in the organic matrix where crystalli-
zation takes place continue to be implicated as imperative 
to biomineralization. A general correlation between mac-
romolecular charge (imparted by ionic functional groups) 
and the energy barrier to (classical) CaCO3 nucleation has 
been established [14]. While this macroscopic factor helps to 
identify roles of macromolecules in crystallization settings 
(e.g., providing a substrate, concentrating precursor ions, 
directing the location and orientation of crystals [15–18]), 
a mechanistic understanding on the atomic level remains 
vague. Such an understanding will be valuable to further 
comprehend biological crystallization processes and to make 
informed, directed decisions when designing new materials.

Generally, by classical nucleation theory, nucleation 
occurs through the monomer-by-monomer attachment of 
atoms, molecules, or ions to form critical nuclei, whereas 
non-classical nucleation theory encompasses the proceed-
ing of nucleation through metastable particles or precursor 
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phases. The energetic cost of creating a new interface (the 
interfacial energy) is a significant consideration for both. 
(For more detailed descriptions, see De Yoreo et al. [19], 
Jin et al. [20], Putnis et al. [21], Fu wt al [22]). However, 
studies are increasingly suggesting an underlying systemat-
ics whereby the formation of biominerals is highly regulated 
by ion and water structuring at the macromolecule interface 
for both classical and non-classical pathways [23, 24]. This 
structuring can thus be influenced by macromolecular com-
position, conformation, and other properties. These macro-
molecular properties can themselves be dictated by water, 
ion-binding, and hydrogen-bond networks (e.g., morphology 
[25]), further emphasizing the significance of understanding 
behavior at solvated interfaces. Ca2+-macromolecule inter-
actions are especially significant given they encompass a 
diverse array of biochemical processes outside of biominer-
alization, including cell signaling and transport [26].

The idea that hydration and ion configuration play major 
roles in both crystal nucleation (e.g., energetic pathways) 
and growth is not new; however, previous researchers lacked 
the high-resolution in-situ imaging techniques and compu-
tational abilities that are driving advancement within this 
area today. Nonetheless, studying these systems still presents 
complex challenges. This snapshot review aims to highlight 
recent studies employing liquid-phase in-situ atomic force 
microscopy (AFM) or transmission electron microscopy 
(TEM) to investigate macromolecular effects on calcium 
carbonate and calcium phosphate mineral systems. We use 

in situ broadly to describe experiments observing real-time 
sample dynamics—with or without external stimuli. Cou-
pled with modeling, these powerful instruments are provid-
ing sub-nanometer scale insights into Ca2+ interactions at 
macromolecular interfaces. Looking toward the goal of con-
trolled crystallization, integrated studies will be required for 
foundational progress.

Ion‑binding at the macromolecule‑solution 
interface

Many macromolecules (e.g., proteins and polysaccharides) 
at sites of mineralization contain carboxyl, sulfate, and/or 
phosphate functional groups [27]. The anionic nature of 
these molecules at physiological pH has naturally led to 
the idea that they concentrate cations through coulombic 
interactions. While electrostatics play a role in drawing cati-
ons near the macromolecule, the intensity and longevity of 
the interaction are typically stabilized by entropic effects 
[28–30]. CaCO3 (and other Ca mineral) ion pair formation 
is also water/entropy motivated [31–33]. Therefore, ion and 
macromolecule hydration must both be accounted for when 
considering binding mechanisms and polymer design.

High Ca2+ affinity impacts nucleation in a variety of 
ways. However, a distinction must first be made between 
macromolecule effects in aqueous suspensions versus as a 
template. In solution, macromolecules are most often cited 
as inhibitors. Flexibility of the backbone allows macromol-
ecules to entangle or entrap Ca2+, thus preventing it from 
interacting with counterions to form critical nuclei. This 
has been observed for both charged [34–37] and uncharged 
polymers [38], and in part is responsible for the success 
of anionic polymers as scale inhibitors [39–42]. A good 
example is seen in a study of calcium phosphate crystalliza-
tion onto a synthetic bone scaffold by Gleeson et al. [43]. 
Poly(caprolactone)-b-poly(acrylic acid) (carboxylated) block 
copolymer (PCL-b-PAA) functionalized nanofibers pro-
moted nucleation of a ‘mat’ of calcium phosphate (Fig. 2). 
When dissolved PAA was introduced to the system, crystal-
lization was inhibited by two mechanisms (Fig. 2): (1) PAA 
stabilized precursor ions in solution preventing nucleation; 
(2) PAA created a physical barrier to the nanofiber surface 
[43].

A common report is that macromolecules in solution bind 
to crystals and impart effects on growth processes. Here, 
hydration and ion-binding are also significant. For exam-
ple, glycosaminoglycans (GAGs) bind to calcium phos-
phate through a water layer rather than directly [44]. Other 
biopolymers bind to crystal anions to avoid the unfavorable 
dehydration of calcium [45, 46]. Once bound, macromol-
ecules can block a crystal plane from solution, therefore 
inhibiting further growth of that facet, or promote growth by 

Fig. 1   Examples of diverse marine CaCO3 skeletal structures. Cra-
niate skeletons are primarily calcium phosphate (e.g., humans). 
Reprinted from Knight et  al., Biomacromolecules (2023) with per-
mission. Copyright 2023 American Chemical Society
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increasing rates of ion attachment to specific planes [47–49]. 
In other cases, macromolecules become incorporated into 
the crystal lattice, conferring changes to mechanical proper-
ties [50–52]. All allow for facilitation of crystal morphology 
and/or polymorph.

Here, we will focus on macromolecules in the form of 
a template or immobilized substrate. Perhaps expectedly, 
many charged macromolecules in the organic matrix con-
tain unique binding domains to neutral, primarily insoluble 
polymers (e.g., collagen or chitin [53–55]). These domains 
may be present to allow macromolecules to be ‘tethered’ to 
a surface for desired crystallization effects.

Macroscopic controls of Ca2+ binding on location 
and timing of crystallization

The activity of immobilized PCL-b-PAA (Fig. 2) also illus-
trates presumably the simplest level of control macromol-
ecules can exert over nucleation: spatial. Of course, when 
a surface or template is introduced to a solution, nuclea-
tion onto the template most often will be more energeti-
cally favorable due to the high energy barrier to nucleation 
in solution (> 100 mJ m−2) [27, 56]. However, in systems 
with more than one type of surface or template, a base level 
of control on nucleation through Ca2+ interactions is estab-
lished by the type and density of macromolecular functional 
groups. Solution chemistry (i.e., supersaturation) can then be 
tuned such that crystallization occurs either in areas where 
certain macromolecules are present or where they are absent 
[14, 57]. The former is most often employed.

For example, Smeets et al. observed (by in-situ liquid-
phase TEM) that polystyrene sulfonate (PSS) forms highly 
hydrated globules with Ca2+ [58]. These globules were 
immobilized on the silicon nitride TEM window. Nucleation 
of amorphous calcium carbonate (ACC) was then controlled 
by diffusion of CO3

2− into the TEM cell and Ca-PSS glob-
ules resulting in ACC particles solely present in/on the glob-
ules. Vaterite only began to nucleate on the Si3N4 surface 

when the supersaturation in free solution was high enough 
due to the continued supply of CO3

2−.
In the above case, Ca-PSS globules were formed before 

any CO3
2− was added to the system. Therefore, the onset 

of nucleation was not dependent on the time it took for the 
globules to form. In systems where both Ca2+ and anion 
are present, macromolecule affinity to Ca2+ permits control 
over nucleation timing. In environments below or with low 
supersaturations, strong Ca2+ binders are often considered 
inhibitors due to delaying induction time (i.e., max Ca2+ 
binding must be reached before nucleation begins) [59, 60]. 
Once a region of high saturation is present, the same mac-
romolecules promote nucleation. This has been observed for 
different carrageenans. l-carrageenan (1.5 SO3

− per mono-
saccharide) delayed CaCO3 nucleation the longest—over 
i-carrageenan (1 SO3

− per monosaccharide) and k-carra-
geenan (0.5 SO3

− per monosaccharide—but exhibited the 
highest crystal density [59]. These seemingly contradicting 
phenomena may explain disparities in the literature where 
the same molecule is designated as an inhibitor by some but 
a promoter by others.

In calcifying marine organisms, the concentration of 
Ca2+ ions by macromolecules can drive control over inter-
nal saturation state to direct CaCO3 placement and timing. 
For instance, the thickness and composition of the external 
polysaccharide coating of coccolithophores (marine algae) 
are linked to their internal chemical environment (super-
saturation and potentially carbon speciation) as well as his-
toric oceanic CO2 levels [61–65]. In-situ cryoTEM studies 
have recently shown how coccolith base plates associate 
with natural and synthetic carboxylated macromolecules 
to assemble Ca2+ at the coccolith base plate surface which 
decreases Ca2+ concentration in solution (Fig. 3) [66]. Vesi-
cles within the coccolithophore—often also composed of or 
containing charged polysaccharides—then transport ions to 
mineralization locales [67]. These studies were among the 
first to reveal that physical confinement of crystallization 
settings can be equally important as solution conditions in 
nano-environments, exemplifying the power of in-situ TEM 

Fig. 2   Schematic illustrating 
effects of PAA on calcium 
phosphate mineralization as 
a scaffold (left) or in solution 
(right) and corresponding SEM 
images. Reprinted from Gleeson 
et al., ACS Appl. Bio. Mater. 
(2022) with permission. Copy-
right 2022 American Chemical 
Society
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methods and the significance of control over Ca2+ interac-
tions. The results also provide insight into the inconsistent 
findings of benchtop studies investigating the effect of pH 
or CO2 concentration on coccolith size and morphology 
[68–72]. Further studies are working to resolve how pol-
ysaccharide-baseplate-internal chemical environment rela-
tions regulate the unique, complex morphologies exhibited 
by coccoliths [73].

Modulating atomic‑level macromolecule‑Ca2+ 
interactions to direct crystallization

More precise control of mineralization is enabled by the 
design of macromolecule configuration, conformation, and 
sequence. Experimental results are often contrary to general 
trends predicted by the hydrophilicity/phobicity or charge 
density of a molecule due to the organization or ‘fit’ of a 
molecule to the local water/ion structure [14, 28]. This is 
consistent with long-made assumptions that functional group 
sequence and/or spacing are highly significant to mineraliza-
tion processes [74–77].

Akkineni et  al. found that amyloid-like amelogenin 
nanoribbons (phosphorylated) could enhance both kinetic 
and thermodynamic contributions to amorphous calcium 
phosphate (ACP) nucleation [78]. These nanoribbons are 
thought to act as a scaffold for tooth enamel in natural sys-
tems. Using in-situ AFM, they measured the rate of ACP 
onto the ribbons and found phosphoryl groups on the nanor-
ibbons increased nucleation rate. The authors postulated this 
was due to increased Ca2+ binding duration to the surface 
and/or higher ion exchange rates due to the charged groups. 
By applying classical nucleation theory to measured rates, 

they further determined the nanoribbons presented surpris-
ingly low interfacial energy (1.4–20 mJ m−2) compared to 
collagen (40 mJ m−2) and therefore a low free energy bar-
rier to nucleation. Traditionally, anionic functionalities are 
thought to increase interfacial energy (relative to neutral 
macromolecules) due to their hydrophilicity [14, 27]. How-
ever, few nucleation studies have been conducted involving 
phosphorylated macromolecules despite their biological sig-
nificance [79, 80]. To resolve these findings, Akkineni et al. 
applied molecular dynamics (MD). Evidence from AFM 
and X-ray diffraction measurements indicated the nanorib-
bons self-assembled into a b-sheet. The simulations estab-
lished this was the most stable conformation and showed 
the spacing of phosphoryl groups in the b-sheet matched 
the periodicity of ACP [78]. The interfacial energy was thus 
lower due to providing a favorable crystal nucleus (or crystal 
nucleus building blocks) binding (Fig. 4a) [78, 81].

The above results indicate energetics of crystallization 
can be tuned to control nucleation rate and polymorph 
through matching macromolecule conformation to desired 
crystal lattice structure, resulting in lower interfacial energy 
(Fig. 4a). A breakthrough study by Davila-Hernandez et al. 
confirmed this for CaCO3 using designed helical repeat pro-
teins [82]. The proteins were designed via computation to be 
flat surfaces containing carboxylate groups at 1-nm intervals 
(to match the calcite lattice). Of the many possible designs, 
they chose a selection expected to be best synthesized by 
E. coli. Using the proteins that expressed in high yield, in-
situ liquid-phase TEM was performed in a supersaturated 
CaCO3 solution. In the absence of protein, vaterite nucle-
ated and later transformed to calcite. Vaterite also nucle-
ated in solutions containing non-lattice matched proteins 

Fig. 3   CryoTEM images (a, c, e, g, i; scale bar 1 μm) and 3D volume 
rendering of data (b, d, f, h, J; scale bar 0.5 μm) of baseplates (pur-
ple) and associated macromolecule-Ca2+ assemblies (synthetic: blue; 

natural: red). Reprinted from Krounbi et  al., Chem. Mater. (2021) 
with permission. Copyright 2021 American Chemical Society
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(e.g., bovine serum albumin). The designed helical repeat 
proteins bypassed vaterite and nucleated predominately or 
exclusively calcite, due to organized Ca2+ ions at the pro-
tein interface (Fig. 4b) [82]. This group has also extensively 
studied the folding of macromolecules on mica surfaces [83, 
84]. For example, Alberstein et al. studied the crystalliza-
tion of proteins on mica and determined that a hydration 
layer along the surface of the mica likely played a role in 
templating [85]. Overall, these studies suggest macromole-
cule-ion binding and hydration can direct crystallization in 
diverse mineral settings. These studies are especially note-
worthy as choosing from their library of designed proteins 
allowed researchers to forego a ‘trial and error’ selection 
of materials. Looking forward, the ability to directly model 
these proteins at mineral interfaces would be a pronounced 
achievement [86].

Davila-Hernandez et al. further observed single protein 
chain interactions promoted smaller, more numerous crys-
tals than if the protein was first incubated with Ca2+ (allow-
ing Ca-protein assemblies to form) [82]. This is consistent 
with a study of ACC and phenolic polymers, where it was 
hypothesized that polymer substituents isolate Ca2+, allow-
ing each isolated ion or group to start a small crystal, thus 
leading to a smaller crystal size but greater density [87]. 
The findings reveal yet another level of complexity for how 

macromolecules may modulate Ca2+ interactions during 
biomineralization.

Current limitations

The works summarized in this review demonstrate many 
impacts of Ca2+-macromolecule surface binding on calcium 
mineral nucleation. As advances and tools expand, several 
limitations warrant careful consideration. We briefly discuss 
them below.

Experimental

Liquid-phase, in-situ AFM and TEM have substantial 
capabilities to reveal nanoscale details of materials and 
processes, which is pertinent to understanding biominerali-
zation processes [88, 89]. Despite these capabilities, both 
encounter analytical constraints. Sample preparation for each 
technique requires meticulous attention and careful substrate 
selection. On the practical side, technical knowledge and 
training are required for instrument operation, experimental 
design, and data interpretation. Further, few facilities have 
access to commercially available liquid cell in-situ holders, 
inhibiting in-situ liquid cell capabilities. While other thin 

Fig. 4   Macromolecules 
(template) that present a lattice 
match reduce the free energy 
barrier to nucleation (a); 
schematic of designed helical 
repeat proteins and how they 
spatially organize Ca2+, favor-
ing specific crystal orientations 
(b). Reprinted from Davila-
Hernandez et al. Nature Comm. 
(2023) with permission from 
Springer Nature
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film options, such as graphene liquid cells, are more widely 
available, these methods are limited by a lack of liquid flow 
[90]. Thus, the overall accessibility of liquid-phase in-situ 
AFM and TEM is low.

One major limitation of AFM is that it is a slow imag-
ing technique [91]. AFM also presents much less lateral 
resolution compared to vertical [92]. While not being per-
formed in a vacuum makes AFM well-suited for biological 
samples, this technique has high environmental sensitivity. 
Tip sensitivity and accuracy can be influenced by tempera-
ture, humidity, and vibrations [91, 92]. However, continual 
advancement in tip design and control mechanisms will 
reduce these issues. An additional disadvantage of in-situ 
AFM is the inability to pair it with complementary methods 
for elemental analysis (e.g., energy-dispersive X-ray spec-
troscopy [93]), which can be done using TEM.

With only remarkable spatial resolution, TEM lacks 
depth profiling and only provides 2D information [92]. This 
prevents obtaining 3D architectures or discerning distance 
between materials on the z-axis. A second limitation is beam 
effects. The high-energy electrons can induce changes in 
temperature, pH, and material stability potentially destroying 
the sample [94–96]. Determining if observed phenomena are 
driven by the electron beam or ‘true’ processes is imperative 
to interpreting results and bulk solution observations. This 
is also true for confinement effects [97], especially in thin 
film systems [98]. Beam effects can be moderated through 
electron dose, dose rate, and acceleration voltage [96, 99], 
and computer models/machine learning allows particular 
beam effects to be predicted [100]. Ultimately, they are an 
unavoidable aspect of this technique, but improved acquisi-
tion measures (e.g., direct electron detectors) will continue 
to help reduce beam effects and improve resolution (spatial 
and temporal).

Perhaps the greatest limitation presented by TEM to 
biomineralization studies is the difficulty of imagining 
biomacromolecules. Due to their low electron density 
[101–103], very weak contrast is seen between the surround-
ing background and proteins/polysaccharides, impeding 
direct observation of the interface. Addressing this challenge 
will require specialized and creative approaches to sample 
preparation and imaging conditions.

Overall, experimental ‘restrictions’ highlight the neces-
sity for complementary techniques to fully elucidate the 
intricacies of materials at the sub-nanometer or atomic scale.

Computation

Modeling biomineral systems provides invaluable insights 
but poses many computational challenges due to the com-
plex interplay of biological, chemical, and physical pro-
cesses involved. Even at the simplest scale, modeling 

water continues to be a problematic task. At present, water 
is often considered a continuum, which is known to be 
an incorrect assumption at interfaces [104]. Moreover, 
mechanisms of conversion between solvent-separated, sol-
vent-shared, and contact ion pairs (as well as water move-
ment between solvation shells) are difficult and resource-
intensive to simulate accurately [105, 106]. Increasing 
the level of theory applied significantly increases compu-
tational costs and restricts system size. Error estimation 
and limited experimental data also contribute. The issue 
becomes impressively complex as other ions and interfaces 
are introduced to the system [33, 105–107]. Further, scal-
ing up from the atomic level to bulk solution expounds 
uncertainty and error. This is, in part, due to the parallel 
uncertainty when relating experimental TEM observations 
and bulk solution behavior. Tackling these and additional 
computational limitations will require efficient algorithms, 
parallel computing techniques, and advanced simulation 
methodologies.

Conclusions

Calcium-water-macromolecule interactions encompass 
a diverse array of biochemical processes, and there is 
increasing evidence that anions play a larger role than 
previously thought [24, 104, 108]. Despite the complex-
ity of these systems (and studying them), recent advance-
ments in imaging techniques and computational modeling 
have provided unprecedented insights into the atomic-level 
mechanisms governing mineralization. By integrating 
experimental and computational approaches, we can con-
tinue to unravel the intricacies of biomineralization, pois-
ing researchers to leverage this knowledge for the design 
and control of crystallization for diverse applications.

Fully resolving the dynamic nature of biomineraliza-
tion—influenced by factors like genetic regulation, envi-
ronmental conditions, and biochemical signaling—from 
atomic-level interactions to tissue-level organization will 
require a concerted effort from interdisciplinary research-
ers to develop scalable, robust, and biologically realistic 
approaches. Ultimately, these efforts not only advance our 
fundamental understanding of natural processes but are 
also paramount in realizing the full potential of designed 
mineral-organic composites for societal benefit.
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