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Abstract: Strategies to engineer bone have focused on the
use of natural or synthetic degradable materials as scaffolds
for cell transplantation or as substrates to guide bone regen-
eration. The basic requirements of the scaffold material are
biocompatibility, degradability, mechanical integrity, and
osteoconductivity. A major design problem is satisfying
each of these requirements with a single scaffold material.
This study addresses this problem by describing an ap-
proach to combine the biocompatibility and degradability of
a polymer scaffold with the osteoconductivity and mechani-
cal reinforcement of a bonelike mineral film. We report the
nucleation and growth of a continuous carbonated apatite
mineral on the interior pore surfaces of a porous, degradable
polymer scaffold via a one step, room temperature incuba-
tion process. A 3-dimensional, porous scaffold of the copoly-
mer 85:15 poly(lactide-co-glycolide) was fabricated by a sol-
vent casting, particulate leaching process. Fourier transform
IR spectroscopy and scanning electron microscopy (SEM)

analysis after different incubation times in a simulated body
fluid (SBF) demonstrate the growth of a continuous bonelike
apatite layer within the pores of the polymer scaffold. Quan-
tification of phosphate on the scaffold displays the growth
and development of the mineral film over time with an in-
corporation of 0.43 mg of phosphate (equivalent to 0.76 mg
of hydroxyapatite) per scaffold after 14 days in SBF. The
compressive moduli of polymer scaffolds increased fivefold
with formation of a mineral film after a 16-day incubation
time as compared to control scaffolds. In summary, this bio-
mimetic treatment provides a simple, one step, room tem-
perature method for surface functionalization and subse-
quent mineral nucleation and growth on biodegradable
polymer scaffolds for tissue engineering. © 2000 John Wiley
& Sons, Inc. ] Biomed Mater Res, 50, 50-58, 2000.
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INTRODUCTION

Reconstruction of skeletal defects represents a major
clinical challenge with over 1 million bone grafting
procedures performed each year.' Novel strategies for
regenerating diseased or damaged bone tissue are nec-
essary because of limitations in conventional therapies
for the treatment of trauma, congenital defects, cancer,
and other bone diseases. Supply of autograft tissue is
limited, and there is potential for pathogen transfer
from an allogeneic graft. A cell-based approach being
developed by several investigators involves seeding of
autologous cells onto synthetic, degradable materials
in vitro prior to implantation.”™* In this approach a
porous, 3-dimensional synthetic construct can provide
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a substrate for cell growth and proliferation, and cells
may eventually secrete extracellular matrix and form
new tissue. During the process of new tissue forma-
tion in vivo the synthetic construct degrades, leaving a
natural tissue replacement. An alternative approach,
termed guided tissue regeneration (GTR), is to directly
implant the synthetic construct in vivo without cells
and allow adjacent cells to migrate onto the surface of
the material and form new tissue.” In each of these
tissue engineering approaches, the degree of success
likely depends on the properties of the synthetic ma-
terial. Engineering of a bony tissue in vitro or in vivo
will likely require a scaffold with specific properties
that are beneficial to bone regeneration.

Key factors in the success of a tissue engineering
scaffold are biocompatibility, degradability, mechani-
cal integrity, and osteoconductivity. Biocompatibility
and degradability can be controlled by the appropriate
choice of synthetic material. Poly(a-hydroxy acids)
such as poly(lactic acid) and poly(glycolic acid), are
considered biocompatible and degrade over control-
lable time scales into natural metabolites. These mate-
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rials are commonly chosen as synthetic scaffold mate-
rials for a variety of tissue engineering applica-
tions.>*7

Investigators have attempted to enhance osteocon-
ductivity and in some cases mechanical integrity by
coating orthopedic and dental implant materials with
a continuous bonelike mineral (BLM) via a room tem-
perature process.® Materials that have been investi-
gated include bioceramics,”'! metals,'>'* and poly-
mers,'*'® bioceramics being the most active area of
study. Although differing in their specific processing
techniques, all strategies for growth of a BLM layer
include three basic steps: surface functionalization to
create a negatively charged surface, surface calcifica-
tion via chelation of calcium ions, and subsequent
growth of the BLM layer. Surfaces have been function-
alized by such techniques as binding of hydrated sili-
cate ions to a bioceramic,’'! utilization of self-
assembling monolayers,'> and covalent grafting of
molecules to polymers.'* Surface calcification is gen-
erally accomplished by increasing the local calcium
concentration near the surface of the implant via an
ion exchange mechanism between a calcium rich so-
lution and a calcium containing bioceramic. In all
cases the mineral is subsequently grown by incubation
in a simulated body fluid (SBF) that contains the ionic
constituents of blood plasma.

The osteoconductivity and mechanical integrity of a
tissue engineering scaffold can also potentially be en-
hanced by the growth of a BLM on the surface of the
synthetic construct prior to cell seeding. The presence
of a surface BLM layer has been shown to be a pre-
requisite to conduction of osteogenic cells into various
porous synthetic scaffolds'®!” or onto the surfaces of
bioactive glasses.'® The BLM layer has been associated
with increased bioreactivity,'” and it may be respon-
sible for the bonding of bioactive ceramics to preex-
isting bone.?>*" Until recently there has been little
work done on mineralization of degradable materi-
als,?>?* and there has been no demonstration of a con-
tinuous BLM within the pores of a 3-dimensional, po-
rous, degradable scaffold. The growth of a continuous
BLM layer could also enhance the mechanical integ-
rity of a synthetic construct via a reinforcement
mechanism. Polymer constructs used for tissue engi-
neering applications are generally highly porous and
do not have mechanical properties in the same range
as bone.®”® An interconnected mineral coating over
the inner pore surfaces of a polymer construct may
provide a hard and stiff exoskeleton, increasing its
modulus and enhancing its resistance to cellular con-
tractile forces during tissue development.

This article presents a strategy for the nucleation
and growth of a continuous BLM layer on the inner
pore surfaces of 3-dimensional, porous scaffolds of the
biodegradable copolymer poly(lactide-co-glycolide)
(PLG). PLG was a convenient choice because it is a

51

linear polyester, and therefore surface functionaliza-
tion can be readily achieved via a simple hydrolysis
reaction. The hydrolysis reaction can occur in an aque-
ous mineral growth solution, allowing for a single step
mineralization process. This single step, room tem-
perature process is shown to be adequate for function-
alization, mineral nucleation, and growth of a continu-
ous BLM layer within the pores of a 3-dimensional,
porous PLG scaffold.

MATERIALS AND METHODS

Sample preparation

PLG pellets with a lactide/glycolide ratio of 85:15 were
obtained from Medisorb, Inc. (inherent viscosity, IV, = 0.78
dL/g) and Boehringer-Ingelheim Inc. (IV = 1.5 dL/g).
Higher IV PLG was used in studies measuring mechanical
properties due to the greater initial mechanical integrity of
high IV PLG scaffolds. Scaffolds were prepared via a solvent
casting, particulate leaching process described elsewhere.*
The scaffolds were circular disks with a diameter of 12 mm
and a thickness of 3 mm. The pore size range was controlled
by using NaCl particles with a diameter of 250450 um in
the processing. The porosity of scaffolds was calculated be-
fore and after mineral film formation using the known den-
sity of the solid polymer, the known density of carbonated
apatite,”” the measured mass of mineral and polymer in the
scaffold, and the measured volume of the scaffold.

Scaffolds were each incubated in a 50-mL solution of SBF
for periods from 0 to 16 days for mineral film formation. The
SBF solution was changed every 24 h to ensure sufficient ion
concentrations for mineral growth. The SBF was prepared
by dissolving the following reagents in deionized water: 141
mM NaCl, 4.0 mM KCl, 0.5 mM MgSO,, 1.0 mM MgCl,, 4.2
mM NaHCO;, 2.5 mM CaCl,, and 1.0 mM KH,PO,. The
resulting SBF was buffered to pH 7.4 with Tris-HCI and was
held at 37°C for the duration of the incubation period. Con-
trol samples were incubated in 50 mL of Tris-HCl solution
buffered to pH 7.4 and held at 37°C for the duration of the
incubation period. Before and after SBF incubation each scaf-
fold was lyophilized prior to analysis.

Materials characterization

Electron microscopy

Scaffolds were bisected after various incubation times via
freeze fracture. Following bisection, scaffolds were sputter
coated with a film of gold-palladium alloy (AuPd) and im-
aged under a high vacuum. Images were obtained using
a Hitachi S-800 field emission SE microscope operating at
5 kV.
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IR spectroscopy

Fourier transform IR spectroscopy (FTIR) data were ob-
tained using an Avatar 360 FTIR ESP spectrometer from
Nicolet Instrument Corp. Scaffolds were ground into a fine
powder and pressed into a KBr pellet. Spectra were obtained
following 0-, 2-, 6-, 10-, and 16-day incubation times and
compared to reveal changes in scaffold composition with
increasing SBF incubation time.

Mass measurements

The mass of each scaffold was measured before and after
incubation in SBF. The percent increases in mass were cal-
culated and compared with mass changes of control scaf-
folds. The percent changes in the mass of experimental scaf-
folds were compared using analysis of variance (ANOVA)
to reveal significant differences with SBF incubation time.
Significant differences in the percent mass change of experi-
mental scaffolds versus control scaffolds at each incubation
time point were analyzed using a Student’s ¢ test.

Phosphate assays

The amount of phosphate present in the scaffolds incu-
bated for 0, 4, 8, 12, and 14 days was determined using a
variation of a previously described assay.”® In brief, follow-
ing SBF incubation the scaffolds were dissolved in 66%
(11.54M) acetic acid solution. A 3.4-mL aliquot of the dis-
solved scaffold solution was added to 1.6 mL of 125 mM
ammonium molybdate solution. The amount of phosphate
was quantitatively detected by measuring the absorbance of
the 400-nm band on a UV-visible (UV-vis) spectrophotom-
eter and comparing it to a set of standards with known
phosphate concentrations and equal concentrations of acetic
acid and ammonium molybdate. Standards for the quanti-
tative determination of phosphate content had a correlation
coefficient greater than or equal to 0.999 for the concentra-
tion range of 60-300 pM. The 400-nm absorption spectra
were collected using a Perkin Elmer lambda 12 UV-vis spec-
trophotometer. To estimate the amount of apatite on the
scaffold after the 14-day incubation, the measured mass of
phosphate was multiplied by the known ratio of the mass of
hydroxyapatite [Ca,,(PO,)s(OH),, formula weight = 1004.36
g] to the mass of phosphate in hydroxyapatite (569.58 g).
This is a conservative estimate, because it assumes that all
phosphate is being incorporated into stoichiometric hy-
droxyapatite. This mineral mass estimate would increase
with increasing substitution of carbonate in the mineral crys-
tal. The values for phosphate mass over time were compared
using ANOVA.

Measurement of moduli

The compressive moduli of scaffolds before and after SBF
incubation were determined using an MTS Bionix 100 me-
chanical testing machine. Samples were compressed be-
tween platens with a constant deformation rate of 1 mm/
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min. The compression plates had a diameter of 45 mm and
thus covered the entire 12-mm diameter surface of the scaf-
fold. A small preload was applied to each sample to ensure
that the entire scaffold surface was in contact with the com-
pression plates prior to testing, and the distance between
plates prior to each test was equal to the measured thickness
of the scaffold being tested. Compressive moduli were de-
termined for all scaffolds before incubation and for each of
three samples for each incubation time. At each time point,
experimental moduli were compared to control moduli via a
Student’s f test to determine significant differences in com-
pressive modulus. The moduli of experimental scaffolds
were compared using ANOVA to reveal significant differ-
ences in compressive modulus with SBF incubation time.

Statistical analysis

Three scaffolds were prepared, treated, and analyzed for
SBF incubation times of 0-16 days. The values on our graphs
represent means and standard deviations. Statistical analysis
was done using InStat software, version 2.01.

RESULTS

Incubation of 85:15 PLG scaffolds in SBF led to the
nucleation and subsequent growth of a continuous
carbonated apatite film on the inner surfaces of pores.
Cross-sectional micrographs of the inner pore surfaces
of treated scaffolds show that the initially smooth pore
surface [Fig. 1(a)] begins to be coated by small mineral
crystals by 6 days [Fig. 1(b)], which grow over time
[Fig. 1(c)] into a continuous film [Fig. 1(d)]. Overall,
the majority of the inner pore structure of the scaffold
treated for 16 days was covered by a continuous layer,
and there was no evidence of disperse mineral crystals
in the scaffolds. Micrographs of the cross section of the
16-day incubated scaffolds at three different magnifi-
cations show the large scale pore structure of the scaf-
fold and the cross section of the continuous mineral
coating on each side of a pore wall (Fig. 2).

The FTIR analysis was performed to gain informa-
tion about the composition of the mineral formed on
the inner pore surfaces of the scaffold. FTIR spectra of
scaffolds treated for 0, 2, 6, 10, and 16 days indicate the
growth of a carbonated apatite mineral within the
scaffold (Fig. 3). The peaks at 461, 596, 956, and 1036
cm ™! are indicative of the v,, v,, v;, and v, vibrations of
PO3, respectively.””° The peaks at 1552 and 1630
cm™! are indicative of the v, vibration of carbonate,
and the peak at 866 cm™" is indicative of carbonate v,.
Each of these peaks increases with incubation time,
representing the growth of a carbonated apatite min-
eral. Relative peak intensities are in accordance with
results from previous FTIR studies of carbonated apa-
tites” with the exception of the carbonate peaks. The
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Figure 1. SEM micrographs (original magnification X1700) of 85:15 PLG scaffolds. Shown are the inner surface of a single
pore of (a) the control scaffold prepared by a solvent casting particulate leaching process and not incubated in SBF, (b) scaffold
incubated in SBF for 6 days displaying small mineral crystals growing on the polymer substrate, (c) the scaffold incubated
in SBF for 10 days displaying a large density of mineral crystals growing on the polymer substrate, and (d) the scaffold
incubated in SBF for 16 days displaying a continuous mineral film grown on the polymer substrate.
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(c)

carbonate peaks have a larger relative intensity than
expected, most likely due to the contribution from car-
boxylate anions present in the polymer scaffold. The
peaks at 1755 and 1455 cm™' represent PLG acid
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Figure 2. SEM micrographs of the cross section of an
85:15 PLG scaffold incubated in SBF for 16 days. These
micrographs at three different magnifications show (a)
the large scale pore structure of the scaffold and focus
on (b,c) the cross section of a mineralized pore wall at
higher magnifications.

(PLGA), and the peak at 1091 cm ™ is indicative of C-O
stretch in the ester.

The scaffolds demonstrated an increase in mass
over time, culminating in a 11 = 2% mass gain at the
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Figure 3. FTIR spectra displaying development of (*) phosphate and (") carbonate peaks with increasing incubation time in
SBF. (0) The peaks representing poly(lactide-co-glycolide) are also labeled. Incubation times are given to the right of each

spectrum.

end of the 16-day incubation (Fig. 4). ANOVA of the
percent mass changes of experimental scaffolds reveal
a significant difference in scaffold mass over time (p <
0.05), while ANOVA of the percent mass changes of
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Figure 4. The percent mass increase vs. incubation time of
experimental scaffolds incubated in (o) SBF, and () control
samples incubated in Tris buffer (pH 7.4). The values repre-
sent the means and standard deviations (n = 3).

control scaffolds does not show a significant differ-
ence over time (p > 0.05). The percent mass changes of
experimental samples and control samples were sig-
nificantly different for each time point beyond 8 days
(p < 0.05). To confirm that the increase in mass was
caused by deposition of an apatitic mineral, the mass
of phosphate in the scaffolds was analyzed next. Phos-
phate content within the treated scaffolds also in-
creased significantly with the treatment time (Fig. 5).
A comparison of phosphate masses via ANOVA
showed a statistically significant increase over time (p
< 0.05), and the differences in phosphate mass be-
tween days 8 and 12 (p < 0.05) and days 12 and 14 (p
= 0.05) were also statistically significant. If one as-
sumes that all phosphate is present as pure hydroxy-
apatite, the 0.43 mg phosphate mass is equivalent to
0.76 mg of hydroxyapatite per scaffold. The measured
overall mass increase of the scaffold (Fig. 4) was 1.02 +
0.40 mg at 14 days. The fact that the overall mass
increase was larger than the estimated hydroxyapatite
value suggested carbonate substitution in the mineral
crystal.

Growth of the BLM layer significantly increased the
compressive modulus of 85:15 PLG scaffolds (Fig. 6)
without a significant decrease in scaffold porosity. The
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Figure 5. The mass of phosphate present in the scaffolds
vs. incubation time. The values represent the means and
standard deviations (1 = 3).

compressive modulus increased from 60 + 20 kPa be-
fore treatment to 320 + 60 kPa after a 16-day treatment,
a fivefold increase in modulus. ANOVA of modulus
changes of experimental scaffolds revealed a signifi-
cant difference in scaffold modulus over time (p <
0.05), while ANOVA of control modulus data did not
show a significant difference over time (p > 0.05). The
differences between the moduli of experimental scaf-
folds and the moduli of control scaffolds were statis-
tically significant for treatment times of 10 days or
longer (p < 0.05). The porosity of the scaffolds did not
decrease appreciably after incubation in SBF. Un-
treated scaffolds were 95.6 + 0.2% porous, while scaf-
folds incubated in SBF for 16 days were 94.0 + 0.30%
porous (n = 3). This agrees with the electron micro-
graphs (Fig. 2), which display only a thin (1-10 pm)
mineral coating and thus no significant change in pore
size due to mineral growth.

DISCUSSION

A biomimetic, single step, room temperature pro-
cess was used to nucleate and grow a continuous BLM
on the inner pore surface of a 3-dimensional, porous,
degradable polymer construct. A 16-day treatment
was adequate for growth of a continuous layer on
much of the inner pore surface. Growth of this con-
tinuous mineral film significantly increased the com-
pressive modulus of the highly porous construct with-
out a large decrease in total porosity. The mineral
grown was a carbonated apatite mineral, similar to the
mineral present in tooth and bone tissue, and hence is
expected to have a high degree of bioreactivity.

The process of mineral growth on these scaffolds
occurs in three phases. The PLG surface is hydrolyzed
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Figure 6. The compressive modulus vs. incubation time for
experimental scaffolds incubated in (o) SBF, and ([X]) control
scaffolds incubated in Tris buffer (pH 7.4). The values rep-
resent the means and standard deviations (n = 3).

by water molecules in solution, converting ester bonds
in the polymer into surface carboxylic acid groups.’!
These groups become carboxylate anions at the solu-
tion pH (7.4) and therefore provide a negatively
charged substrate surface. The negatively charged sur-
face chelates calcium ions in solution. The binding of
these soluble ionic precursors to mineral formation
stimulates surface nucleation, and mineral growth fol-
lows.

The process of surface functionalization and subse-
quent mineral growth is a biomimetic process analo-
gous to several natural processes, including the pro-
cess of mineral formation in teeth and bones and the
process of shell development on mollusks. Proteins
present in the ground substance of tooth and bone
tissues contain phosphate groups that are negatively
charged at physiological pH.** Carboxylic acid groups
on the aspartic acid containing proteins in mollusks
are also negatively charged in the mollusk environ-
ment, much like the surface carboxylic acid groups in
this study.”® Although the role of the negatively
charged groups in nucleating mineral is poorly under-
stood, the process can be readily mimicked to produce
calcium phosphate coatings on various surfaces. In
this study the process of mineralization in tooth and
bone development is directly mimicked through the
use of an SBF as the mineral growth solution. The
process of mollusk shell development is also directly
mimicked through the use of surface carboxylic acid
groups to form a continuous mineral coating (or shell)
on the polymer construct. The phase, morphology,
and constitution of the mineral in this process can be
potentially controlled by varying the pH, ionic con-
centrations, or temperature of the mineral growth so-
lution.?**

Quantification of phosphate content suggests that
the majority of mineral growth occurred between days
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8 and 12 (Fig. 5). These data are consistent with SEM
micrographs (Fig. 1), which demonstrate a low density
of small crystals on the pore surface after a 6-day in-
cubation but high density of larger crystals after a 10-
day incubation. The increase in phosphate content
from day 12 to day 14 likely represents mineral
growth into a continuous layer, because SEM micro-
graphs demonstrated a continuous mineral layer after
a 16-day incubation. The growth of a continuous min-
eral layer in this study is in contrast to previous stud-
ies of mineral growth on other polyester surfaces,
which do not show growth of continuous BLM after
incubation in SBF. Incubation of poly(methyl methac-
rylate), and poly(ethylene terephthalate) in a solution
with 1.5 times the ionic concentrations of SBF for 6
days resulted in no nucleation of the mineral.'” Incu-
bation of poly(L-lactic acid) (PLLA) scaffolds in SBF
for 15 days showed nucleation and growth of many
microparticles of mineral but no continuity.>® The dif-
ference in the results of this study compared to those
of previous studies can be explained by the rapid sur-
face hydrolysis of 85:15 PLG relative to previously
studied materials. A decrease in the lactide/glycolide
ratio of the copolymer would increase the rate of sur-
face hydrolysis; however, the mechanical integrity of
these polymers declines with increasing glycolide con-
tent.”” Thus, although a relatively large amount of gly-
colide may facilitate mineral formation via rapid sur-
face hydrolysis, there is a trade-off in that this would
also result in a decrease in mechanical integrity of the
polymeric component of the scaffold. However, the
increased strength of the composite due to the mineral
layer may offset this effect, and the overall strength of
the scaffold may increase.

The scaffold material developed in this study devel-
ops a continuous mineral layer and has a posttreat-
ment compressive modulus of 320 = 60 kPa after a
16-day treatment. This modulus is larger than that of
other poly(a-hydroxy acid) materials used for bone
tissue engineering,®** and it is also larger than the
moduli of PLLA bonded poly(glycolic acid) (PGA)
matrices that have been shown to be adequate for re-
sistance of cellular forces during smooth muscle tissue
development.® The significant increase in modulus
during the course of mineral growth is an encouraging
scaffold design result for tissue regeneration. Materi-
als with greater compressive moduli tend to have a
heightened ability to withstand the forces of cellular
contraction during tissue development and avoid scaf-
fold contraction.® This translates into a material that
exhibits shape memory, so that the regenerated tissue
will form in the shape of the preexisting synthetic scaf-
fold. Previous studies indicate that some poly(a-
hydroxy acid) constructs are insufficient for resistance
of cellular contractile forces during tissue develop-
ment in vitro® and in vivo™ and call for novel tech-
niques for scaffold reinforcement. Notably, the com-
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pressive moduli of the scaffolds in this study can be
increased by incubation in SBF without notable effects
on total scaffold porosity or pore size.

The approach developed in this study to mineralize
porous, resorbable, biocompatible polymer scaffolds
offers several design advantages in the context of tis-
sue engineering. The continuous BLM layer is ex-
pected to be osteoconductive and resorbable in vivo,
unlike stoichiometric hydroxyapatite, which is too
stable to be adequately resorbed.*® High scaffold po-
rosity is maintained, which allows for cell migration
and vascular infiltration. The mechanical integrity of
the scaffold is enhanced by the presence of the mineral
film, offering the possibility of engineering tissues in
predefined shapes without scaffold contraction during
tissue development.

CONCLUSIONS

A simple hydrolysis reaction on the surface of a
PLG scaffold was shown to be an adequate function-
alization technique for mineral formation. Mineral for-
mation was accomplished via a single step, room tem-
perature process. A continuous carbonated apatite
mineral was formed within pores upon incubation in
an SBF for 16 days. Such a layer could be of great
importance in the field of bone tissue engineering,
providing the advantages of increased osteoconduc-
tivity and enhanced mechanical properties. Also, be-
cause this is a one step, room temperature process, it is
an efficient and relatively inexpensive mineral growth
process.
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