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ABSTRACT: Crystallization in living organisms is highly regulated by both passive
diffusion and active transport across the cellular membrane or plasm. There have
been studies that mimic slow diffusion in a biological system to control crystallization
using microfluidic devices and diffusion-limiting media. This study introduced an
orthogonal diffusion system in which the outer calcium and carbonate ions were
perpendicularly diffused into a hydrogel. This orthogonal setup opens up a new
possibility in designing and engineering crystalline materials than traditional
techniques utilizing collinear orthogonal diffusion fluxes of the reagents. Various
microenvironments could be formed two-dimensionally in a hydrogel according to
the ion flux and calcium to carbonate ratio in an orthogonal diffusion system.
Through this, it was possible to systematically investigate the effect of different levels
of ion flux and ratio on crystallization. Different ion fluxes and ratios resulted in
different morphologies of calcium carbonate, such as otoconia-, rhombohedron-,
rosette-, and sphere-shaped calcites. In addition, the crystallization process is supported by a numerical simulation.

■ INTRODUCTION
In a biological system, a biomineral is controlled by the
orchestration of soluble macromolecules and an insoluble
matrix, resulting in hierarchical and functional structures. Many
researchers intensively studied to understand biomineralization
for the synthesis of new biomimetic materials.1,2 However, it
was focused on controlling the concentration of constituent
ions and the supersaturation of solution to control the
polymorphism and morphology of crystals.3,4 In contrast,
controlling the diffusion of ions has been less emphasized in
previous studies on biomineralization. Mineralization in living
organisms is highly regulated by both passive diffusion and
active transport across the cellular membrane or plasm. For
instance, during the calcification process in marine organisms,
a liquid precursor composed of Ca2+, HCO3

−, and organics is
transferred to calicoblastic cells by endocytosis and simulta-
neously transformed to hydrated amorphous calcium carbo-
nate (ACC) form. Then, it is attached to the growing front of
the calcification skeleton by exocytosis.5 In addition, the bone
and tooth formation mechanism in mammals is reported to be
that dense calcium phosphate granules and calcium ions, which
are generated in mitochondria, transport to the extracellular
matrix (ECM) through intracellular vesicles, resulting in
crystalline apatite.6

There have been studies that mimic slow diffusion in a
biological system to control crystallization using microfluidic
devices and diffusion-limiting media.7,8 The microfluidic
method has an advantage in that the mixing ratio of reactants
can be precisely controlled in micrometer units. Still, it differs

from the living organism conditions in which mass diffusion is
slowly controlled through the cell membrane and plasm. In
contrast with microfluidic devices, hydrogel as a diffusion-
limiting medium has more similar conditions to living
organisms,9−15 because mass transfer in hydrogel media is
slow and controlled by a restricted gel network. There have
been studies that synthesize the various biominerals by
controlling the nucleation and growth processes under slow
diffusion conditions similar to those of living organisms.16,17

Estroff et al. reported several fundamental effects that could
control complex mineral structure through calcium carbonate
crystallization studies in the hydrogel.18 In particular, the
hydrogel network provides the diffusion-controlled conditions
necessary to achieve a wide range of shapes and structures of
minerals. We previously found that three different morphol-
ogies of calcite (hopper, rosette, and otoconia) were
systematically formed in an agarose hydrogel where the flux
of external carbonate ions diffused into the agarose hydrogel
acted as a significant factor controlling the crystal morphol-
ogy.15
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On the other hand, stoichiometry on the activity of Ca2+ and
CO3

2− has been considered a significant factor for precipitation
kinetics at the saturation state.19−21 Growth and dissolution of
calcium carbonate are affected by the anion-to-cation
concentration ratio in aqueous solution because nonstoichio-
metric activities of Ca2+ and CO3

2− are the general condition
of most natural waters.22−26 One of the studies reported a
calcite morphology transition from regular rhombohedral to
irregular rhombohedral and nanoparticle aggregations accord-
ing to the CO3

2−/Ca2+ ratio using microfluidic techniques for
controlling the microenvironment of crystallization.27 In
addition, the effect of stoichiometry on the new formation
and subsequent growth of CaCO3 was investigated over a large
range of solution stoichiometries (10−4 < raq < 104, where raq =
[Ca2+]/[CO3

2−]).28 This study shows that [Ca2+]/[CO3
2−] in

the solution strongly impacts the pathway and timing of
CaCO3 nucleation and growth. Many studies have been
reported to explain the various effects of Ca2+ and CO3

2− ratios
on calcium carbonate crystallization.27,29,30

Despite the efforts of many studies, the effect of molar ratio
on crystallization has not yet been clearly identified.31 In
addition, there are still limitations with respect to the
bioinspired approach because most studies were investigated
in experiment design based on the free solution. In the
solution, various stoichiometric ratios can be easily controlled
by adjusting the initial concentrations of reactants. However,
the diffusion rate is high in such free media. Therefore,
studying the elaborate effect of the stoichiometric ratio
controlled by slow diffusion is challenging because reactants
form products as soon as they encounter each other. To
complement the limitation of experimental design based on
solution, the hydrogel is an effective medium to simultaneously
achieve slow diffusion and nonstoichiometric conditions.
Therefore, it is possible to systematically study the effect of
the stoichiometric ratio gradually changing in space and time
from the initial stage to the final stage of the crystallization
process.

This study introduced an orthogonal diffusion system in
which outer Ca2+ and CO3

2− ions were perpendicularly
diffused into a hydrogel. This orthogonal setup opens up a
new possibility in designing and engineering crystalline
materials than traditional techniques utilizing collinear
orthogonal diffusion fluxes of the reagents.32−36 Agarose was
chosen as a hydrogel medium because it has neutral hydroxyl
groups, which are known to have relatively weak interactions
with calcium carbonate.37 Various microenvironments could
be formed two-dimensionally in a hydrogel according to the
ion flux and Ca2+/CO3

2− ratio in an orthogonal diffusion
system. Through this, it was possible to systematically
investigate the effect of different levels of ion flux and ratio
on crystallization. We found that different ion fluxes and ratios
resulted in different morphologies of calcium carbonate, such
as otoconia-, rhombohedron-, rosette-, and sphere-shaped
calcites.

■ EXPERIMENTAL SECTION
Materials. Calcium chloride dihydrate (CaCl2·2H2O, BioReagent,

≥99.0%, Sigma-Aldrich), sodium carbonate decahydrate (Na2CO3·
10H2O, puriss. p.a., ≥99.0%, Sigma-Aldrich), and agarose powder
(Bacto-Agar, guaranteed grade, Becton-Dickinson) were used as they
were purchased. Ultrapure water (18.3 MΩ·cm) from Human Power
II+ (Human Science, Korea) was used for all solutions involved in the
CaCO3 crystallization.

Orthogonal Diffusion Crystallization of CaCO3. A set of
orthogonal diffusion crystallizations of CaCO3 was performed in a
slotted plastic tube filled with a 1% (w/v) agarose hydrogel (7 mL) at
room temperature for 24 h. Seven mL of a 0.2 M CaCl2 solution was
poured on the hydrogel for the calcium ions to be diffused into the
hydrogel in a vertical direction. At the same time, carbonate ions were
diffused horizontally into the hydrogel by immersing the reaction tube
in 25 mL of a 0.2 M Na2CO3 solution. The CaCO3 crystals result
from the orthogonal diffusion of Ca2+ and CO3

2− into the agarose
hydrogel. After the reaction, the samples were immersed in ultrapure
water to remove the remaining electrolytes. The samples were freeze-
dried for further characterization.
Characterization. The samples were completely dehydrated by a

freeze-dryer (TFD8503, IlShinBioBase, Korea). For CaCO3 crystal
morphology observation, a scanning electron microscope (EVO LS10,
Carl Zeiss, Germany) was used at a voltage of 5 kV. The samples were
coated with Au using an ion sputtering instrument (Ion Sputtering
Coater, KYKY-SBC-12, KYKY Technology Development Ltd.,
China). Energy-dispersive X-ray spectroscopy (EDS, Bruker, USA)
was used to identify the atomic composition of precipitates. Crystal
phases of CaCO3 were measured using an X-ray diffractometer (JP/
SmartLab, Rigaku Co. Ltd., Japan) equipped with Cu Kα1 radiation
(λ = 1.540593 Å). The X-ray diffraction (XRD) data were collected
from 20 to 60° angles with a step size of 0.02°. The pH was measured
using a microelectrode (SevenCompact pH meter S220, Mettler
Toledo Ltd., Switzerland).
Numerical Simulation. The precipitation model consists of the

following chemical reactions, rate constants, and rates.
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Here, C and D are the intermediate species (CaCO3 nanoparticles)
and precipitate (CaCO3), respectively. The initial step in the
precipitation model is the reversible formation of the intermediate
from the reagents (eq 1). The intermediates aggregated with each
other. They are subsequently transformed into crystalline precipitates
described in eq 2. Once the precipitate is generated, it can grow by
absorbing intermediates or constituent ions, as shown in eqs 3 and 4.
The reaction rate coefficients for the reactions (eqs 2 and 3) were
implemented by using the Hill function (k2 = k3 = 10−1/(1 +
(([CO3

2−] − [Ca2+])/0.005)2) M−1 s−1). If the concentrations of Ca2+

and CO3
2− are identical, then the reaction rate coefficient is the

greatest. However, if the excess of either Ca2+ or CO3
2− increases,

then the value of the function goes to zero, reflecting the fact that the
excess of one of the ions can inhibit the precipitation due to the
electrostatic stabilization of the formed nanoparticles. This precip-
itation model was coupled to the following equilibria

+ =+ KHCO H CO , 103 3
2

1
10.3F (5)

+ =+ KH CO H HCO , 102 3 3 2
6.4F (6)

+ =+ KH O H OH , 102 w
14F (7)

The reaction-diffusion model, which describes the precipitation of
CaCO3, consists of a set of partial differential equations (PDEs) and
identifies 8 chemical species

= +c D c rt i i i i
2 (8)

where ci, Di, and ri are the concentrations, diffusion coefficients, and
kinetic terms of the corresponding chemical species, respectively, and
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∇ is the Nabla operator. The reaction-diffusion system (eq 8) was
solved numerically using the method of lines technique: spatial
discretization of the PDEs on an equidistant 2D grid with the size of
15 mm × 15 mm combined with a forward Euler method for the
integration in time. The total time of the simulations was 1 × 105 s.
We applied the following initial conditions in the computational
domain (gel): cCa2+(t = 0,x,y) = 0, = =c t x y( 0, , ) 0CO3

2 ,

= =c t x y( 0, , ) 10 MHCO
3

3
, = =c t x y( 0, , ) 10 MH CO

3
2 3

, cC(t =
0,x,y) = 0, cD(t = 0,x,y) = 0, and cH+(t = 0,x,y) = cOH

−(t = 0,x,y) = 10−7

M; carbonate reservoir (Ω1, x = 0, y ∈ (0, 3 mm)): cCa2+(t = 0,x,y) = 0,
= = ×c t x y( 0, , ) 1.6 10 MCO

1
3

2 ,

= = ×c t x y( 0, , ) 4 10 MHCO
2

3
, = =c t x y( 0, , ) 0H CO2 3

, cC(t =
0,x,y) = 0, cD(t = 0,x,y) = 0, and cH+(t = 0,x,y) = cOH

−(t = 0,x,y) = 10−7

M; Ca2+ reservoir,(Ω2, x ∈ (0, 3 mm), y = 0): cCa2+(t = 0,x,y) = 2 ×
10− 1 M, = =c t x y( 0, , ) 0CO3

2 , = =c t x y( 0, , ) 10 MHCO
3

3
,

= =c t x y( 0, , ) 10 MH CO
3

2 3
, cC(t = 0,x,y) = 0, cD(t = 0,x,y) = 0,

and cH+(t = 0,x,y) = cOH
−(t = 0,x,y) = 10−7 M. We applied no-flux

boundary conditions for all chemical species except for domains Ω1
and Ω2, where the Dirichlet boundary conditions (fixed concen-
trations at the boundary) were applied. The concentrations were
applied based on the initial conditions and equilibrium reactions (eqs
5−7). The diffusion coefficient of Ca2+, CO3

2−, HCO3
−, and H2CO3

was 10−9 m2 s−1, and H+ and OH− had a diffusion coefficient of 9.3 ×
10−9 m2 s−1. The formed nanoparticles (C) and the precipitate could
not diffuse. We used 1.5 × 10−1 mm and 1 s for the grid spacing and
time step, respectively.

■ RESULTS
In an orthogonal diffusion system, Ca2+ and CO3

2− ions
diffused perpendicularly into an agarose hydrogel, and
crystallization occurred along the diagonal position (Figure
1a). Various microenvironments differing by the concentration
and the ratio of Ca2+ and CO3

2− are spatiotemporally displayed
in the hydrogel. Although the diffusion rate of Ca2+ and CO3

2−

is different, the diagonal position is supersaturated because the
1:1 stoichiometric ratio of Ca2+ and CO3

2− is mostly satisfied
at a similar distance from each reservoir. It was found by
scanning electron microscopy (SEM) analysis that four types
of dominant shapes were formed after 24 h, and those are
named otoconia, rhombohedron, rosette, and sphere (Figure
1b−f). Each shape was distributed in the order of otoconia
(blue), rhombohedron (green), rosette (yellow), and sphere
(orange) near the CO3

2− reservoir, and their average sizes were
approximately 36, 52, 52, and 22 μm, respectively. In other
words, the otoconia mainly formed at the closest to the CO3

2−

reservoir, while the sphere did at the closest to the Ca2+

reservoir. To examine the effect of the concentration of Ca2+

and CO3
2−, the concentrations of both reservoirs were altered

to 0.1, 0.25, and 0.5 M, and then crystallization was conducted.
However, the shapes of the crystals and their distributions were
almost identical regardless of the concentration of Ca2+ and
CO3

2− in the reservoirs.
The position of the turbid front was recorded for 24 h

during crystallization (Figure 2a). The front rapidly travels in
an initial stage, but it slows down over time. The crystallization
was retarded at the farther position from the reservoir because
of the diminished flux of ions. Because the flux of outer ions is
related to the distance from their reservoir, the hydrogel was
divided into three regions (Ι, ΙΙ, and ΙΙΙ) according to the slope
of the graph. To understand the effect of ion flux on
crystallization, the number density and average size of crystals
were measured at each region. The density of formed crystals
gradually decreased in the order of regions Ι, ΙΙ, and ΙΙΙ from

31.4, 20.1, to 16.3 in a millimeter square, respectively (Figure
2b). 72% of total crystals formed in region Ι, but only 8%
formed in region ΙΙΙ. The crystallization was promoted at the
closer position from the reservoir, while it retarded at the
farther position from the reservoir. Four types of shapes were
observed in all regions, but the average size of otoconia,
rhombohedron, and rosette decreased in the order of regions Ι,
ΙΙ, and ΙΙΙ (Figure 2c). Exceptionally, the sphere size was
nearly the same regardless of the region. The distribution ratio
of each shape was altered in each region (Figure 2d). If the
sphere portion was excluded, the ratio of otoconia and rosette
increased, while that of rhombohedron decreased in the order
of regions Ι, ΙΙ, and ΙΙΙ. This result is consistent with our
previous report conducted in a single diffusion system; the
shape of crystals was altered by distance from the ion reservoir,

Figure 1. (a) Scheme (left) and optical image (right) of the
orthogonal diffusion system for CaCO3 crystallization in a hydrogel;
(b) SEM micrograph of CaCO3 crystals formed with 0.2 M CaCl2 and
0.2 M Na2CO3 after 24 h, in a dotted box in (a); and magnified
micrographs of (c) otoconia (blue), (d) rhombohedron (green), (e)
rosette (yellow), and (f) sphere (orange).
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which effects the intensity of ion flux.15 Collectively, the
number density, size, and distribution of crystals were altered

by ion fluxes of both Ca2+ and CO3
2−. The alteration can be

explained by different levels of supersaturation in each region
because the supersaturation level of each region is regulated by
the ion flux in our system. XRD confirmed that a crystal phase
of all CaCO3 was calcite, regardless of their shape (Figure 2e).
The peak assigned to the (104) face of calcite was the
strongest in common at 29.4°, and the other characteristic
(012), (110), (113), and (202) peaks were consistently
observed at 23.2, 36.1, 39.6, and 43.4° from all spectra.
However, the intensity of the (202) peak from the
rhombohedron was relatively stronger than those of the
others. The XRD data indicate that the crystals are
transformed to a thermodynamically stable phase, although
the initial phase differed. In addition, the crystallinity of each
region was analyzed by XRD (not shown). The phase of
crystals was calcite in all regions, and the intensity of the peaks
was relatively weaker in region ΙΙΙ than in regions Ι and ΙΙ
because of the low number density of crystals. Although the
number density and size of crystals were affected by the
intensity of ion flux, it is noteworthy that four shapes of crystals
were observed in an entire region.

To elucidate different shapes of crystals in a hydrogel, we
investigated various factors that possibly control the CaCO3
morphology. Since directly measuring ion concentration in a
hydrogel is technically difficult, pH measurement can be an
alternative tool for estimating the supersaturation level because
carbonate anion raises the pH. The pH of the reaction front in
regions Ι, ΙΙ, and ΙΙΙ was measured as a function of time at
three positions (Figure 3a), which were divided into the near
carbonate reservoir (near Cb: blue in Figure 1a), middle (Mid:
green and yellow in Figure 1a), and near calcium reservoir
(near Ca: orange in Figure 1a). The pH was different at each
position: 10−11, 9−10, and 8−9 at near Cb, Mid, and near Ca,
although the pH of each position was almost the same
regardless of regions and time. On the other hand, the pH
decreased in the order of position near Cb, Mid, and near Ca.
The difference in pH is matched by the distribution of different
crystal shapes (Figure 1b). The pH of the position decreased
in the order of otoconia, rhombohedron, rosette, and sphere
(Figure 3b). In other words, otoconia formed at the highest
pH, and spheres formed at the lowest pH, regardless of region.

Figure 2. (a) Propagation of the turbid front as a function of time,
and the hydrogel was divided into 3 regions (Ι, ΙΙ, and ΙΙΙ). (b)
Number density of CaCO3 crystals at each region. (c) Average size of
each CaCO3 crystal. (d) Ratio of crystal distribution by morphology
at each region (O: otoconia, R: rhombohedron, r: rosette, and S:
sphere). (e) XRD spectra of each crystal by shape.

Figure 3. (a) pH of the hydrogel at different positions and times. (b) pH graph showing the relationship between pH and morphology (O:
otoconia, R: rhombohedron, r: rosette, and S: sphere). (c) Ca2+ concentration along the distance from the Ca2+ reservoir.
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Noticeably, the initial pH of each position was maintained
during the crystallization process. The pH after 24 h was
similar to that after 4 h at each position. It implies that the
initial conditions of stoichiometry and the supersaturation level
determined the shape of the crystal. The calcium ion
concentration ([Ca2+]) was measured using a calcium ion-
selective electrode after separating and dissolving the part of a
hydrogel in distilled water. The calcium concentration
gradually decreased as a function of the distance from the
calcium reservoir (Figure 3c). By combining the measured
Ca2+ concentration and the ratio of [CO3

2−]/[HCO3
−]

estimated from the pH value, the relation between the final
shape of the crystal and the ratio of calcium and carbonate ions
can be inferred. The calcium and carbonate ion activity ratio
significantly deviated from the stoichiometric value at near Ca
and indicated the carbonate limit-crystallization conditions. At
Mid, the ratio of calcium and carbonate ion activities mostly
satisfied the stoichiometric value close to 1:1. At near Cb, the
ratio of calcium and carbonate ion activities significantly
deviated from the stoichiometric value similar to near Ca and
indicated the calcium-limited crystallization conditions.

The different shapes of each crystal were microscopically
analyzed with SEM and EDS (Figure 4). With respect to

surface textures, otoconia and rhombohedrons have a similar
feature, which was covered with (104) facets and partially
developed (hk0) facets (Figure 4a,b). The (104) faces were
smoother, but the (hk0) surface was rougher. The different
texture is mainly caused by the degree of the order in stacking
the facets. A single layer of (104) faces formed orderly, but an
inconsistent stack of layers formed the rough surface of the
side.15 In a magnified image, it was observed that more
hydrogel fibers were incorporated in a rough (hk0) facet than
in a smooth (104) facet. On the other hand, the surface texture
of the rosette and sphere was rough and composed of
agglomerated small particles (Figure 4c,d). Many fibers were
incorporated between the agglomerated particles. In appear-
ance, they gradually changed from single crystal to polycrystal-
line to amorphous solids in the order of otoconia,
rhombohedron, rosette, and sphere. To confirm the relative
amount of the incorporated hydrogel on each surface, the C/
Ca ratio was measured by EDS (Figure 4e). In the cases of
otoconia and rhombohedron, the C/Ca ratio of the rough facet
is higher than that of the smooth (104) facet, which indicates
that the hydrogel is more incorporated into the rough facet. It
could be inferred that otoconia and rhombohedra were
anisotropically formed by selective incorporation of the
hydrogel on each facet. In the rosette and sphere cases, the
ratio was not distinguishable on any surface, meaning that the
hydrogel was uniformly incorporated into the crystal surface. It
could be inferred that the rosette and sphere were isotropically
formed with a uniformly incorporated hydrogel.

The crystals formed at the initial reaction time were
observed with SEM to obtain further information on the
origin of four shapes of CaCO3 crystals. After 4 h, ACC
nanoparticles were observed near the Ca2+ reservoir, and their
diameter was ∼142 nm. ACC nanoparticles were aggregated
and gradually transformed into a sphere of ∼5 μm (Figure 5a).

In the Mid position, no separated nanoparticle was observed;
instead, aggregated spheres were found with a size of ∼20 μm
(Figure 5b). They developed into a cauliflower shape, and then
the edges were developed on the surface, resulting in rosette
crystals. It implies that the rosette originated from the sphere.
On the other hand, a different crystallization process was
observed near the CO3

2− reservoir (Figure 5c). First,
numerous ACC nanoparticles were formed. Then, some

Figure 4. SEM micrographs of (a) otoconia, (b) rhombohedron, (c)
rosette, and (d) sphere and their magnified surfaces. 1 and 2 represent
the (104) facet and (rough) facet, respectively. Black arrows indicate
the incorporated gel fibers. (e) C/Ca ratio of each point measured by
EDS. (NS: p > 0.05, *p < 0.01, **p < 0.001.)

Figure 5. SEM micrographs of CaCO3 formed after 4 h at (a) near
Ca2+ reservoir, (b) Mid, and (c) near CO3

2− reservoir under 0.2 M
CaCl2 and 0.2 M Na2CO3.
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ACC was dissolved to supply the ion source to the seed point,
resulting in a depletion rim around the seed.38 Finally, the seed
particles were grown to rhombohedron or otoconia crystals of
∼5 μm.

To support the experimental observation, we developed a
mathematical (reaction-diffusion) model containing the
diffusion of the chemical species, a reversible reaction between
reagents (Ca2+ and CO3

2− ions) and intermediates, the effect
of electrostatic stabilization by the excess of either Ca2+ or
CO3

2−, and the corresponding chemical equilibria. In this
model, intermediates are considered nanoparticles, which have
been observed in SEM analysis (Figure 5). The calculation
successfully simulated precipitation phenomena (Figure 6).

The precipitation area gradually expanded along the diagonal
direction between the Ca2+ and CO3

2− reservoirs (Figure
6a,b). pH was the highest at the interface of the CO3

2−

reservoir, and it gradually decreased as it got close to the
Ca2+ reservoir (Figure 6c). Noticeably, the pH was lowered in
the area near the Ca2+ reservoir at the late stage (Figure 6d).
While the formation of nanoparticles was dominant at the early
stage in both the near Ca2+ and CO3

2− reservoirs, precipitation
was dominant between both reservoirs (Figure 6e). At the late
stage, the amount of precipitate overwhelms the quantity of
nanoparticles (Figure 6f). The simulation results align with the
observed phenomenon after 4 h (Figure 5). Although the
nanoparticles were dominant in both the near Ca2+ and the
CO3

2− reservoir, their amount was slightly lower in the near
CO3

2− than the near Ca2+ reservoir. The slight difference may
result in the depletion of nanoparticles around the aggregate in
the near CO3

2− reservoir (Figure 5c). Nucleation and growth
occur most rapidly at the Mid position, where the ratio of Ca2+

to CO3
2− is close to 1:1. As the ratio deviates from 1:1, it

favors the formation of nanoparticles. The crystallization of
nanoparticles is influenced by the pH. Crystallization occurs
more rapidly at higher pH. Hence, the depletion region is
observed only near the CO3

2− reservoir.

■ DISCUSSION
We noticed differences in surface texture depending on the
form of CaCO3 and speculated that different crystallization
mechanisms may cause the differences. The sphere formed
near the Ca2+ reservoir has a rough surface because of
nanoparticle aggregation. At this position, crystallization occurs
in relatively acidic environments due to the larger Ca2+ flux
compared to the CO3

2− flux, which has been confirmed by
simulation results. In environments with a high ratio of calcium
ions and low pH, the particle attachment mechanism is
preferred because ACC particles formed kinetically can persist
for an extended period, although they are thermodynamically
unstable.39 On the other hand, crystals such as otoconia
formed near the CO3

2− reservoir exhibit smooth and solid
surface textures, indicating crystallization via an ion-by-ion
mechanism. At this position, crystallization occurs in a
relatively high pH environment where the CO3

2− flux surpasses
the Ca2+ flux. The precursor formed in the early stages of the
reaction is dissolved and supplies ions to the nuclei, resulting
in the growth of calcite. A depletion rim around the calcite
crystals supports the dissolution−recrystallization processes.40

Although the ratio of Ca2+ to CO3
2− deviates significantly from

1:1, thermodynamically stable crystals with smooth surfaces
are formed by transition through ion attachment in high pH
environments.41

Our experimental setup inherently resulted in differences in
the ion flux ratio at all positions due to the simultaneous
supply of calcium and carbonate ions from perpendicular
directions into the same hydrogel. The difference in flux
between Ca2+ and CO3

2− influences the initial conditions of
the crystallization process and ultimately leads to the formation
of different crystals. According to previous reports, the
difference in the coordination number of Ca2+ and CO3

2−

ions is an essential factor influencing the crystallization
process; a more significant number of Ca2+ ions can surround
the CO3

2− ions in contrast to the opposite case.42,43 This
means that ions aggregate more rapidly in solutions with an
excess of Ca2+, leading to the formation of nanoparticles.
Indeed, it has been observed that nanoparticle formation is
preferred under Ca2+ excess conditions compared to CO3

2−

excess solutions.28

In regions where Ca2+ flux is higher than CO3
2− flux, despite

being a nonstoichiometric condition, precursors quickly
become supersaturated due to the abundant supply of Ca2+

flux, leading to the rapid formation of numerous ACC
nanoparticles. Gebauer et al. have also proposed that ACC
formed gradually at pH 9−10 is more stable, which aligns with
the pH near the Ca2+ reservoir where crystallization occurs
according to our simulation results.44 As the stability of ACC
precursors increases under less alkaline conditions, nano-
particles can persist for a more extended period. Subsequently,
over time, ACC precursors spontaneously aggregate to form
submicrometer-sized spherical aggregates through continuous
particle attachment to the particle surfaces. This result is
consistent with a previous report that an excess of Ca2+ ions
([Ca2+]/[CO3

2−] = 5:1) slows down the process of particle
formation and promotes the growth of spheroidal particles.19

Figure 6. Simulation of crystallization in an orthogonal diffusion
system at an early (left) and a late (right) stage. (a,b) Amount of
products and (c,d) pH in a 2-dimensional cross-section of the
hydrogel. (e,f) Amount of nanoparticles, precipitate, and sum of them
as a function of diagonal distance marked as red arrows in (a,b).
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In contrast, in regions where the CO3
2− flux exceeds the

Ca2+ flux, crystallization occurs gradually as Ca2+ ions are
supplied after a rapid supply of CO3

2− ions. Over time, as the
supply of Ca2+ ions accumulates, the degree of supersaturation
gradually increases, reaching a threshold level where ACC
precursors are formed. Some of the formed ACC nanoparticles
develop into nuclei in a critical size, and, through Ostwald
ripening, smaller ACC particles dissolve and recrystallize onto
the critical nuclei, forming more matured crystals. Under Ca2+-
limited conditions, slow crystallization occurs due to low
supersaturation, and distorted calcite, such as otoconia, is
formed through selective growth of specific faces. Therefore,
while the attachment of ACC precursors onto crystal faces is
an essential mechanism for crystal growth, the growth via ion-
by-ion attachment of single ions also occurs simultaneously.

On the other hand, in regions where Ca2+ and CO3
2− flux

are similar, the ratio of Ca2+ ions to CO3
2− ions approaches

stoichiometry. Under the stoichiometric condition, it has been
reported that larger crystals are formed compared to
nonstoichiometric conditions.28 Indeed, in these regions,
large crystals with sizes exceeding 50 μm are formed, and
these crystals are differentiated into rosette and rhombohedral
shapes due to slight differences in the flux of both ions. In
locations where the ratio of Ca2+ flux is slightly higher, rosette
crystals that resemble sphere shapes are formed. In contrast, in
locations where the ratio of the CO3

2− flux is slightly higher,
rhombohedron shapes less distorted than otoconia are formed
due to the selective growth of crystal surfaces.

The difference in these mechanisms is based on the
assumption that amorphous precursors are formed through
the aggregation of small ion clusters (prenucleation clusters) in
the early stages of crystallization, and two types of precursors
can be formed based on the local structure of ion clusters
depending on pH.44 Recent studies suggest that a dual
mechanism involving particle attachment and ion-by-ion space
filling should be considered in the formation of CaCO3
minerals.41 Through BET surface analysis, it has been
confirmed that mature coral skeletons fill spaces on a
micrometer scale comparable to those of geological aragonite
single crystals.41 It is argued that ion-by-ion attachment is
essential to fill interstitial pores because amorphous particles
alone cannot completely fill the space. Generally, crystals
formed by particle attachment of amorphous precursors
according to the nonclassical mechanism have rough surfaces
and exhibit features such as porosity and defects. In contrast,
crystals formed by ion-by-ion attachment according to the
classical mechanism have smooth surfaces and exhibit classical
features of crystal surface formation such as terrace, step, and
kink.

■ CONCLUSIONS
The various calcite morphologies were observed in hydrogel
media by introducing orthogonal diffusion. When two
constituent ions were orthogonally diffused in a hydrogel,
various environments with different ion fluxes and ratios were
created due to slow diffusion. Therefore, it was possible to
control the crystallization microenvironment precisely and
systematically analyze the origin of the morphology transition.
Our previous study demonstrated that various forms of CaCO3
are controlled by the supply rate of single ions in a single
diffusion system, and various calcite structural formation
mechanisms were proposed based on differences in single
ion flux. In this study, we aimed to overcome the limitations of

single diffusion systems and investigate the process of
controlling various forms of CaCO3 in an orthogonal diffusion
system of dual ions. Specifically, among the many parameters
for controlling crystal morphology, it was found that the
stoichiometry of ions or ion flux ratio plays a crucial role as the
main factor.
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