
Journal of Crystal Growth 602 (2023) 126943

Available online 19 October 2022
0022-0248/© 2022 Elsevier B.V. All rights reserved.

Gel-mediated chemo-mechanical control of calcium carbonate 
crystal formation 

Damian Palin a,b,c,*, Jennie A.M.R. Kunitake a, Marina P. Chang a, Stephan Sutter a, Lara 
A. Estroff a,d,* 

a Department of Materials Science and Engineering, Cornell University, Ithaca, NY 14853, United States 
b Department 3MD Faculty of Civil and Engineering and Geosciences, Delft University of Technology, 2628 CN Delft, the Netherlands 
c Department of Engineering, University of Cambridge, Trumpington Street, Cambridge CB2 1PZ, United Kingdom 
d Kavli Institute at Cornell for Nanoscale Science, Cornell University, Ithaca, NY 14853, United States   

A R T I C L E  I N F O   

Communicated by James J. De Yoreo  

Keywords: 
A1. Crystal morphology 
A1. Biocrystallization 
A1. Impurities 
A2. Growth from solution 
B1. Calcium compounds 
B1. Minerals 

A B S T R A C T   

The production of synthetic crystals with controlled shapes and properties is an enticing prospect, yet, the 
production of such materials is an ongoing challenge. Here, we present a strategy for chemo-mechanically 
directing the growth of crystals with non-equilibrium structures using a custom-designed double-diffusion cell. 
We combine chemical additives (e.g., Mg2+ ions) and mechanical confinement (e.g., hydrogel networks) to 
modulate the growth of calcium carbonate crystals. Specifically, the combination of Mg2+ ions with a strong 
agarose gel results in calcitic structures, at the gel-glass slide interface, with distinct fried egg-like morphologies 
and radial or Maltese-cross extinction patterns. In contrast, precipitation with only Mg2+ or agarose results in 
aragonite spherulites or squished calcite rhombohedra, respectively. Raman spectroscopy and energy dispersive 
spectroscopy of the “fried eggs” reveals that they are composed of Mg-calcite, which becomes less disordered 
over time, and the “egg whites” make this transition before the “yolks”. We propose that the “fried eggs” form 
due to a spherulitic growth process molded by the crystallization-induced delamination of the gel away from the 
glass slide at the gel-glass interface. In support of the importance of the gel-glass interface, the “fried eggs” do not 
form when the glass slide is treated with a hydrophobic silane, suppressing heterogeneous nucleation and 
weakening the interfacial adhesion between the gel and glass, making it easier for the gel to delaminate, thus 
reducing the confinement effect. As such, this work highlights the important chemo-mechanical role that gel 
environments can play in crystal formation.   

1. Introduction 

Nature exerts exquisite control over her biomineralized tissues. The 
formation of these tissues is intimately associated with organic extra
cellular matrices that chemically modulate and mechanically “mold” the 
inorganic mineral phases [1–6]. Specific charged molecules or ions 
within organic matrices can stabilize amorphous phases before crystal
lization [1,2,7], allowing rapid yet fine control over phase selection, 
shape, and structure [7]. The resulting composite tissues can display 
outstanding mechanical [3–6,8] and optical [6,9,10] properties related 
to their specific functions. Therefore, understanding the chemo- 
mechanical processes involved in matrix-mediated crystal formation 
can provide insights into biomineralization and design strategies for 

synthesizing crystalline materials with advanced functional properties. 
Scientists fascinated by biomineralized tissues have long sought to 

understand and replicate their formation [11,12]. Experiments have 
demonstrated how inorganic and organic additives influence crystal 
habits in solution [13–24]. Magnesium, for example, strongly inhibits 
the formation of calcite (the thermodynamically stable polymorph of 
calcium carbonate at ambient temperatures and pressures) 
[15–17,19,20,22–24]. At Mg2+/Ca2+ ratios equal to or greater than 4, 
aragonite (a metastable polymorph of calcium carbonate) forms with 
acicular spheroidal or cauliflower-like morphologies [15,16]. While at 
ratios of <1 to 4, Mg-calcite ([Ca, Mg]CO3) spherulites (polycrystalline 
aggregates of anisometric or radiating crystals with an outer spherical 
envelope [25–27]) [17,19,20,23] or films of intergrown spheres [22] 
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can form. The physical basis for the influence of Mg2+ on calcium car
bonate mineralization is a topic of ongoing debate. Studies suggest that 
Mg2+ inhibits calcite formation in solutions with high Mg2+/Ca2+ ratios 
due to the adsorption of Mg2+ onto the surface of nascent crystals, thus 
blocking growth sites [16,28,29]. Others suggest that Mg2+ is incorpo
rated into the calcite lattice, increasing its solubility [30,31]. Aragonite 
forms at higher Mg2+ concentrations as it is relatively uninhibited by 
Mg2+ [16]. The basis for the formation of Mg-calcite spherulites is also 
debated. Some suggest that Mg2+ incorporation introduces lattice 
strains and small-angle grain boundaries leading to “split growth” [32]. 
Others propose that Mg2+ stabilizes amorphous calcium carbonate 
(ACC, a metastable phase), which forms into spheres to minimize surface 
contact with its surroundings [20], and converts to Mg-calcite spheru
lites under specific solution conditions [19,20,23]. 

Experiments have also shown that confinement using rigid three- 
dimensional templates can mechanically govern crystal morphology 
[33,34] and polymorph selectivity [35]. For example, when calcite [33] 
and aragonite [34] are grown within micro-cylindrical pores, the 
resulting crystals have rod-like shapes, which are defined by the pores 
and not observed in bulk solution. The non-equilibrium rod-like mor
phologies result from mechanical “molding” of the crystals via 
confinement within the pores. Furthermore, precipitation of calcium 
carbonate between crossed-cylinders stabilizes ACC over calcite [35]. 
The surface free energy of ACC is expected to be lower than calcite under 
such conditions due to the increased surface area to volume ratio of ACC 
particles. 

Inspired by the mineralized organic matrices of organisms, crystal 
growth in gels has emerged as a powerful synthetic platform for 
modeling and understanding biogenic crystal formation [36]. Gels 
provide a diffusion-limited environment, which influences crystal habit. 
For example, calcite crystals grown in agarose, a hydrophilic, uncharged 
gel, can have equilibrium rhombohedra to hopper-like or skeletal- 
shaped morphologies [36,37]. As with the solution studies above, gel 
studies have shown that crystal habit can be controlled by introducing 
inorganic and organic additives to the gel matrix [32,38–44]. For 
example, studies in which Mg2+ was added to gels demonstrated that a 
range of structures can form, including single crystal high-Mg calcite 
and polycrystalline Mg-calcite spherulites [32,39,44]. Other studies 
have shown that gel networks can mechanically modulate crystal habit 
[36,37,45]. By growing calcite crystals in agarose gels, researchers 
demonstrated that the gel-grown crystals occlude gel fibers, resulting in 
single crystal composites [36,37,45]. Inspired by the seminal work of 
Chernov and co-workers [14,46], the researchers demonstrated that this 
gel occlusion only occurs if the gel is strong enough to resist the crys
tallization pressure, which is related to the supersaturation, and at a 
critical crystal growth rate [36,37]. Recently researchers also demon
strated that calcite crystals grown in anisotropically structured agarose 
gels fracture these gels parallel to their fiber structure and that the 
fractures “mold” the crystals, yielding anisotropically shaped crystal 
composites [45]. 

Although the studies above have provided insights into the chemical 
or mechanical roles gel environments can play in crystal formation, the 
combined chemo-mechanical impact of these mechanisms is not well 
understood. To shed light on this subject, we present a strategy to 
investigate the combined influence of chemical additives (e.g., Mg2+) 
and mechanical confinement (e.g., hydrogels of varying physical 
strength) by growing calcium carbonate in a custom-built double- 
diffusion reactor. We characterize the structure and composition of the 
resulting crystals and suggest a possible model describing their 
formation. 

2. Experimental design 

To investigate the chemo-mechanical influence of gel environments 
on crystal formation, we custom-designed a double-diffusion cell in 
which a thin gel film (~2 × 25 × 25 mm) is sandwiched between two 

glass slides, which we sealed down two sides (Fig. 1, left). This diffusion 
cell is then secured between two reservoirs containing the desired 
cationic and anionic components (Fig. 1, right). In this system, where 
the crystals are forced to grow within the gel, the mechanical confine
ment comes both at the nanoscale via the gel fiber structure and at the 
millimeter scale via the thin gel film confined between two slides. In 
addition, chemical additives can be introduced into this system via 
diffusion. Specifically, we precipitated calcium carbonate in cells con
taining agarose gels of varying strengths, in order of increasing strength: 
i) agarose Type IX 3% w/v (AIX3; which has a storage modulus, G′, of 
0.01 MPa and a maximum loss modulus, G′′

max, of 0.002 MPa (Fig. S1a); 
ii) agarose Type IB 3% w/v (AIB3; which has a G′ of 0.1 MPa and G′′

max 
of 0.02 MPa (Fig. S1b); and iii) agarose Type IB 4% w/v (AIB4). These 
gels were placed into the double-diffusion setup with a solution of 50 
mM CaCl2 and 200 mM MgCl2 (Mg2+/Ca2+ ratio of 4) in the outer 
reservoir and a solution of 50 mM NaHCO3 in the inner reservoir. As 
controls, we also precipitated calcium carbonate in diffusion cells con
taining: no Mg2+ and no gel; no Mg2+ and gels of different strengths 
(AIX3, AIB3, AIB4). We then monitored the structure of the resultant 
crystals via light microscopy, plane-polarized light microscopy, and 
scanning electron microscopy (SEM), their crystal phase via Raman 
microspectroscopy, and their elemental composition via energy disper
sive spectroscopy (EDS). Finally, to evaluate the role of the glass slide as 
a heterogeneous nucleating surface, we constructed diffusion cells with 
hydrophobic, octadecyltrichlorosilane (OTS)-treated glass slides. 

3. Results 

3.1. Crystal characteristics 

Calcium carbonate crystals were grown for 14 days in eight different 
conditions (in solution and three gel types, each with and without 
Mg2+). Plane-polarized light microscopy shows that the crystals formed 
in the bulk gel have morphologies consistent with previous reports of 
gel-grown calcite [32,37,39,44,45], in contrast to those formed at the 
gel-glass interface, which have distinct morphologies (Fig. S2a,c). For 
example, crystals formed within the AIB3 gel with no Mg2+ have hopper- 
like morphologies (Fig. S2b (black arrow)), and the crystals formed in 
the AIB3 gel with Mg2+ have spheroidal or dumbbell morphologies 
(Fig. S2d (black arrow)). Since crystals with hopper-like [36,37] and 
spheroidal [32,39,44] morphologies are known to form in gels con
taining no Mg2+ and Mg2+, respectively, we decided to focus on the 
crystals formed at the gel-glass interface. The crystals formed at the gel- 
glass interface display different morphological, optical, and chemical 
characteristics depending on the specific growth conditions (Table 1). In 
the four control conditions without any Mg2+, calcite was the majority 
phase, as determined by Raman microspectroscopy, having character
istic peaks occurring at ~1085 cm−1 (v1, the carbonate symmetric 
stretching mode), ~710 cm−1 (v4, the carbonate in-plane bending mode) 
and lattice modes at ~280 and 155 cm−1 (Fig. S3, center) [47–49]. 
Plane-polarized light microscopy analysis of these crystals showed an 
evolution in the morphology of the crystals from equilibrium calcite 
rhombohedral morphologies in the absence of gel (Fig. 2a,e and 
Fig. S3a) to “knobbled” rhombohedra-like morphologies in the AIX3 
(mechanically weak) gel (Fig. 2b,f and Fig. S3b) to “squished” rhom
bohedral morphologies in the AIB3 (mechanically strong, lower weight 
percentage) gel (Fig. 2c,g and Fig. S3c) and finally thin plate-like mor
phologies with rhombohedral features in the AIB4 (mechanically strong, 
higher weight percentage) gel (Fig. 2d,h and Fig. S3e). In AIB4, the 
crystals begin to impinge on each other, forming tessellated polygonal 
macrostructures. In all of these cases, the crystals, when viewed through 
crossed-polarizers, “blink” when rotated, indicating single crystal do
mains (Fig. 2e-h). 

When a chemical additive (Mg2+) is added to the outer reservoir 
together with Ca2+, the compositions and morphologies of the resulting 
crystals undergo substantial changes. Specifically, in the absence of any 
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gel and the presence of the weakest gel (AIX3), the precipitates have 
spheroidal and cauliflower-like morphologies (Fig. 2i,j,m,n and Fig. S3f, 
g,h). Raman microspectroscopy identifies these structures as aragonite 
with peaks situated just under 1085 cm−1 (v1) and at ~702 cm−1 (v4), 
and prominent lattice modes occurring at ~206 and 152 cm−1 (Fig. S3, 
center) [47]. When viewed through crossed-polarizers, the spheroidal 
and cauliflower-like structures have continuous dull extinctions 
(Fig. 2m,n). 

As the gel strength increases (AIB3 and AIB4), there is a distinct 
change in the morphology of the precipitates formed in the presence of 
Mg2+. In the AIB3 gel, the majority of the structures are reminiscent of a 
fried egg (i.e., there is a hemispherical region in their center that looks 
like a fried egg yolk surrounded by a flatter region that looks like a fried 
egg white, with average total diameters of 250 µm), and are well-spaced 
with some impinging on each other (Fig. 2k,o, Fig. S3i and Fig. S4 (pink 
arrows)). Often a groove can be seen across the “fried egg” crystals, 
almost separating them into two halves (Fig. 2k (pink arrow)). In the 
AIB4 gels, similar “fried egg” morphologies are observed, which are 
smaller (150 µm) than those in AIB3 and more densely packed with 
many impinging on each other, forming tessellated polygonal macro
structures (Fig. 2l,p), as well as some crystals with spheroidal mor
phologies (Fig. S3m). Significantly, despite their morphology, the “fried 

egg” crystals have Raman spectra consistent with calcite (Fig. S3i,l, 
center). Furthermore, when viewed between crossed-polarizers, the 
“fried eggs” display distinctive radial or Maltese-cross extinction pat
terns consistent with spherulitic growth (Fig. 2o,p). In addition to the 
“fried eggs”, there are a small number of crystals with spheroidal mor
phologies (Fig. S3j and Fig. S4c (white arrows)) and, in rare cases, 
lemon-like morphologies (Fig. S3k). The lemon-shaped crystals 
observed in the AIB3 gel are monohydrocalcite, with a peak at ~1066 
cm−1 (v1) and two bands at ~700 and 723 cm−1 (v4, Fig. S3k, center) 
[50]. The crystals with the “fried egg” morphologies form closer to the 
Mg2+/Ca2+ reservoir, while the spherulites form closer to the carbonate 
reservoir (Fig. S4). Furthermore, among the growth environments con
taining Mg2+, comparing crystals with fried egg and non-fried egg 
morphologies formed after 14 days, the v1 peaks of the non-fried eggs 
are significantly broader than the v1 peaks of the fried eggs (p = 0.004, 
Fig. S5). 

SEM images of the crystals formed in cells containing Mg2+ and no 
gel, no Mg2+ and AIB3 gel, and Mg2+ and the AIB3 gel confirm their 
spheroidal (Fig. 3a), squished rhomboid (Fig. 3c), and fried egg-like 
(Fig. 3e) morphologies, respectively. Higher magnification SEM im
ages of the surface structures of these crystals reveal that the spheroids 
have the acicular microstructure of aragonite (Fig. 3b). The squished 

Fig. 1. Schematic illustrations of: (Left) the diffusion cell; and (Right) the solution-based double-diffusion setup used to precipitate calcium carbonate crystals in the 
diffusion cells. 

Table 1 
Summary of the precipitation experiments and the resulting crystal characteristics.  

Gel1 Mg2þ/Ca2þ Morphology2 Optical character3 Crystal Phase4 

None 0 Rhombohedra Blink Calcite(a) 

AIX3 0 Knobbled rhombohedra Blink Calcite(b) 

AIB3 0 Squished rhombohedra Blink Calcite(c) 

Rounded rhombohedra Dull blink Monohydrocalcite(d) 

AIB4 0 Plates Blink Calcite(e) 

None 4 Spherulites Dull constant extinctions Aragonite(f) 

AIX3 4 Spherulites Dull constant extinctions Aragonite(g,h) 

AIB3 4 Fried egg-like Maltese-cross Calcite(i) 

Spherulites Dull constant extinctions Aragonite(j) 

Lemon-like Dull blink Monohydrocalcite(k) 

AIB4 4 Fried egg-like Maltese-cross Calcite(l) 

Spherulites Dull constant extinctions Aragonite(m) 

1AIX3 = Agarose IX, 3% w/v. AIB3 = Agarose IB, 3% w/v. AIB4 = Agarose IB, 4% w/v. 2Crystal morphology was assessed by light microscopy. 3Crystal optical 
character was assessed by rotating the crystals when viewed by light microscopy through crossed-polarizers. 4Crystal phase was established using Raman spectroscopy 
(the superscript letters (a–m) in parenthesis correspond to the images and spectra in Fig. S3). 
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rhomboids have the highly aligned {104} facets of calcite (Fig. 3d). The 
fried egg crystals have polycrystalline microstructures, which radiate 
out from their centers and are terminated at their tips by rhombohedral 
{104} facets (Fig. 3f (white arrows)). 

3.2. Fried egg-like crystal characteristics over time 

Given the appearance of the unusual, fried egg-like structures, we 
analyzed them further. Specifically, we analyzed the fried eggs formed 
in the presence of Mg2+ and the AIB3 gel over time using plane-polarized 
light microscopy, SEM, Raman spectroscopy, and EDS. Plane-polarized 
light and SEM microscopy images of the crystals show that their 
morphology evolves with time (Fig. 4a–i). The crystals, after 5 days of 
growth, have small fried egg (25 µm, Fig. 4a,d,g) and “egg yolk” (i.e., 
hemispherical; 10 µm, Fig. 4g (white arrows)) morphologies that are 
well spaced from each other on the glass slides. The crystals formed after 
9 days are larger “fried eggs,” with some seeming to encroach on each 
other (50 µm, Fig. 4b,e,h), and after 14 days, they develop into even 
larger “fried eggs” (as described above, Fig. 2k,o, Fig. 3e and Fig. 4c,f,i). 
In addition, the crystals viewed through crossed-polarizers display 
Maltese-cross extinction patterns at 9 and 14 days (Fig. 2o and Fig. 4e,f). 
Raman spectroscopy of fried eggs shows their v1 peak is broader and 

shifted to a higher energy than calcite formed on glass within Mg-free 
cells (Fig. 4j). This behavior is consistent with all crystals grown in the 
presence of Mg2+, no matter the gel type and/or substrate (Fig. S6). The 
full width at half maximum (FWHM) of the v1 peak of crystals formed in 
cells with Mg2+ is significantly increased (p <0.0001) and closer to the 
value of calcite from Atrina rigida, a known biogenic Mg-calcite, as 
compared to crystals grown without Mg2+, which have FWHMs closer to 
geological calcite (Fig. S6a). In addition, the average Raman shift of the 
v1 peaks is significantly higher (1087.4 versus 1085.7 cm−1, p <0.0001) 
for crystals synthesized in the presence of Mg2+ versus those not 
(Fig. S6c). Raman spectra did not provide unequivocal evidence of 
amorphous calcium carbonate though its presence cannot be ruled out. 
EDS analysis of fried eggs formed in the presence of Mg2+ reveals that 
they contain both Ca and Mg, while the rhombohedral crystals formed in 
the presence of no Mg2+ contain only Ca (Fig. S8a). 

Additional investigation of the fried egg crystals reveals that their 
structure and composition are different across their bodies and change 
over time (Fig. 4n). Raman analysis of the fried eggs taken after 5 days of 
growth, reveals that the v1 peaks of the spectra are widest, and the 
FWHM values are comparable for whites and yolks, with yolk peak 
widths trending gradually lower over time (Fig. 4n). On analyzing 
FWHM with a linear mixed-effects model (See section 7.5. Statistical 

Fig. 2. Polarized light microscope images of calcium carbonate crystallites formed on the surface of the glass slides following 14 days diffusion within cells con
taining: (a–h) no Mg2+ (50 mM CaCl2 with 50 mM NaHCO3); (i–p) Mg2+ (50 mM CaCl2 and 200 mM MgCl2 with 50 mM NaHCO3); (a,e,i,m) no gel; (b,f,j,n) agarose IX 
3 w/v %; (c,g,k,o) agarose IB 3 w/v %; and (d,h,l,p) agarose IB 4 w/v %. (a–d,i–j) Images taken under plane-polarized light and (e–h,m–p) through crossed-polarizers. 
The pink arrow in (k) points at a fried egg-like crystal with a groove through its center, almost splitting it in two. Crystal phase was established using Raman 
microspectroscopy (see Fig. S3). 
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analysis, R2 = 0.95), there is a significant interaction (F2,9 = 12.06, p =
0.003) between sampling location (i.e., whites versus yolk) and time (i. 
e., at 5, 9, or 14 days growth). In addition, a statistically significant 
reduction in width is evident between yolks at 5 and 14 days (p = 0.025). 
For whites, the mean peak widths are narrowest after 9 days, with 
significantly narrower peaks than at day 5 (p = 0.007) and a nonsig
nificant increase after 14 days. Whites and yolks also differ significantly 
after 9 days (p = 0.0003) but not after 5 or 14 days. This behavior is also 
evident in the peak width trends of individual eggs, with the yolks 
having broader peaks than whites for 5/5 eggs measured at 9 days 
(Fig. S7). EDS analysis of fried eggs reveals the presence of Mg2+ at all 
time points in both yolks and whites (Fig. S8a) and no qualitative dif
ferences between whites and yolks within individual eggs (Fig. S8b-d). 

3.3. Growth on a hydrophobic surface 

To test the importance of the glass slide surface (primarily silanols) 
in the formation of the observed morphologies, we prepared the diffu
sion cells as before (i.e., containing Mg2+ and AIB3 gel); however, this 
time, we made the surface of the glass hydrophobic by coating it with 
OTS. Compared to the native hydrophilic silanols, OTS-coated glass is 
known to prevent crystal nucleation and eliminate possible hydrogen 
bonding sites [51]. Precipitation of calcium carbonate within these cells 
resulted in aragonite spherulites, not calcite “fried eggs” (Fig. 5 and 
Fig. S3o). 

4. Discussion 

We employed Mg2+ (the chemical component of the system) and 
agarose gels with varied mechanical strengths (the mechanical compo
nent of the system) to chemo-mechanically control calcium carbonate 
formation. The growth of calcium carbonate in the cells in the presence 
of Mg2+ and strong gels yielded Mg-calcite crystals (Fig. S8) with 
distinct fried egg-like morphologies (Fig. 2k,l,o,p, Fig. 3e, Fig. 4b,c,e,f, 
g–i, Fig. S3i,l, Fig. S4c (pink arrows)), and familiar structural charac
teristics (Fig. 2k (pink arrow),l,o,p, and Fig. 4b,c,e,f,h). Calcium car
bonate structures with fried egg-like morphologies formed within 
synthetic models of nacre consisting of a peptide (n16N), silk fibroin, 
and β-chitin [42] and rPif80 and β-chitin; [52] in these instances, the 
authors reported that these crystals were composed of vaterite (a 
metastable form of calcium carbonate) and ACC [42] and polymer- 
induced liquid precursor-like amorphous calcium carbonate granules 
[52] and proposed no model for the formation of the observed shapes. 

The growth of calcium carbonate in the presence of Mg2+ containing 
no gel or low-strength gels resulted in aragonite spherulites (Fig. 2i,j,m, 
n, Fig. 3a,b, and Fig. S3f–h), consistent with the literature [15,16]. In the 
absence of Mg2+ and the presence of gels with increasing gel strength, 
the calcite crystals formed at the gel-glass interface became increasingly 
“squished” while maintaining their characteristic calcite rhombohedral 
character (Fig. 2a–h, Fig. 3c,d, and Fig. S3a–c,e). This change in shape is 
consistent with previous experiments in which calcium carbonate crys
tals were grown confined between crossed cylinders [35]. The “squish
ing” suggests that the stronger agarose gels provide the crystals with 

Fig. 3. Representative scanning electron microscope 
images of crystals formed on the surface of the glass 
slides following 14 days diffusion within cells con
taining: (a,b) Mg2+ (50 mM CaCl2 and 200 mM MgCl2 
with 50 mM NaHCO3) and no gel; (c,d) no Mg2+ (50 
mM CaCl2 with 50 mM NaHCO3) and gel (agarose IB 
3% w/v); and (e,f) Mg2+ (50 mM CaCl2 and 200 mM 
MgCl2 with 50 mM NaHCO3) and gel (agarose IB 3% 
w/v). Images (a,c,e) show overviews of crystals and 
(b,d,f) the surface of one of the crystals at a higher 
magnification. The white arrows in (f) point to the tips 
of the fried eggs terminated by the {104} facets of 
calcite. Crystal phase was established using Raman 
microspectroscopy (see Fig. S3).   
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Fig. 4. Analysis of the crystals formed over time in the presence of Mg2+ (50 mM CaCl2 and 200 mM MgCl2 with 50 mM NaHCO3) and agarose IB 3% w/v: (a–i) 
representative images of crystals taken after 5, 9, and 14 days using (a–c) light microscopy under plane-polarized light, and (d–f) through crossed-polarizers, and 
(g–i) scanning electron microscopy; (j) representative Raman spectra of an “egg yolk” after 5 and 9 days, an “egg white” after 9 days, and a calcite crystal grown in a 
cell containing no magnesium and no gel after 14 days. Calcite peaks are labeled lattice modes, v1, and v4, corresponding to the calcite lattice, and the symmetric 
stretching and in-plane bending vibrational modes of carbonate in calcite, respectively. The inset shows an expanded plot of the v1 band (spectra have been 
normalized to the v1 peak); (k–m) light microscopy images of the crystals showing the locations where the spectra were taken; (n) a plot of the v1 FWHM from “egg 
yolks” and “egg whites” over time. The white and pink arrows in (g) point to egg yolks and egg whites, respectively. For (n), a linear mixed-effects model was used to 
analyze the FWHM (See section 7.5. Statistical analysis, R2 = 0.95). There was a significant interaction between location and time (F2,9 = 12.06, p = 0.003). Sta
tistically significant differences (using Tukey’s honestly significant difference test) were found for whites on day 5 versus day 9 (p = 0.007), yolks on day 5 versus day 
14 (p = 0.025), and day 9 whites versus day 9 yolks (p = 0.0003). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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enough resistance that they grow preferentially along the gel-glass 
interface rather than into the gel. 

The Maltese-cross extinction patterns of the “fried eggs” are char
acteristic of spherulites [27]. Spherulites generally form via non- 
crystallographic branching or “split growth,” whereby a parent crystal 
nucleates crystallographically independent daughter crystals [25–27]. 
Magnesium ions in solution [17,19,20,23] and gels [32,39,44] promote 
calcite spherulite formation. Authors have attributed the formation of 
calcite spherulites to misfit lattice strains associated with Mg2+ incor
poration [32]. Spherulites, as they form, can pass through intermediate 
sheaf-of-wheat and dumbbell-like morphologies that grow back onto 
themselves, resulting in spherical crystals with equatorial grooves [19]. 
Our “fried eggs”, despite their unusual shape, often display grooves 
across their bodies (Fig. 2k (pink arrow), and Fig. 4b,h), consistent with 
a non-crystallographic branching or split growth process. Researchers 
have also shown that calcite spherulites form in the presence of Mg2+

ions via amorphous precursor phases [17,19,20,23,24]. The amorphous 
phase takes the shape of a sphere, as expected for a liquid phase that 
wants to minimize its surface contact with its surroundings [20]. 

The shape of the “fried eggs” is curious and reminiscent of the shape 
of calcite composite discs formed in anisotropically structured gels [45]. 
In that work, the authors proposed that calcite crystals grown within 
anisotropically structured gels exerted a crystallization pressure that 
fractured the gel parallel to the oriented network resulting in the growth 
of calcite disks molded by the fractures. They further proposed that the 
disks, as they formed, occluded those parts of the network that were 
strong enough to resist the crystallization pressure. A similar mechanism 
is potentially at play in the formation of the fried eggs. The crystals, as 
they grow, exert a crystallization pressure which, in a kind of fracture, 
pushes the compliant gel away from the stiff glass slide (disrupting 
hydrogen bonds between the agarose hydroxyl groups and the surface 
silanols), generating anisotropic interstitial spaces into which the egg 
whites grow (Fig. 4g (pink arrows)). As the fried eggs form, they too 
likely occlude those parts of the gel network that are strong enough to 
resist the crystallization pressure while the weaker parts are pushed 
away and build up at the crystallization front. This confinement mech
anism can also explain the “squished” calcite crystals observed in the 
strongest gel containing no magnesium (Fig. 2d,h). Further confirmation 
of the importance of growth at the gel-glass interface comes from the 
experiments with OTS-coated glass slides. In these experiments, the 
hydrophobic surface suppresses nucleation and weakens the interfacial 
adhesion at the gel-glass interface, leading to nucleation and growth of 
aragonite crystals. 

The fried egg crystals undergo temporal structural and compositional 
changes. As the crystals mature, they become more crystalline (i.e., less 
disordered) over time, with the “whites” undergoing this maturation 
before the “yolks” (Fig. 4n). This observation is based on the narrowing 
v1 calcite Raman band, capturing a decrease in local disorder. In this 

experiment, the disorder could be due to many factors, including, but 
not limited to, magnesium incorporation [53], the presence of amor
phous or disordered phases, and/or gel incorporation. The lack of cor
responding trends of magnesium content at any time point (Fig. S8b) 
suggests magnesium alone does not account for the band broadness, and 
there may be multiple mechanisms behind the observed changes. We do 
not fully understand the crystals’ maturation; however, we suspect that 
the maturation occurs via dissolution and crystallization [54,55] and/or 
a solid-state conversion of an amorphous to a crystalline phase [54,56]. 
As the ion reservoirs are not infinite or semi-infinite [57] and we know 
that the Ca2+ ions are consumed faster during calcite or aragonite 
growth than the Mg2+ ions, this maturation likely occurs due to 

Fig. 5. Analysis of crystals formed within cells constructed from OTS-coated glass slides sandwiching agarose IB 3% w/v following 14 days diffusion (50 mM CaCl2 
and 200 mM MgCl2 with 50 mM NaHCO3) using: (a) light microscopy and; (b) scanning electron microscopy. 

Fig. 6. Schematic representation of a speculative model describing the growth 
process leading to the formation of the fried egg-shaped crystals within a 
diffusion cell containing Mg2+ and a strong agarose gel: (top) Ca2+, Mg2+, and 
CO3

2– ions diffuse into the cell. A calcitic phase nucleates on the surface of the 
glass. The glass and gel mold the phase into a hemisphere; (middle) as the phase 
grows, it compacts the gel until, in a kind of fracture, it pushes the gel away 
from the glass. As the phase grows, it is molded by the fracture forming into a 
“fried egg”. As the phase matures, the white becomes more crystalline than the 
yolk; and (bottom) later in the egg’s maturation, the yolks also become more 
crystalline. (top–bottom) As the fried eggs grow, the whites and yolks contain 
similar amounts of Mg2+ and likely occlude parts of the gel that are strong 
enough to resist the crystallization pressure. 
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decreases in supersaturations and an increase in the ratio of Mg2+ to 
Ca2+ ions over time. We further speculate that the maturation rates 
between the yolks and whites are related to differences in their surface- 
to-volume ratios, with the whites having a higher surface-to-volume 
ratio than the yolks when interacting with the solution. 

Based on our findings and the literature, we propose the following 
explanation of how the fried egg-like crystals form (Fig. 6). Diffusion of 
calcium, magnesium, and carbonate ions into the diffusion cell results in 
a Mg-calcium carbonate phase nucleating on the glass substrate. The 
crystals may begin as an amorphous phase, as an amorphous phase 
would take on a hemispherical shape confined between the stiff glass 
and compliant gel (Fig. 4g (white arrows)). Further, ACC can incorpo
rate large amounts of magnesium, which upon crystallization, results in 
Mg-containing calcite (Fig. S8). At some point, the “fried eggs” evolve 
via a crystal nucleation event followed by a non-crystallographic 
branching or split growth process [25–27,32]. As the crystals grow, 
they exert a crystallization pressure, Pcryst, on their surroundings [58]. 
Note: in our system, Pcryst is comparable to the elastic modulus of the gel 
[45], such that stresses exerted by the gel should be strong enough to 
hinder crystal growth. Therefore, the easiest route for the crystals to 
grow is along the gel-glass interface. Thus, in a kind of fracture, the 
crystals delaminate the gel from the glass and are “molded” by the 
resultant anisotropic interstitial space. As the crystals grow, they likely 
occlude those parts of the gel network that are strong enough to resist 
the Pcryst exerted by the crystals forming into composites [36,37,45]. 

5. Conclusion 

We have developed a biologically-inspired strategy for chemo- 
mechanically influencing the growth of crystals. Precipitation of cal
cium carbonate in diffusion cells containing Mg2+ ions and mechanically 
strong gels resulted in the formation of Mg-calcite crystals with fried 
egg-like morphologies. In contrast, precipitation within cells containing 
only Mg2+ or gels resulted in aragonite spheroids or “squished” calcite 
crystals with rhombohedral features, respectively. Investigation of the 
“fried eggs” over time revealed that they start as egg yolks (or hemi
spheres) and the whites form later; and that the Mg-calcite forming the 
fried egg-like structures becomes more crystalline over time, and the 
“egg whites” make this transition before the “yolks”. We propose that 
the “fried eggs” form due to a spherulitic growth process molded by the 
delamination of the compliant gel from the stiff glass slide. We envisage 
that diffusion setups allowing the real-time monitoring of crystal growth 
[59] will provide additional insights into the formation of calcium car
bonate phases under the combined chemo-mechanical influence of Mg2+

ions and mechanically strong gels. Further, we can expand the presented 
strategy to a broad range of crystals and gels with tailored functional 
properties [60–62]. Such studies will provide a deeper understanding of 
biomineralization and platforms for controllably forming synthetic 
crystals with unique functional properties for applications in photonics 
[63], construction [64], and others. 

6. Materials and methods 

6.1. Diffusion cell 

The diffusion cells were constructed from two glass slides sand
wiching a gel film (~2 mm thick; Fig. 1, left). Before construction, the 
glass slides were cut into pieces (25 × 25 mm), sonicated in acetone for 
5 min and plasma cleaned in air for 5 min to remove any impurities from 
their surface. The gel films were produced from agarose Type IB at 3% 
w/v (AIB3; Sigma-Aldrich) and at a 4% w/v (AIB4), and from agarose 
Type IX at 3% w/v (AIX3; Sigma-Aldrich). Agarose solutions were pre
pared by dissolving agarose powder in hot deionized (DI) water (18.2 
MΩ cm−1, Barnstead Easypure RoDI). The solutions were poured into 
polystyrene Petri dishes (100 × 20 mm), resulting in films approxi
mately 2 mm thick. The AIB films were cooled in the Petri dishes at room 

temperature, and the AIX3 films were cooled in the Petri dishes in a 
refrigerator (8 ± 2 ◦C) for 30 min. Next, the films were removed from 
the Petri dishes and cut into pieces (21 × 25 mm). Individual gel pieces 
were then sandwiched between two glass slides, such that two opposite 
sides of a gel were flush with two opposite edges of the slides, and two 
sides were recessed. Finally, the recessed sides were sealed with an 
adhesive sealant (RTV108, Momentive Performance Materials Inc.), 
completing the diffusion cell. Control cells were constructed without gel 
and with hydrophobic glass slides coated with OTS. OTS slides were 
produced by coating glass slides with a silane solution (10 mM) of tri
chloro(octadecyl)silane (≥90%, Sigma-Aldrich) mixed with hexane 
(95%, Sigma-Aldrich). The silane and hexane were mixed in a glove box 
with O2 below 10 ppm and H2O below 1 ppm and applied to glass slides 
in a container sealed with parafilm in a glove box. After sitting for 24 h 
at room temperature, the slides were sonicated in fresh acetone for 5 min 
and blow-dried with N2. 

6.2. Crystal growth 

Crystal growth was conducted in the diffusion cells by solution-based 
double diffusion (Fig. 1, right). One of the open mouths of the diffusion 
cells was connected to an aperture in the inner carbonate reservoir and 
sealed with an adhesive (see above), while the other mouth was sub
merged within the outer reservoir (Fig. 1, left). The inner reservoir 
contained a 50 mM solution of sodium bicarbonate (~750 mL, NaHCO3, 
Sigma-Aldrich, in DI water), and the outer reservoir contained a 50 mM 
solution of calcium chloride (1.5 L, CaCl2⋅2H2O, Sigma-Aldrich, in DI 
water) or 50 mM solution of calcium chloride plus 200 mM magnesium 
chloride (1.5 L, MgCl2⋅6H2O, Sigma-Aldrich, in DI water). The experi
mental setup for cells containing no gel was much the same; however, 
the upper mouth of the diffusion cells was sealed with scotch tape and 
the two reservoirs were filled with the solutions. Diffusion was initiated 
between the reservoirs by carefully removing the tape. The experiments 
were conducted at room temperature (25 ◦C) for up to 14 days. At the 
end of the experiment, the diffusion cells were disconnected from the 
reservoirs. The gels were then carefully peeled away from the glass 
slides, and the crystals on the slides were rinsed with DI water and 
quenched with ethanol. Each crystal growth experiment was conducted 
in duplicate. 

6.3. Gel characterization 

The storage modulus, G′, and loss modulus, G′′, of the AIX3 and AIB3 
gels were measured using a rheometer (Discovery Hybrid Rheometer 
HR3, TA Instruments) equipped with a 20 mm parallel plate geometry. 
Samples were prepared by punching a ~20 mm disc from the 2 mm thick 
sheets of gel. 220 grit PSA-backed sandpaper was attached to upper and 
lower plates to prevent slippage during testing, and a small amount of DI 
water was added at the sample edge to prevent dehydration. Dynam
ic oscillatory strain sweep measurements, from 0.01 to 100% strain, 
were performed on the gel discs at a frequency of 1 Hz at 25 ◦C (Fig. S1). 
G′ and G′′ are plotted against shear strain. G′ is reported as the average of 
all values in the linear viscoelastic region, and G′′

max as the maximum 
value of G′′. 

6.4. Crystal characterization. 

Crystals formed on the slides were examined by plane-polarized light 
microscopy (Leica NM EP) to determine their morphology and distri
bution on the glass slides and through crossed-polarizers to determine 
their optical character. Raman spectra were obtained for the crystals 
formed on the glass slides, geological calcite (Iceland spar, Ward’s Sci
entific), and crystals from the calcite prismatic and aragonite nacreous 
layers from the shell of Atrina rigida by confocal Raman microscopy 
(Renishaw InVia, equipped with a RenCam CCD detector) through a 
50× long-working-distance objective (Leica Microsystems). Spectra 
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were acquired with a 488 nm laser for 10 s at 10 mW, over a range of 
100–1600 cm−1, at a resolution of 1 cm−1, and were the average of 10 
scans. Images were taken of the crystals before the spectra were 
collected. The crystals were also imaged via SEM (Zeiss Gemini 500), 
utilizing an InLense high-efficiency secondary electron (HE-SE2) de
tector at an accelerating voltage of 3 kV and a working distance of ~6 
mm. Before imaging, the slides were sputter-coated with either Ir or Au/ 
Pd at 30 mA for 20 s. EDS data was obtained with an Ultim Max detector 
(Oxford X-ray detection system, Aztec EDS). Point spectra were acquired 
at an accelerating voltage of 10 kV, a working distance of 6–7 mm, and 
an acquisition time of 2–4 min. For each “fried egg”, 6-point spectra 
(three points in the “yolk” and three in the “whites”) were acquired for 
five representative “eggs” at each time point (Day 5, 9, and 14). 

6.5. Raman data processing 

Spectra were background-subtracted using the “subtract back
ground” function in WiRE 4.2 (Renishaw plc., Wotton-under-Edge, UK). 
Spectra were then imported into Igor Pro 7 (WaveMetrics, Inc, Lake 
Oswego, OR, USA), where the spectra were analyzed and plots gener
ated. The x (wavenumber) and y (intensity) data were imported and 
converted to waveform data (in which the x values are evenly spaced). 
Spectra were excluded from the analysis if: 1) The signal-to-noise ratio 
was <50 (where the signal was calculated as the maximum intensity of 
the v1 carbonate peak and the noise was calculated as the standard de
viation of the intensity between the featureless spectral region of 
1520–1580 cm−1); 2) The area of the characteristic glass envelope 
(500–650 cm−1, with a local linear background subtraction) divided by 
the intensity of the carbonate v1 peak was greater than 5; and 3) There 
was a strong fluorescence background inhibiting a reliable background 
subtraction. After the exclusion process, spectra were cropped to the 
105–1280 cm−1 region, and, using a glass spectrum obtained during the 
Raman data acquisition, glass was manually subtracted from each cal
cium carbonate spectrum. The FWHM of the carbonate v1 peak was then 
calculated for each spectrum. Next, the peak position values (Fig. S6c) 
were approximated by fitting the peaks with a Lorentzian function using 
the Igor Pro Multipeak Fitting Tool. Finally, the peak position and width 
values were exported for statistical analysis. 

6.6. Statistical analysis 

All statistical analyses and plots were performed and generated using 
JMP® (Version 16.0.0. SAS Institute Inc., Cary, NC, 1989–2021). For the 
calcite crystals with “fried egg” morphologies, multiple points were 
acquired across the whites of some individual eggs. These points were 
treated as technical replicates and averaged before analysis. When 
comparing two groups (Fig. S5 and Fig. S6), p values were determined 
using the independent samples t-test. Before these comparisons, data 
acquired from the same individual crystal (“white” and “yolk”) were 
averaged. For Fig. 4, a linear mixed-effects model was used to analyze 
FWHM with the fixed effects of spot location (yolk vs. white), time of 
maturation (5, 9, or 14 days), and the interaction of maturation time and 
location of the spot. Because some eggs had measurements at both lo
cations (white and yolk), an individual egg identifier was added as a 
random effect. Fixed effects were tested using F tests, and post hoc 
pairwise comparisons were performed using Tukey’s honestly signifi
cant difference test. Where appropriate, box plots overlay the data. 
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