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Supplementary Video 1: In-situ AFM showing the nucleation and growth of amorphous calcium 1 
phosphate (ACP) on nanoribbons of 14P2 on HOPG at 1 frames/sec by continuous flow of 2 
supersaturated solution (𝜎ACP = 0.04) 3 
 4 
Supplementary Video 2: In-situ AFM showing the nucleation and growth of amorphous calcium 5 
phosphate (ACP) on nanoribbons of 14P2Cterm on HOPG at 1 frames/sec by continuous flow of 6 
supersaturated solution (𝜎ACP = 0.04) 7 
 8 
Supplementary Video 3: In-situ AFM showing the nucleation and growth of amorphous calcium 9 
phosphate (ACP) on nanoribbons of rH174 on HOPG at 1 frames/sec by continuous flow of 10 
supersaturated solution (𝜎ACP = 0.04) 11 
 12 
Supplementary Video 4: In-situ AFM showing the nucleation and growth of amorphous calcium 13 
phosphate (ACP) on nanoribbons of p14P2 on HOPG at 1 frames/sec by continuous flow of 14 
supersaturated solution (𝜎ACP = 0.04) 15 
 16 
Supplementary Video 5: In-situ AFM showing the nucleation and growth of amorphous calcium 17 
phosphate (ACP) on nanoribbons of p14P2Cterm on HOPG at 1 frames/sec by continuous flow of 18 
supersaturated solution (𝜎ACP = 0.04) 19 
 20 
Supplementary Video 6: In-situ AFM showing the nucleation and growth of amorphous calcium 21 
phosphate (ACP) on nanoribbons of p14P2 on HOPG at 1 frames/sec. ACP particles are aligned 22 
in the direction of the ribbons. Supersaturation with respect to ACP (𝜎ACP) is 0.138.  23 
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Supplementary Methods 24 
 25 
Supplementary Method 1: Synchrotron XRD  26 

For XRD, higher concentrations near to sequence isoelectric points were prepared to 27 
increase the signal to noise ratio. Concentrations were 1 mg/ml (626.90 µM) for 14P2, 1.5 mg/ml 28 
(894.9 µM) for p14P2, 4 mg/ml (1.48 mM) for 14P2Cterm, 4.5 mg/ml (1.62 mM) for p14P2Cterm 29 
and 2 mg/ml (100.17 µM) for rH174. The structure of the nanoribbon in presence of graphite was 30 
characterized by preparing a suspension consisting of protein adsorbed on HOPG flakes. The 31 
peptides analogs and amelogenin were used as adsorbate and sonicated for 1 hr to disperse the 32 
HOPG flakes into smaller pieces for increasing the surface specific area and adsorption amount. 33 
As a result, 2–3-layer graphene flakes (~3 nm height) were produced with nanoribbons attached 34 
to the surface (data not shown).  35 

A 5 µl droplet solutions with or without graphite were placed on the XRD mesh (M3-36 
L18SP-10 MicroMesh, MiTeGen, USA) incubated for 10 minutes then excess solution was wicked 37 
away and measurements were performed within 5 minutes of preparation to avoid dehydration. 38 
Powder diffraction measurements were performed with 0.11159-nm synchrotron radiation at 39 
Beamline 8.3.1 of the Advanced Light Source at Lawrence Berkley National Laboratory. The 2D 40 
diffractograms were initially processed using FIT2D to convert into 1-D d-spacing scans by radial 41 
integration. Due to low signal to noise ratio, background subtraction was performed with FullProf 42 
software using two baselines, one from the sample due to water and second from a blank sample 43 
with comparable exposure time and detector distance to identify the nanoribbon peaks. These two 44 
controls identified the prominent peaks from the protein or peptide samples. Subsequently, the 45 
background signal was subtracted for each sample spectrum to get the refined spectrum. 46 
 47 
Supplementary Method 2: Molecular dynamics simulations 48 
 49 
2.1. Construction of Molecular Models for MD Simulations 50 

Virtual π electrons were utilized for graphite and introduced for C and N atoms in aromatic 51 
rings of peptides, Tyrosine (Y), Histidine (H) and Phenylalanine (F) side chains, to precisely 52 
describe the properties of π electron clouds17 (Supplementary Fig.  5 a to g).  These π electrons 53 
permit simulation of interactions at the interface, between sp2 orbitals of the aromatic rings in the 54 
peptide and the polycyclic aromatic rings on graphite (0001) surface. In addition, partial charge 55 
was assigned to the amino acids of peptides according to IFF and CHARMM-36 respectively, 56 
considering the protonation state at pH = 1.94. At pH 1.94, Glycine (G), Lysine (K), Arginine (R) 57 
were protonated within the peptides, and neutral Ser-phosphate groups (H2PO4-Ser groups) were 58 
partially deprotonated into HPO4

2--Ser groups for p14P2 and p14P2Cterm at pH 1.94 in a 50/50 59 
ratio consistent with the approximate pK value of 1.5-2.0. The entire system remained charge-60 
neutral by the addition of chloride anions (identical to experimental assembly environment) which 61 
compensated the charge of positively charged functional groups. 62 

The IFF parameters for HOPG and virtual π electrons were developed earlier using the 63 
energy expressions of CHARMM and CVFF for compatibility, which employ a 12-6 Lennard-64 
Jones potential and Lorentz-Berthelot (or very similar) combination rules. The graphite parameters 65 
from IFF accurately reproduce lattice parameters, surface energies, and hydration energies using 66 
standard water and biomolecular force field parameters, following the principle of thermodynamic 67 
consistency17.  68 
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Common class I force fields include CVFF (38), CHARMM (39), AMBER (40), and 69 
OPLS-AA41. Specifically, the force field parameters contain the harmonic bond stretching 70 
constants Kr, equilibrium bond lengths r0, equilibrium nonbond diameters rm, and the nonbond 71 
potential well depth ε. The bonded parameters Kr and r0 are needed for species with predominantly 72 
covalent bonds. The class I form of energy expressions used in this work are shown as 73 
Supplementary Equation 1: 74 
 75 
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 79 
For HOPG surfaces, different periodic cells were constructed according to simulating 80 

systems by supercell from a 14.760×12.782×13.600 Å grid size unit cell (4 layered graphite with 81 
287 C atoms and 574 virtual π electrons: a total of 861 particles). Based on morphology from AFM 82 
(Fig 1j and 2a panel 4), peptide ribbons were placed on the HOPG surface with an angle of 30° 83 
from <11=00> direction for MD simulations. The zone above HOPG and peptides was filled with 84 
water molecules (14P2:1715, p14P2:2738, 14P2Cterm: 3245, p14P2Cterm: 3286) using the TIP3P 85 
model. The box had full 3D periodicity and contained no vacuum.  86 

 87 
2.2. Method for MD Simulations  88 

MD simulations were carried out in the isobaric-isothermal ensemble (NPT) using the 89 
Nanoscale Molecular Dynamics program (NAMD)42. All atoms were allowed to move freely 90 
during the simulation. The temperature was controlled at 298.15 K using the Langevin thermostat 91 
and a damping coefficient of 1 ps-1 and the pressure was set at 101.3 kPa to correlate with 92 
experimental conditions. The average temperature remained within ±0.5 K of the target 93 
temperature with instantaneous fluctuations of ±10 K. A spherical cutoff of 12 Å was applied for 94 
the summation of pair-wise Lennard-Jones interactions. The summation of the electrostatic 95 
interactions (Coulomb) was completed using the Particle Mesh Ewald (PME) method throughout 96 
the equilibration and production runs in high accuracy of 10-6. All simulations were carried out for 97 
more than 8 ns with a timestep of 0.5 fs to ensure sufficient conformation sampling43,44. Simulations 98 
of each system were repeated three times to obtain average total energies, which was then corrected 99 
to the exact target temperature of 298.15 K by utilizing the heat capacity of each system.  100 
 101 
2.3. Predicted β sheet conformation in solution  102 

Previous reports have investigated the amyloid-like, cross-β sheet of amelogenin and 103 
predicted that 14P2 domain has high propensity to form β-sheet in solution4,5,9. The 104 
crystallographic structure of rH174 and 14P2-based peptide analogs in our study (Supplementary 105 
Fig. 4 a and b) are identical to those reports. Typically, the peak centered around ~4.7 Ǻ 106 
corresponded to the spacing between peptide backbone bound by hydrogen bonding, indicating 107 
the high regularity and interaction of the peptide aggregation. In addition, AFM experiments (Fig. 108 
1 d to h and Supplementary Fig. 1a) show that the nanoribbons form in solution and can attach 109 
to HOPG (0001) epitaxially, in the three symmetrical directions, similar to other β-sheet amyloids 110 
previously reported45. Therefore, we built the initial conformations of the peptides assembled in 111 
solution and on HOPG in β-sheet structures for MD simulations using geometric parameters from 112 
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Synchrotron XRD (Supplementary Fig. 4) and morphology from AFM (Supplementary Fig. 113 
Table 1). 114 

More than 50 starting conformations for 14P2 were first simulated in water at pH 1.94 115 
without a substrate, and then on HOPG in order to identify a rational peptide structure that matches 116 
the AFM morphology, including dimers, parallel alignment (β sheet and non-β sheet), anti-parallel 117 
alignment (β-sheet and non-β sheet), vertically stacked chains (with π-π stacking on aromatic 118 
rings), zigzag-folded backbones, and others. Preliminary simulations revealed that only a parallel 119 
aligned β-sheet (Supplementary Fig. 5h) remains relatively stable on the HOPG surface 120 
(Supplementary Fig. 5i) and approaches a ribbon-like morphology (Supplementary Fig. 8a). In 121 
addition, π-π interactions from the introduction of virtual π result in a significant reduction in 122 
thickness of the assembled peptides on HOPG surface compared to conformations without virtual 123 
π electrons, clearly in better agreement with AFM data (Supplementary Fig. 5 j and m). The 124 
position of aromatic rings between peptide monomers was identical for conformations with 125 
(Supplementary Fig. 5 l and m) and without (Supplementary Fig. 5 i and j) π electrons due to 126 
similar backbone and H-bond distances (Supplementary Fig. 5 h and k), thus validating the 127 
accuracy of IFF (which includes the virtual π electrons for HOPG and aromatic rings).  128 

Therefore, pristine β-sheets of all peptide sequences, 14P2, p14P2, 14P2Cterm and 129 
p14P2Cterm, were simulated in water at pH 1.94 without a substrate (Supplementary Fig. 6). 130 
After simulation for ~8 ns, the peptide chains were found to remain stable in the β-sheet 131 
conformation, due to hydrogen bonding and π-π interactions between the aromatic rings. 132 
Moreover, after simulation, the central section of 14P2, YINFSY, is ordered and closely packed 133 
for all the sequences. In addition, a small degree of twist is observed for 14P2 and p14P2 peptides 134 
after simulation (Supplementary Fig. 6 a and b). Modification of the single serine in 14P2 and 135 
14P2Cterm with phosphorylation had no distinct impact on the stability of the β-sheet structure, 136 
as seen with p14P2 and p14P2Cterm (Supplementary Fig. 6 c and d). The energy difference 137 
between random and β-sheet conformation for 14P2 and p14P2 is within the error bar, which 138 
implies β-sheet conformation can form in solution within our experimental conditions.  139 

In contrast, the energy difference between random and β-sheet conformations of 140 
14P2Cterm and p14P2Cterm is large (Supplementary Fig. 6 c and d). This suggests that the 141 
random conformation should be energetically more favorable than β-sheet conformation for these 142 
two extended sequences. However, post-simulation conformations show that both, 14P2Cterm and 143 
p14P2Cterm, exhibited a large degree of twist in the backbone and the C- and N-terminus are 144 
relatively aperiodic and disordered compared to 14P2 (Supplementary Fig. 6 c and d); which 145 
likely accounts for the preference for random conformation in solution. Molecular resolution AFM 146 
and XRD results have shown that β-sheet ribbons exist in solution and on HOPG, therefore, the 147 
pristine β-sheet conformation is used as a valid model for 14P2Cterm and p14P2Cterm for further 148 
simulations. 149 

 150 
2.4. Predicted transient and stabilized sheet conformations on HOPG  151 

The close-packed β-sheet conformations were then transferred onto HOPG 152 
(Supplementary Fig. 7). These β-sheet conformations (Supplementary Fig. 7) remained 153 
relatively stable during the simulation, with interactions and a gap around 4.8 Å between few 154 
sections of the backbone. However, at the end of the simulated time, the periodicity (~4.8 Å) 155 
between the monomer backbones in the β sheet clearly widened to more than 10 Å, along with 156 
dramatic separation at the C-terminals (especially for 14P2Cterm and p14P2Cterm in 157 
Supplementary Fig. 7 c and d). In addition, the height of the peptides assembled on surface is 158 
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~1.2 nm, which exceeds AFM measurements (~0.65 nm). Therefore, this conformation was 159 
labelled as a transient sheet. 160 

Molecular structure of 14P2 ribbons on HOPG (Supplementary Fig.  2 a) show regularly 161 
aligned peptide ribbons with height ~0.7 nm, where each ribbon had ridges with ~1 nm periodicity. 162 
Therefore, based on these AFM results and above simulations, another quasi-β-sheet conformation 163 
for all 4 sequences, similar to transient sheet conformations but with a larger gap between the 164 
monomer backbones (> 4.8 Å), was selected from the 50 conformations previously investigated. 165 
This conformation deviated from a standard β-sheet conformation but reflected both AFM and 166 
simulated transient sheet structure. 167 

In addition, the C-terminus extension in 14P2Cterm and p14P2Cterm had an abnormally 168 
large separation on HOPG (Supplementary Fig. 7 c and d) and the width of the simulated ribbon 169 
in the transient structure exceeds the AFM dimensions. Therefore, the hydrophilic C-terminus was 170 
predicted to twist away from hydrophobic interfaces, such as HOPG, similar to their solution 171 
conformations (Supplementary Fig. 6 c and d). Therefore, the pre-simulation conformations of 172 
C-terminus in 14P2Cterm and p14P2Cterm on HOPG were modified to protrude into the solution, 173 
away from HOPG. 174 

The peptide monomers of all 4 sequences, in these large-gap configurations, were placed 175 
on HOPG (0001) surface (Supplementary Fig. 8) with water molecules filled in (hidden for 176 
clarity) and the system was allowed to equilibrate for 10 ns. With longer simulation time (10 ns) 177 
compared to transient sheets (7.5 ns) on HOPG, the peptides lay flat and remained stable on HOPG, 178 
and the overall height reduced to ~0.8 nm matching that of AFM heights (Fig. 2 and 179 
Supplementary Fig. 9). Spacing between the central segment of the backbone was 0.9–1 nm. The 180 
backbone and hydrophobic groups mainly attach to the HOPG surface, whereas the hydrophilic 181 
groups, including phosphorylation site, points towards the solution. The aromatic rings, especially 182 
Tyr and Phe, bind to HOPG surface, which enhance the stability of the peptide ribbons on HOPG.  183 

For ribbons of 14P2 (Supplementary Fig. 8a) and p14P2 (not shown, identical to 14P2), 184 
the C-terminals and N-terminals of adjacent ribbons bind with each other via hydrogen bonding at 185 
the junction, which results in a tightly packed, well-ordered crystalline film (Fig. 1 d and e). 186 
Therefore, in principle, these crystalline films can be obtained in silico when β sheet conformations 187 
of the peptides are simulated on HOPG with long relaxation times.  188 

In contrast, the binding between adjacent ribbons of 14P2Cterm or p14P2Cterm is weaker 189 
due to the disordered and aperiodic C-terminus extension, which protrudes into the solution. The 190 
structure of the C-terminus folds away from the surface, which results in absence of binding 191 
between C-terminus and N-terminus between monomers of adjacent ribbons, thus leading to larger 192 
gap between peptide ribbons (Supplementary Fig. 8c).  193 

Dimensions of the simulated ribbons consisting of stabilized sheet model for all sequences 194 
on HOPG fit well with the measurements of length, width and height from AFM (Fig. 2 and 195 
Supplementary Fig. 8c), specially for 14P2Cterm and p14P2Cterm, which confirms that the 196 
stabilized sheet conformation on HOPG represents the in vitro conformation on HOPG. Although 197 
experimental and MD models correlate, this stabilized sheet conformation may not necessarily 198 
persist in solution due to weak interactions between the backbone, and the peptides may in fact 199 
continue to exist in the standard β sheet conformation (Supplementary Fig. 6). However, in all 3 200 
sheet conformations (in solution, transient and stabilized), the ribbons have hydrophilic side 201 
chains, including phosphorylation site, that point towards the solution with a periodicity and the 202 
C-terminus is disordered. These structures correlate extremely well with their predicted function 203 
from mineralization experiments. 204 
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 205 
Supplementary Method 3: In situ AFM of self-assembly dynamics (Supplementary Fig. 1a) 206 

Silicon Nitride cantilever with Si tip (Applied Nanostructures HYDRA4V-100NG, spring 207 
constant k: 0.088 N/m or Bruker SNL-10 C, spring constant k: 0.24 N/m) were treated with 208 
UV/ozone for 15 minutes before use to remove residual organic contaminants and improve 209 
hydrophilicity. A freshly cleaved HOPG surface was placed on the AFM’s piezo-stage 210 
(MultiMode 8, Bruker), then the cantilever holder, fit with a cantilever and O-ring, was placed on 211 
the substrate. The flow cell was filled with deionized H2O and the bare HOPG surface was imaged 212 
at room temperature (25˚C) using tapping mode. After confirming that the surface is clean, 50 µl 213 
of freshly diluted 0.1 mg/ml protein solution (aged for 7 days in bulk) was injected into the liquid 214 
cell. The surface was continuously scanned with minimal force to observe protein self-assembly. 215 
After the system equilibrated, the imaging medium (10 mM HCl) was exchanged with 9.5 mM 216 
KH2PO4 at pH 7.4 to monitor any structural changes in the protein films at different pH. 217 
 218 
 219 
Supplementary Method 4: Mineralization control by Scanning Electron Microscopy  220 

HOPG flakes incubated in 14P2 solutions were placed in a calcium phosphate solution 221 
with supersaturation σAP = 3.37, σACP = 0.221, identical to solutions used in in situ AFM 222 
experiments. A control sample, a HOPG flake, was also incubated in the supersaturated solution 223 
with a separate container. These solutions did not have any concomitant precipitation in the 224 
solution without the flakes for at least 3 hrs, measured by changes in pH and turbidity. The flakes 225 
were characterized with Scanning Electron Microscopy (FEI Helios). The control sample had no 226 
mineral precipitates (Supplementary Fig. 10a), whereas the flakes functionalized with 14P2 had 227 
spherulite-like mineral that resembled biomimetic apatite (Supplementary Fig. 10b). 228 
 229 
Supplementary Method 5: Transmission Electron Microscopy (TEM) and Energy Dispersive 230 
Spectroscopy X-ray Spectroscopy (EDS) sample preparation 231 

Samples preparation was identical to AFM substrates but using graphene grids. 5 μl of the 232 
0.1 mg/ml protein or peptide solution was incubated on the grid (3-layer graphene Ted Pella) for 233 
30 minutes. The grid was then rinsed to remove excess protein by immersion in 1 mM HCl 234 
followed by immersion in water. For TEM imaging of protein or peptide nanoribbons, the grids 235 
were negatively stained by placing the grid on a droplet of Nano W and adding another droplet on 236 
the side of the grid exposed to air. Excess stain was removed using filter paper, then immersion in 237 
water. The staining process was repeated twice, then the grid was placed in a vacuum desiccator 238 
to dry for ex situ TEM.    239 

For mineralization experiments, the protein or peptide functionalized grids were incubated 240 
in a vial with freshly supersaturated calcium phosphate solution (1 mM CaCl2 and 9.5 mM KH2PO4 241 
at pH 7.4). Each mineralization experiment was carried out for the required time in static condition 242 
(from 20 minutes to 180 minutes), then rapidly quenched in toluene. Quenching in water-243 
immiscible toluene prevented unwanted precipitation that usually results from drying if quenched 244 
in water or water-miscible organic solvents such as ethanol. The quenched grid was then 245 
immediately dried in a vacuum desiccator prior to imaging. Grids were imaged with FEI Tecnai 246 
12 TEM (Thermo Fisher Scientific, USA) or FEI Tecnai 20 TEM on the Titan-ES. 247 
 248 
Supplementary Method 6: High resolution TEM (HRTEM) and Selected Area Electron 249 
Diffraction (SAED) of calcium phosphate particles at 20 min and 3hr  250 
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Particles mineralized on the nanoribbon-functionalized grids were confirmed as calcium 251 
phosphate through EDS (Supplementary Fig. 11). To identify phase, HRTEM was performed 252 
on the particles after 20 min mineralization (Supplementary Fig. 12 a to e). FFT of HRTEM 253 
revealed that most particles were amorphous from the absence of lattice fringes corresponding to 254 
crystalline calcium phosphate. SAED confirmed that the particles were amorphous due to the 255 
wide diffuse band and absence of any speckles that suggest presence of nanocrystals. Few spots 256 
observed matched the d-spacings of graphite. A small number of particles, which appear darker, 257 
had lattice patterns indicative of crystallinity; however, they are artifacts induced by electron 258 
beam or dehydration. In addition, a ~4.7 Å d-spacing was observed, and may originate from the 259 
nanoribbon structure (Supplementary Fig. 4). 260 

The phase transformation of ACP particles was characterized with samples incubated for 261 
3 hrs. TEM of these samples revealed large mineral films with fiber- or plate-shaped morphology 262 
(Supplementary Fig. 12 f to j) formed over time, similar to in situ AFM observations in 263 
Supplementary Fig. 13. SAED shows several diffraction spots and d-spacings that 264 
corresponded to polycrystalline AP and OCP. Furthermore, a grid with rH174 quenched and 265 
negative-stained after mineralization (inset of Supplementary Fig. 12j), shows presence of 266 
nanoribbons (dark lines).   267 

 268 
Supplementary Method 7: Phase transformation observed by in situ AFM  269 

Nucleation experiments with flow for σAP = 3.37, σACP = 0.221 were extended to evaluate 270 
the change in morphology and mineral phase of the calcium phosphate particles. These AFM 271 
experiments were performed in two ways to ensure the results were reproducible. First method 272 
involves fast, repeated scan of the surface (Supplementary Fig. 13 a to d). Second, involves slow 273 
scanning of a large area that would reveal the transformation in a single frame (Supplementary 274 
Fig. 13e). In all experiments involving the 4 peptide analogs and full-length amelogenin, the initial 275 
hemispherical particles grew in diameter and height. Eventually, the particles coalesce and become 276 
fiber- and plate-like in shape. Growth ceased when the imaging medium was switched to water 277 
(Supplementary Fig. 13e inset); absence of mineral dissolution indicated that the particles were 278 
no longer amorphous but indeed crystalline. 279 
 280 
Supplementary Method 8: Vertical growth rate (V) analysis and calculation of 281 
supersaturation with respect to ACP 282 

Observation of ACP with concentrations used here is atypical. Equilibrium solubility 283 
values of ACP (Ksp) in literature and VISUAL MINTEQ calculations indicate that solutions used 284 
here are undersaturated with respect to all types of ACP. In this case, ACP could nucleate, but not 285 
continue to grow, unless the reported solubilities do not reflect our solution conditions. Therefore, 286 
the relationship between growth velocity (V) and supersaturation in Supplementary Equation 2 287 
is used to extract the apparent solubilities, where IAP is ionic activity product for previously 288 
reported (Ca2(HPO4)3)2- pre-nucleation cluster given by (a(Ca2+)2 • a(HPO4

2-)3), ω is volume of 289 
growth unit (ACP: 5 x 10-29 m3), n= 5, a([x]) is ionic activity (in M), and β is the kinetic coefficient, 290 
was exploited to plot growth velocity vs IAP1/5 (Fig. 3g).  291 

 292 
Ionic activity product of all three solutions was determined from free ion concentrations given by 293 
Visual MINTEQ for each solution conditions (Supplementary Table 2). Growth rates for each 294 
sequence and saturation were obtained from average slopes of linear fits to heights vs elapsed time 295 

V = ω β (IAP1/5 – Ksp
1/5)         (2) 
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for multiple particles (Supplementary Table 3). Then the relationship between growth rate vs 296 
IAP1/5 was linearly fit with an error-weight and extrapolated to zero growth rate to determine IAP 297 
at which no growth occurs (V= 0, x-axis intercept), i.e., Ksp. From these measurements and equation 298 
1, we found that solubility of ACP is 1.155 x 10-15 M5 which lies between Visual MINTEQ (8.42 299 
x 10-12 M5) and previous bulk solution18 measurements (8.03 x 10-17 M5). Using Ksp from growth 300 
rates extrapolated to zero and from previous measurements, supersaturations were calculated in 301 
two ways using Supplementary Equation 3. Thus, the supersaturations (Supplementary Tables 302 
4) from growth rates are σAP = 3.19, σACP = 0.04; σAP = 3.28, σACP = 0.138; and σAP =3.37, σACP = 303 
0.221. Whereas, using Ksp of ACP in bulk solution (18) gave σACP = 0.57, 0.67 and 0.75. σACP = 304 
0.04, 0.138 and 0.221 were primarily used as it reflects on the environment at the interface. 305 
𝝈𝑨𝑪𝑷 =

𝐥𝐧 𝐈𝐀𝐏S𝐥𝐧𝐊𝐬𝐩
𝒏

               (3) 306 
 307 
Supplementary Method 9: Percentage surface area covered by ACP  308 

Surface area covered by ACP for the highest saturation, σAP = 3.37, σACP = 0.221, was 309 
measured on the nucleation data by applying a threshold mask to highlight the ACP particles. Since 310 
surface coverage is a function of particle density on the surface, and the particle density varied 311 
from sequence to sequence, only experiments with particle density close to the average density 312 
and average nucleation rates was analyzed to get an accurate comparison between the sequences. 313 
Surface area covered by ACP at lower saturations was not analyzed due to the longer time scales 314 
and particle sizes required for an appreciable comparison of the differences between the sequences. 315 
 316 
 317 
Supplementary Method 10: Calculations for effective interfacial energy 318 

To analyze the nucleation rate data for interfacial energy in each case of peptides, we 319 
assume nucleation occurs through ion-by-ion mode at our supersaturations, i.e., classical 320 
nucleation theory given by Supplementary Equation 4, previously shown to effectively describe 321 
ACP nucleation kinetics18. The change in free energy required to create a hemispherical nuclei of 322 
radius R on a substrate is given by Supplementary Equation 5. Subscripts ML, MS and LS refer 323 
to mineral-liquid, mineral-substrate and liquid-substrate interfaces, respectively. The critical 324 
radius Rc of nucleus is given by Supplementary Equation 6 where aeff is given by 325 
Supplementary Equation 7. Substituting equation 6 in equation 5, then using equation 7, to 326 
simplify ∆G, gives Supplementary Equation 8. Substituting equation 8 into equation 4, gives 327 
Supplementary Equation 9, and taking natural logarithm on both sides gives Supplementary 328 
Equation 10. The volume of growth unit (ω, defined as the volume of complex/number of ions) 329 
of ACP (Ca2(HPO4)3)2- ) used in this study is 5 x 10-29 m3, which is an intermediate value between 330 
the volume of a Posner cluster with composition Ca9(PO4)6 (2.993 x 10-29 m3) and disk-like 331 
structure with volume of 9.5 x 10-29 m3 that is the building block for OCP and AP (18). aACP, the 332 
effective interfacial energy of the nucleating phase, can be determined from plots of nucleation 333 
rates at different supersaturation using the classical nucleation theory (Supplementary Equation 334 
10). The nucleation rates are obtained from nucleation events per µm2 versus time (in seconds) 335 
then converted to m-2 s-1 for plot of ln (J) versus σ ACP -2 (Supplementary Table 5). The theoretical 336 
value of aACP in bulk solution was reported as 150 mJ m-2, and nominal value of 100 mJ m-2 for 337 
comparison of experimental data. The value of the equilibrium solubility values of ACP (Ksp) 338 
affects the supersaturation, and thus the interfacial energies. However, the relative ratios of the 339 
energies for each sequence when compared to the other will remain unchanged for identical 340 
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experimental conditions. Therefore, the ratios of the energies with respect to the basic 14P2 341 
sequence without any functional group modifications is used for comparison. The interfacial 342 
energy and kinetic pre-factor A ratios with respect to 14P2 in the analysis reflect  aACP of Sequence/aACP 343 
of 14P2 and ASequence/A14P2, respectively. 344 

 345 
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(𝛼VX −	𝛼WX)																																																				(7)  347 

∆𝐺F =	
Y@Z)[*++

,

D(0\]))
																																																																														(8)                                                                 349 

 350 

𝐽, = 𝐴. 𝑒
^
SY@Z)[*++

,

D(0\])) _
																																																																						(9) 351 

 352 

ln(𝐽,) = ln	(𝐴) −
𝐵
𝜎) 			where		𝐵 = 	

8𝜋𝜔)𝛼4==D

3(𝑘𝑇)D 																				(10) 353 

 354 
  355 

𝐽, = 𝐴. 𝑒`
S∆b-
0\ c																																																																																	(4) 
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 356 
Supplementary Fig. 1. Time-lapse of in situ AFM images for nanoribbon self-assembly in 10 mM 357 
HCl on HOPG. (a) for 14P2 using 62.63 μM solution (aged in bulk for 7 days) and adsorbed onto 358 
HOPG, panel 4 shows ribbons and pattern persist when exchanged to phosphate buffer pH 7.4. (b 359 
- e) for rH174 NR layer in contact with HOPG at pH 1.94 using 5 nM freshly made solution. (b) 360 
5 nanoribbons come together by elongation or side-by-side modes. (c) Growth of nanoribbon 361 
highlighted in circled area. (d) Smaller nanoribbon meets the end of a larger structure, recedes 362 
away and come together again to join the large structure. (e) another instance of attraction, 363 
repulsion, reorientation and fusion seen in (d). Width of rH174 nanoribbons is ~16.3 nm. Scale bar 364 
is the same for (b) to (e) and snap shots in the same columns have the same time scales. Detailed 365 
method available in Supplementary Method 3.  366 
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 367 
Supplementary Fig. 2. In situ AFM images of R1 island assemblies on HOPG for 14P2Cterm, 368 
p14P2 and p14P2Cterm observed at low peptide concentrations (below 6 µM). (a) 14P2Cterm 369 
with inset showing molecular resolution image of nanoribbon, bottom half is original image and 370 
top half with processed with a Fast-Fourier transform filter, (b) p14P2 with R1 and R2 nanoribbons 371 
and (c) p14P2Cterm with R1 nanoribbons. R1 dimensions for these three sequences are identical 372 
to R1 of 14P2 nanoribbons seen in Fig. 1k.  373 
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 374 
Supplementary Fig. 3.  Orientation of R1 and R2 nanoribbons with respect to underlying HOPG 375 
(0001) from in situ AFM images. (a) Multiple layers are visible, white arrows indicate relative 376 
direction of R2 nanoribbons which lie on the arm-chair direction, <101=0> (~13.3˚), dark spot in 377 
the center consists of R1 nanoribbons as seen in (c). (b) R1 nanoribbons and direction relative to 378 
graphite lattice, (c) AFM image of underlying HOPG substrate collected after scratching the top 379 
layer with contact mode AFM. (d) Fast Fourier transform filtered image of (c) showing the zig zag 380 
direction <11=00>. (e) R1 nanoribbons lay 10˚ away from direction R2 nanoribbons (arm-chair 381 
direction <101=0>). 382 

383 
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384 
Supplementary Fig. 4. In situ XRD pattern of amelogenin (rH174) and derived peptide analogs 385 
in 10 mM HCl (pH 1.94) (a) in presence of graphite prepared by using peptides as an adsorbate 386 
on HOPG and (b) without graphite. For method of sample preparation refer to Supplementary 387 
Method 1.  388 
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 389 
Supplementary Fig. 5. Virtual π electrons enhance π –π interaction of aromatic amino acids with 390 
HOPG, reducing the overall height of the film. (a) Molecular structure of 14P2 before simulations. 391 
(b) Molecular structure of 14P2 with virtual Pi electrons on His, Tyr and Phe side chains. (c-e) 392 
Features of the virtual electrons on His, Tyr and Phe. (f) Top view of surface layer and (g) side 393 
view of three-layered graphite (0001) models with virtual π electrons on C atoms. (h) β sheet of 394 
14P2 without π electrons at equilibrium state solution; (i) Top view of 14P2 on HOPG; and (j) side 395 
view of 14P2 on HOPG. β sheet of the peptide 14P2 with π electrons on His, Tyr and Phe at 396 
equilibrium state in (k) in solution, (l) top view on HOPG, and (m) side view on HOPG. 397 
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 398 

 399 
Supplementary Fig. 6.  Conformations of peptides before and after simulations in solution (10 400 
mM HCl, pH 1.94) for (a) 14P2, (b) p14P2, (c) 14P2Cterm and (d) p14P2Cterm. Both random 401 
(middle column) and β (right column) conformations are shown with their respective energies. β 402 
sheet conformations are used for subsequent MD simulations on HOPG.  403 
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404 

 405 
Supplementary Fig. 7 Transient β sheet conformation of six monomers after 7.5 ns simulations 406 
in 10 mM HCl (pH 1.94) on HOPG for (a) 14P2, (b) p14P2, (c) 14P2Cterm and (d) p14P2Cterm. 407 
Left: top view; right: side view. 408 
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410 

 411 
Supplementary Fig. 8. Stabilized sheet conformation of 24 monomers for (a) 14P2 and of (b) 412 
14P2Cterm before and after simulation on HOPG. The structures are stable, and order persists. For 413 
14P2, hydrogen bonds between N and C terminus of adjacent rows form a stable ordered sheet on 414 
HOPG. Whereas 14P2Cterm lacks the N-C terminus interaction between the ribbons due to 415 
DKTKREEVD domain standing up towards the solution. (c) Overlay of 1 nm stabilized sheet 416 
conformation for 14P2Cterm on tapping mode image of R2 nanoribbons at arm-chair direction, 417 
showing larger gap between the ribbons compared to 14P2; Top: original image, bottom: processed 418 
with Fast-Fourier Transform filter. 419 
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 420 
Supplementary Fig. 9. Snapshot of stabilized sheet conformation for 6 p14P2Cterm peptides on 421 
HOPG after 8 ns. (a) Top view and (b) side view. Hydrophilic residues (highlighted with thicker 422 
lines) and C-terminus protrude into the solution. HOPG not shown for clarity.  423 
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 424 
Supplementary Fig. 10. SEM images of HOPG surfaces incubated in supersaturated calcium 425 
phosphate solutions σAP = 3.37, σACP = 0.221 for ~1 hr. (a) without adsorbed peptide and (b) with 426 
adsorbed 14P2 nanoribbons. Control of bare HOPG shows no significant mineral, whereas 14P2 427 
coated HOPG has plate-like mineral similar to in situ AFM experiments. For detailed sample 428 
preparation method, refer to Supplementary Method 4. 429 
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 430 
Supplementary Fig. 11. STEM and Elemental Dispersive Spectroscopy (EDS) map of minerals. 431 
Graphene grids functionalized (a to e) with rH174 and (f to j) with p14P2Cterm then incubated in 432 
supersaturated calcium phosphate solution σACP = 0.221 at pH 7.4 for 20 min. (a) and (f) STEM 433 
image, (b) and (g) Composite image of elements N, O, C, Si, Ca, K, P and electrons, (c) and (h) 434 
Map of Calcium atoms, (d) and (i) Map of Oxygen atoms, and (e) and (j) Map of Phosphate atoms. 435 
The particles had a high concentration of Ca, P and O compared to the background. The 436 
background had high C, O and N signal corresponding to the graphene or organic constituents. 437 
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 438 
Supplementary Fig. 12. TEM characterization of quenched graphene grids functionalized with 439 
nanoribbons of (a) and (f) p14P2Cterm, (b) and (g) p14P2, (c) and (h) 14P2Cterm, (d) and (i) 440 
14P2, and (e) and (j) rH174 after incubation in σACP = 0.221 solution for (a) to (e) 20 min and (f) 441 
to (j) 180 min. (a) to (e) At 20 min, most particles are amorphous, confirmed by SAED with 442 
diffraction spots from graphite (red), peptides (green) and diffuse ring of ACP (light blue). (f) to 443 
(j) shows higher crystallinity at 180 min and SAED confirms speckled ring diffraction with spots 444 
from AP or OCP (blue). (j) inset is negative-stained sample showing ~17 nm wide rH174 445 
nanoribbons (dark lines). For method and discussion, refer to Supplementary Methods 5 and 6. 446 
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 447 
Supplementary Fig. 13. ACP growth and phase transformation using height images from in situ 448 
AFM under constant supersaturation (σAP =3.37, σACP = 0.221), pH 7.4 and 25˚C on nanoribbons of 449 
(a) p14P2, (b) p14P2Cterm, (c) 14P2, (d) rH174 and (e) 14P2Cterm. Surface of the particles are 450 
initially smooth but eventually becomes rougher, which indicates that the amorphous particles 451 
phase transformed into a crystalline phase with a nanoplatelet or fibrous morphology 452 
(Supplementary Fig. 10). Phase transformation was fastest for 14P2Cterm (~39 min) and slowest 453 
for p14P2 (>150 min), which correlates with the growth rates, implying that without 454 
phosphorylation, ions prefer the ACP-solution interface over nanoribbon-solution or nanoribbon-455 
crystal interfaces. For methods, refer to Supplementary Methods 7.  456 
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 457 
Supplementary Fig. 14. Analysis of nucleation and growth on various sequences at different 458 
supersaturations using height images from in situ AFM where (1) is rH174, (2) is 14P2, (3) is 459 
14P2Cterm, (4) is p14P2, and (5) is p14P2Cterm. Representative nucleation rates (Jo) obtained 460 
from slopes of linear fits to number of nuclei over time at (a) σACP = 0.04 and (b) σACP = 0.138. 461 
Phosphorylated peptides have highest nuclei density from average nuclei density per µm2 for 462 
various sequences at (c) σACP = 0.04, at time = 15-18 minutes (d) σACP = 0.138 at time = 5-6 minutes 463 
and (e) σACP = 0.221 at time = 5-6 minutes. (f) Percentage surface area covered by ACP (calculated 464 
using Supplementary Method 9) and (g) average height of ACP particles increase over time for all 465 
sequences measured for σACP = 0.221, n = 4 particles. The system is at steady state, performed at 466 
25°C, solutions buffered at pH 7.4 and saturated with respect to ACP with no concomitant 467 
nucleation in solution. For sample sizes, refer to statistics section. 468 
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 469 
 470 
Supplementary Fig. 15. Evaluation of effective interfacial energies (𝛼ACP) and pre-factor (A) using 471 
Ksp = 8.03 x 10-17 M5 from a previous study18. (a) Linear fits to ln (Jo) (from nuclei m-2s-1) measured 472 
at different ACP supersaturations (1/ σ2

ACP) according to Equation 10. (b) Ratio of interfacial 473 
energy (𝛼ACP) and (c) ratio of kinetic pre-factor (A) of sequences with respect to 14P2 (𝛼ACP of 14P2 = 474 
12.23 mJ m-2, A14P2 = 3.08 x 1010) for each sequence, aACP of Sequence/aACP of 14P2 and ASequence/A14P2, 475 
respectively, vs. ratio of net charge of sequences with respect to 14P2 ( -1.4) at pH 7.4. Error bar 476 
in (a) represents standard deviation, and standard error (range) in (b) and (c). See Supplementary 477 
Table 8 for absolute values. For method of analysis refer to Supplementary Method 10.  478 
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 479 
Supplementary Table 1 Dimensions of nanoribbons before and after drying measured from in 480 
situ AFM images. Error is Std. dev., n=5  481 
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 482 
Supplementary Table 2. Species relevant to ACP and activities calculated by Visual MINTEQ 483 
for solutions supersaturated with respect to hydroxyapatite (𝜎de) at pH 7.4, with stoichiometry 484 
(log (activity of Ca2+/activity of PO4

3-)) = 3.87. The phosphate reagent concentration (column 3) is 485 
the total concentration of phosphate species that includes HPO4

2-, PO4
3-, H2PO4

- and all other 486 
phosphate containing species in solution.  487 
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 488 

 489 
Supplementary Table 3. Vertical growth rates (V) of particles for various sequences at different 490 
supersaturation and intercepts and slopes obtained from error-weighted linear fits using Equation 491 
3. For detailed method of analysis refer to Supplementary Method 8.  492 
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 493 
Supplementary Table 4. Supersaturations with respect to ACP calculated using equilibrium 494 
constant Ksp of Ca2(HPO4)3

2- from extrapolated growth rates in Equation 2, and from a previous 495 
study18 at ionic strength 0.244 M. For detailed method of analysis refer to Supplementary Method 496 
8.  497 
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 498 
Supplementary Table 5. Nucleation rates (in nuclei m-2s-1) at different supersaturations used in 499 
calculations for interfacial energies of ACP nucleation on various sequences.  500 
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 501 
Supplementary Table 6. Nuclei number density per µm2  from in situ AFM experiments. At t = 502 
17 min for 𝜎ACP = 0.04, t = 6 min for 𝜎ACP = 0.138, and t = 5.6 min for 𝜎ACP = 0.221.  503 
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 504 
Supplementary Table 7. Net charge, ln(A) and 𝛼eff obtained from linear fits to nucleation rate data 505 
using Equation 10 and supersaturations calculated from extrapolated growth rates. Ratios of kinetic 506 
pre-factor A (ASequence/A14P2), effective	 interfacial	 energy with respect to ACP 𝛼ACP (aACP of 507 
Sequence/aACP of 14P2), and charge for each sequence with respect to 14P2 from analysis. For detailed 508 
method of analysis refer to Supplementary Method 10.  509 
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 510 
Supplementary Table 8. Net charge, ln(A) and 𝛼eff obtained from linear fits to nucleation rate data 511 
using Supplementary Equation 10 and supersaturations calculated from a previous study18. Ratios 512 
of kinetic pre-factor A (ASequence/A14P2), effective	interfacial	energy with respect to ACP 𝛼ACP (aACP 513 
of Sequence/aACP of 14P2), and charge for each sequence with respect to 14P2 from analysis. For detailed 514 
method of analysis refer to Supplementary Method 10.  515 
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