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Abstract

Mineralized collagen–glycosaminoglycan scaffolds designed for bone regeneration have been synthesized via triple co-precipitation in
the absence of a titrant phase. Here, we characterize the microstructural and mechanical properties of these newly developed scaffolds
with 50 and 75 wt.% mineral content. The 50 wt.% scaffold had an equiaxed pore structure with isotropic mechanical properties and a
Ca–P-rich mineral phase comprised of brushite; the 75 wt.% scaffold had a bilayer structure with a pore size varying in the through-thick-
ness direction and a mineral phase comprised of 67% brushite and 33 wt.% monetite. The compressive stress–strain response of the scaf-
folds was characteristic of low-density open-cell foams with distinct linear elastic, collapse plateau and densification regimes. The elastic
modulus and strength of individual struts within the scaffolds were measured using an atomic force microscopy cantilevered beam-bend-
ing technique and compared with the composite response under indentation and unconfined compression. Cellular solids models, using
the measured strut properties, overestimated the overall mechanical properties for the scaffolds; the discrepancy arises from defects such
as disconnected pore walls within the scaffold. As the scaffold stiffness and strength decreased with increasing overall mineral content and
were less than that of natural, mineralized collagen scaffolds, these microstructural/mechanical relations will be used to further improve
scaffold design for bone regeneration applications.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Mineralized scaffolds; Collagen; Mechanical characterization; Microstructural characterization; Cellular solids model
1. Introduction

Scaffolds for tissue regeneration are defined as: ‘‘three-
dimensional open-cell porous structures synthesized from
either natural or synthetic polymers which have the poten-
tial to support attachment, migration and multiplication of
living cells” [1]. These structural mimics of the extracellular
matrix can be made of biodegradable synthetic polymers
(e.g. polylactic and polyglycolic acid) or natural polymers
(e.g. collagen, collagen–glycosaminoglycan copolymer). It
has been demonstrated that scaffold pore size and shape,
porosity, specific surface area, biodegradability and stiff-
ness significantly influence cell functions [2]. To control
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these features, various fabrication techniques have been
developed for different biomaterials. For instance, syn-
thetic polymer scaffolds can be made by negative mold
infiltration, ceramic scaffolds can be made by a casting
and sintering operation and collagen scaffolds are formed
by freeze-drying (described in more detail below). Recently,
attempts have been made to regenerate bone using syn-
thetic [3–8] as well as natural polymer scaffolds [9–18].

Bone is comprised principally of the fibrous protein
collagen (type I) [19,20], impregnated with a mineral clo-
sely resembling hydroxyapatite, Ca10(PO4)6(OH)2; it also
contains non-collagenous proteins and water. The bone
mineral is impure and has many structural substitutes
(e.g. carbonate, fluoride and citrate); crystals are initially
precipitated between and within the layers of collagen mol-
ecules [19,20]. Living cells (osteocytes, osteoblasts and
vier Ltd. All rights reserved.
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osteoclasts) populate within the vascularized extracellular
matrix. The Young’s modulus of wet cancellous bone
ranges from 0.09 to 1.0 GPa, while that of wet cortical
bone ranges from 10 to 20 GPa, depending on the direction
of loading. The relative density (the density of the cellular
solid, q*, divided by that of the solid from which it is made,
qS) of cancellous bone ranges from 0.05 to 0.6 [19,20].

To optimize the regenerative capability of a scaffold, it is
generally believed that the composition and physical/
mechanical properties of the scaffold should be similar to
those of the physiological extracellular matrix [21–26]. To
this end, over the past decade collagen–glycosaminoglycan
(CG) scaffolds have been developed and used clinically for
skin regeneration and experimentally for nerve regeneration
[21–25,27–32]. CG scaffolds are primarily manufactured
through a freeze-drying process. Briefly, an aqueous CG
slurry suspension is frozen to obtain interconnected ice
crystals of the required size and shape. Sublimation of the
frozen slurry leaves behind a foam-like network of struts
with interconnected pores. Subsequently, the scaffolds are
cross-linked to obtain the required mechanical properties
and biodegradability. Extensive mechanical characteriza-
tion of CG scaffolds has been reported by Harley et al.
[27]. To mimic natural bone tissue, a mineral phase similar
to hydroxyapatite must be added to the CG scaffold. A
major area of recent progress has been the fabrication of
mineralized bio-organic composites [33–38]. Most of these
processes include mechanical mixing of the desired amount
of monolithic calcium phosphate with the bio-organics. The
major problem with these methods is that the mineral phase
does not form in situ and simply adheres to the outside of
the collagen [39–43]. This creates two shortcomings: the
scaffold does not mimic bone, which has mineral dispersed
throughout the collagen fibers; and, as the scaffold is
resorbed by cells in the body, the outer mineralized layer
of the scaffold is resorbed first, leaving unmineralized
collagen scaffold struts. Other techniques yield in situ
formation of calcium phosphate on the bio-organic compo-
nent by adjusting the pH via a titrant phase [44–46].
However, these techniques have difficulty in controlling
the mass yield of mineral phase as well as in removing the
residual titrant phase, which can be harmful to cells. The
most recent fabrication technique, developed by Lynn
et al. [9,11,12,14,16–18], improves upon this mineralization
process by forming a triple co-precipitate of mineral, colla-
gen and glycosaminoglycan, without using a titrant, by con-
trolling the molarity of the reactant acid and molar ratios of
the different calcium sources. Due to the in situ co-precipi-
tation of the mineral phase, calcium phosphate crystals
form within the collagen fibers, resulting in a more uni-
formly mineralized scaffold that more closely resembles
bone [9,11,12,14]. Freeze-drying is then used to fabricate
porous scaffolds from the triple co-precipitated slurry.

Scaffolds with well-characterized and controllable chem-
ical, mechanical and micro-structural properties are also
suitable for basic in vitro studies of cell interactions. How-
ever, extensive characterization of these newly developed
mineralized collagen–glycosaminoglycan (MCG) scaffolds
has not yet been done. In this study, we fabricate MCG
scaffolds with varying mineral contents via the triple co-
precipitation method and characterize their microstructure
as well as their mechanical properties. The mechanical
properties of these mineralized scaffolds are discussed in
light of the cellular solids models for porous open-cell
foams. The mechanical properties were found to be less
than those of scaffolds made by previous techniques, as
well as those predicted by theoretical models, suggesting
that their properties could be improved. In the future, we
plan to modify the process used to make our scaffolds in
order to improve their mechanical properties [4].

2. Materials and methods

2.1. Fabrication of MCG scaffolds

MCG scaffolds were fabricated using microfibrillar,
type-I collagen isolated from bovine tendon (Integra Life-
Sciences, Plainsboro, NJ), chondroitin-6-sulfate isolated
from shark cartilage (Sigma–Aldrich Chemical Co., St
Louis, MO), phosphoric acid (H3PO4; EMD Chemicals
Inc., Gibbstown, NJ), calcium nitrate (Ca(NO3)2 � 4H2O)
and calcium hydroxide (Ca(OH)2; Sigma–Aldrich Chemi-
cal Co., St Louis, MO). MCG slurries with varying mineral
content (50% and 75% by weight) and the same overall
density (0.042 g ml�1) were prepared using the triple
co-precipitation method described elsewhere [9,12,14,16–
18]. Briefly, the collagen was mixed with H3PO4 solution
at 15,000 rpm at room temperature in an overhead blender
(IKA Works Inc., Wilmington, NC) for 60 min. Glycos-
aminoglycan was added to the collagen–H3PO4 mix using
a peristaltic pump (Manostat, New York, NY) and
mixed for another 60 min at 15,000 rpm. Dry-mixed
Ca(NO3)2 � 4H2O and Ca(OH)2 were added to the colla-
gen–glycosaminoglycan–H3PO4 solution and mixed for
additional 15 min at 15,000 rpm. The slurry was poured
into polysulfone molds (McMaster Carr Supplies, Dayton
NJ) with dimensions of 12 � 3 � 1 cm (x-, y- and z-axes,
respectively), placed in a freeze-drier at room temperature
and then freeze-dried as described elsewhere
[1,28,29,31,32]. Briefly, the slurry was cooled down to
�20 �C at a cooling rate of 0.33 �C min�1 and kept at that
temperature for 4 h for the slurry to completely freeze.
Heat transfer was primarily in the through-thickness or
z-direction. The frozen slurry was then sublimated at
25 �C under vacuum for 36 h to obtain the dry scaffold.
A schematic of the scaffold fabrication process is shown
in Fig. 1.

Two techniques were used to cross-link the scaffolds: (1)
dehydrothermal treatment (DHT) and (2) 1-ethyl-3-(3-
dimethylaminopropyl) carbodimide treatment (EDAC).
The parameters for the DHT treatment were guided by pre-
vious work on CG scaffolds [11,17,18,24,27]. Briefly, the
freeze-dried scaffold was placed under vacuum (50 mTorr)
at a temperature of 105 �C for 24 h. The EDAC process



Fig. 1. Schematic of scaffold fabrication via triple co-precipitation method followed by freeze-drying.
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was carried out on the scaffolds according to previously
described methods [9,11,17,18]. A 5:2:1 ratio of EDAC:
NHS:COOH (1-ethyl-3-(3-dimethylaminopropyl) carbodi-
mide:N-hydroxysuccinimide:carboxylic acid) was used for
the current study. Briefly, the scaffolds were hydrated in
deionized water for �15 min; the required amount of
EDAC/NHS solution was then mixed into the deionized
water and the scaffold maintained in this solution for
�1 h. Samples were prepared and tested in the dry state
as well as the hydrated state (soaked in 10% PBS solution
for at least 12 h before testing). Six types of samples were
prepared: (1) NX-DRY – non-cross-linked, dry scaffold;
(2) DHT-DRY – dehydrothermal treatment, dry scaffold;
(3) EDAC-DRY – EDAC cross-linked followed by
drying via freeze-drying; (4) NX-HYD – non-cross-linked,
hydrated; (5) DHT-HYD – dehydrothermal, hydrated; and
(6) EDAC-HYD – EDAC cross-linked, hydrated.

2.2. Microstructural characterization

Relative density was calculated from the dry densities of
collagen, brushite (CaHPO4 � 2H2O) and monetite (CaH-
PO4) according to:

Relative density ¼ q�
xcoll

qcoll

þ xbrushite

qbrushite

þ xmonetite

qmonetite

� �
ð1Þ

where xcoll, xbrushite and xmonetite are, respectively, the
weight fractions of collagen, brushite and monetite in the
scaffold material (note that xcoll + xbrushite + xmonetite = 1),
qcoll, qbrushite and qmonetite are, respectively, the densities
of dry collagen, dry brushite and dry monetite and q* is
the density of the dry scaffolds. The weight fractions of
brushite, monetite and collagen were determined using
X-ray diffraction (XRD) as described below. The contribu-
tion of glycosaminoglycan was not considered, as the
amount of glycosaminoglycan was much less than that of
the other constituents. The mean pore diameter, D, on dif-
ferent planes (yz, xz and xy, where z is the through-thick-
ness direction) was measured using the mean intercept
method (D for a particular plane is the average of the ma-
jor and minor axes of the best-fit ellipse on that plane) [29];
the ratio of the minor to the major axes of the best-fit el-
lipse gives the pore anisotropy ratio, R, on that plane
[29]. Briefly, rectangular specimens randomly taken from
five different locations of random dimensions were cut per-
pendicular to the three axes (corresponding to the three dif-
ferent planes as described above) and were embedded in
glycomethacrylate (Polysciences Inc., Warrington, PA).
The embedded specimens were cut into 5 lm thick sections
at various depths using a Leica RM2165 microtome
(Mannheim, Germany). The sectioned films were stained
with aniline blue (Polysciences Inc., Warrington, PA) and
observed under an inverted optical microscope (Nikon
Optiphot, Japan) at 40� magnification. Images were ob-
tained using a ccd color video camera (Optronics Engineer-
ing Inc., Goleta, GA) and image analysis was conducted



Fig. 2. Schematic of the experimental setup for the AFM bending test to
determine modulus of the pore walls, ES. Point A is the free end of the
beam, point B is the loading point on the beam, point C is the reference
point on the glass slide and point D is the support point of the beam.
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using Scion Image analysis software (Scion Corporation,
Frederick, MD).

Semi-quantitative and qualitative analyses of the con-
stituent mineral phases in the slurry as well as the dry scaf-
folds were carried out using XRD. Semi-quantitative
analysis of the weight fractions of brushite and monetite
was conducted using the reference-intensity-ratio method
(with �10% accuracy). Direct comparison between the
highest peak intensity of the mix phase and the highest
peak intensity produced by the pure phases was used to
predict the weight fraction of different phases [47,48]. The
slurries were mounted inside a silicate glass tube of
0.5 mm diameter and 0.001 mm thickness and the dry scaf-
folds were mounted on an aluminum holder by manually
compressing the scaffold materials. For the slurry analysis,
a D8 Discover XRD machine (Bruker AXS, Madison, WI)
was used. The X-ray intersected the slurry-filled tube in the
horizontal plane and the tube was oscillated in the vertical
direction in order to scan a large amount of the slurry. The
dry scaffold specimens were analyzed using the X’Pert PRO
MPD XRD machine (PANalytical, Natick, MA). An inci-
dence angle range of 5–75� was used, with a step size of
0.0167� and a dwell time of 36.83 s step�1. For all scans,
Cu Ka radiation was used, and XRD peak analysis was
conducted using MDI Jade 7 software (Materials Data
Inc, Livermore, CA).

Scanning electron microscopy (SEM; Leo VP438 SEM
Leo Electron Microscopy Inc., Thornwood, NY) was used
to study the pore structure of the scaffolds. Cylindrical
specimens of 5 mm diameter were cut at random locations
in the scaffolds using biopsy punches (Miltex Inc., York,
PA). Specimens were mounted on an aluminum holder;
the specimens were not gold coated. To study the mineral
distribution through the wall thickness, specimens were
embedded in resin (similar to the specimen preparation
for pore size measurement, as described above) and 5 lm
thick sections were sliced out. The backscattered electron
detector was used under variable pressure mode to obtain
the images. Elemental analysis was carried out using energy
dispersive X-ray analysis (EDAX) in order to identify the
calcium and phosphorous distributions.

Microtomography (Scanco USA Inc., Southeastern,
PA) was used to analyze the three-dimensional calcium
phase distribution in the scaffolds. Cubic specimens of
1 � 1 � 1 cm were cut from the scaffolds perpendicular to
the three axes and placed inside a glass tube. Cross-sec-
tional images (with a resolution of 1024 � 1024 pixels)
were acquired at different depths (seven images at intervals
of 125 lm along the axis) for each of the specimens.

2.3. Mechanical properties of the scaffolds

Compressive stress–strain curves for the scaffolds were
measured using a Zwick/Roell Z2.5 static materials tester
(Zwick GmbH, Ulm, Germany). Cylindrical specimens,
5 mm in diameter and 3–6 mm thick, were cut at random
locations in the scaffold along the three axes using biopsy
punches (Miltex Inc., York, PA). All of the specimens were
compressed at a uniform strain rate of 0.001 s�1 up to a
maximum strain of 0.75. Poisson’s ratio, m, of the dry scaf-
folds was measured by capturing images of the compressed
specimen within the linear elastic regime of the stress–strain
response. Images were acquired at a time interval of 0.2 s
using a high-speed ccd camera (Retiga 1300; QImaging
Corp., Canada) with a 200 mm lens (Nikon, Japan). Pois-
son’s ratio (the negative ratio of lateral/applied strain)
was measured from the images using the software analysis
package, Vic 2D (Correlated Solutions, West Columbia,
SC).

The Young’s modulus of the solid comprising the scaf-
fold, ES, was measured via bending of individual, mineral-
ized scaffold struts using an atomic force microscope
(3DMFP; Asylum Research, Santa Barbara, CA). This is
an established method of measuring the Young’s modulus
of microscale and nanoscale fibers [49–51]. ES was mea-
sured for both the 50% and 75% by weight NX MCG scaf-
folds. Rectangular beams were cut from the pore walls of
the scaffold using microsurgical forceps and a scalpel under
an inverted optical microscope. As measured via optical
microscopy (Nikon Optiphot, Japan), the length of the
beams, Lmax, varied from 40 to 120 lm; the width, b, varied
from 25 to 90 lm; and the depth, h, varied from 3 to 12 lm.
One end of each beam was bonded to a rigid support with
cyanoacrylate, creating a cantilevered beam of length L

from the support point (schematic shown in Fig. 2). The
bending test was carried out using an AC160TS cantilever
(Olympus, Tokyo, Japan) of stiffness 48.42 N m�1, as mea-
sured via thermal power spectral density [49]. The force–
deflection relation (F–D) of the beam is given by

F
D
¼ 3ESI

L3
ð2Þ

where the moment of inertia, I = bh3/12. L could not be
measured accurately from optical images of the beam set-
up because the support point was not well-defined, but it
was estimated by loading the cantilever at various points
along the length of each strut (five to seven points) and
measuring F vs. D for each loading point. The length
between the loading point and the support point, L, was
represented as (L0 + k) where L0 is the measured distance
between the loading point and a reference point on the
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support (the edge of the glass slide, as shown in Fig. 2) and
k is the distance between the support point and the refer-
ence point (note that k is an unknown quantity). A typical
F–D response is shown in Fig. 3a. A schematic diagram of
the bending experiment is shown in the top-right of the fig-
ure. For each plot, F/D was measured from the slope of the
initial retraction curve (as shown in Fig. 3a) to isolate the
elastic response [49,50]. A graph of L0 vs. (D/F)1/3 for
the tests with the loading point at different points along
the length of the beam was constructed (Fig. 3b). A straight
line was fitted to these points with R2 > 0.95 indicated that
the beams were of uniform moment of inertia I (I = bh3/
12). The slope of this line is (3ESI)1/3 and the intercept is
�k (see Eq. (2)). As I is known, ES can be calculated. Five
strut sections from each of the 50% and 75% by weight
MCG scaffolds were tested in this manner.

The rupture strength of the solid, rfS, was estimated via
nanoindentation using a Hysitron triboindenter (Hysitron
Inc., Minneapolis, MN) [52–54]. Samples were cut from
the walls of the mineralized scaffold pores using microsur-
Fig. 3. (a) A sample bending force–deflection plot for a single beam of the
50% by weight MCG scaffold is shown. Similar plots were obtained for
loading at different points along the length of the strut, Lmax. From the L0

vs. (D/F)1/3 plot, the modulus of the strut (ES) was calculated (Eq. (2)). (b)
Plot of L0 vs. (D/F)1/3 for a 50% MCG beam is shown. Slope of this line fit
is equal to (3ESI)1/3. Knowing the dimensions of the beam (I = bh3/12), ES

can be calculated.
gical forceps and a scalpel under an inverted optical micro-
scope. The samples were bonded to a glass slide using
cyanoacrylate and indented using a Berkovich indenter
(Hysitron Inc., Minneapolis, MN). The load function con-
sisted of three steps: (1) loading up to a nominal load of
75 lN at a rate of 7.5 lN s�1; (2) saturating at 75 lN for
5 s; and (3) unloading to zero load at a rate of 7.5 lN s�1.
Twenty-five indents were conducted per sample and at least
four samples were tested for each of the 50% and 75% by
weight NX MCG scaffolds. A typical load–displacement
curve for a 50% by weight MCG scffold in the NX-DRY
state is shown in Fig. 4 (those for the 75% by weight
MCG scaffold were similar). Rupture strength, rfS, was
approximated from the calculated hardness, H, or mean
pressure at maximum load as:

rfS � rys ¼
H
3
¼ P max

3Ac

ð3Þ

where rys is yield strength, Pmax is the maximum indenta-
tion load and Ac is the projected area of contact. Note that
this assumption of equivalence between the compressive
yield strength and rupture strength of the mineralized pore
wall material will tend to underestimate the actual rupture
strength of the material, as the rupture strength will exceed
the yield strength if the mineralized pore wall material
effectively strain hardens upon yielding. Thus, the approx-
imation in Eq. (3) should be considered a lower limit of the
solid material rupture strength. Fused silica was used to
calculate the machine compliance and the projected area
of contact as a function of the contact depth. From the
same load–displacement response, the elastic modulus of
the sample, ENX-DRY

S was estimated from Ac and the slope
Fig. 4. A sample load–displacement plot for the 50% by weight MCG
scaffold wall is shown. Similar plots were obtained for the 75% by weight
MCG scaffold. Note that these nanoindentation experiments were
conducted in open-loop load control, resulting in partial dissipation of
the requested applied load via the transducer of this indenter. Thus, the
maximum load exerted on the scaffold pore wall solid material was less
than the requested magnitude of 75 lN. The dwell period at maximum
load exhibits a slight decrease in load due to this open-loop feedback, as
well as creep, but is not indicative of rupture or fracture of the mineralized
pore wall. For this indenter geometry, indentation depths of 100 nm
sample a contact area exceeding 0.2 lm2 and a subsurface volume
exceeding 0.04 lm3, sufficient for at least some indentations to sample
both the mineral and the polymer phases of the pore wall.
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of the initial portion of the unloading curve, S (Fig. 4),
according to the method of Oliver and Pharr [54].

2.4. Cellular solids model of the MCG scaffolds

The mechanical properties of cellular solids depend on
relative density, the properties of the solid of which the cel-
lular solid is made (such as density, qS, Young’s modulus,
ES, and rupture strength, rfS) and the cell geometry (e.g.
open or closed cells) [4,27,30]. Simple relationships between
overall foam properties (such as Young’s modulus, E *, and
strength, r*) and the relative density and solid cell wall
properties can be derived using dimensional analysis
[4,30]. Key relationships for open-cell foams that are rele-
vant for mechanical characterization of the scaffolds are
given below:

E�

ES

¼ q�

qS

� �2

ð4Þ

r�

rfS

¼ 0:2
q�

qS

� �3
2

ð5Þ
2.5. Statistical analysis

One-way analysis of variance (ANOVA) and Fisher’s
protected least significant difference (Fisher’s PLSD) meth-
ods were used to determine statistical significance between
different sets of data and pair-wise data sets, respectively. A
probability value of 95% (P < 0.05) was used to determine
the significance. All the measurements are reported as

mean ± standard deviation. The symbols *, ** and ***

indicate statistically significantly different results.

3. Results

3.1. Microstructural characterization

The experimentally measured overall scaffold densities
(q*) for the 50% and 75% by weight MCG scaffolds were
0.063 ± 0.0015 and 0.06 ± 0.0034 g cm�3, respectively.
The densities are statistically significantly different (P =
0.039), even though the target slurry densities were the
same (0.042 g ml�1). The difference arises from the fact that
some of the calcium phosphate phase adhered to the sur-
face of the beaker while mixing. The relative densities can
be calculated using Eq. (1). For the 50% scaffold, xcoll =
0.5, xbrushite = 0.485 and xmonetite = 0.015, while for the
75% scaffold, xcoll = 0.25, xbrushite = 0.503 and xmonetite =
0.248; these results are described in further detail below.
The densities for dry collagen, brushite and monetite are
1.3, 2.33 and 2.93 g cm�3, respectively [24,55–57]. Relative
densities for 50% and 75% by weight MCG scaffolds are
calculated to be 0.038 ± 0.001 and 0.030 ± 0.002, respec-
tively. The 75% scaffold was observed via SEM to have a
bilayer structure with small pores in the top layer, closer
to the air side during freeze-drying, and larger pores in
the bottom layer, closer to the cooling plate on the base.
The densities of these layers were measured separately by
sectioning the scaffold at the interface and punching out
specimens from both the layers. The relative densities were
0.032 ± 0.003 and 0.024 ± 0.002 for the top and bottom
layers, respectively. The characteristics of the bilayer are
described in more detail below.

Optical images of an embedded specimen perpendicular
and parallel to the z-axis, through the thickness of the scaf-
fold sheet, are shown in Fig. 5. The 50% by weight MCG
scaffold exhibited a uniform microstructure throughout
the scaffold, with a roughly uniform pore size and intercon-
nected walls throughout. The 75% by weight MCG scaffold
exhibited a bimodal pore size distribution, with smaller
pores and interconnected walls in the top zone and larger
pores and disconnected walls in the bottom zone. The
mean pore diameter, D, and anisotropy ratios, R, on the
three different planes are listed in Table 1; for the 75% scaf-
fold, measurements for the top and bottom layers are
reported separately. R on different planes were >0.92 and
D on different planes were similar; the pores are roughly
equiaxed for both scaffolds. The average pore diameter
was calculated by averaging all the values (on different
planes). The average pore diameter for the 50% scaffold
was 202 ± 25 lm. The average pore diameters of the 75%
scaffold for the top and bottom parts of the scaffold were
227 ± 31 and 343 ± 38 lm, respectively. These values were
statistically significantly different (P < 0.05).

Fig. 6a shows the XRD plots for the 50% and 75% by
weight MCG slurries. The straight lines represent brushite
peaks. It is apparent that both slurries exhibited 100%
brushite as the only mineral phase. Fig. 6b shows the
XRD plots for the NX-DRY MCG scaffolds. Based on
the reference intensity ratio method as described above,
the 50% scaffold comprised 97 wt.% brushite and 3 wt.%
monetite as the crystalline phases, while the 75% scaffold
comprised 67 wt.% brushite and 33 wt.% monetite as the
crystalline phases.

SEM micrographs of the 50% and 75% by weight MCG
scaffolds (images taken of the plane perpendicular to the
z-axis) are shown in Fig. 7. The scaffolds exhibit a homoge-
neous distribution of mixed open- and closed-cell micro-
structure with interconnected pores (Fig. 7a and b).
Unlike unmineralized CG scaffolds [27,29,31], MCG scaf-
folds exhibited pore walls as well as thin struts. EDAX
analysis showed that the white particles through the thick-
ness of these walls (Fig. 7c and d) were calcium- and phos-
phorous-rich particles. As described above, XRD results
confirmed these particles to be either brushite or monetite.
The more highly mineralized scaffold had a denser packing
of calcium phosphate. The denser calcium phosphate
packing in the 75% by weight MCG scaffold caused a large
variation in the wall thickness (Fig. 7c and d). Microtomo-
graphic images confirmed that the mineral phases were dis-
tributed homogeneously throughout the walls and struts of
the scaffolds. Mineral phase particle size ranged from
100s nm to lm with a mode cross-sectional area of



Fig. 5. Optical micrographs of embedded MCG scaffolds with planes perpendicular to the z-axis: (a, c) 50% by weight scaffold and (b, d) 75% by weight
scaffold, taken at different depths along the z-axis. (e, f) Entire cross-section of plane parallel to the z-axis for the 50% and 75% by weight MCG scaffolds,
respectively, showing uniform pore size distribution for the 50% scaffold and bimodal pore size distribution for the 75% scaffold.

Table 1
Pore size measurements for the 50% and 75% by weight NX-DRY MCG
scaffolds

Scaffold Plane D (lm) R

50% NX yz 216 ± 26.0* 0.972 ± 0.023
xz 194 ± 21.0 0.966 ± 0.039
xy 196 ± 23.1 0.957 ± 0.035

75% NX yz-Top 214 ± 26.8 0.955 ± 0.040
xz-Top 242 ± 17.6 0.939 ± 0.049
xy-Top 224 ± 42.6 0.922 ± 0.075
yz-Bottom 344 ± 42.0 0.929 ± 0.053
xz-Bottom 342 ± 42.2 0.959 ± 0.049
xy-Bottom 343 ± 31.9 0.963 ± 0.042

* Indicates that statistically different value.
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�1.3 lm2 (calculated from Fig. 7). The 50% scaffold has a
uniform pore size throughout the entire scaffold. However,
both SEM and microtomographic images of the 75% scaf-
fold indicated a distinct boundary between the top portion
of the scaffold, which had smaller pores, and the bottom
portion of the scaffold, which had larger pores (Fig. 8).
The boundary between the two zones varied from near
the edge of the sample to the center of the sample. SEM
and optical micrographs indicated defects such as voids
and cracks in the walls and struts of the MCG scaffolds
(Fig. 9a and b), as well as disconnected pore walls and
struts (Fig. 9c and d). The 75% by weight MCG scaffold
exhibited more defect sites than the 50% scaffold.

3.2. Mechanical characterization

A typical compressive stress–strain curve for a 50% by
weight MCG scaffold in the dry state is shown in Fig. 10
(those for the 75% by weight MCG scaffold were similar).
Distinct linear elastic, collapse plateau and densification
regimes were observed. Elastic modulus (E*), collapse
strength and strain (r* and e*, respectively) and collapse



Fig. 6. (a) X-ray diffraction plots for the 50% and 75% by weight MCG
slurries are compared in this figure. The vertical lines represent brushite
peaks. (b) X-ray diffraction plots for the dry 50% and 75% by weight
MCG scaffolds are compared in this figure. The 50% scaffold has mostly
brushite, while the 75% scaffold has a significant amount of monetite along
with brushite.
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modulus (Dr/De) were measured from the stress–strain
curve. E* is the slope of the linear elastic regime, Dr/De is
the slope of the collapse regime, r* and e* are the point
of transition from linear to the collapse regime (determined
from the intersection of the E* and Dr/De regression lines).
Curves of similar shape, but lower modulus and strength,
were obtained for the hydrated states of the scaffolds.

The values of E*, r*, e* and Dr/De for loading along the
three axes for the 50% and 75% by weight MCG scaffolds
in the NX-DRY state are listed in Table 2. The Young’s
moduli of the 50% scaffold are typically about twice those
of the 75% scaffold and the strengths of the 50% scaffold
are typically about three times those of the 75% scaffold.
The 75% scaffold has a lower E* and r* in the z-direction,
due in part to the two layers of different densities through
the height of the scaffold. For both scaffolds, e* is of the
order of 10–15%. Collapse moduli of the 50% scaffold are
higher than those of the 75% scaffold.

The values of E*, r*, e* and Dr/De in the z-direction for
scaffolds with the different cross-linking treatments are
listed in Table 2. The properties for the hydrated 75% by
weight MCG scaffold could not be determined, as the slope
difference between the linear elastic regime and the collapse
plateau regime was negligible. The specific cross-linking
treatments had no statistically significant effect on any of
the properties (P > 0.05) for both scaffolds in the dry state,
with the exception of the DHT treatment on the 75% min-
eralized scaffold. As expected, the hydrated state exhibits a
much lower E*, r* and Dr/De than that of the dry state for
the 50% scaffolds. In the hydrated state, DHT and EDAC
cross-linking increase the E*, r* and Dr/De over that of the
non-cross-linked scaffold by 1.5 and 5 times, respectively.
There was no statistically significant effect on the collapse
strain, e*, with the exception of the EDAC cross-linking.

For the 75% by weight NX-DRY MCG scaffold, the
Young’s modulus and collapse strength in the z-direction of
the top and bottom zones, which are of different pore sizes
and densities, were measured separately. The scaffold was
cross-sectioned perpendicular to the z-axis at the boundary
between the zones (determined by visual inspection) to obtain
two separate pieces with the two different pore sizes. Fig. 11
shows E* and r* for the top and the bottom zones of the
75% NX MCG scaffold, along with the overall E* and r*.
As expected from a simple lower-bound composites model,
the overall E* lies between that of the top and bottom layers.

The Poisson’s ratios for the 50% and 75% by weight
NX-DRY MCG scaffolds were measured to be 0.02 ±
0.005 and 0.02 ± 0.007, respectively (samples were loaded
in the z-direction). These are negligible compared to the
expected value of m for open-cell foam (i.e. 0.3) [4].

Young’s moduli of the solid, ENX-DRY
S , for the 50% and

75% by weight NX-DRY MCG scaffolds were measured
to be 9.15 ± 0.983 and 6.31 ± 1.43 GPa, respectively (based

on the AFM bending test). ENX-DRY
S varied from �7.8 to

10.5 GPa and from 4.5 to 7.7 GPa for the 50% and 75%
by weight scaffolds, respectively. These results can be
linearly extrapolated to the cross-linked and hydrated
states, based on the relative difference in E* for different

states (e.g. EDHT-DRY
S ¼ ENX-DRY

S � E�DHT-DRY

�
E�NX-DRY

� �
and EDHT-HYD

S ¼ EDHT-DRY
S � E�DHT-HYD

�
E�DHT-DRY

� �
[27].

Measurement of rupture strength of the solid, rfS, based
on nanoindentation, is an approximation to the actual
strength of the composite, as the variation in rfS was much
larger than that of ES (measured through the AFM beam-
bending experiment), depending on the local composition
of the point of indentation. As seen in Fig. 7c and d, the
pore walls consisted of CG matrix reinforced with mineral
phases. Since the area indented was nanoscale in volume
(see Fig. 4), the extreme values plausibly corresponded to
the mechanical response of the CG matrix phase and the
mineral phases. rfS varied from �0.5 to 300 MPa and from
30 to 350 MPa for the 50% and 75% by weight NX-DRY
MCG scaffolds, respectively. However, for calculations of
scaffold mechanical properties based on the cellular solids
model, the values of rfS within this range were chosen from
the subset of nanoindentation experiments that predicted
the same ES as that obtained from AFM beam-bending
tests. Both the beam-bending experiments and pore-wall-
indentation experiments probed the Young’s modulus of



Fig. 8. Bimodal pore size distribution in the 75% by weight MCG scaffold is demonstrated in (a) the SEM and (b) the micro-CT images. The arrows
separate the section with smaller pores (top) from that with larger pores (bottom).

Fig. 7. (a, b) SEM images for the 50% and 75% by weight MCG scaffolds measured on the 5 mm diameter punched out of the scaffolds. (c, d) Mineral
distribution through the thickness of the pore walls measured on the 5 lm thick resin-embedded samples.
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the solid, ES; the former approach captures the modulus
over a larger volume than is represented by the nanoindent-
ed volumes. Thus, we assume that the mineralized compos-
ite (volume-averaged) mechanical response is best
represented by nanoindented regions of the mineralized
pore wall that exhibited the same modulus as that mea-
sured via beam-bending. This assumption is supported by
the fact that the mode mineral phase cross-sectional area
of 1.3 lm2 exceeds the projected area of contact of these
indentations computed from probe geometry and



Fig. 9. (a, b) SEM images of the 50% and 75% by weight MCG scaffolds showing voids on the pore walls. (c, d) Optical images of the 50% and 75% by
weight MCG scaffolds showing disconnected walls and struts.

Fig. 10. A typical compressive stress–strain curve for a 50% by weight
NX-DRY MCG scaffold. The slope in the linear elastic regime is the
modulus of the scaffold (E*), the slope in the collapse regime is the collapse
modulus (Dr/De) and the point of intersection of the regression lines for
modulus and collapse modulus are characterized by collapse strength (r*)
and collapse strain (e*). The 75% by weight MCG scaffold had a similar
stress–strain curve.
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maximum depth (0.24 lm2). Given the wide mineral phase
particle size distribution (Fig. 7), an array of indentations
of this size could sample the stiff particles, the compliant
CG pore wall and a composite mixture of these two phases.
The solid wall modulus, ES, measured from the nanoinden-
tation tests, varied from �19 MPa to 13.4 GPa and from 2
to 25 GPa for the 50% and 75% by weight NX-DRY MCG
scaffolds, respectively. As noted above, the range of ES

obtained from the AFM bending test was within the range
obtained from the nanoindentation tests. The resulting
strengths of the solid materials making up the scaffold
struts, rfS, were 201 ± 52 MPa and 149 ± 66 MPa for the
50% and 75% by weight MCG NX-DRY scaffolds, respec-
tively. These results can be linearly extrapolated to the
cross-linked and hydrated states, based on the relative dif-
ference in r* for different states (similar to Young’s modu-
lus predictions for different states, as described above).

4. Discussion

The pore sizes for both scaffolds were in the range of
200–350 lm, which is optimal for bone growth [26,58–
60]. For both scaffolds, the mineral phase was distributed
throughout the walls, which is an improvement over exist-
ing mineralized scaffolds in which the mineral simply coats
the outside of the collagen struts [39–43].

There were substantial differences in the microstructure
and mechanical properties of the 50% and 75% by weight
MCG scaffolds. The 50% scaffold had a higher relative den-
sity, as well as a more uniform density and pore size than
the 75% scaffold. The walls of the 75% scaffold were more
variable in thickness along their length and were less well
connected, with ruptures and cracked walls visible in the
SEM images, compared with the 50% scaffold.

Bone mineral closely resembles hydroxyapatite, a cal-
cium phosphate. Scaffolds for bone regeneration usually
involve some form of calcium phosphate, typically
hydroxyapatite [33,61] or tricalcium phosphate [43,62]. In
our scaffolds, most of the calcium phosphate exists as
brushite, which can be converted to octacalcium phosphate
and then to apatite by hydrolysis. Monetite, on the other
hand, does not convert to octacalcium phosphate
[9,11,63,64]. The 50% scaffold was comprised chiefly of
brushite (97 wt.%), while the 75% scaffold was comprised
of 66 wt.% brushite and 33 wt.% monetite. In the 75%
MCG scaffold, some of the brushite in the slurry phase
transformed to monetite during freeze-drying (note that



Table 2
Mechanical properties of the 50% and 75% by weight MCG scaffolds determined from the compression tests

Scaffold Axis E* (kPa) r* (kPa) e* (%) Dr/De (kPa)

Effect of loading direction (dry)

50% NX-DRY x 1000 ± 267* 102 ± 9.03* 10.4 ± 2.29 103 ± 41.6
y 615 ± 146 88 ± 8.69 13.9 ± 3.38 111 ± 35.9
z 720 ± 215 83 ± 11.2 12.4 ± 3.82 123 ± 37.4

75% NX-DRY x 403 ± 152 33.8 ± 5.79 9.01 ± 2.78 77.2 ± 20.3
y 495 ± 119 43.1 ± 9.99* 8.87 ± 1.41 67.4 ± 19.3
z 204 ± 36.8* 28.4 ± 4.81 13.4 ± 1.06* 112 ± 15.4*

Scaffold Cross-link E* (kPa) r* (kPa) e* (%) Dr/De (kPa)

Effect of different cross-linking treatments (dry): tested in the z-direction

50% NX-DRY 720 ± 215 83 ± 11.2 12.4 ± 3.82 123 ± 37.4
DHT-DRY 853 ± 99.0 97.5 ± 11.6 11.4 ± 0.72 158 ± 34.8
EDAC-DRY 759 ± 230 88.0 ± 14.6 12.5 ± 3.99 139 ± 45.7

75% NX-DRY 204 ± 36.8 28.4 ± 4.81 13.4 ± 1.06 112 ± 15.4
DHT-DRY 274 ± 51.6 48.3 ± 18.0* 17.1 ± 3.81* 160 ± 48.6
EDAC-DRY 230 ± 110 29.8 ± 12.0 13.6 ± 2.84 87.5 ± 73.5

Scaffold Cross-link E* (kPa) r* (kPa) e* (%) Dr/De (kPa)

Effect of different cross-linking treatments (hydrated): tested in the z-direction

50% NX-HYD 3.86 ± 0.738* 0.341 ± 0.060 9.78 ± 1.90 1.95 ± 0.187*

DHT-HYD 6.20 ± 1.51** 0.547 ± 0.089 9.60 ± 3.02 3.05 ± 0.392**

EDAC-HYD 15.2 ± 1.68*** 2.08 ± 0.337* 13.3 ± 3.26* 8.54 ± 1.25***

75% The properties of the scaffolds could not be determined as the slope difference between the linear elastic regime and the collapse plateau
regime was negligible. The behavior could not be idealized as that of open-cell foams

Note: results are reported as mean ± standard deviation; *, **, and *** denote distinct, statistically significant results via ANOVA.
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monetite is a dehydrated form of brushite). During this
phase change, the by-product (i.e. water) was liberated to
the immediate vicinity of the scaffold walls and struts, mak-
ing this scaffold partially hydrated even after extended sub-
limation. This was evident from the adhesive nature of the
scaffold upon handling. The phase concentration is
believed to be due to the higher concentration of H3PO4

used in the synthesis of the 75% by weight scaffold. During
sublimation, with a decrease in pressure, water vaporizes
faster than H3PO4 (the vapor pressure of H3PO4 is much
lower than that of water at 25 �C), increasing the pH of
the residual solvent. Monetite is a more stable phase than
brushite at lower pH and therefore it is possible that the
phase change is driven by the high residual concentrations
of H3PO4 during sublimation. The 75% scaffold had a den-
ser packing of mineral, as expected from the increased
weight fraction of mineral.

The compressive stress–strain curves for the scaffolds
exhibited shapes characteristic of cellular solids, with the
three regimes corresponding to linear elasticity, cell col-
lapse and, at high strains, densification [4]. The Young’s
modulus and compressive strength of the 50% scaffold
were higher than those of the 75% scaffold. This was
expected from the lower stiffness and strength of the
75% scaffold struts and the lower relative density of the
75% scaffold. The inferior strut properties of the highly
mineralized scaffold are attributed to the water retention
of the scaffold, as described above. The Young’s modulus
and strength of these scaffolds are in the lower range, rel-
ative to mineralized scaffolds made by other techniques
(Table 3).

We can compare the measured properties of the scaf-
folds with values predicted from engineering models. We
first estimate the modulus of the solid strut material, using
a simple Voigt–Reuss composite model, and then estimate
the modulus of the scaffold, using a cellular solids model
[4]. The upper and lower bounds on the Young’s modulus
of the solid for the 50% by weight MCG scaffolds are esti-
mated from the composites model, based on the Young’s
modulus of collagen and brushite. The Young’s modulus
of collagen struts in a DHT-DRY CG scaffold has been
measured to be 762 ± 35.4 MPa, from AFM-enabled strut
bending tests [27]. The Young’s modulus of brushite is
assumed to be similar to that of hydroxyapatite
(�110 GPa) [19,65]. The volume fractions of collagen and
brushite in the 50% by weight MCG scaffold are 0.642
and 0.358, respectively (based on the mass fractions
obtained from the XRD results, as described above). The
composite Young’s modulus of the solid for the 50%
DHT-DRY scaffold is predicted to range between 1 and
40 GPa. Our measured value of the solid strut modulus
ENX-DRY

S for the 50% scaffold is 9.15 GPa, while that esti-
mated for the DHT-DRY scaffold, EDHT-DRY

S , is
10.84 GPa; both values are closer to the lower bound of
this composite model, as might be expected from the una-
ligned distribution of brushite within the struts. The
Young’s modulus of the dry MCG scaffold strut material
is comparable to wet cortical bone (�10–20 GPa).



Fig. 11. (a, b) Young’s modulus (E*) and collapse strength (r*) of each of
the layers of the 75% by weight NX-DRY MCG scaffolds of differing
density and pore size, compared with the overall modulus and strength of
the scaffold. All the modulus and strength values are measured along the z-
direction (E�Top ¼ 329� 48:9 kPa, E�Bottom ¼ 98:2� 28:5 kPa and
E�Total ¼ 204� 36:8 kPa; E�Top ¼ 36� 1:73 kPa, E�Bottom ¼ 10:7� 3:21 kPa,
E�Total ¼ 28:4� 4:81 kPa).
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Cellular solids models for open-cell foams predict values
of Young’s modulus, ES, and compressive strength, rfS, of
the 50% DHT-DRY scaffold of 15.7 and 0.35 MPa
(Eqs. (4) and (5)), respectively, compared with our experi-
mentally observed values of E* = �0.8 MPa and rfS =
�0.100 MPa. For the 75% scaffold, the model predicts
E* = 5 MPa and rfS = 0.14 MPa, compared with our
experimentally observed E* = �0.4 MPa and rfS =
Table 3
Elastic moduli, E*, collapse strengths, r*, and porosities of various bone-re
phosphate ceramics

Scaffold E* (kPa)

Dry

Mineralized CG (50% by weight mineral) 762
Mineralized CG (50% by weight mineral) 720–1000
Mineralized CG (75% by weight mineral) 204–495
Chitosan/tricalcium phosphate 1000–3000
Gelatin/hydroxyapatite (10–30% by weight mineral) 2280–4010
Chitosan/gelatin/tricalcium phosphate 830–10,880
Collagen/alginate/hydroxyapatite 50,000–350,000

Hydrated

Mineralized CG (50% by weight mineral) 4–15
Collagen/hydroxyapatite (70% by weight mineral) 37–75
Collagen/hydroxyapatite (80% by weight mineral) 50–300
�0.04 MPa. The modulus and strength data are factors
of �10–15 and 3 times lower than the values given by the
cellular solids model, respectively. Possible reasons for
the discrepancy include the observed presence of defects,
such as voids and cracks in the walls and struts of the scaf-
fold, as well as disconnected walls and struts [66–69]. This
was apparent from the SEM and optical images of the scaf-
folds (Fig. 9). The above reduction in properties corre-
spond to 25–40% defects by volume in the scaffold [67].
In addition, our approximation of the scaffold pore wall
rupture strength (as measured via nanoindentation) tends
to underestimate the actual strength of the scaffold solid,
such that one would reasonably expect the cellular solids
model prediction to underestimate the experimentally mea-
sured scaffold strength.

The mechanical properties of scaffolds in this study are
lower than those of scaffolds described in the literature
(Table 3). They are also substantially lower than theoreti-
cally predicted by engineering models, suggesting that they
can be improved with appropriate control of the micro-
structure. In our future work, we seek to improve the
mechanical properties of the scaffolds.

5. Conclusion

MCG scaffolds with 50% and 75% by weight mineral
content were fabricated via a titrant-free triple co-precipi-
tation method followed by freeze-drying. The pore sizes
for both scaffolds were in the range of 200–350 lm, which
is optimal for bone growth [26,58–60]. For both scaffolds,
the mineral phase was distributed throughout the walls,
which mimics bone and is an improvement over existing
mineralized scaffolds in which the mineral simply coats
the outside of the collagen struts [39–43]. The 50%
NX-DRY scaffold had brushite as the major mineral phase
with a negligible amount of monetite (�3 wt.%), while the
75% NX-DRY scaffold was comprised of �67 wt.% of
brushite and 33 wt.% of monetite. The elastic moduli and
strength of the 50% scaffold were typically about twice
and three times those of the 75% scaffold, respectively. This
generating composite scaffolds based on natural polymers and calcium

r* (kPa) Porosity (%) Reference

85 85 [11]
83–102 96 Current scaffold
28–43 97 Current scaffold
100–300 90 [43]
– 85 [33]
90–880 – [62]
5000–25,000 65–80 [61]

0.34–2 96 Current scaffold
– 87–95 [70]
30–60 95 [71]
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unexpected decrease in Young’s modulus and strength with
increasing mineral content was attributed to lower solid
properties, lower relative density and more defect sites in
the highly mineralized scaffold. The mechanical properties
of the scaffolds in this study are lower than those of miner-
alized scaffolds made by other techniques, as well as corti-
cal and cancellous bone. The mechanical properties of the
scaffolds in this study are also less than the values predicted
by engineering models, suggesting that there is potential for
improved performance with appropriate control of the
microstructure, to eliminate voids and unsupported walls
and struts. Future research is directed towards modifying
the current fabrication techniques to obtain mechanically
stiffer and stronger scaffolds.
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