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A. Estimation of mineral volume fraction from enerqy dispersive x-ray (EDX) measurements

Mineral volume fractions were estimated from energy dispersive x-ray (EDX) measurements through
the following four steps:

1. Correction for undercounting of C atoms. A series of samples were analyzed using both
EDX and mass spectroscopy to estimate the relative numbers of C and Ca atoms per unit
volume. As expected, EDX undercounted the C atoms relative to the more accurate mass
spectroscopy estimates. An approximately linear correction was found for the ratio of Ca atoms
to the combined number of C and Ca atoms. We term the as-measured ratio “EDX” and the
adjusted ratio “EDXagjusted-”

2. Estimation of fiber-level mass fractions from adjusted EDX measurements. The relative
numbers of C and Ca atoms per unit volume were converted to fiber-level mass fractions based
upon the composition of the scaffold (Tables S1-S3).

3. Estimation of fiber-level volume fractions from fiber-level mass fractions. Mass fractions
were converted to fiber volume fractions using estimates of density from the literature.

4. Estimation of scaffold-level volume fractions from fiber-level volume fractions. Scaffold-
level volume fractions were scaled down from estimated fiber-level volume fractions based upon
measurements of polymer volume fraction in the scaffolds.

Table S1: Molar masses used in computations.

Element Molar mass
Calcium 40.08 g/mol
Carbon 12.01 g/mol
Hydrogen 1.008 g/mol
Phosphorus 30.97 g/mol
Oxygen 15.999 g/mol

Table S2: Calculation of hydroxylapatite composition.

Formula, including substitutions Cay9-x(P04)-x(CO3)y sy (OH);_y_5,

Formula assuming bone-like carbonation of Cagg5(P04)555(€03)0182(0H) 179
1.1wt%, and 85:15 ratio between A and B type
substitutions, which leads to x = 0.154 and y =

0.027 (1)

Total Molecular Weight 991.128 g/mol
Calcium Mass 394.61 g/mol
Calcium Mass Fraction 0.398

Carbon Mass 2.2 g/mol
Carbon Mass Fraction 0.002

Density 3.16 g/ml




Table S3: Calculation of poly(lactic-co-glycolic acid) (PLGA) (85:15) composition.

Glycolic Acid formula C3;Hy03
Molecular Weight 90.08 g/mol

Lactic Acid formula C,H,0;4
Molecular Weight 76.05 g/mol

85:15 PLGA formula Cyg5Hs 7,03
Molecular Weight 87.99 g/mol

Density 1.27 g/mi

Calcium Mass Fraction 0.0

Carbon Mass Fraction 0.39

A.1 Correction for undercounting of C atoms.

EDX yielded estimates of relative numbers of atoms per unit volume:

Nca
EDX = (—) 1
Neq+Ne M

where Nc, and Nc are estimates of the number Ca and C atoms per unit volume, respectively.
However, this estimate was high compared to those obtained using inductively coupled plasma mass
spectroscopy (ICPMS) (Figure S1). ICPMS is considered to be more accurate that EDX due to an
inherent weakness of EDX in detecting C. EDX estimates were therefore adjusted to fitting ICPMS
data. Since the two measurements must agree at their limits (i.e., at ratios of zero and one) and the
data lie below a linear slope of 1, we expect that the relationship between EDX and ICPMS estimates to
be concave up (Figure S1). We assumed a linear error in the ratio X = N;/N,, and fitted the data to
find a correction factor a, where X,4;usteq = @X. Rearranging, the adjusted EDX measurement was:

EDX ,
EDX + a(1 — EDX) @

EDXadjusted =

Note that this predicts a concave up relationship of EDX,4jystea VErsus EDX, while the data plotted in
Figure S1 appear to show a concave down trend. However, the error bars on the data (not shown) are
sufficiently large to admit either interpretation. Additionally, the linear fit EDX,qjysteq = 0.476EDX is
reasonable over the range shown (R* = 0.82). Fitting the model of equation (2) to these same data
yields an estimate of @ =2.7.
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Figure S1: A fit to the relationship between EDX and ICPMS

measurements made on identical specimens was used to correct raw
EDX estimates of atomic fraction.

A.2 Estimation of mass fractions from adjusted EDX measurements.
The atomic fraction was converted to a mass fraction using the atomic masses of Ca and C:

EDX = Nea = et ®
adjusted — adjusted — 40.08 j
Nea+N¢ Pea + (12797) PS5

where P, and PE7**¢ are scaffold-level mass densities of Ca and C, respectively, and (40.08/12.01)

is the ratio of molar masses of Ca and C. These in turn were converted to scaffold-level mass densities
Py, of hydroxylapatite and Pp;;4, Of PLGA. Since Ca comprises 39.8% of the mass of hydroxylapatite,
Pya = Pca/0.398 = 2.51P;, was used. Since C comprises 0.2% of hydroxylapatite and 39.0% of PLGA,

the PLGA volume fraction was estimated from PS¢ = 0.002P,, + 0.390Pp;q,,

2562t _0,0129pP,,. Thus,

or Ppiga =

. 0.398Py, 1 @
adjusted = =
0.398Py4 + (1905 (0.002Py 4 +0.390Ppc0) 102 +327Prrca/Pus
or:
Pus _ 3.27 -
PPLGA (; — 102)
EDXadjusted

A.3 Estimation of fiber-level volume fractions from fiber-level mass fractions

The ratio of scaffold-level volume fractions of hydroxylapatite and PLGA, ¢y4 and @p;c4, Were then
estimated using the mass densities of hydroxylapatite and PLGA, which were taken as pux=3.16 g/cm?®
and ppLca=1.27 g/cmS, respectively:

©Hua _ Pua Prrca

(6)

®prca  Pprga Pua



A.4 Estimation of scaffold-level volume fractions from fiber-level volume fractions
Combining,

3.27 OpLoA 1.31

orin PpLGa = 1 PprLGA ™)
- 1.02) (— — 1.02)
EDXadjusted

PHa = 1
(EDXadjusted

Finally, from Equation (2), and noting that « > 1 and that neither ¢p;;, nor a are known to within more

than two significant figures,
1.3EDX g
PHa = a(1 — EDX) PprLGA (8)

Equation (8) was used in all subsequent analyses to convert the relative atomic fraction measurement
from EDX to a scaffold-level volume fraction of hydroxylapatite. Noting that in our scaffolds @p;cs =
0.13 and substituting for a, ¢y, = 0.063EDX /(1 — EDX).

B. Parallel and series estimates, and Hashin-Shtrikman Bounds

B.1 Parallel Estimate

The parallel estimate was made by assuming that fibers of mineral were synthesized in parallel with
fibers of PLGA, and that all of these were aligned with the direction of loading.

Ecomposite = EpLca®prrca + Ena®ua + Evoips®voips €C))

Where Eis a modulus and ¢ is a scaffold-level volume fraction, the subscript text refers to three
components of the composite (PLGA, mineral (HA), and voids), and Eyops=0. Note that, as discussed
by Hill (1964), this approximation neglects the additional stiffening that could occur because of Poisson
mismatch in the case of a mineral sheath adherent to the PLGA fibers, and hence is not a true upper
bound (2). However, this estimate is sufficiently stiff to serve as a guideline for comparing our data to
the greatest stiffening possible.

B.2 Series Estimate

The most naive series estimate one could choose would be that in which PLGA, HA, and air are
stacked atop one another, yielding the following estimate of the composite stiffness:

1

E e =
composite ™ Qprca + PHa | Pair
Eprga  Ena  Ear

(10)

This leads to an estimate of 0 as a modulus. However, this estimate must obviously be rejected
because it fails to account for the observation that no reasonable mineralized PLGA scaffold would be
tested or grafted into a surgical repair with a layer of air on one end. Therefore, the correct composite
bound to use as a guideline is based upon a series combination of mineral and PLGA on a fiber:



_ ®prgat PHa

Efiper = Pria | PhHa (1D
EPLGA EHA
This must then be scaled downwards to account for the air:
(@pLca + Ora)?
Ecomposite = (§0PLGA + (pHA)Efiber = (12)

PpLcA + PHA
Eprca Ena

As mentioned in the discussion, this is not a true lower bound because, as occurs with the 10SBF
scaffolds, it is possible for mineral to be added to the composite that does not connect at all to PLGA.
However it serves as a guideline to determine whether a mineralization pattern is effective at stiffening
a fibrous scaffold.

B.3 Hashin-Shtrikman Bounds

The Hashin-Shtrikman bounds are the best estimates available for the stiffness of a composite
containing random dispersions of a reinforcing phase, in the absence of any information about the
structures of and interactions amongst these phases. The equations are reproduced here, along with
our application of them to account for the fibrous nature of the PLGA phase in the scaffolds of interest.

The model used was a three-phase composite of PLGA, voids, and mineral. The PLGA and mineral
were idealized as mixing into homogeneous fibers that contained no voids. The scaffold-level PLGA
volume fraction was set to ¢p;;4 = 0.13, and the scaffold-level mineral volume fraction was allowed to
vary over the range 0 < ¢y, < 0.87. The fibers grew in diameter as mineral was added. These fibers
had a scaffold-level volume fraction of @p;;4+@y4, With voids of volume fraction ¢@,pias =1 — @prga —
@y, filling the remaining space. The fiber-level volume fractions of PLGA and mineral within fibers
were:

PpLcA
= 13
Trica Pprca T Pua (13)
PHa
S 7 — 14
Jua Pprca T Pua 14

Bounds were studied for the effective bulk and shear moduli, K/’ and /™", respectively, of a fiber
containing a volume fraction fp ¢4 of PLGA and a volume fraction fy, =1 — fp ¢4 Of hydroxylapatite.
The Hashin-Shtrikman lower bound k/™¢" and upper bound k/™*" for k/"* are (3):

(1 B fPLGA)

Kefiber > K[iber = Kpoa + T 3fPLGA (15)
+
(KHA - KPLGA) (BKPLGA + 4'GPLGA)
and
, . 1-—
Keftber < K(]]“Lber — KHA + T ( fHA) 3fHA (16)

+
(Kprga — Kua) = (3Kya + 4Gyyu)

where Gp;;4 and Kp,;, are the shear and bulk moduli of PLGA, and Gra and Ky, are the shear and

bulk moduli of hydroxylapatite. The Hashin-Shtrikman lower bound G/"*" and upper bound G/™*" for
fiber .

G, are (3):



(1 = frrca) a7
1 6/pLca(Kprga + 2Gprca)

(Gua — Gprga) 5(3Kpra + 4Gprca)

fiber fiber __
Ge " 206G =Gprgat

and

. . 1-f
fiber < fiber — HA
Ge = Gy Gua + 1 n 6fa(Kya + 2Gya) (18)

(Gprga — Gua) = 5(BKya +4Gya)

The elastic modulus of the fibers could then be bounded by:

fiber ~ fiber fiber - fiber
9KL GL fiber < 9KU GU 19
3KLfiber + GLfiber — e - 3K[1]°iber + G(]]”iber ( )

The scaffold-level bounds were obtained by scaling the bounds on fiber-level moduli by the scaffold-
level fiber volume fraction, @prca+@ua:

E:mfﬂ)ld = (Pprca + <PHA)Eeﬁber (20)
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