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Table S1. Concentrations (mM) of ionic components of simulated body fluids and human
blood plasma.

Solutions Na* K* Mg?* Ca?* Cr HCOs  HPOs> S04> Ref.
1xSBF 142.0 5.0 1.5 25 147.8 42 1.0 0.5 27
2.5xSBF 142.0 8.0 1.5 6.3 155.3 4.2 25 0.5

Human blood | 1055 50 15 25 1030 270 10 05 2
plasma

* The pH of the 2.5xSBF was adjusted to 7.4 with 50 mM of Tris ((CH20H)3:CNHz) and 1 N HCI.
In 2.5xSBF, 10 mg L' polyaspartic acid was also added.
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Figure S1. Secondary precipitates from dissolution of anode at amplitude of 3V. (a)
Green precipitates formed after 2 h application of pulsed stimulation at 3 V
amplitude (1 Hz frequency and 100 ms pulse width) in phosphate buffered
saline. (b—c) SEM-EDX analysis shows that the precipitates contained Fe and
Cr which were released from the dissolution of stainless steel anode. Note
that the experimental conditions for the pulsed electrical stimulation in this
study (40-200 mV, 48 h) did not induce any dissolution of the anode.
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Figure S2. Optical images of cross-sections (5 um thick) of collagen scaffolds.
Dotted lines indicate the outlines of innermost surfaces. Samples were
stained with von Kossa’s (gray: mineral) and Goldner’'s trichrome (pink:
collagen) methods. (a) Fresh fibular bone. (b) Demineralized fibular bone
(c—e) Collagen mineralized for 48 h under pulsed electrical stimulation. (c)
Control without stimulation. (d) Cathode. (e) Anode. Scale bars are 100 pm.
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Note S1. Small-angle X-ray scattering/wide-angle X-ray diffraction data collections and

analyses

Small-angle X-ray scattering (SAXS) measurements were conducted on collagen at different time
intervals during its in sifu mineralization. Samples were removed from the electrode and then
placed onto a SAXS sample stage. For each SAXS scan, the sample was exposed to a 13.3 keV X-
ray beam for 1 second. The beam was 150 um (horizontal dimension, parallel to the long direction
of the collagen) x 40 um (vertical dimension, perpendicular to the long direction of the collagen).
To minimize the effect of spatial inhomogeneity on data statistics (Figure S3), each sample was
scanned five times horizontally (along the fibrillar direction of the collagen), moving sample stage
by 0.2 mm per scan. Then the average intensity was taken from the five scans. From the 2-
dimenstional scattering intensity images obtained from the detector (2M Pilatus), 1-dimensional
scattering intensities, /(g), were extracted by averaging the sector along the vertical lines, which
was perpendicular to the fibrillar direction (Figure S3). From the sector averaged 1-dimensional
1(q), the increasing SAXS intensity during nucleation was quantified and the morphology of newly
formed particles was evaluated without interference by peaks coming from the periodicity (~67
nm) of the collagen gap and hole regions. The distance from the sample to the SAXS detector was
2 m, which provided a range of 0.0017-0.53 A™! for the scattering vector, g. Silver behenate
powder was used as the g calibration standard, and /(¢) was normalized by the incident beam
intensities. To compare absolute SAXS intensities collected from different measurements, the
intensities were calibrated using a reference glassy carbon standard sample. The SAXS intensities
were corrected by subtracting the intensity of air, measured by scanning the empty sample holder.

Further SAXS data analyses were conducted using the 1-dimensional horizontal cut data.

Total particle volume was estimated from the linear relationship with invariant values, Q =
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# [ q?1(q)dq. The integration was performed over a limited ¢ range of 0.0017-0.3 A!, due to
the relatively high noise in larger ¢ regions. This Q value indicates the total scattering amount, and

thus is proportional to the particle number concentration, Nc = when the particle

ZapEy
morphology is uniform." 2 Here 7. and V respectively represent the classical electron radius (2.818
fm) and the volume of a particle. Ap is the difference in electron densities between particles and
water (Ap = 6.12x10% cm; particles were assumed to be hydroxyapatite crystals and surrounded
by water in collagen matrices).> The Modeling II tool of the IRENA package written in IGOR Pro
(WaveMetrics Inc.) was provided by APS and used to fit the SAXS pattern to evaluate the particle
morphology. Because the morphology of individual particles was relatively uniform, a constant
was calculated. The volume fraction of minerals in collagen was obtained by fv =V x N.. Details
about the models used in the package are well described elsewhere.>*

Similarly, to identify the CaP phases during collagen mineralization, in situ wide angle X-
ray diffraction (WAXD) data was collected at APS sector 11-ID-B. Every two hours during the
mineralization, collagen samples were exposed to a 58.66 keV X-ray beam for 10 seconds at a 95
cm distance between the sample and a Perkin Elmer amorphous silicon detector. Due to the larger
size of beam (500 pum x 500 pm) for WAXD than for SAXS, one scan spot of each sample was
sufficient to provide good statistics. The 2-dimensional intensities were averaged over the g range
along the radial direction to produce 1-dimensional intensities 1(g), using GSAS-II.°> Cerium

dioxide was used as the calibration standard.
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Figure S3. A schematic illustration of SAXS data collection. ki and kr are the incident
and scattered wave vectors, respectively, and 26 is the exit angle of the X-
rays. Five positions (red rectangles) of a sample along the fibrillar direction
were scanned, and the scattered X-ray patterns were captured by a 2-
dimensional detector. A selected sector of the detector along the vertical
direction was analyzed as described in Note S1.
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Figure S4. Background subtracted SAXS patterns for fitting the morphology of
nuclei. The background intensity from an unmineralized collagen specimen
was subtracted from the data in Figure 1a of the main text (dotted lines). Solid
lines show the fitting results, indicating a disc-shaped nucleus (1.7 nm thick
and 34 nm in diameter).
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Figure S5. Collagen mineralization under continuous electrical stimulation (40 +
0.5 mV). (a,b) Schematic of suggested mechanisms for collagen
mineralization at the cathode and the anode. (¢) Volume fractions of minerals,
fv, were evaluated from SAXS measurements after 48 h of mineralization.
Error bars are standard errors (n = 18 for control and n = 8 for cathode and
anode, respectively). (d) WAXD patterns of mineral formed in collagen after
16 h of mineralization.
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