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Forming Anisotropic Crystal Composites: Assessing the Mechanical 
Translation of Gel Network Anisotropy to Calcite Crystal Form 
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KEYWORDS: Crystal growth, affine deformation, mechanical confinement, fracture mechanics, biomineralization. 

ABSTRACT: The promise of crystal composites with direction-specific properties is an attractive prospect for diverse applications, 
however, synthetic strategies for realizing such composites remain elusive. Here, we demonstrate that anisotropic agarose gel 
networks can mechanically “mold” calcite crystal growth, yielding anisotropically-structured, single-crystal composites. Drying and 
rehydration of agarose gel films result in the affine deformation of their fibrous networks to yield fiber alignment perpendicular to 
the drying plane. Precipitation of calcium carbonate within these anisotropic networks results in the formation of calcite crystal 
composite discs oriented parallel to the fibers. The morphology of the discs, revealed by nano-computed tomography imaging, evolves 
with time and can be described by linear-elastic fracture mechanics theory, which depends on the ratio between the length of the 
crystal and the elasto-adhesive length of the gel. Precipitation of calcite in uniaxially deformed agarose gel cylinders results in the 
formation of rice-grain shaped crystals, suggesting the broad applicability of the approach. These results demonstrate how the 
anisotropy of compliant networks can translate into desired crystal composite morphologies. This work highlights the important role 
organic matrices can play in mechanically “molding” biominerals and provides an exciting platform for fabricating crystal composites 
with direction-specific and emergent functional properties.

INTRODUCTION 
Anisotropy is a key feature of biomineralized tissues.1-4 The 
formation of these tissues is intimately associated with 
anisotropically-structured, organic, extracellular matrices. 
These matrices provide a structural scaffold and source of 
chemical functionality that mechanically “molds” and 
chemically modulates the inorganic mineral phase into 
anisotropic forms (e.g., nanoscale platelets and rods).1,2,4-7 The 
resulting biomineralized tissues display outstanding direction-
specific, mechanical,2,8 and optical5,9,10 properties. 
Understanding the role anisotropic organic networks play in 
directing crystal formation can, therefore, provide insights into 
biomineral formation and strategies for the design and synthesis 
of anisotropic crystal composites with direction-specific and 
emergent functional properties. 
The question of how biology controls crystal habit has puzzled 
scientists for centuries.11,12 The Dutch zoologist Pieter Harting 
was perhaps the first scientist to try to answer this question, 
growing calcareous crystals in the blood and bile of chopped up 
oysters.11 Since this seminal work, scientists have pieced 
together parts of the puzzle, providing insights into the origins 
of biologically-controlled crystal habit. Early experiments 
demonstrated how inorganic and organic additives can 
influence the habit of crystals grown in solution.13-15 Later 
experiments showed how chemically-functionalized two-
dimensional (2D) templates can direct nucleation and dictate 
the orientation of crystals grown in a solution;16-18 and how 
growth within rigid three-dimensional (3D) templates can 
control crystal morphology19,20 and polymorph selectivity.21 
Inspired by the mineralized organic matrices used by 
organisms, crystal growth in gels has emerged as a powerful 
synthetic platform for understanding and modeling biogenic 

crystal formation.22 Gels provide a diffusion-limited 
environment, which can be used to control crystal habit.22-26 
Calcite crystals grown in agarose gels, for example, can have 
morphologies ranging from equilibrium rhombohedra to 
hopper-like or skeletal-shaped structures.22,25 The formation of 
hopper-like crystals is attributed to diffusion dominated growth 
conditions in the absence of convective currents, which results 
in stable, spherical concentration contours surrounding 
polyhedral crystals.27 These crystals, thus, experience different 
ion concentrations at different locations, and grow faster at their 
vertices than their centers, leading to the characteristic hopper 
morphology with concave faces and exaggerated vertices. Gel 
studies, as with the solution studies described above, have also 
shown that crystal habit can be controlled within gels via the 
addition of inorganic and organic additives;24,28,29 and in the 
presence of chemically-functionalized 2D templates.30 Further, 
chemical functionality covalently linked to the gels can interact 
with growing crystals modifying their habit,29,31-33 which can, in 
turn, be modulated by mechanically deforming the gels.31,33 
Multiple studies have demonstrated that when various crystals 
are grown in different gels, they can occlude the gel network, 
leading to the formation of a wide range of crystal-gel 
composites,22,25,34-41 including protein-agarose,34 calcite-
agarose,22,25,35,37,39 calcite-xyloglucan,36 hematite-silica,38 C60-
poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenvinylene]40 
and iron oxide-metal coordinate polymer41 composites. By 
growing crystals with intrinsic functional properties38,40,41 and 
using gels doped with functional nanoparticles (which can 
become occluded within the crystals),36,37,39 the resulting crystal 
composites were endowed with magnetic,36,37 optical,36,37,39 
photocatalytic,38 and optoelectronic40 properties. Further, by 
growing calcite crystals in agarose, a hydrophilic, 



 

 
Figure 1. a) A schematic illustration of the drying-rehydration approach used to produce anisotropically-structured agarose gel films. The 
pink arrows indicating the drying direction (a, center) and swelling direction (a, right). b-d) Representative scanning electron microscope 
(SEM) images showing the microstructure of: b) a native agarose IB gel (3 w/v%; NIB) film; c) an agarose IB film after drying and 
rehydration (DRIB); and d) a dried-rehydrated agarose IX gel (3 w/v%; DRIX) film, all following critical point drying, and cryo-fracturing. 
Insets: Corresponding fast Fourier transforms (FFTs) of the images, produced using MATLAB R2018b (MathWorks). e) A schematic of the 
solution-based double-diffusion setup used to precipitate calcium carbonate crystals in the agarose films. f-h) Light microscope images of 
the crystallites formed in: f) a NIB gel; g) a DRIB gel; and h) a DRIX gel, after 4 weeks diffusion (50 mM CaCl2 and NaHCO3). a-d) The 
pink dashed lines in (c,d) run perpendicular to the drying plane (i.e., parallel to the drying direction), the black arrows in (f,h) point to crystals 
with hopper-like morphologies and the pink arrows in (g) to overlapping thin, disc-like crystals. 
 

uncharged gel, researchers have been able to assess the 
mechanical occlusion of gel networks into growing crystals.22,25 
In one study,25 the authors demonstrated that gel occlusion 
results from a competition between the strength of the gel 
network and the crystallization pressure exerted by a growing 
crystal, which depends on the supersaturation of the 
solution;42,43 and that there is a critical gel strength and crystal 
growth rate at which this occlusion occurs. Although these 
studies have shed light on the mechanical role of gels in 
modulating crystal growth, the structure of these gels has been 
decidedly isotropic. Interesting questions, therefore, arise: 
What would happen if we introduced structural anisotropy into 
a compliant, uncharged gel? Would this structure translate to a 
rigid crystal; if so, by what mechanism; and could this 
translation be controlled? To answer these questions, we have 
developed a strategy for shaping crystal composites in 
anisotropically-structured gels. We chose the well-established 
model crystal-gel pair, calcite and agarose, to demonstrate the 
feasibility of this approach. We examine both the structuring of 
the agarose gels and shape formation of calcite crystals within 
the agarose and propose a physical model to describe the 
translation of gel anisotropy into crystal form. 
 
EXPERIMENTAL DESIGN 
To investigate the mechanical influence of anisotropic networks 
on crystal habit, we selected agarose IB as a hydrophilic and 
uncharged biopolymer that assembles to form a fibrous gel. 

Given that highly ordered gel/clay composite films can be 
formed via a straightforward drying process,44 we decided to 
use a similar approach to anisotropically structure agarose IB. 
Briefly, we: 1) cast native gel (3 w/v%, NIB) films (Figure 1a, 
left); 2) dried the NIB films overnight in air forming free-
standing dried (DIB) films, which maintained their diameter 
and reduced dramatically in thickness (Figure 1a, center); and 
3) rehydrated the DIB films with deionized (DI) water to form 
dried-rehydrated (DRIB) films, which again maintained their 
diameter and this time increased in thickness, but not to the 
original thickness of the NIB films (Figure 1a, right). We 
analyzed the swelling behavior of the films using a combination 
of scanning electron microscopy (SEM) to visualize the nano-
to-microscale structure, two-dimensional X-ray diffraction 
(2D-XRD) to quantify the degree of fiber orientation, and 
mechanical testing to determine the modulus and work to 
fracture. We grew crystals in the films via solution-based 
double diffusion (50 mM CaCl2 and NaHCO3, Figure 1e). We 
monitored the crystals' habit and morphology via light 
microscopy, their morphology via SEM, their morphology and 
orientation within the gel via nano-computed tomography 
(nanoCT), and crystal phase via Raman spectroscopy. To better 
understand the mechanical effect of the DRIB gels over crystal 
habit, we also grew crystals in NIB gel films, isotropically-
structured Agarose IB gels, and dried-rehydrated Agarose IX (3 
w/v%, DRIX) gel films, anisotropically-structured low strength 
gels (Agarose IX is over ten times weaker than agarose IB25). 
These films and the  



 

        
Figure 3. a-e) Images of crystals formed in a dried-rehydrated agarose IB gel (3 w/v%, DRIB); and f-j) crystals formed in a dried-rehydrated 
agarose IX gel (3 w/v%, DRIX) film, after 4 weeks diffusion (50 mM CaCl2 and NaHCO3). a,b,f,g) Reconstructed nano-computed 
tomography (nanoCT) data showing (a,f) an overview and (b,g) a plan view, of the crystals. The white volumes correspond to the mineral 
phase and black to agarose. The scale bars in (b,g) are 50 µm. c-e,h-j) SEM images showing: (c,h) overviews of individual crystals and (d,i) 
the surface of the same crystals at higher magnifications, and (e,j) crystals at high magnifications after etching in deionized water for 4 days. 
The pink arrows in (e) point to polymer bundles running through the crystals. k) Representative Raman spectra of crystals formed in a DRIB 
and DRIX film and of geological calcite. 
 

 

Figure 2. a,b) 2D x-ray diffraction patterns of a dried-rehydrated 
agarose IB (3 w/v%; DRIB) gel film taken with the incident beam 
a) at a grazing angle (2.2°) and b) perpendicular to the drying plane. 
c) Radial plots and d) azimuthal intensity profiles generated from 
the 2D scattering images taken parallel to the films. In (d), the 
azimuthal intensity profile for NIB gel was integrated over a Q of 
0.5-1 A-1, the DIB over 0.75-1.25 A-1, and the DRIB over 1-1.75 A-

1, and fitted with the modified affine deformation model (MADM), 
equation in (e).44 The square symbols represent the X-ray data and 
the solid lines the fits. Based on the MADM, the order parameter 
<P2> was calculated for the DIB film as 0.57 and the DRIB film as 
0.55, and for the NIB films as an isotropic gel is 0. The X-ray data 
for the NIB films beyond -0.8 and 0.8 radians is noise and grayed. 
e) A schematic depicting the affine deformation of the agarose IB 
films resulting from the drying-rehydration process. The dashed 
white circles in (a) represent the integration limits for the azimuthal 
intensity profile in (d). 
 
crystals formed in them were analyzed, much like those formed 
in the DRIB gels. 
 
RESULTS AND DISCUSSION 
Gel Structure and Properties. Stereomicroscope images of 
the agarose IB and IX films show that they are macroscopically 
plastically deformed due to the drying-rehydration process 
(going from 100 × 2 mm to 100 × 0.6 mm, Figures 1a and S1). 
SEM images of the agarose IB gels show that this deformation 
persists down to the microscopic scale, as their network 
structure remodels from an isotropic network of pores (~50 nm) 
and nanofiber bundles (~20 nm in diameter, Figure 1b) to an 
anisotropic network of pores (~100 × 20 nm) and fiber bundles  
 (~20 nm in diameter, Figure 1c). SEM images of the DRIX 
films show that they are an anisotropic network of smaller pores 
(~50 × 10 nm) and nanofiber bundles (~10 nm in diameter, 
Figure 1d). Fast Fourier transforms (FFTs) of the SEM images 
confirm the orientation of the gel networks (Figure 1b,c,d, 
inset). 2D-XRD analysis of the DIB and DRIB films confirms 
their anisotropic structure at the molecular scale (Figure 2a-d, 
S2c-f). When the incident beam passes perpendicularly through 
the surface of the films (i.e., parallel to the drying direction), an 
isotropic diffraction ring appears at ~1 A-1, d ≈ 0.7 nm (Figure 
2b and S2b,d,f), which is consistent with the spacing between 



 

adjacent agarose chains.45 When the film orientation is changed 
so that the beam is in a grazing configuration parallel to the 
surface of the film (i.e., perpendicular to the drying direction), 
this ring becomes two meridional crescents indicating that the 
films have an anisotropic network structure (Figure 2a and 
S2a,c,e). 
 
Crystal Characteristics. Light microscope analysis of the 
crystals formed in the NIB gel (mechanically strong, 
isotropically structured) and DRIX gel (mechanically weak, 
anisotopically structured) films have hopper-like rhombohedral 
morphologies (Figure 1f,h, S3a-f) and the crystals formed in the 
DRIB gel (mechanically strong, anisotropically structured) 
films have thin, disc-like morphologies aligned perpendicular 
to the drying direction of the films, as it is possible to see 
through crystals above to crystals below when they overlap 
(Figures 1g (pink arrows), S3g-l). Given that hopper-like 
morphologies are known to form in NIB gels,25 we did not 
analyze these crystals further. SEM and nanoCT imaging of the 
crystals formed in the DRIB films confirmed that they are discs 
aligned parallel to the drying plane of these films (Figures 3a-
b, S4i-l) and that the crystals formed in the DRIX films are 
hoppers with no preferential alignment within these gels 
(Figures 3f-g, S4m-p). Higher magnification images of the 
surface structures of individual discs and hoppers reveal highly 
aligned {104} facets of calcite (Figure 3c,d,h,i, and S6). When 
comparing among discs, however, there appears to be no 
consistent orientation of the calcite facets with respect to the 
flattened face of the discs (Figure S6). In other words, the 
calcite lattice does not have a preferred orientation with respect 
to the discs. Raman spectroscopy confirms that the discs and 
hoppers are calcite (Figure 3k). The discs, despite their non-
equilibrium morphology, surprisingly, demonstrate single 
crystal-like character, “blinking” when viewed through 
crossed-polarizers (Figure S3). Similar to previous reports of 
calcite grown in agarose,22,25 gentle etching of the discs reveals 
that they are composites with agarose bundles running 
throughout their interior (Figures 3e, S5a,b). In contrast, when 
the hoppers are etched (Figures 3j and S5c,d), no occluded gel 
fibers are revealed, rather a thin polymer sheet appears to cover 
the surface of the crystals.  
 
Affine Deformation of Gels. The formation of the discs in the 
DRIB films versus the formation of the hoppers in the NIB and 
DRIX films indicates that the anisotropic structure of the DRIB 
films is important for disc formation. But how does this 
structure come about? To better understand the origins of the 
anisotropic network structure in DRIB gels, we investigated 
whether this structuring could be described by affine 
deformation.44,46 Affine deformation assumes that the local 
strain in a material is uniform and equivalent to the global 
macroscopic strain. If in our case the gel films are affinely 
deformed, then the orientation of the fiber network, as measured 
by 2D-XRD, should be predictable using a modified affine 
deformation model (MADM):44 𝑓(𝛽) = 𝐼' +
)
*
𝜆* ,-.

/(01234(5 012(6)))
,-./(6)

 where I0 is the baseline intensity of the 

azimuthal intensity profile, and b is the azimuthal angle, from 
the diffraction patterns, and l is the degree of vertical film 
compression. The order parameter <P2> of the film’s structure 

can be calculated according to <P2> = ∫ 89(,-.6):(6);	,-.(6)
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where P2(cos(β)) is a second-order Legendre polynomial of 
cos(β): P*(cos(𝛽)) =

)
*
(3cos*(𝛽) − 1). For a perfectly 

anisotropic material <P2> = 1 and a perfectly isotropic material 
<P2> = 0. The MADM model describes the azimuthal intensity 
profiles of the DIB and DRIB films well (Efron’s pseudo-R2 of 
0.66 and 0.64, respectively, Figure 2d). The in-plane order 
parameters for the DIB and DRIB films were similar (<P2> = 
0.57 and <P2> = 0.55, respectively), and higher than that of the 
isotropic NIB films (<P2> = 0). These results indicate that the 
films are affinely deformed as a result of drying and that this 
deformation is maintained after rehydration (Figure 2e). The  
drying causes the polymer chains/bundles of the gel to 
“concertina down” on themselves, resulting in the macroscopic 
deformation of the gel (Figure S1a,c) and their nanoscale 
anisotropic structure (Figure S2c). Rehydration of the films 
causes them to partially reswell (Figure S1e), resulting in their 
anisotropic fissured nanoscale network structure (Figure 1c, 2a, 
S2e). So, the anisotropic structuring of the DRIB films network 
can be described by affine deformation and, this deformation is 
important for the formation of the discs, but how is the 
anisotropy of the network translated into the anisotropic 
morphology of the crystal discs? 
 
Model of Disc Formation. To answer this question, we 
analyzed the morphological evolution of the crystals formed 
within the DRIB films as a function of time. NanoCT analysis 
allowed the size and 3D shape of a statistically-relevant number 
of crystals grown within the gels to be quantitatively analyzed. 
This analysis revealed that the shape of the crystals evolved 
from spheres at 1 day to discs at 4 weeks (Figures 4a and S3a-
l), which is reminiscent of crack growth evolution in soft 
materials.47-49 According to linear-elastic fracture mechanics 
(LEFM), a “penny-shaped” crack will form in a soft solid if the 
process zone (area of damage around the crack tip) is smaller 
than the area of the crack49 and when the internal pressure 
𝑃	~	FΓ𝐸/𝑙, where G is the work to fracture, E is the modulus 
of a soft solid, and l is the length of the crack.48 The internal 
pressure can also be expressed as P ~ Ew/l where w is the width 
of the crack.47 Equating the two expressions for P, a simple 
crack growth model (SCGM) is obtained l/w ~ F𝑙/(Γ/𝐸).49 
This model predicts that a crack in a soft solid will grow with 
an aspect ratio that depends on the ratio between w and the 
elasto-adhesive length, Γ/𝐸, of the solid. In our case, the SCGM 
generally describes the shape evolution of the crystals obtained 
from the nanoCT analysis (Figure 4a), indicating that the 
growing crystals fracture the network and are “molded” by 
these fractures into discs. Based on this fitting, Γ/𝐸	of the DRIB 
films can be estimated as 10.0 ± 0.2 µm.  Inversely, we can 
measure the mechanical properties of DRIB gels and use those 
measurements to estimate Γ/𝐸. The DRIB gels exhibit 
anisotropic mechanical properties having higher moduli, E, and 
requiring higher work to fracture, G, parallel versus 
perpendicular to the drying direction (Figures 4b and S7). Using 
the measured values for DRIB gels, Γ/𝐸 can be estimated as 
24.4 ± 5.4 µm, where E is 1.20 ± 0.17 MPa measured parallel 
and Γ is 29.2 ± 5.0 J m-2 measured perpendicular to the drying 
direction of the films. 
Based on these findings, we propose the following explanation 
for how the calcite discs form in the affinely deformed DRIB 
films. Diffusion of calcium and carbonate ions into the DRIB 
film results in crystal nucleation and growth. As crystals grow, 
they exert a crystallization pressure, 𝑃,LM.0, on their 
surroundings, which can be expressed as:43 𝑃,LM.0	~	

NO
PQ
	In(s) 

where R is the gas constant, T is the temperature (in Kelvin), vm  



 

 
Figure 4. a) A plot showing the relationship between crystal aspect 
ratio, l/w, and length, l. The circular symbols represent 
measurements made via nano-computer tomography (nanoCT) 
analysis of the discs formed in a dried-rehydrated Agarose IB (3 
w/v%, DRIB) film after 1 day, 1 and 4 weeks, the square symbols 
represent the hoppers formed in a dried-rehydrated Agarose IX gel 
(3 w/v%, DRIX) film after 4 weeks and the diamond symbols 
represent the rice-grain-shaped crystals formed in a DRIB cylinder 
after 4 weeks, diffusion (50 mM CaCl2 and NaHCO3). According 
to linear elastic fracture mechanics (LEFM), a simple crack growth 
model (SCGM; equation in(c)) can be used to describe the 
elongation of a crack in a neo-Hookean solid with an aspect ratio, 
l/w, which depends on the ratio between the crack length, l, and the 
elasto-adhesive length, Γ/E, of the solid, where Γ is the work to 
fracture and E is the modulus of the solid.49 The SCGM CT dashed 
lines are fit using the SCGM and the length, l, and aspect ratio, l/w, 
of the crystals measured using the nanoCT data, and the shaded 
areas flanking these lines is the standard error (s.e.). The SCGM 
mech solid line is fit using the SCGM and the Γ/E of the DRIB film, 
and the shaded area flanking this line is the standard deviation 
(s.d.). b) Graphs showing the measured E, Γ, and Γ/E of the DRIB 
films. Violet bars: E measured parallel and Γ perpendicular to the 
drying direction, and the Γ/E of these two. Gray bars: E measured 
perpendicular and Γ parallel to the drying direction, and the Γ/E of 
these two. The data represented by the violet bars’ is that used to 
plot the SCGM mech line in (a). c) A schematic of the proposed 
mechanisms by which the calcite discs form in the DRIB films. 
LEFM typically works well for specimens and crack sizes that are 
bigger than the process zone (area of damage around the crack tip). 
 
is the molar volume of the solid phase, and σ is the 
supersaturation of the solution. The Pcryst exerted by the calcite 
crystals in the DRIB films can then be estimated as ~8.5 MPa. 
The Pcryst exerted by the crystals may also become anisotropic. 
As the crystals fracture the network, solution will flood into the 
fractures, increasing the relative ion concentration (i.e., s) and 

hence Pcryst in the direction of the fractures. If a counter-pressure 
greater than Pcryst is exerted on the face of the crystal, the crystal 
cannot grow. Note that, in our system, Pcryst is comparable to the 
elastic modulus of the gel, so that stresses exerted by the gel on 
the crystal should be strong enough to hinder crystal growth. 
The easiest route for the crystals to grow is then by fracturing 
open the network in the direction perpendicular to the drying 
plane where the fracture resistance is the least (as measured, 
Figure 4b). Thus, the crystals fracture the gel parallel to the 
drying plane, resulting in the growth of discs “molded” by the 
shape of the fractures (Figure 1g, 3a-c, 4a,c, S3i-l, S5, S6g-l). 
In addition to the anisotropic mechanical environment the 
growing crystals encounter, the ionic concentration gradients 
surrounding the crystals may also become anisotropic as the gel 
fractures, further promoting the anisotropic growth of the 
crystals into discs. 
As the discs form, they likely maintain the crystallographic 
orientation, with respect to the gel network, established at 
nucleation (Figure S6) and occlude those parts of the network 
that are strong enough to resist the Pcryst exerted by the 
crystals,22,25 forming into composites (Figure 3e, S5a,b). Given 
that the discs occlude part of the network, they require less work 
to fracture their way through it, which is reflected in the 
different Γ/𝐸 values obtained from the nanoCT versus the 
mechanical testing data (Figure 4a, “SCGM mech” compared 
to “SCGM CT”). Using the measured modulus, E, of the gel, 
the work to fracture, Γ, during growth can be estimated as 12.0 
± 1.7 J m-2. The crystals formed in the anisotropically 
structured, overall weaker, DRIX films (Figure 1d), experience 
lower counter pressure and fracture resistance in all directions, 
forming into isotropic hopper-like crystals. Also, the DRIX gel 
is likely too weak to be occluded and is excluded from the 
growing crystals (Figures 3j and S5c,d), consistent with 
previous reports of calcite growth in agarose IX gels.22,25 
 
Extending to 2D Deformation. If our interpretation of the 
results is correct, we should be able to control calcite crystal 
formation in an agarose gel that is anisotropically-structured in 
2D, not just one-dimension (1D). To test this idea, we dried and 
rehydrated agarose gel cylinders, which resulted in them 
maintaining their length and radially contracting (Figure 5a and 
S8). Precipitation of calcium carbonate in the cylinders resulted 
in rice-grain-shaped crystals, with the long-axis of the crystals 
running parallel to the central axis of the cylinders (Figure 5b-
d). The grains display the characteristic{104} facets of calcite 
(Figure 5h), however, there is no apparent preferred 
crystallographic orientation with respect to the long-axis of the 
grains. The SCGM model broadly describes the shape of the 
rice-grain crystals formed in the cylinders (Figure 4a), 
indicating that the grains also form due to fracture. As the 
crystals grow in the cylinders, they likely experience lower 
counter pressure and fracture resistance parallel to the long-axis 
of the cylinder, which is perpendicular to the radial drying 
direction and so fracture their way through the gel network in 
this direction forming into the observed rice-grain 
morphologies. 
 
Broader Applicability. Using calcite and agarose as a 
representative model crystal-gel pair, we have demonstrated 
how anisotropic, yet compliant gel networks can be used to 
fabricate crystal composites with predictable anisotropic forms. 
We envisage that this approach can be extended to use a variety 
of different types of gels. For example, gels with tunable 
anisotropic mechano-structural properties,50 would enable finer  



 

 
Figure 5. a) A schematic illustration of the drying-rehydration 
approach used to structure the agarose gel cylinders. b-g) Images 
generated from reconstructed nano-CT data of crystals formed in a 
dried-rehydrated Agarose IB gel (3 w/v%; DRIB) cylinder after 4 
weeks diffusion (50 mM CaCl2 and NaHCO3). b) Overview, c) side 
and d) end view images of the crystals, and e-g) isometric images 
of individual crystals. h) SEM image of an individual crystal. The 
pink dashed line in (b,c,d) runs parallel to the central axis of the 
cylinder. All scale bars are 200 µm. 
 
mechanical control over crystal-shape anisotropy, whereas gels 
with tailored chemical functionalities,29,31-33 could afford 
chemical control over crystal shape, crystallographic 
orientation, and texture. We also envisage that this approach can 
be extended to add direction-specific functionality (e.g., 
mechanical, optical, electronic, or magnetic properties) into the 
resulting composites by using gels doped with functional 
nanoparticles,36,37,39 crystals with intrinsic functional 
properties,38,40,41 or both, resulting in advanced anisotropically-
structured crystal composites for applications such as repair of 
mineralized tissues,51 cementitious materials construction,52 
energy storage and conversion,53 and photonics.54 
 
CONCLUSION 
We have developed a novel, biologically-inspired approach for 
forming anisotropic crystal composites within structured gels. 
Precipitation of calcium carbonate in anisotropically-structured 
agarose gel films and cylinders resulted in the formation of 
agarose-calcite composite discs and rice-grain shaped crystals, 
respectively. The formation of these composites can be 
explained by the mechanical occlusion of the gel22,25 and 
fracture formation within the gel network. As such, this work 
adds to our understanding of Nature’s mechanical use of 
organic frameworks to modulate her mineralized tissues. It also 
provides a promising platform for rationally fabricating 
anisotropically-structured polymer-reinforced crystalline 
materials with direction-specific and emergent functional 
properties for a broad range of applications. 
 
MATERIALS AND METHODS 
Gel Preparation and Structuring. Gels were produced from 
Agaroses Type IB and Type IX (Sigma-Aldrich). Gel solutions 
were prepared by dissolving agarose powder (3 w/v%) in hot 
deionized (DI) water (18.2 MW cm-1, Barnstead Easypure 
RoDI). Native agarose films and cylinders were formed by 
pouring the solutions into polystyrene Petri dishes (100 × 20 
mm) and silicone tubing (internal Ø 5 mm), respectively. The 
NIB gel films and cylinders were allowed to cool in the Petri 
dishes and tubes at room temperature, and the NIX gel films 
were cooled in the Petri dishes in a refrigerator (8ºC ± 2ºC) for 

30 min. The NIB and NIX films were dried in the Petri dishes, 
and the NIB cylinders were removed from the tubes, pinned at 
points 90 mm apart, and dried in air overnight. The DIB and 
DIX films and DIB cylinders were rehydrated in DI water (~100 
mL) for 30 min resulting in DRIB and DRIX films and DRIB 
cylinders. 
 
Calcite Crystal Growth. Crystal growth in the gel films and 
fibers was achieved by the solution-based double diffusion of 
CaCl2•2H2O (50 mM, ≥99%, Sigma-Aldrich, in DI water) and 
NaHCO3 (50 mM, ≥99%, Sigma-Aldrich, in DI water) at room 
temperature for up to 4 weeks. The diffusion setup for the gel 
films consisted of an internal reservoir (2 L, 50 mM 
CaCl2•2H2O) and an external reservoir (3 L, 50 mM NaHCO3), 
separated by a gel film fitted and sealed with adhesive 
(RTV108, Momentive Performance Materials Inc.) to an 
aperture (Ø 60 mm) in the base of the internal reservoir. The 
setup for the gel cylinders consisted of two reservoirs (1 L, 50 
mM CaCl2•2H2O and 1 L, 50 mM NaHCO3) connected by a 
silicone tube (internal Ø 5 mm) containing a length (~90 mm) 
of gel cylinder fitted and sealed with adhesive. The solutions for 
the cylinder experiments were replenished after 2 weeks. At the 
end of each diffusion experiment, the gels were removed from 
the setups and rinsed in DI water. 
 
Gel Characterization. We examined the swelling behavior of 
the agarose films and cylinders by stereomicroscopy (Leica 
L2). To do so, we took images of the cross-sections of native 
agarose IB (NIB), dried agarose IB (DRIB) and dried 
rehydrated agarose IB (DRIB) films and cylinders, and native 
agarose IX (NIX), dried agarose IX (DIX) and dried-rehydrated 
(DRIX) films. The sections were prepared by cutting the gels 
with a new/sharp scalpel blade parallel to the drying plane. The 
sections were then clamped in self-closing tweezers with their 
cross-sections facing up towards the microscope objective for 
imaging. Hydrated samples were kept in DI water until the 
moment of imaging. 
 
Scanning Electron Microscopy. The network structure of the 
NIB, DRIB, and DRIX gel films were imaged via scanning 
electron microscopy (SEM, Zeiss Gemini 500). Before 
imaging, the gel films were fixed using glutaraldehyde (2 
w/v%) in sodium cacodylate buffer (0.05 M) for 2 hours at 4ºC. 
The gels were rinsed in 0.05 cacodylate buffer 3 times, soaking 
for 5-10 min each time. They were dehydrated in a graded series 
of ethanol solutions: 50%, 70%, 95% and 100%, 10 min each, 
and then 100% for 3 days. The gels were then placed in the 
chamber of a critical point drier; the chamber was flushed ~3 
times with liquid CO2 and gels left to soak in liquid CO2 for a 
minimum of 2 days at ~5ºC. The critically point dried films 
were cryogenically fractured between two tweezers after being 
held in liquid nitrogen for 5 min. The fracturing was made to 
expose the cross-sections through the drying plane of the films. 
The samples were mounted on carbon tape with their cross-
sections facing upwards and sputter coated with Au/Pd at 30 
mA for 20 seconds. Images were taken of the cross-sections 
utilizing an InLense detector at an accelerating voltage of 1.00 
kV and a working distance of ~2.5 mm. To determine for 
network orientation, fast Fourier transforms of the images were 
produced using MATLAB R2018b (MathWorks). 
 
X-ray Diffraction. Two-dimensional X-ray diffraction (2D-
XRD) patterns of the NIB, DIB, and DRIB gel films were 
collected on a general area detector diffraction system 



 

(GADDS, Bruker D8) using Cu Ka radiation (1.54 Å). The 
films (~50 mm2) were mounted on an aluminum stage using 
Kapton tape such that the incident beam was approximately 
parallel (at a grazing angle 2.2°) and then remounted such that it 
was perpendicular to the drying plane of the films, and so that 
the films were ~9 cm from the detector. Azimuthal line profiles 
and radial sectors of selected 2D-XRD patterns were integrated 
using the Nika package for Igor Pro 6 (Wavemetrics).55 
Azimuthal line profiles were collected for the DIB films 
centered at 1.4 Å-1, the DRIB films centered at 1.0 Å-1, and for 
the NIB films centered at 0.8 Å-1, with widths of ~0.5 Å-1. For 
integrated sector averages (integration along q), data was 
processed for all the same peaks using a sector width of 10˚. 
 
Mechanical testing. The modulus, E, and fracture energy, G, of 
the DRIB films were measured. E was measured via the 
unconfined compression of gel cubes (~40 mm3) using a 
dynamic mechanical analyzer (DMA Q800, TA Instruments) 
and estimated as the slope of the initial linear region of the 
stress-strain curve. Stress was measured as force per unit area 
of the initial cross-section of the cubes and strain as E = (h-
h0)/h0 where h0 is the initial height of the cube, and h is the 
height during compression. G was measured via a T-peel test 
(ASTM D1876-08) on gel strips (4 × 10 × 90 mm) using a 
tensile testing stage (TST350, Linkam Scientific Instruments) 
and calculated as G = 2F/w, where F is the average applied 
steady-state force, and w is the width of the gel strip.56 The 
cubes and strips were prepared by casting films with a final 
thickness of 4 mm. A custom-made tool consisting of two 
new/sharp blades mounted parallel to each other was then used 
with one action to cut out strips from the films and then cubes 
from the strips. The gel strips for the T-peel test were mounted 
on cotton fabric with extra thick cyanoacrylate adhesive (BSI-
135H, Bob Smith Industries Inc.). Gel cubes and mounted strips 
were kept in DI water until the moment of testing. 
 
Crystal Characterization. Crystals formed in the gels were 
examined by plane-polarized light microscopy (Leica DM EP) 
to determine their morphology and distribution within the gels 
and through cross-polarizers to determine their single-crystal-
like character. Crystals were gently picked out from the gels 
with an 18-gauge syringe needle while viewed using a light 
microscope. Some of the crystals were etched in DI water for 4 
days, and both unetched and etched crystals were carefully 
placed on silicon wafers sputter-coated with Au/Pd and imaged 
via SEM as above. 
 
Raman Spectroscopy. Raman spectra were obtained for the 
crystals formed in the DRIB and DRIX films and for geological 
calcite (Iceland spar, Ward’s Scientific) by confocal Raman 
microscopy (Renishaw InVia, equipped with a RenCam CCD 
detector) through a 50× long-working-distance objective (Leica 
Microsystems). Spectra were acquired with a 488 nm laser for 
10 s at 10 mW, over a range of 100-1600 cm-1 and with a 
resolution of 1 cm-1, and were the average of 10 scans. 
 
NanoCT. NanoCT (Zeiss/Xradia Versa XRM-520) scans were 
taken to analyze the morphology of crystals formed in the dried-
rehydrated gel films. Five gel discs (10 mm diameter) were 
punched out from each film using a biopsy punch, stacked 
together, and placed in a microcentrifuge tube. A drop (500 µL) 
of DI water was added to the tube before sealing with parafilm 
to prevent dehydration of the gel discs. Scans were made for 
each gel stack at 60 kV, and 5 W. Tomographic data was 

reconstructed using Zeiss reconstruction software (XM 
Reconstructor) and binned to a final resolution of 0.7-5 
µm/pixel. Analysis of the data was performed in Aviso Fire. 
Crystals were segmented from the gel based on the difference 
in their density using the threshold tool. The crystal volumes 
were rendered, and their length, width, and volume were 
measured using the measurement tool. Crystals were excluded 
from the data sets if their volume was <400 µm3 and if the 
borders of the scan volumes intersected them. 
 
Modeling. The azimuthal intensity profiles generated from the 
2D scattering images taken parallel to the film were fitted to the 
modified affine deformation model44 using Origin Pro (Origin 
Lab). The goodness of fit for MADM models was determined 
using Efron’s pseudo-R2.57 The nanoCT data (aspect ratio and 
length) of the crystals were fitted to the simple crack growth 
model49 using the Nonlinear Least Squares method using R 
3.5.2 (The R Foundation). 
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