Type of file: pdf
Title of file for HTML: Supplementary Information

Description: Supplementary Discussion, Supplementary Figures, Supplementary Table, and Supplementary
References

Type of file: avi

Title of file for HTML: Supplementary Movie 1

Description: Mutable behaviors of a single calcite heterostructure under three cycles of growth and etching.
Type of file: avi

Title of file for HTML: Supplementary Movie 2

Description: Indentation simulations of the calcite/PDMS matrix. The dynamics of von Mises stress at FE, neck, RE
and PDMS matrix were mapped and plotted

Type of file: avi
Title of file for HTML: Supplementary Movie 3

Description: Bending simulations of a Si nanowire with and without a calcite focal encapsulation. The dynamics
of von Mises stress along the Si nanowire in both cases were recorded and plotted.



Supplementary Discussion
General growth process for calcite crystals

The growth of calcite crystals follows:

it
Ca?*(aq) + CO3 (aq) precwrerey CaC05(s) (1)

where Ca”" ions come from CaCl, salt, and COs> ions were supplied by the following

reactions:

sublimation
(2)

(NH,),C05(s) ——— 2NH;(g) + C0O,(g) + H,0 (g)

dissolution
C0,(g) + H,0 () ——— €03~ (aq) + 2H* (aq) ©)

The precursors can yield various polymorphs of calcium carbonate, i.e. hydrated amorphous
calcium carbonate (ACC), anhydrous ACC, vaterite, aragonite, and calcite, efc. In this
discussion, hydrated ACC and anhydrous ACC are treated the same since they have similar
characteristics, and aragonite is excluded from consideration given its relatively high
crystallization temperaturel. Considering enthalpies of formation (AHacc to calcite = -21.5 ~ -
17.6 kJ/mol, AHyaterite to calcite = -3.4 kJ/mol)2 and solubilities of calcium carbonate allotropes
(Ksp,acc = 10739, Kp vaterite = 1071, Kp calcite = 10%%°Y* it is generally accepted that the
crystallization of calcite occurs via nanoparticulate ACC precursors as passing through three
phases: ACC — vaterite — calcite (Specifically, (1) initial deposition of ACC nanoparticles;
(i1) dehydration of ACC and crystallization to vaterite; and (iii) transformation of vaterite to
calcite via a dissolution and reprecipitation mechanism)’. Depending on the conditions, a

direct transformation from ACC to calcite may also be possible”.

Growth Kinetics of calcite crystals on patterned substrates
In order to elucidate the growth behavior of calcite crystals as well as to improve the

controllability, we performed experiments with patterned hole arrays in the resist layers.



Briefly, we covered a single crystalline calcite substrate with a resist layer that was fabricated
and isolated from a Si/Si0, wafer. The resist contains 7x7 square arrays of circular holes with
different diameters (dy = 1, 2, 3, 4, 5, 8, 10, 15, and 20 um) and center-to-center distance (d,
= 10, 20, 30, and 50 um) (Supplementary Fig. 21). While the resist layer physically
suppresses the nucleation of calcite, the exposed calcite surfaces via the holes served as the
nucleation sites for the epitaxial calcite growth, producing micro-patterned arrays of
rhombohedral calcite crystals. The growths from these smaller and well-controlled arrays (vs.
2D arrays with infinite sizes) allowed the exploration of growth mechanism and kinetics that
are equally applicable over the large area matrix. Specifically, we have studied the effect of
dn and d, on the effective size (Lqgr) of calcite crystals (Lggr 1s defined in the Supplementary
Fig. 7).

We observed several unique features in the experiments: (i) the Lqg of calcite crystals grown
out from the holes (Fig. 1d, left) is dependent on their locations within the arrays (i.e., Legr
(corners) > Logr (edges) > Legr (centers), Fig. 1e); (i1) the location dependent L. difference
generally decreases as d. increases (e.g., corner/center difference: 86 % and 23 % for d. = 10
um and d. = 50 um, respectively, Supplementary Fig. 22); (iii) minimal differences in Lqg
were observed with hole diameters of 1-4 um in the mask (Fig. 1g and Supplementary Fig.
23), while above 5 um, concaved centers formed over individual calcite crystals
(Supplementary Fig. 3a).

Considering all these observations into account, we formulated a hypothesis that the crystal
growth is mainly governed by a lateral diffusion-limited kinetics. To justify our hypothesis,
we have constructed an analytical model for the calcite growth kinetics based on the
following three assumptions (Supplementary Figs. 24 and 25).

(1) The total volume of calcite crystals after the growth is proportional to the total amount of

initial precipitate (i.e., precursors for calcite) from the supersaturated solutions.



(2) The existence of preferential nucleation sites in the exposed areas suppresses the
nucleation of free-standing calcite crystals on the resist surface unless the d, is large.
(3) We consider two main routes for precursor supply: one is the vertical mass transport from
the bulk solution, and the other is the lateral diffusion near the sample surface.
At the early stage, nanoparticulate ACC and vaterite are generated and dispersed in the bulk
solution, and some of those particles settle down over the sample surface. Once nucleation
from the exposed calcite sites initiates, the pre-deposited ACC and vaterite particles are
dissolved and the resultant precursor ions are diffused to nearest calcite crystals and
consumed for calcite growth. The ion concentration in the bulk solution remains largely
steady and the mass transport along vertical direction is limited. The overgrowth of calcite
via the holes is therefore driven mainly by the lateral diffusion of precursors that are released
from ACC/vaterite in the immediately adjacent areas (Supplementary Fig. 24). Considering
mass conservation, the relationship between volume of calcite crystal (V) and supply area (4)
can be followed as

V = pA = prR} “4)
where p reflects the volume density of precursor particles (e.g., ACC and vaterite) per area,
which is dependent on the degree of supersaturation, container geometry (e.g., depth) and the
orientation of the growth substrate. R; is the radius of the circular area in which precursor
particles are fully dissolved at the time t. In our experimental system, the volume expension
of calcite was limited when the R, exceeds d./2 due to sharing of precursor supply with
neighbouring crystals. The maximum V becomes,

Vinax = pA = pd? (5)
Since V is proportional to L3, we then have:

ptR? (when R, < d./2)

aliy-sin?(0) =V = pA = (6)
pd? (maximum volume)



where a is the (height/effective width) ratio for individual calcite crystal, and @ is the angle

between two edges (~ 74.55°). This relation predicts that the maximum L (i.e., the effective

length one can achieve after a single growth cycle is complete.) is linearly proportional to
(d.)?/3 and also, volume limitation in ideal case of our experiemntal system. Indeed, this
result agrees well the experimental data (Fig. 1g and Supplementary Fig. 23, when d. < 30
um).

Additionally, this lateral diffusion-limited crystal growth model can also explain location-
dependent crystal size differences. Crystals with smaller ‘coordination” number (i.e. crystals
at the edge and corner) have extra exclusive area to collect precursors, and consequently,
crystal size is bigger than that from the center area (Supplementary Figs. 22 and 26).

To evaluate the calcite growth dynamics, we first calculated the 2D diffusion of precursors at

each time frame based on Fick’s second lawé,

ac 16(66)

ot ror\ or

(7
where C is the ion concentration, 7 is the distance. We considered two boundary conditions as
follows:

C(Rt) = Cp' C(Ro) = (o 3

where Cj, is the apparent solubility of precursor precipitate, R, is the distance from center to

the surface of calcite crystal and which is ~ Log/2, and C, is the concentration at surface.

Thus, the concentration of precursor will be

o= [[L19(,.2¢) _ Cp = Co
C=C= ﬂ ror (r ar) =Gt In(R./R,) n(r/Ro) ©)

Under steady-state conditions, diffusion flux can be solved by Fick’s first law,

Jr)=-D

dcr) _ {CP_CO 1} (10)

dr In(R;/R,) T



where D is the diffusion constant. In ideal case, a total amount of diffusion fluxes at boundary

of adjacent area (J (R;) should be same as growth rate of calcite crystal (dV /dt),

dv
dat = |J(R)| - 2mR; (11)
Plugging the diffusion flux (10) into this equation, we obtain

v _ (cp—co>

ar = ™ \in(r,7Ry) (12)

From the definition of Ry (Ry~ Leg/2) and equation (3) (Legr = 3/ pmR?/asin2(8)), growth

rate can be derived as

dv 21D(C, — Co) 6mD(C, — Cp) K

-_—= = ) =

dt n <3 2 'Rtl/3> In (8as;)r71T 6) Rt) In(kR,) (13)
\ prt/asin?(6)

where K and k are the constant (K = 6mD (Cp — Cy), k = 8asin?(0)/pm). Given that R, is

always bigger than R, (thus R,/R, > 1), the growth rate of calcite crystal follows a
1/In(kR;) curve (kR, > 1). It is implying that the growth rate will be decreased as increase
of R; (Supplementary Fig. 27). In addition, the formation of a neck (i.e. after filling of a
hole in the mask) should precede the lateral overgrowth of rhombohedral calcite crystal (RE,
Supplementary Fig. 3b) and as a result, R, is at least bigger than dy, /2.

Although this model well explains growth behavior of calcite crystal in our system, there are
some limitations. For example, we did not consider (i) the nucleation or growth of free-
standing calcite crystal, which would occur with large d. (Fig. 1g and Supplementary Fig.

23, when d, > 30 um), and (ii) the exact volume of neck.
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Supplementary Figure 1 | Material synthesis and fabrication of calcite/PDMS matrix. a,
Schematic of the setup for calcite growth. (NH4),CO3; powder is sublimated to yield CO, and
NHj; gases. The gases are dissolved in CaCl, solution, which initiates calcite crystallization.
b, Schematic illustrating the fabrication steps for calcite/PDMS matrix. ¢, Photographs of
calcite-silicone hybrid matrixes in a supported (left) and a clamped configuration (right).
Inset, zoom-in image highlighting the patterned arrays. A total of up to 405,000 calcite sites

are available in this matrix.



Supplementary Figure 2 | Schematics of various systems based on dynamic and
deformable mineralized matrices. a, A monolithic fully mineralized ‘exoskeleton’. b,
Responsive calcite ‘plug’ as reversible and focal encapsulation material for flexible FET
sensor, with ‘inactive’ (upper) and ‘active’ (lower) modes. ¢, Flexible calcite matrix as solid-

state focal adhesions.
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Supplementary Figure 3 | Components for calcite micro-arrays. a, Left: schemes of
precursor flux and resulting morphology in growths through resist layers with small (upper
left) and large (lower left) hole sizes. Right: optical micrographs of as-grown calcite crystals,
with the numbers showing different hole sizes. b, SEM images showing the evolution of RE.
¢ and d, Cross-sectional SEM images of (c¢) as-synthesized RE and (d) merged RE array.
Samples were prepared by focused ion beam cross sectioning. The green arrows in (d) mark
the locations for merging. e, SEM images of RE/neck array after resist removal. The substrate
was scratched to detach and reverse many of the heterostructures. f, SEM image showing an
exposed neck for subsequent growth of FE, with the RE embedded in PDMS. g, Optical
micrograph of the hybrid matrix. FEs were made intentionally small for visualizing the

PDMS embedded REs. h, SEM image of a fully mineralized folded matrix.



Physically attached
L I‘W
7 ////
b

Partially buried

%

«

C Rooted

Supplementary Figure 4 | Three possible scenarios of calcite/PDMS hybrid matrices. a,
Calcite crystal array is physically attached to PDMS upper surface. In this configuration,
calcite crystals could be easily detached. b, Part of calcite crystals is buried in PDMS matrix.
Calcite crystals are not tightly immobilized in this configuration either. Both configurations a
and b can be derived directly from existing calcite-based building blocks. ¢, Calcite crystals
are locked in the PDMS matrix by the Rooted Ends (REs). This configuration is used

throughout our work.
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Supplementary Figure 5 | Substrate recyclability and broad synthetic range. a-c, The
single crystalline calcite substrate can be recycled for multiple growths of calcite micro-
arrays. a, A schematic showing the procedure, with sanding and polishing steps. b, Optical
microscope images of the as-synthesized RE arrays. The 1% growth was done on a freshly-cut
calcite substrate. The following growths were done on the same calcite substrate after
polishing (2nd to 4" growths). ¢, Optical microscope images showing individual steps of a
single cycle. d and e, Growth of calcite micro-crystals can be achieved in a broad range of
conditions. d, Optical microscope images of as-grown REs under different CaCl,
concentrations. e, Rapid growth of calcite was achieved by mixing CaCl, and CO, pre-
saturated solutions. Schematic diagram of a setup for rapid calcite growth (left) and SEM

images of as-grown calcite crystal array (right).
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Supplementary Figure 6 | Finite element simulations of the stress distribution in the
calcite/PDMS matrix with different neck/RE ratios. a, Images of von Mises stress
distribution when the calcite/PDMS matrix was bent. When the neck/RE ratio is very small
(left), most of the stress is confined to the neck, suggesting a risk of neck failure. When the
ratio is large (right), the stress occurs evenly along the bottom RE/PDMS interface,
suggesting a risk of delamination of the whole calcite structures. We chose the middle
configuration for most of our studies, because the stress is distributed over multiple locations
of the calcite heterostructures, which favors a secure anchorage. b, A plot of the von Mises
stress (on a neck, marked with a red dot) versus the neck/RE ratio, and the tabulated numbers

(right). As neck/RE ratio increases, the stress on the neck quickly drops and then reaches a

minimum.



/ effective
rhombohedron

Horizontal edge

Lefr = \/ surface area/sin(74.55°)

Supplementary Figure 7 | Definition of multiple edges in a calcite crystal. In particular,
effective edge is the edge of an ideal and hypothetical rhombohedron which has identical top

surface area of a real crystal.
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Supplementary Figure 8 | Mutable morphologies. Three cycles of growth and etching of a
calcite heterostructure, supporting the data in Fig. 1h. a, edge length kinetics b, growth/etch

rate, mean = 1 SD. n = 3. and (c¢) optical micrograph snapshots at marked time points.
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Supplementary Figure 9 | Mineralized sheets. a, Scheme of crack propagations on a clean
PDMS surface (upper) and a mineralized PDMS surface (lower). b, Optical micrograph of
cracks left on a mineralized matrix with original calcite surface coverage of 97.2 %. The
calcites were partially removed by HCI etching for better visualization of cracks. ¢, Typical
optical micrographs of a bulk calcite substrate upon indentation, showing both smaller (left)
and larger (right) cracks. d, Distance versus length plot for individual cracks (left) and their
ratios (right). If cracks are more linear, a ratio of ~ 1 should be expected. Smaller
Distance/Length ratios suggest deflection of cracks in the material. Error bars are one

standard deviation from the means (n = 6).
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Supplementary Figure 10 | Finite element simulations of a calcite/PDMS matrix upon
indentation. a, Images of von Mises stress show that most stress is concentrated at the neck,

followed by the contact point. b, A plot showing the stress dynamics during the indentation,
recorded in 4 locations.
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Supplementary Figure 11 | Freestanding and curved calcite/PDMS matrix. a and b,
Material tectonics. Schematics of Emiliania huxleyi coccoliths (a) and the formation of a
curved and monolithic calcite array (b); both structures are made of multiple segments or
units. ¢, A photograph (left) and optical micrographs (right column) of a fully mineralized
calcite micro-lattice on a curved PDMS matrix. The PDMS substrate, which immobilized the
neck and RE parts of the calcite heterostructures, was initially attached on the curved tube
surface. After the secondary mineralization and merging were done, the whole construct was
detached and became rigid and freestanding. d, An optical micrograph (upper) and an SEM
image (lower) of fragmented calcite sheets after intentional indentation, suggesting a merging

of adjacent calcite heterostructures.
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Supplementary Figure 12 | X-ray systems. a, Schematic of the X-ray Laue diffraction
microscopy setup for crystal orientation mapping and strain analysis. b, Schematic

illustrating transmission X-ray microscope used for tomography studies.



1. metal film deposition 2. nanowire deposition 3. bottom SU-8 fabrication | | 4. metal contact fabrication
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Supplementary Figure 13 | Schematic of the fabrication procedures for a flexible SINW
FET array with calcite-based switches.
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Supplementary Figure 14 | Finite element simulations showing von Mises stress of a Si
nanowire with/without calcite encapsulation. Both stress distributions (a) and a bar chart
(b) indicate that the rigid calcite heterostructure can significantly reduce the stress that is

accumulated over the Si nanowire during bending of the substrate.



Supplementary Figure 15 | Calcite microarray for calcite encapsulation in flexible
electronics. a, Schematics (left) and photographs (right) of flexible FET/calcite matrix before
(upper) and after rolling up (lower). b, Optical micrographs of calcite/FET junctions at

‘Inactive’ (upper) and ‘Active’ (lower) Mode.
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Supplementary Figure 16 | Measurement setup for the sensing experiment. The devices
were mounted on a sample stage, and their electrical responses were recorded with a Keithley
2636A dual-channel source meter and with a reference electrode. The buffer solutions
(including solutions for etching, regrowth and pH sensing) were supplied from the vials (right

side) and eventually were collected into a syringe that was connected to a syringe pump (left
side).
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Supplementary Figure 17 | Schematic illustrating detailed fabrication steps of a
graphene mesh-based FET. To prepare of graphene mesh-based devices, monolayer
graphene was synthesized using a chemical vapour deposition method. Briefly, a copper foil
(99.8%, 0.025 mm thick, Alfa Aesar) was placed at the center of a quartz tube reactor at a
vacuum condition and heated to 1000 °C. The copper foil was thermally annealed under the
pressure of 800 mTorr with 35 sccm H, flow for 30 min. After the annealing process, 15
sccm CH4 gas was introduced as a precursor for graphene growth and maintained for 15 min.
The as-grown graphene layer on the copper foil was coated with a PMMA (PMMA, C4,
MicroChem) supporting layer by spin coating (3000 rpm, 1 min). After immersion in 10 M
ammonium persulfate (Sigma-Aldrich) solution for 4 h, the copper film was completely
removed. The PMMA/graphene film was then carefully transferred onto fresh ultrapure water
to remove the residual ammonium persulfate. We then applied 1* photolithography and O,
plasma etching (100 W, 1 min) to define hole array with a diameter and the center-to-center
distance of 3 um and 6 pum, respectively. Through 2" pattering step which including o
lithography, 20 nm Cr/ 80nm Au metal deposition and lift off, metal contact for the electrical

measurement were obtained.
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Supplementary Figure 18 | Graphene nanomesh devices. a, Schematics of switching
operation via calcite growth or etching (left) and the water-gate experiment (right). b, Optical
micrograph of mineralized calcite lattice over graphene mesh. ¢, Drain-source current versus
water-gate voltage (/sa—Vgate) curves, recorded at a drain-source bias of 0.1 V. The growth of
calcite lattice can turn off the FET response, while subsequent etching can partially restore

the initial FET sensitivity.



Supplementary Figure 19 | Collagen incorporation. a, Transmission X-ray microscopy
sections of a calcite crystal with collagen incorporation. The holes inside calcite crystal
suggest fibril inclusion, and they tend to accumulate on the {1014} planes which gives
parallelogram outlines in each section. b, 3D reconstructed transmission X-ray microscopy
images with pseudo-colors showing exterior calcite crystal (peach) and incorporated collagen

domains (yellow, red, green, white, purple).
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Supplementary Figure 20 | Inorganic focal adhesions. a, Schematics of a tissue adhesive
with calcite-based inorganic focal adhesions. b, Photographs showing inorganic focal
adhesion under water. ¢, An SEM image of the interface between neonatal rat dermis from
excised skin tissue and a calcite-based adhesive, recorded after sectioning. d, A series of
H&E stained 6 pm-thick sections, indicating the incorporation of extracellular matrix
materials from the dermis in a single calcite crystal. e, A schematic of the rheometer setup for

force-distance measurements of the skin/matrix samples.
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Supplementary Figure 21 | A design of 7x7 square array of hole patterns in the resist.
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Supplementary Figure 22 | Location dependent effective lengths (L.¢f) — center-to-center

distances (d.) plot. Error bar indicates standard deviation (n = 7).
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Supplementary Figure 23 | A plot of L.y versus (d.)?/3 (blue column), and its
theoretical limitation curve (red line) and formula. Error bar indicates standard deviation

(n=14).
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Supplementary Figure 24 | A schematic for the study of the

growth Kinetics
Consumption of adjacent ACC and vaterite particles during the calcite growth can yield a
circular depletion zone.
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Supplementary Figure 25 | A schematic of time-dependent precursor concentration.
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Supplementary Figure 26 | A schematic of 2D fluxes over the sample surface.
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Supplementary Figure 27 | A predicted growth rate curve based on our model.



Supplementary Table 1. Selected materials and interfaces which can be used for

underwater adhesives.

Research Adhesion Work of Ref.
ro Interface materials Target strength adhesion
group (N/m?) (J/m?)
k k
This paper Calcite array Skin (rat) (831’920755 9) (81135:8127 8 19)
Jeffrey M. Karp PS-b-PAA Skin (pig) ~9,300 ~53.3 7
Phillip B. DOPA and PDMS SisNy | ~149,200%* - 8
Messersmith
Jonathan J. Poly(catechol-styrene) | Aluminum | ~3,000,000 - 9
Wilker y v uminu 009,
Julie C. Liu Elastin-like polypeptide Glass ~250,000 - 10
Polyelectrolyte complex Glass - >2 11
J. Herbert Waite —
Catechol-func;tlonghzed Mica i ~0.05 1
poly(acrylic acid)
Timothy K. Lu DOPA and amyloid Mica - ~0.0209 13
Xuanhe Zhao Functional silane over Glass - >1,000 14
tough hydrogel

* N = 6. The surface area estimation only considers the calcite crystals.
** It was calculated based on an assumption that only the top surface of the pillars made
contact with the AFM cantilever.
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