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Abstract

Strategies to engineer bone tissue have focused on either: (1) the use of sca!olds for osteogenic cell transplantation or as conductive
substrates for guided bone regeneration; or (2) release of inductive bioactive factors from these sca!old materials. This study describes
an approach to add an inductive component to an osteoconductive sca!old for bone tissue engineering. We report the release of
bioactive vascular endothelial growth factor (VEGF) from a mineralized, porous, degradable polymer sca!old. Three dimensional,
porous sca!olds of the copolymer 85 : 15 poly(lactide-co-glycolide) were fabricated by including the growth factor into a gas
foaming/particulate leaching process. The sca!old was then mineralized via incubation in a simulated body #uid. Growth of
a bone-like mineral "lm on the inner pore surfaces of the porous sca!old is con"rmed by mass increase measurements and
quanti"cation of phosphate content within sca!olds. Release of 125I-labeled VEGF was tracked over a 15 day period to determine
release kinetics from the mineralized sca!olds. Sustained release from the mineralized sca!olds was achieved, and growth of the
mineral "lm had only a minor e!ect on the release kinetics from the sca!olds. The VEGF released from the mineralized and
non-mineralized sca!olds was over 70% active for up to 12 days following mineralization treatment, and the growth of mineral had
little e!ect on total sca!old porosity. ( 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Orthopaedic tissue engineering strategies have often
focused on the use of natural or synthetic, degradable
materials as sca!olds for cell transplantation (cell-based
strategies) [1}3] or as a means to guide regeneration by
native osteogenic cells (conductive strategies) [4]. The
degree of success of these tissue engineering methods is
highly dependent on the properties of the sca!old. Basic
sca!old design requirements include degradability,
biocompatibility, high surface area/volume ratio, osteo-
conductivity, and mechanical integrity. A biocompatible
sca!old material that is degradable over a controllable
time scale into non-toxic degradation products may dis-
appear in concert with new tissue formation, leaving
a natural tissue replacement. A high surface area/volume
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ratio allows for mass transport between cells within the
sca!old and the surrounding host tissue, and provides
space for ingrowth of "brovascular tissue. Osteoconduc-
tivity is important for binding and migration of trans-
planted and/or native osteogenic cells, and mechanical
integrity is required to withstand cellular contractile for-
ces during tissue development [5] to ensure maintenance
of the initial shape of the sca!old.

The degradability, biocompatibility, and large surface
area/volume ratio of sca!olds can be accomplished by
the appropriate choice of synthetic or natural material
and processing approach. Poly(lactic acid), poly(glycolic
acid), and their copolymers have been widely used in
tissue engineering applications because they undergo
controllable hydrolytic degradation into natural metab-
olites [6,7], and can be processed into highly porous
sca!olds by a variety of methods [8}10]. Osteoconduc-
tivity, and mechanical integrity may be enhanced by the
presence of a continuous bone-like mineral "lm on the
inner pore surfaces of a sca!old. It has been shown
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previously that a single-step, room temperature process
can be used to grow a continuous bone-like mineral
(BLM) layer on the inner pore surfaces of a porous
poly(lactide-co-glycolide) (PLG) sca!old [11]. This layer
signi"cantly increases the mechanical resistance of the
sca!old, indicated by a 5-fold increase in compressive
modulus after mineral "lm growth. In addition, a BLM
layer is considered a prerequisite to conduction of os-
teogenic cells onto the surface of orthopaedic and dental
implant materials in vivo [12,13], so the presence of the
BLM layer is expected to enhance the osteoconductivity
of the PLG sca!old surface.

Although conductive and cell transplantation strat-
egies have enjoyed success in bone tissue engineering
[14}16], they exert minimal biochemical control over the
process of tissue regeneration. The process of new tissue
formation may be augmented by the delivery of bioactive
factors (e.g. growth factors) that induce cells to behave
in a speci"c manner [17]. Several factors have been
identi"ed which induce chemotaxis, proliferation, di!er-
entiation, and matrix synthesis of speci"c cell types.
Although several systems have been developed for factor
delivery [18], macroporous tissue engineering matrices
have only recently been used as vehicles for delivery of
bioactive factors [19}22]. Sustained delivery of plasmid
DNA encoding for platelet derived growth factor from
a 95% porous PLG sca!old has been recently achieved
[21]. This release led to transfection of a large number of
cells in vivo and induced increases in matrix deposition
and blood vessel formation. Vascular endothelial growth
factor (VEGF) has also been delivered from porous PLG
sca!olds in a sustained manner [22], and the released
factor retained 90% of its bioactivity. The inclusion of
bioactive factors into a sca!old may exert a higher level
of control over cell function within and adjacent to a scaf-
fold construct, and allow one to address speci"c limita-
tions in conductive and cell-based tissue engineering
methods.

A major limitation in engineering of many tissue types,
including bone tissue, is the inability to induce rapid
vascular ingrowth during tissue development [23]. The
viability of transplanted cells and/or host cells that mi-
grate into the sca!old from the native tissue is highly
dependent on transport of nutrients and waste products
between the cells and the host tissue. Transport is ini-
tially due solely to di!usion, and cells more than several
hundred microns from blood vessels in the surrounding
tissue either fail to engraft or rapidly die due to oxygen
deprivation [24]. Studies indicate that blood vessels will
in"ltrate a macroporous sca!old to provide enhanced
transport to engineered tissues, but the process occurs at
a rate of (1 mm per day and it typically takes 1}2 weeks
for complete penetration of vascular tissue into relatively
thin (e.g. 3 mm thick) sca!olds [25,26].

This study was undertaken to develop a sca!old that
combines the degradability, biocompatibility, and os-

teoconductivity of a mineralized PLG sca!old with the
tissue inductive properties of a bioactive polypeptide
growth factor. Speci"cally, the goal was to grow bone-
like mineral on the inner pore surfaces of a sca!old
containing a growth factor without compromising factor
bioactivity or sca!old porosity. Vascular endothelial
growth factor was speci"cally chosen for these studies
because it is a potent mitogen for human micro and
macrovascular endothelial cells, but does not exhibit
mitogenic e!ects on other cell types [27]. This speci"c
action may result in the induction of neovascularization
concurrent with engineering of bone tissue. Enhanced
vascular tissue formation during tissue development may
lead to enhanced viability of native and/or transplanted
osteogenic cells within a sca!old, potentially enabling the
engineering of a larger volume of bone tissue.

2. Materials and methods

2.1. Sample preparation

Poly(lactide-co-glycolide) pellets with a lactide :
glycolide ratio of 85 : 15 were obtained from Medisorb,
Inc. (I.V."0.78 dl/g) and ground to a particle size be-
tween 106 and 250 lm. 7 mg of ground PLG particles
were then combined with 250 ll of a 1% alginate (MVM,
ProNova; Oslo, Norway) solution in ddH

2
O, and 3 lg

of vascular endothelial growth factor (VEGF, Intergen;
Purchase, NY), and vortexed. These solutions were
lyophilized, mixed with 100 mg of NaCl particles
(250 lm(d(425 lm), and compression molded at
10 MPa for 1 min in a 4.2 mm diameter die. This yielded
2.8 mm thick disks with a diameter of 4.2 mm. Disks
were then exposed to 5.9 MPa CO

2
gas in an isolated

pressure vessel and allowed to equilibrate for 20 hr. The
pressure was decreased to ambient in 2 min, causing
thermodynamic instability, and subsequent formation of
gas pores in the polymer particles. The polymer particles
expand and conglomerate to form a continuous sca!old
with entrapped alginate, VEGF, and NaCl particles.
After gas foaming, the disks were incubated in 0.1 M
CaCl

2
for 24 h to leach out the salt particles and induce

gellation of the alginate within the polymer matrix. Al-
ginate was included in the sca!olds because it has been
shown to abate the release of VEGF from PLG sca!olds
[20].

Certain sca!olds were mineralized via a 5 day incuba-
tion in a simulated body #uid (SBF). Simulated body
#uid (SBF) was prepared by dissolving the following
reagents in deionized H

2
O : NaCl * 141 mM, KCl

* 4.0 mM, MgSO
4
* 0.5 mM, MgCl

2
* 1.0 mM,

NaHCO
3
* 4.2 mM, CaCl

2
* 2.5 mM, and KH

2
PO

4
* 1.0 mM. The resulting SBF was bu!ered to pH"7.4
with Trisma-HCl and held at 373C during the incubation
periods. The SBF solutions were refreshed daily to ensure
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adequate ionic concentrations for mineral growth. The
porosity of sca!olds was calculated before and after min-
eralization treatment using the known density of the
solid polymer, the known density of carbonated apatite
[28], the measured mass of mineral and polymer in
the sca!olds, and the volume of the sca!old (de"ned by
the outside dimensions of the sca!old, and measured
using Vernier calipers).

2.2. Characterization of mineral growth

To analyze mineral growth on gas foamed PLG scaf-
folds, sets of three sca!olds were incubated in SBF for
periods ranging from 0 to 10 days. Samples were re-
moved from solution, lyophilized to dryness, and ana-
lyzed after 0, 2, 4, 8, and 10 day incubation periods. The
dry mass of each sca!old was measured before and after
incubation in SBF, and percent increases in mass were
calculated and compared using ANOVA, and a Student's
t-test to reveal signi"cant di!erences in mass for di!erent
SBF incubation times.

The amount of phosphate present in the sca!olds after
the aforementioned incubation times was determined
using a previously described colorimetric assay [11]. The
phosphate mass data were also compared using
ANOVA, and a Student's t-test to reveal signi"cant dif-
ferences in mass for di!erent SBF incubation times. To
estimate the amount of apatite on the sca!old after
a 6 day incubation, the measured mass of phosphate was
multiplied by the known ratio of mass of hydroxyapatite
[Ca

10
(PO

4
)
6
(OH)

2
, f.w."1004.36 g] to mass of phos-

phate in hydroxyapatite (569.58 g). This is a conservative
estimate, since it assumes that all phosphate is being
incorporated into stoichiometric hydroxyapatite. This
mineral mass estimate increases if one assumes increasing
substitution of carbonate into the mineral crystal.

2.3. VEGF release measurements

In order to assess the incorporation e$ciency of
VEGF into the PLG sca!olds and to track the VEGF
release kinetics from the sca!olds, receptor-grade 125I-
labeled human VEGF (90 lCi/lg; Biomedical Technolo-
gies Inc.; Stoughton, MA) was utilized as a tracer. In
place of the 3 lg VEGF in the normal sample prepara-
tion, 0.5 lCi of radiolabeled VEGF was added to each
matrix. To assess VEGF incorporation e$ciency, the
total incorporated activity was compared to the activity
of the initial 125I VEGF sample prior to incorporation
into the sca!olds.

To determine the e!ects of mineral growth on factor
release, release kinetics were measured both in SBF dur-
ing mineral formation and in phosphate bu!ered saline
(PBS). Sca!olds prepared with radiolabeled VEGF were
placed in 4 ml of SBF or PBS and held at 373C. At
various set times, the sca!olds were removed from solu-

tion and their radioactivity was assessed using a gamma
counter. After each analysis, solutions were refreshed and
sca!olds were placed back into solution. The amount of
radiolabeled VEGF released from the sca!olds was de-
termined at each time point by comparing the remain-
ing 125I VEGF to the total originally loaded into each
sca!old. The percent release of VEGF from sca!olds
incubated in SBF was compared to that of sca!olds
incubated in PBS at each time point via a Student's t-test
to reveal signi"cant di!erences in cumulative release.

2.4. In vitro analysis of the biological activity of released
VEGF

The biological activity of VEGF incorporated into,
and released from, polymer matrices was determined by
testing its ability to stimulate the growth of cultured
human dermal microvascular endothelial cells isolated
from neonatal dermis (HMVEC(nd), Cascade Biologics;
Portland, OR). HMVEC(nd) were cultured to passage
7 in MCDB 131 media (Cascade Biologics) supplemented
with Cascade Biologics' microvascular growth supple-
ment (5% fetal bovine serum, hydrocortisone, human
"broblast growth factor, heparin, human epidermal
growth factor, and dibutyryl cyclic AMP) prior to use.
Cells were plated at a density of 5]103 cells/cm2 on 12
well tissue culture dishes (Corning; Cambridge, MA)
which were precoated with 1 lg/cm2 human plasma
"bronectin (Life Technologies, Grand Island, NY). The
cells were allowed to attach for 24 h, and the media in
each well was replaced then with 3 ml of serum-free
media (Cell Systems; Kirkland, WA) supplemented with
50 lg/ml gentamicin (Life Technologies). A 12 mm trans-
well (3 lm pore diameter, Corning) containing either
mineralized, or non-mineralized, VEGF releasing matrix
was placed in each experimental well (n"5 for each
group), while mineralized matrices containing no VEGF
were placed in the control wells (n"5). To determine the
dose response to known concentrations of VEGF, addi-
tional wells (n"4 per concentration) were supplemented
with 40, 20, 10, and 5 ng/ml of soluble VEGF which had
not been incorporated into matrices. After 72 h all of the
cells in the experimental and control wells were removed
with a solution of 0.05% trypsin/0.53 mM EDTA (Life
Technologies), and counted using a ZM Coulter counter
(Coulter; Miami, FL). The transwells containing the ma-
trices were immediately transferred to new "bronectin-
coated (1 lg/cm2) wells that had been seeded with cells
(5]103 cells/cm2) 24 h before, and allowed to incubate
for an additional 72 h before the cells were removed and
counted. A new set of VEGF dose response wells were
also set up concurrent with the transfer of the transwells.
The 72 h cycles were continued for 12 days. Cell counts in
experimental wells were compared to cell counts in con-
trol wells for each 72 h interval using a Student's t-test to
reveal signi"cant di!erences in HMVEC proliferation.
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Fig. 1. Percent mass increase vs. incubation time for PLG sca!olds
incubated in SBF. Values represent mean and standard deviation
(n"3).

Fig. 2. The mass of phosphate present in sca!olds vs. incubation time
in SBF. Values represent mean and standard deviation (n"3).

3. Results

Incubation of gas foamed 85 : 15 poly(lactide-co-
glycolide) sca!olds containing VEGF resulted in the
growth of bone-like mineral on the inner pore surfaces.
Analysis of variance showed that di!erences in percent
mass gain with SBF incubation time were signi"cant
(p(0.05). The sca!olds showed an increase in mass with
incubation time, with a 6$1% mass gain after a 4 day
incubation in SBF (Fig. 1). The sca!old mass sub-
sequently remained relatively constant. The increase in
mass between 2 and 4 day incubation times was signi"-
cant (p(0.05), while there was no signi"cant di!erence
in percent mass gain between the 4 day incubation time
and the longer incubation times (p'0.05). A previous
study on sca!olds fabricated with the same 85 : 15 PLG
used in this study demonstrated that there is no signi"-
cant mass loss due to polymer degradation during a 16
day incubation in Tris-HCl (pH"7.4) [11]. Thus poly-
mer degradation was not expected to e!ect the mass
measurements in this study. To verify that the increase in
mass was caused by the deposition of an apatitic mineral,
the mass of phosphate in the sca!olds was analyzed.
Phosphate content within sca!olds increased with SBF
incubation time (Fig. 2). Analysis of variance showed that
di!erences in phosphate content with SBF incubation
time were signi"cant (p(0.05). The di!erence in phos-
phate content between the 2 and 6 day incubation times
was signi"cant (p(0.05), while there was no signi"cant
di!erence between the phosphate mass of the six day
incubation time and longer incubation times (p'0.05).
We have previously shown that the increase in mass and
phosphate content in these sca!olds indicates growth of
a continuous bone-like mineral "lm on the inner pore
surfaces [11]. The total porosity of the sca!olds after a 10

day incubation in SBF was 92$1%, which is similar to
the initial sca!old porosity (93$1%).

After a 6 day incubation, estimation of the mass of
mineral on the sca!old using phosphate mass data gives
0.10 mg of hydroxyapatite, while the measured mass in-
crease of the sca!old is 0.39$0.03 mg. The fact that the
measured value is larger than the estimated value sug-
gests signi"cant carbonate substitution in the mineral
crystal.

Vascular endothelial growth factor was incorporated
into PLG sca!olds with an e$ciency of 44$9% and
released in a similar manner over a 15 day period in SBF
and PBS solutions. An initial burst release of the incorp-
orated growth factor was observed over the "rst 36 h
followed by a sustained release for the remainder of the
experiment (Figs. 3a and b). The cumulative release from
mineralizing sca!olds incubated in SBF was signi"cantly
smaller than release from sca!olds incubated in PBS
from 3}10 days (p(0.05). At time points beyond 10 days
there is no signi"cant di!erence in cumulative release
from sca!olds incubated in SBF versus those incubated
in PBS (p'0.05).

Vascular endothelial growth factor released from min-
eralized and non-mineralized sca!olds had a mitogenic
e!ect on human dermal microvascular endothelial cells
(HMVECs). Cells were grown in wells containing three
di!erent sca!old types: (1) Mineralized, VEGF-contain-
ing sca!olds (MV sca!olds); (2) non-mineralized, VEGF
containing sca!olds (NV sca!olds); and (3) mineralized
control sca!olds without VEGF (MC sca!olds). Cells
grown in wells containing MV and NV sca!olds demon-
strated signi"cantly increased proliferation when com-
pared with cells grown in wells containing MC sca!olds
(Fig. 4a). Cell counts were signi"cantly higher in wells
containing MV and NV sca!olds for all time intervals
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Fig. 3. (a) Cumulative release of VEGF from mineralized (X) and
non-mineralized (j) sca!olds. Values represent mean and standard
deviation (n"5). (b) Daily release of incorporated VEGF from min-
eralized (j) and non-mineralized (h) sca!olds. Values represent mean
and standard deviation (n"5), and H's denote statistically signi"cant
di!erence (p(0.05) in release between mineralized and non-min-
eralized sca!olds.

Fig. 4. (a) Stimulatory e!ect of VEGF release from mineralized (j)
and non-mineralized (h) sca!olds on human dermal microvascular
endothelial cells. Cell counts for each release time interval are given as
percents of the control value (striped column) for that interval. Values
that are signi"cantly larger than their corresponding control are in-
dicated by H's. Values represent mean and standard deviation (n"5).
(b) Sample dose}response curve demonstrating the mitogenic e!ect of
VEGF on human dermal microvascular endothelial cells. Values rep-
resent mean and standard deviation (n"5).

(p(0.05) with the exception of the wells containing NV
sca!olds over the 14}16 day factor release interval. Dur-
ing the 8}10 day factor release interval, MV sca!olds
showed a signi"cantly greater mitogenic e!ect on
HMVECs than NV sca!olds (p(0.05). There was no
signi"cant di!erence in the stimulatory e!ect of MV
sca!olds versus NV sca!olds for any other time interval
(p'0.05).

A dose-response curve (Fig. 4b) generated for the
HMVECs was used to calculate an e!ective concentra-
tion for the released growth factor. Comparison of this
e!ective concentration with the amount of VEGF known
to be released during each time interval (Fig. 3) indicates
that the released VEGF is over 70% active for all time
intervals.

4. Discussion

Bone-like mineral can be formed on the inner pore
surfaces of PLG sca!olds using a "ve day incubation in
simulated body #uid, and the mineral does not lead to an
appreciable decrease in total sca!old porosity. Sustained
release of a bioactive factor was achieved from PLG
sca!olds during the mineralization process. The mineral
presence slightly slowed the release of the growth factor
from the sca!old, resulting in release of less VEGF dur-
ing the 36}60 h. release interval, and a greater amount of
factor during the 84}108 h, and the 132}156 h. release
intervals. The mineral layer had a minimal e!ect on the
bioactivity of vascular endothelial growth factor released
from the sca!old.
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A 5 day incubation in SBF is su$cient for growth of
bone-like mineral on the inner pore surfaces of a porous
PLG sca!old. Quanti"cation of percent mass gain and
phosphate content suggests that the majority of mineral
growth occurs between days 2 and 4 of incubation. Pre-
vious studies of bone-like mineral formation on polyester
surfaces have shown varying mineral growth results after
5 day incubations in SBF. Incubation of poly(methyl
methacrylate), and poly(ethylene terephthalate) in a solu-
tion with 1.5 times the ionic concentrations of SBF for
6 days resulted in no trace of mineral formation [29].
Incubation of poly(L-lactic acid) (PLLA) sca!olds in SBF
for 6 days resulted in nucleation and growth of a low
density of hydroxyapatite particles [30]. Similar to the
current study, 85 : 15 PLG sca!olds prepared via
a solvent casting/particulate leaching technique showed
nucleation and growth of bone-like mineral crystals, but
after a 6 day incubation the mass increase was only
3$1% [11]. We hypothesize that 85 : 15 PLG prepared
in this study via the gas foaming/particulate leaching
technique has more surface carboxylic acid groups than
other polyester materials subjected to incubation in SBF,
and this greater surface functionalization leads to more
rapid nucleation and growth of apatitic mineral. In addi-
tion, the particulate leaching of sca!olds used in this
study was done in a 0.1 M CaCl

2
solution prior to

incubation in SBF, which may have facilitated chelation
of Ca2` ions and thus more rapid bone-like mineral
nucleation.

Sustained release of bioactive VEGF from PLG scaf-
folds can be achieved in the presence of a bone-like
mineral. During the foaming process the factor and a
factor-containing alginate hydrogel component are in-
corporated into the PLG sca!old as previously shown
[22]. The incorporation e$ciency (44$9%) in this pro-
cess was reasonable, but it indicates that a relatively large
amount of factor is released during the particulate leach-
ing step, which suggests that there is a large amount of
VEGF bound to the inner pore surfaces of the sca!old
after the foaming process. Both the sca!olds incubated in
SBF and the sca!olds incubated in PBS display a burst
release in the "rst 1.5 days followed by sustained release
of factor for up to 15 days. In each case, the initial burst
e!ect is likely due to release of VEGF bound to the inner
pore surfaces of the sca!old, while the subsequent sus-
tained release is likely due to di!usion of the incorpor-
ated VEGF out of the polymer sca!old and the alginate
hydrogel component within the sca!old [22]. Polymer
degradation is not expected to be a substantial mecha-
nism of factor release in this study, since a previous study
shows no signi"cant mass loss from 85 : 15 PLG sca!olds
(IV"0.78) over a 16 day time period [11]. Release of
a bioactive factor from a mineralized sca!old is an excit-
ing result for bone tissue engineering because it combines
the osteoconductive qualities of a bone-like mineral with
the tissue inductive qualities of a protein growth factor.

VEGF release could be speci"cally useful in the induc-
tion of vascular tissue ingrowth for tissue engineering,
and this system could potentially be used with a variety
of other inductive protein growth factors.

The growth of mineral on the surface of porous PLG
does not change the overall shape of the VEGF release
pro"le when compared with control samples incubated
in PBS, although there are slight di!erences in release
characteristics. The release pro"les from both min-
eralized and non-mineralized sca!olds display a sus-
tained release of VEGF for up to 15 days in vitro (Fig.
3a), however, there was a signi"cantly smaller amount of
factor released from sca!olds incubated in SBF during
the 36}60 h. release interval (Fig. 3b). This time interval
correlates with the onset of mineral growth according to
the mass increase data (Fig. 1) and the phosphate mass
data (Fig. 2). The net e!ect of the di!erence in release
over the 36}60 h time interval is that a signi"cantly larger
amount of VEGF is released during two later time inter-
vals (84}108 h, and 132}156 h) (Fig. 3b). Achieving signif-
icantly greater factor release at later release intervals is
a substantial goal in polymeric drug delivery, and it has
been addressed in a variety of ways in previous studies
using various poly(a-hydroxy acid) formulations
[31}37].

Formation of a mineral layer within the pores of PLG
sca!olds had little e!ect on the ability of released growth
factor to stimulate proliferation of human dermal micro-
vascular endothelial cells. The possibility of protein de-
naturation and aggregation upon exposure to moisture is
a justi"ed concern in the controlled release of proteins
from polymer systems [38]. In this case, the protein is
clearly bioactive for eleven days after mineralization
treatment (16 days after sample preparation). The 11 day
time scale was chosen for analysis in this study because
a large percentage of transplanted cells fail to engraft and
die within this time period without the development of
a vascular supply to augment mass transport [23,38].
Sustained release over this time scale induces increased
proliferation of endothelial cells in vitro, and may lead to
angiogenesis during the initial stages of osseous tissue
development in vivo.

In this study, a system has been developed for sus-
tained release of polypeptide growth factors from
mineralized PLG sca!olds for orthopaedic tissue engin-
eering. The presence of a bone-like mineral has been
shown to be bene"cial for conduction of osteogenic cells
into various porous synthetic constructs [39,40], and so
the mineral has been associated with increased bioreac-
tivity [41]. Therefore, the mineral grown in the present
study is expected to provide enhanced osteoconductivity
in addition to the inductive angiogenic e!ect of protein
release. The growth of the mineral is accomplished via
a simple single step, room temperature process which,
importantly, does not compromise growth factor bioac-
tivity, or total sca!old porosity.
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