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Abstract. Due to the growing number of patients suffering from musculoskeletal defects
and the limited supply of and sub-optimal outcomes associated with biological graft materials,
novel biomaterials must be created that can function as graft substitutes. For bone
regeneration, composite materials that mimic the organic and inorganic phases of natural
bone can provide cues which expedite and enhance endogenous repair. Specifically, recent
research has shown that calcium and phosphate ions are inherently osteoinductive, so
controllably delivering their release holds significant promise for this field. In this study,
unique aliphatic polyesters were synthesized and complexed with a rapidly decomposing
ceramic (monobasic calcium phosphate, MCP) yielding novel polymer/ceramic composite
biomaterials. It was discovered that the fast dissolution and rapid burst release of ions from
MCP could be modulated depending on polymer length and chemistry. Also, controlled ion
release was found to moderate solution pH associated with polyester degradation. When
composite biomaterials were incubated with mesenchymal stems cells (MSCs) they were
found to better facilitate osteogenic differentiation than the individual components as
evidenced by increased alkaline phosphate expression and more rapid mineralization. These
results indicate that controlling calcium and phosphate ion release via a polyester matrix is a
promising approach for bone regenerative engineering.

KEY WORDS: calcium/phosphate ions; mesenchymal stem cells; monobasic calcium phosphate;
osteoinduction; polyesters.

INTRODUCTION

Musculoskeletal pathologies such as fracture nonunions,
osteonecrosis, osteoarthritis, and osteochondral defects are
the second leading cause of disability affecting more than 1.7
billion people worldwide (1–3). A fracture nonunion is

defined by the US Food and Drug Administration (FDA)
and others as incomplete healing at 9 months after injury and
the absence of healing progression over the following three
consecutive months (4). Bone grafts (i.e., autografts and
allografts) have been utilized for decades as a treatment for
nonunion fractures, but problems such as donor scarcity,
supply limitation, donor site morbidity, pathogen transfer,
and immune-mediated rejection limits their application for
large bone defects (5, 6). Tissue engineering offers a
promising approach for bone repair with the majority of
engineered strategies having shown significant potential in
the laboratory, but few solutions have been translated to the
clinic (7, 8). A major challenge facing this field is the
development of a bone graft substitute which is capable of
promoting the differentiation of endogenous stem cells down
the osteoblastic lineage (9).

Natural bone is a hierarchically ordered structure with an
organic phase matrix (mostly collagen type I) and an
inorganic reinforcing phase (mostly hydroxyapatite) (10). A
promising bone substitute can mimic natural bone structure
by combining an organic matrix with an inorganic, bioactive
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phase. Composite-based substitutes possess significant clinical
potential since they can overcome the limitation associated
with each of the individual phases.

The organic phase can consist of naturally derived or
synthetic polymers (11, 12). Synthetic polymers with tunable
nano-, micro-, and macro-scale properties can be readily
synthesized. The main drawbacks of these polymers in bone
tissue engineering applications are their limited bioactivity
and considerable acidic degradation products, which can
hinder the bone regeneration process (13, 14). Polyesters
have been well documented for their biodegradable nature,
biocompatibility, lack of toxicity, and biocompatible degra-
dation products (15–19). However, poor hydrophilicity and
lack of bioactivity require they be modified to function as an
ideal bone graft substitute (20). Aliphatic polyesters have
been synthesized by several methods, such as direct poly
condensation of dicarboxylic acids and diols, ring opening
polymerization of cyclic esters, and copolymerization of
cyclic anhydrides with epoxides (21–23). Commonly, poly-
esters are obtained by direct polycondensation of dicarbox-
ylic acids and diols using metal catalysts such as lewis acids,
rare earth triflates, and triflylimides. However, the removal
of metal catalyst from polyesters is a tedious process and is
a serious problem for the biological study of these polymers
(24–26). Recently, Takai and coworkers developed a new
method to synthesize polyesters employing the catalyst
bis(nonafluorobutanesulfonyl)imide (Nf2NH) which can be
removed by either simple washing or sublimation from the
reaction flask during the reaction (27).

Calcium phosphates (CaP) are an excellent candidate
for the inorganic phase because of their bioactivity and
similar composition to natural bone (10). It has been
reported that calcium and phosphate ions released by CaP
dissolution can act as simple signaling molecules that are
capable of inducing progenitor and stem cell differentia-
tion (28). When cells are exposed to appropriate ion
concentrations, their cell cycle progression is modulated
resulting in proliferation. Also, sufficient Ca2+ and PO4

3

−release is hypothesized to upregulate the expression of
some of the osteogenic gene such as osteocalcin (OCN)
and osteopontin (OPN), which are known to regulate the
extracellular matrix mineralization. Calcium and phos-
phate ion release can also induce the secretion of bone
morphogenesis protein 2 (BMP-2) and activate BMP
signaling pathways necessary for bone formation (29–31).
Thus, the challenge in using calcium phosphates, for the
inorganic phase of bone substitutes, is to regulate the
calcium and phosphate ion release rate over time which is
dependent on different parameters such as nanocrystallin-
ity and Ca/P ratio (32). The ratio of Ca/P is one of the
most important parameters that affects the materials
properties of different calcium phosphates and ranges
from as high as 1.67 (hydroxyapatite) and as low as
0.5(monobasic calcium phosphate-MCP). In general, the
lower the Ca/P ratio is, the greater the solubility of the
material and acidity of the resulting solution (33).

In this report, polyester/ceramic composites were
fabricated and characterized for their potential to be
utilized for bone regenerative engineering applications.
Specifically, six novel polyesters were synthesized and their
degradation behavior and inherent bioactivity assessed.

These polyesters were then composited with MCP to
determine their complementary impact on ion release and
osteoinductivity.

MATERIALS AND METHODS

Polymer Synthesis

Nf2NH was purchased from Alfa Chemistry. Succinic
acid, glutaric acid, adipic acid, 1,5-pentanediol, and 1,8-
octanediol were purchased from Sigma-Aldrich. The general
procedure for achieving polycondensation polymerization for
the synthesis of polyesters was modified from a previously
published method (27) and is detailed below. In an oven-
dried 500 mL round bottom flask glutaric acid (10.0 g,
75 mmol), 1,5-pentanediol (7.882 g, 75 mmol), and Nf2NH
(43 mg,0.075 mmol) were added and stirred by magnetic stir
bar at 80 °C until the reaction mixture became homogeneous.
Once well mixed, the vessel pressure was gradually decreased
from ambient to 0.03 mmHg and the reaction was allowed to
proceed for up to 30 h. After 30 h, a white solid was obtained
in 84% yield (18.13 g) as calculated by the following
relationship:

yield %ð Þ ¼ Wreaction

wdiacid þ wdiol þ wcatalyst
� 100

where Wreaction, Wdiacid, Wdiol, and Wcatalyst are obtained
weight, diacid weight, diol weight, and catalyst weight,
respectively. A summary of the polymers synthesized is
provided in Table I.

Polymer Characterization

Polymer chemical composition was evaluated with
nucleic magnetic resonance. Proton NMR (1H) spectra were
recorded, using deuterated chloroform (CDCl3) as the
solvent, on either a Bruker DRX-300 (300 MHz), an AVIII-
500 (500 MHz), or an AVIII-600 (600 MHz) spectrometer
with chemical shifts reported in δ ppm with tetramethylsilane
as an internal reference. Carbon NMR (13C) spectra were
obtained on the same instruments at 75, 125, and 150 MHz,
respectively, in CDCl3 solvent with CDCl3 (77.0 ppm) as an
internal reference.

Fourier transform infrared (FTIR) spectra were re-
corded on Nicolet 6700 FTIR (Thermo Scientific). Spectra
were obtained in the range of 4000 to 400 cm−1 with the
purpose of evaluating the chemical structure, especially ester
bonds in the end-products.

The extent of polymerization was measured by a Hewlett
Packard 1050 gel permeation chromatography (GPC) system
equipped with a Polymer Sciences PL-ELS 1000 evaporative
light scattering detector and a Waters Styragel HR-3 GPC
column (4.6 × 300 mm). Samples were dissolved in chromato-
graphic grade tetrahydrofuran (THF) at 10 mg/mL and run at
25 ° C with a THF flow rate of 0.25 mL/min. Number average
molecular weight (Mn), weight average molecular weight
(Mw), and polydispersity index (PDI) were determined by
comparing data against calibration curves prepared using
polystyrene standards of 2.5, 5.0, 9.0, 17.5 k, and 30 k Mw.
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The thermal properties of the polyesters were assessed
using a modulated differential scanning calorimeter (TA-
Q2000 V24.9 Build 121 thermal analyzer and the Universal
V4.5A TA instruments). The ramp method was utilized
employing a heat rate of 5 °C/min up to 120 °C. The melting
temperature was calculated for each polymer.

Water contact angle (WCA) of the polyesters were
measured by the sessile drop method, using a standard
contact angle goniometer (Rame-Hart model 200).
DROPimage Standard software was utilized to calculate the
contact angle of each polymer.

Polymer Degradation Study

Polymer degradation studies were carried out in distilled,
deionized water (ddH2O) at room temperature for a period
of 1 month. Change in Mw and Mn were measured after 14
and 28 days of degradation. Also, at specific time intervals (1,
2, 3, 7, 14, 21, and 28 days), the samples were removed, air-
dried at room temperature, and assessed for weight loss using
the following relationship (34):

W loss% ¼ w0−wt

w0
� 100%

where wo is the initial weight of the sample before immersion
and wt is the sample weight at a specific time point. The
ddH2O was exchanged at each time point and the solution pH
and turbidity were recorded. The results reported are an
average of three independent measurements.

Composite Sample Preparation and Characterization

Polyester/MCP composites were fabricated by the fol-
lowing solvent casting method (35). Each polyester was
dissolved in chloroform after which MCP powder (Jost
Chemical Company) was suspended in the polymer solution
at a 70/30 polymer/ceramic ratio (36). Samples were treated
by ultrasonication until MCP was well dispersed in the
solution, mixed for 2 h at room temperature, and then the
solutions were cast into a mold. The solvent was allowed to
evaporate for 24 h under ambient conditions after which they

Table I. Synthesis procedure, monomer and polymer structure, and naming convention
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were further dried under vacuum for 36 h. The chemical
structure of the composites were evaluated by FTIR and
compared with the polyesters and MCP individually (spectra
are available in supplementary data—Fig. S14–Fig. S20).

Composite Ion Release Study

Phosphate and calcium ion release from the composites and
MCP alone was measured in ddH2O at room temperature over
14 days. The composite films were immersed in ddH2O andMCP
powderwas placed in aTranswell insert (Corning) then immersed
in water. At certain time points, ddH2O was exchanged and the
solutionwas saved for ion releasemeasurements.

Calcium releasewasmeasured using theCalciumLiquiColor
assay (Stanbio laboratory) following the manufacturer’s protocol.
In brief, the solution where diluted by a color and base reagent,
mixedwell, andreadbyamulti-wellplate reader (BioTekCytation
5)at550nm.Theabsorbancewasconverted tocalciumioncontent
using a standard concentration curve in the linear range (0–15mg/
dL). Samples above the linear range were diluted with ddH2O
prior tomixingwith color and base reagents.

Phosphate release was measured using the phosphate
colorimetric assay kit (Sigma-Aldrich) according to the
manufacturer’s procedure. In brief, the samples were mixed
with phosphate reagent in a horizontal shaker and incubated
at room temperature protected from light for 1 h. The
absorbance was recorded at 650 nm with the plate reader.
The absorbance was converted to phosphate ion content
using a standard curve in the linear range (0–5 nmol).
Samples above the linear range were diluted with ddH2O
prior to mixing with reagent.

Cell Culture and Seeding

Mesenchymal stem cells (MSCs) were purchased from
Cyagen. The MSCs were initially cultured in T-75 cell culture
flasks (Corning) and grown in Dulbecco’s modified Eagle’s
medium (DMEM, Invitrogen) supplemented with 10% fetal
bovine serum (FBS, Invitrogen) and 1% Penicillin-
streptomycin (Pen-Strep, Invitrogen) at 37 °C in a humidified
incubator with 5% CO2. Media was changed every 48 h until
cells approached confluency (~80%) when they were dissoci-
ated using a 0.05% trypsin-EDTA (Invitrogen) solution,
counted by hemocytometer, and passed to new T-75 flasks
at a splitting ratio of 1:4 or 1:5. After the fifth passage, cells
were used for in vitro bioactivity studies. Solvent cast films
(2 mm × 5 mm) comprised of polyester or 70/30 polyester/
MCP were placed into 24-well plates and seeded with 30,000
cells/well. Tissue cultured polystyrene was seeded with 30,000
cells/well and exposed to MCP loaded in a Transwell insert or
media alone as controls. MSCs were cultured for up to
14 days at 37 °C in a humidified incubator with 5% CO2 and
FBS and Pen-Strep supplemented DMEM media was
changed every 72 h. Cellular proliferation, viability, alkaline
phosphatase (ALP) activity, and mineralization were assessed
at 1, 3, 7, and 14 days.

Proliferation Assay

Cellular proliferation was determined by the Quanti-iT
PicoGreen dsDNA assay (Thermo Fisher Scientific). At each

endpoint, the films were rinsed with PBS and exposed to
Triton X-100 (Sigma-Aldrich) followed by three freeze-thaw
cycles in order to lyse the cells. Lysates were diluted by TE
buffer (200 mM Tris-HCL, 20 mM EDTA, pH 7.5) and mixed
with PicoGreen reagent according to the manufacturer’s
protocol. A plate reader was utilized to measure the
fluorescence of each sample (e.g., 480 nm/em. 520 nm) and
cell number was calculated using a MSC standard curve (0–
200,000 cells).

Viability Assay

Cell viability was evaluated at each time point using a
MTS cell proliferation colorimetric assay kit (BioVision).
MTS reagent was added to media (20 μL per 200 mL media)
followed by 4 h incubation at 37 °C in a humidified incubator
with 5% CO2. Absorbance of each sample was measured at
490 nm. Cell viability was normalized by cell count and
reported as the ratio of absorbance in the samples compared
to the negative control.

Alkaline Phosphatase Activity Assay

ALP activity of the MSCs exposed to the different
biomaterials was quantified at each time point using an
alkaline phosphatase assay kit (BioVision). In brief, 20 μL
of cell lysate was combined with 50 μL of p-nitrophenyl
phosphate (pNPP) in assay buffer. The mixture was incubated
for 1 h at room temperature while kept away from light. The
reaction was stopped by adding 20 μL of the stop solution and
the absorbance of the solution at 405 nm was measured with a
plate reader. To eliminate the effect of background, 1%
Triton X-100 was incubated with pNPP, exposed to stop
solution in assay buffer after 1 h, and its absorbance deducted
from sample absorbance. The absorbance was converted to
content of dephosphorylated p-nitrophenyl (pNP) using a
pNP standard curve (0–20 nmol) which was dephosphory-
lated using excess ALP enzyme. ALP activity was reported as
the pNP content normalized by cell count.

Mineralization Assay

Cell-based mineral deposition was measured at each time
point using an alizarin red assay. At each time point, media
was removed, the contents were washed by ddH2O, and the
sample was fixed in 70% ethanol for 24 h. The ethanol was
removed and the samples were incubated in 1 mL of 40 mM
alizarin red solution (Sigma-Aldrich) for 10 min. The samples
were rinsed with ddH2O several times to make sure all non-
absorbed stain was removed. Absorbed alizarin red was
desorbed using 1 mL of a 10% cetylpyridinium chloride
(CPC, Sigma-Aldrich) solution and stain concentration was
measured at 550 nm using a plate reader. Absorbance of each
sample was converted to the concentration of absorbed
alizarin red by a standard curve in linear range (0–
0.2740 mg/mL). Samples above the linear range were diluted
with CPC. Cell-based mineral deposition was calculated by
subtracting mineralization induced by acellular films exposed
to the same experimental conditions. All results were
normalized by cell count.
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Statistical Analysis

JMP software was used to make comparisons between
groups using Tukey’s HSD test to determine parallel statis-
tical differences (p < 0.05). Within the figure graphs, groups
that possess different letters have statistically significant
differences in mean whereas those that possess the same
letter are statistically similar.

RESULTS

Polyester Chemical Structure and Thermal Properties

1H and 13C NMR spectra were recorded as follows. The
spectra are shown in the supplementary data (Fig. S1–
Fig. S8). GlrPentE: 1H NMR (500 MHz, CDCl3) δ 4.07 (t,
J = 6.5 Hz, 4H), 2.37 (t, J = 7.5 Hz, 4H), 1.94 (Pentet,
J = 7.5 Hz, 2H), 1.65 (Pentet, J = 7.0 Hz, 4H), 1.44–1.38 (m,
2H); 13C NMR (125 MHz, CDCl3) δ 172.9, 64.1, 33.2, 28.2,
22.3, 20.1; GlrOctE: 1H NMR (500 MHz, CDCl3) δ 4.06 (t,
J = 6.5 Hz, 4H), 2.36 (t, J = 7.5 Hz, 4H), 1.94 (Pentet,
J = 7.5 Hz, 2H), 1.62–1.58 (m, 4H), 1.32 (s, 8H); 13C NMR
(125 MHz, CDCl3) δ 172.9, 64.2, 33.3, 29.0, 28.5, 25.7, 20.1;
SucPentE: 1H NMR (500 MHz, CDCl3) δ 4.09 (t, J = 6.5 Hz,
4H), 2.62 (s, 4H), 1.66 (Pentet, J = 6.5 Hz, 4H), 1.44–1.38 (m,
2H); 13C NMR (125 MHz, CDCl3) δ 172.3, 64.4, 29.0, 28.1,
22.3; AdPentE: 1H NMR (500 MHz, CDCl3) δ 4.08 (t,
J = 6.5 Hz, 4H), 2.33 (t, J = 6.0 Hz, 4H), 1.67 (Pentet,
J = 7.5 Hz, 8H), 1.45–1.39 (m, 2H); 13C NMR (125 MHz,
CDCl3) δ 173.3, 64.1, 33.8, 28.2, 24.3, 22.3.

The FTIR spectra of the polymers were used to confirm the
presence of ester bonds in the polymer backbone. The strong
absorption bands at 1172 and 1719 cm−1 for GlrPentE, 1162 and
1727cm−1 forGlrOctE,1153and1726cm−1 forSucPentE,and1162
and 1724 cm−1 forAdPentE observed in the FTIR spectra showed
the ester bonds in the polymers. The FTIR spectra are provided in
Fig. S10–Fig. S13.

The molecular weight, appearance, yield, melting point,
and water contact angle of the polyesters are reported in
Table II. A sample DSC spectra can be found in Fig. S9. As
shown in the table, increasing reaction times for GlrPentE
polymers yielded a dramatic increase in degree of polymer-
ization as well as heat of fusion and melting point. Increasing
diol monomer length (GlrOctE30) or altering diacid mono-
mer length (SucPentE30 and AdPentE30) did not impact the
degree of polymerization but did decrease the melting point
indicating that the symmetrical structure of GlrPentE30
compared to the other polyesters influences thermal proper-
ties. Molecular weight and chemistry both had an influence
on hydrophilicity of the polymers. GlrPentE30 possessed a
higher WCA compared to GlrPentE6 and GlrPentE16 which
was due to increased chain length. GlrOctE30 and
AdPentE30 had the highest WCA among all polyesters
indicating the hydrophobic behavior of these polyesters which
can be explained by the increased monomer hydrocarbon
content.

Polymer Erosion and Degradation

Mass loss and molecular weight changes of the polyesters
over 28 days is illustrated in Fig. 1. As shown in Fig. 1a, the

speed and extent of mass loss is dependent on polymer length
with shorter polymers undergoing quicker and more signifi-
cant mass loss over time (GlrPentE6 > GlrPentE16 >
GlrPentE30). The degradation rate and subsequent decrease
in molecular weight (Fig. 1c) was found to follow a reverse
trend (GlrPentE6 < GlrPentE16 < GlrPentE30) and all
polymers possessed similar molecular weights after 28 days.
Erosion and degradation differences caused by polyester
chemistry were found to be more complex. Monomer length
was found to directly correlate to the rate of erosion with
increasing length yielding slower and less significant erosion
(SucPentE30 < AdPentE30~GlrPentE30 < GlrOctE30) over
time (Fig. 1b). Interestingly, while SucPentE30, AdPentE30,
and GlrOctE30 all possessed degradation profiles relative to
their mass loss profiles (Fig. 1d), GlrPentE30 was found to
undergo the most rapid and significant degradation over
28 days.

Solution pH change due to polyester degradation over
28 days is illustrated in Fig. 2 and was found to never drop
below 3.5 for any of the samples. While pH drop magnitude
followed a trend of decreasing polymer length during the first
day, all other time points reveal very similar solution pH
(Fig. 2a). For monomer chemistry (Fig. 2b), GlrPentE30 was
found to induce the quickest solution pH drop though
SucPentE30 yielded a similar pH drop at later time points
(21 and 28 days). AdPentE30 and GlrOctE30 were respon-
sible for more moderate pH changes. For all of the polyesters,
the change in turbidity of solution containing the erosion and
degradation products was found to be negligible (data not
shown). Therefore, the degradation products are water
soluble and not forming aggregates in ddH2O indicating that
they could be easily eliminated from an implantation site.

Ion Release Study

Calcium and phosphate ion release profiles for each
composite and monobasic calcium phosphate are reported in
Fig. 3, respectively. MCP is a highly water soluble powder
which undergoes a quick burst of calcium and phosphate ion
release reaching plateaus within 2–3 days. Polymer length was
found to be quite important in composite ion release as lower
molecular weight polyesters (GlrPentE6 and GlrPentE16)
were found to possess similar ion release profiles to MCP
alone whereas the higher molecular weight polyester
(GlrPentE30) yielded slower and more controlled ion release
profiles (Fig. 3a and Fig. 3c). In contrast to mass loss and
degradation rate, faster ion release was seen with AdPentE30
and GlrOctE30 than was observed for SucPentE30 and
GlrPentE30 (Fig. 3b and Fig. 3d).

Solution pH changes due to the dissolution of compos-
ites and MCP are reported in Fig. 4 Interestingly, MCP
induces a significant solution pH drop down to ~2.5 which
moderates over 14 days recovering to ~6. Within the
composites, this behavior and polyester degradation will
dictate local pH drop. Polymer length plays a significant
role in pH drop with lower molecular weight polyesters
(GlrPentE6 and GlrPentE16) maintaining a rather acidic
solution pH (~3) for the entirety of the study whereas
higher molecular weight polyester (GlrPentE30) had its pH
moderate to ~4.8 over 14 days (Fig. 4a). Monomer
chemistry played less of a role in altering the pH change
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initially and over longer periods of time though GlrPentE30
was found to maintain a lower solution pH for days 3–5
(Fig. 4b).

Polymer/Ceramic Composite Cytotoxicity

The impact of cell proliferation on MSCs exposed to
polyester films and polyester/MCP composite films over
14 days is shown in Fig. 5. MSCs seeded on tissue cultured
plastic (Ctrl) and supplied growth media increased to a
statistically significant six times initial seeding and cells
additionally exposed to MCP dissolution maintained counts
similar to initial seeding. Polymer length significantly
impacted MSC proliferation as cells exposed to lower
molecular weight polyesters (GlrPentE6 and GlrPentE16)
showed no change in proliferation whereas cells seeded on
high molecular weight polyester (GlrPentE30) expanded to
~4 times initial seeding (Fig. 5a), a statistically significant
increase. The inclusion of MCP with the lower molecular
weight polyesters had no effect on MSC proliferation, but
its inclusion with higher molecular weight polyester in-
duced cells to increase to ~2 times initial seeding (Fig. 5a).
Monomer chemistry did not significantly impact cell prolifera-
tion since GlrOctE30, SucPentE30, and AdPentE30 all showed
relatively similar proliferation profiles as GlrPentE30 with and
without MCP (Fig. 5b).

The viability of MSCs seeded on polyester films and
polyester/MCP composite films over 14 days is detailed in
Fig. 6. A MTS assay was used to measure metabolically
active NAD(P)H-dependent dehydrogenase enzyme activ-
ity, an indirect measure of cell metabolism and viability. As
shown in the graph, cell viability for cells grown on
GlrPentE30/MCP, GlrOctE30/MCP, SucPentE30/MCP, and
AdPentE30/MCP was significantly higher than their re-
spective polymers, despite the fact that there were fewer
cells on the composites as the experiment progressed. The
increased metabolic activity of cells on the composites may
be caused by the MSCs differentiating when exposed to
composite films. The viability of MSCs exposed to MCP
follows the same trend. After 14 days, the difference
between the viability of cells cultured on the polymer film
and MCP was statistically significant. GlrPentE6 and
GlrPentE16 polymers and their composites, showed a
higher level of cytotoxicity, which supports the theory that
the fast degradation of these two polyesters and the
subsequent rapid release of calcium and phosphate can
cause sudden cell death.

Polymer/Ceramic Composite-Mediated In Vitro Stem Cell
Differentiation

ALP activity of MSCs cultured on polyester films and
polyester/MCP films over 14 days is overviewed in Fig. 7.
MSCs exposed to the control conditions showed background
levels of ALP expression while cells subjected to MCP
dissolution showed a statistically significant increase in
enzyme activity over time and compared to the control group.
Polymer length significantly influenced ALP activity since
cells exposed to lower molecular weight polyesters
(GlrPentE6 and GlrPentE16) showed no ALP activity
regardless of the absence or presence of MCP (Fig. 7a). In
contrast, GlrPentE30/MCP composites induced significant
ALP activity over time as well as greater than the MCP
alone (Fig. 7a). Monomer chemistry also played a role in
ALP activity with GlrOctE30/MCP and AdPentE30/MCP
composites inducing similar cellular responses to MCP alone
for all time points whereas GlrPentE30/MCP and
SucPentE30/MCP composites achieved enhanced enzyme
activity (Fig. 7b) over MCP alone.

Cell-based mineralization of MSCs due to contact with
polyester films and polyester/MCP films over 14 days is
described in Fig. 8. MSCs cultured under the control
conditions showed minimal mineral deposition whereas those
that interacted with MCP dissolution products deposited a
statistically significant amount of mineral over time and
compared to the control group. Figure 8a shows that polymer
length dictated mineral deposition as composites with lower
molecular weight polyesters (GlrPentE6/MCP and
GlrPentE16/MCP) showed limited mineralization compared
to statistically significant MSC-based mineralization seen with
higher molecular weight polyester (GlrPentE30/MCP).
Monomer chemistry played a role in the onset of mineraliza-
tion with GlrOctE30/MCP and AdPentE30/MCP composites
showing similar increases in deposition over time to MCP
alone whereas GlrPentE30/MCP and SucPentE30/MCP in-
duced more rapid increases in mineral deposition (Fig. 8b).
By 14 days, the deposition rate was similar across all of these
groups (Fig. 8b) and much higher than MCPs cultured under
control conditions.

Table II. Polymer Molecular Weights and Thermal Properties

Polymer name Mw (103 g/mol) Mn (103 g/mol) M w /
Mn

Yield
(%)

Appearance Melting point
(°C)

Water contact
angle (º)

GlrPentE6 7.5 4.2 1.78 76 Colorless oil 20.6 33.1
GlrPentE16 14.4 13.2 1.43 85 White solid 23.0 37.0
GlrPentE30 21.1 13.1 1.61 84 White solid 48.6 68.5
GlrOctE30 24.2 17.1 1.41 87 White solid 22.0 91.3
SucPentE30 18.6 13.1 1.42 84 Colorless oil 19.2 67.6
AdPentE30 21.0 14.6 1.44 86 White solid 23.0 89.1

Fig. 1. Polyester mass loss and molecular weight loss over time. Mass loss
was measured over 28 days and molecular weight changes were measured
using GPC after 14 and 28 days in ddH2O and room temperature for
polyesters possessing a, c the same monomer structures and different
molecular weights and b, d different monomer structure and similar
molecular weights

b
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DISCUSSION

In this decade, there has been an increasing interest in
degradable material development for tissue engineering and
regenerative medicine with polyesters with short aliphatic
chains (i.e., polyglycolide and polylactide) being increasingly
utilized. In this research, polyester structural changes were
made and their impact on materials properties and potential
for bone regenerative engineering applications investigated.
Specifically, changes in polymer length and monomer length
and symmetry were explored using GlrPentE as a reference
polyester due to the unique hydrophilicity of its five-carbon
monomer constituents. GlrPentE polymers of different mo-
lecular weights were synthesized by varying polymerization
time (GlrPentE6, GlrPentE16, and GlrPentE30) and com-
pared against polyesters with varying monomer lengths
(GlrOctE30, SucPentE30, and AdPentE30). The degradation
studies showed a drop in molecular weight along with
detectable mass loss in all the polyesters over 1 month of

degradation under aqueous conditions. During the first 3 days
of immersion, polyesters showed a higher rate of mass loss
which indicates loss of the lower molecular weight chains into
solution. Hydrolytically degradable polymers undergo a
three-step erosion mechanism where water first infiltrates
the polymer followed by bone hydrolysis yielding shorter
polymers that are able to dissolute when they are small
enough to be water soluble (37). The persistent but decreas-
ing mass loss over time indicates that the novel polyesters
synthesized for this research undergo bulk erosion similar to
commonly utilized polyesters (38). Also, since polyester water

Fig. 2. Solution pH variation due to polyester erosion. Changes in pH were measured over 28 days of
degradation in ddH2O and room temperature for polyesters possessing a the same monomer structures
and different molecular weights and b different monomer structure and similar molecular weights

Fig. 3. Cumulative calcium and phosphate ion release. Concentration of
calcium and phosphate ion was measured over 14 days of immersion in
ddH2O and room temperature for MCP alone and composites with
polyesters possessing a, c the same monomer structures and different
molecular weights and b, d different monomer structure and similar
molecular weights. The dash line represented the maximum amount of
calcium or phosphate ions possible based on the MCP embedded in the
composite films

b
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solubility and hydrophilicity decreases as polymer length
increases, the relative mass loss of GlrPentE polymers
(GlrPentE6 > GlrPentE16 > GlrPentE30) is related to the
capacity of water to penetrate the polymer bulk. This trend is
also seen when changing monomer chemistry where mono-
mer water solubility and hydrophilicity (glutaric acid >
succinic acid > adipic acid >1,8-octanediol) is tied to mass
loss and molecular weight changes. These results provide
evidence that the degradation and erosion profiles of these
novel polyesters can be readily tuned allowing for their use in
a variety of regenerative engineering applications.

CaP is widely used in musculoskeletal tissue engineering
scaffolds(35,39–41).Themajor justificationfor itsusehasbeenits
biomimicryof the inorganicphaseof natural bonewhich contains
hydroxyapatite and its inherent osteoinductivity (42, 43). Recent
research has provided considerable insight into the mechanism
dictating CaP osteoinductivity and results indicate it is the
controlled release of calcium and phosphate ions from the
ceramic that dictates its bioactivity (28, 31). For this research,

MCP, a rapidly dissoluting CaP, was incorporated into the
polyester matrices to investigate whether the polymers could
control ion release thereby regulating MSC osteoblastic differ-
entiation. Since MCP ion release and its related bioactivity are
expected within the first 2 weeks of exposure, all composite
characterizationandcell studieswereconducted forupto14days.
MCPalonewas found to rapidly dissociate releasing themajority
of its ions within the first 2–3 days. MCP was the best candidate
among commercially available calcium phosphates because it
providesa rapid, transient deliveryof ions.Thispropertyenabled
the investigation of the ability of the polyesters to directly control
release of ions. The polyester/MCP composites are able to
function as a tunable system which can be optimized to deliver
appropriate localized ion concentrations over time facilitating
better cell proliferation and osteogenic differentiation. Low
molecular weight polyesters (GlrPentE6 and GlrPentE16) were
found unable to retard MCP ion dissolution whereas higher
molecular weight polyester (GlrPentE30) was capable of con-
trolling ion release for at least 14 days. Monomer chemistry also

Fig. 4. Solution pH variation due to composite dissolution. Changes in pH was measured over 14 days of
immersion in ddH2O at room temperature for MCP alone and composites with polyesters possessing a the
same monomer structures and different molecular weights and b different monomer structure and similar
molecular weights
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had some influence on MCP dissolution where faster eroding
polyesters (GlrPentE30 and SucPentE30) achieved more con-
trolled ion release compared to slower eroding polyesters
(GlrOctE30 and AdPentE30). This observation suggests that
calcium and phosphate ion release is not only dependent on
matrix breakdown but also the more complex interactions
between the CaP and polyesters phases. More hydrophobic
GlrOctE30 and AdPentE30 slow the erosion profile of the
material but also negatively impact the interaction between the
polymer and CaP composite constituents during the film

deposition process. It is believed that the more hydrophilic
GlrPentE30 and SucPentE30 are able to better distribute the
MCPinthematrixallowingformorecontrolledreleasecompared
to the more hydrophobic polyesters. Embedding MCP into the
polyester matrix was also able to modulate the local pH
environment. Polyesters by themselves induced monomer de-
pendent pH reduction to 3.5–4.5 over 7 days which remained
stable for up to 28 days. MCP alone induced an immediate pH
drop to 2.5 that moderated to 6–7 after 4 days. Composite
materials showed that thepresenceofMCPwasable tomoderate

Fig. 5. Proliferation of MSCs cultured on polyester and polyester/MCP composites. Cell counts were
measured by the Quanti-iT PicoGreen assay over 14 days of cell culture with polyester films and polyester/
MCP composite films with a the same monomer structures and different molecular weights and b different
monomer structure and similar molecular weights. Groups that possess different letters have statistically
significant differences (p < 0.005) in mean whereas those that possess the same letter are statistically
similar. Black letters (A–F) compare different material at the same time point while red letters (W–Z)
compare specific materials over the four different time points
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the acidic pH of the high molecular weight polyester
(GlrPentE30, GlrOctE30, SucPentE30, and AdPentE30) degra-
dation products yielding pH values of 4.5–5.5 after 14 days.
Comparatively, thepHof composites possessing lowermolecular
weight polyesters (GlrPentE6 and GlrPentE16) were unable to
moderate polymer degradation product acidity and pHvalues of
2.5–3 were found after 14 days. These results suggest that the
calcium and phosphate ions can buffer the aqueous environment
but only when their release is controlled over time.

MSCs were exposed to different polyesters to investigate
the effect of polymer length and monomer chemistry on cell
proliferation and differentiation. Cells were also exposed to
MCP and polyester/MCP composites to determine the impact
of MCP incorporation on polymer matrix osteoinducticity.

MSCs exposed to lower molecular weight polymers
(GlrPentE6 and GlrPentE16) and their composites
(GlrPentE6/MCP and GlrPentE16/MCP) show no prolifera-
tion change over the experiment. This limited cell growth
appears to be due to materials cytotoxicity since cell viability
was found to be markedly decreased for MSCs seeded on
these polymers. This behavior is believed to be tied to these
materials yielded prolonged, highly acidic pH local microen-
vironments. In addition, decreased proliferation of MSCs
exposed to GlrPentE6 and GlrPentE16 can be discussed in
terms of these polymers being more hydrophilic than
GlrPentE30. It is believed that if the surface is too hydrophilic
proteins will not as readily adsorb to its surface consequently
decreasing cell attachment and proliferation. MSCs exposed

Fig. 6. Viability of MSCs cultured on polyester and polyester/MCP composites. NAD(P)H activity over
14 days was determined by an MTS assay and used as an indirect measure of cell metabolism and viability
for MSCs exposure to polyester films and polyester/MCP composite films with a the same monomer
structures and different molecular weights and b different monomer structure and similar molecular
weights. Viability data were normalized on a per cell basis and then indexed to the Ctrl group. Groups that
possess different letters have statistically significant differences (p < 0.005) in mean whereas those that
possess the same letter are statistically similar. Black letters (A–F) compare different material at the same
time point while red letters (W–Z) compare specific materials over the four different time points
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to higher molecular weight polyesters (GlrPentE30,
GlrOctE30, SucPentE30, and AdPentE30) did not show
statistically significant differences in proliferation from the
control group over the first week but over time showed
slightly reduced growth compared to control group. However,
the viability of the cells exposed to these polyesters decreased
significantly like due since pH changes can stress MSCs. Cells
can respond to this stress in variety of ways ranging from the

activation of survival pathways to cell death (44). In this
research, the MSCs were exposed to the local acidic
environment associated with the degrading polyesters and
their composites with MCP. The MTS assay was used to
measure one enzyme activity (metabolically active
NAD(P)H-dependent dehydrogenase enzyme). The result of
MTS was reported as the ratio of this enzyme’s activity in
MSCs growing in polyester acidic environment to those

Fig. 7. ALP activity of MSCs cultured on polyester and polyester/MCP composites. Enzyme activity was
analyzed by an alkaline phosphatase assay kit over 14 days of cell culture with polyester films and
polyester/MCP composite films with a the same monomer structures and different molecular weights and b
different monomer structure and similar molecular weights. ALP activity data were normalized on a per
cell basis. Groups that possess different letters have statistically significant differences (p < 0.005) in mean
whereas those that possess the same letter are statistically similar. Black letters (A–F) compare different
material at the same time point while red letters (W–Z) compare specific materials over the four different
time points
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growing in DMEM media (control group). The stressed cells
were found to not have died but they showed diminished
metabolic activity compared to rapidly dividing, unstressed,
healthy MSC explaining why cell viability of the cells exposed
to some materials dropped to less than 50%. MSCs exposed
to high molecular weight polymer containing composites
(GlrPentE30/MCP, GlrOctE30/MCP, SucPentE30/MCP, and
AdPentE30/MCP) also showed statistically significant de-
creases in proliferation compared to the control group and
their respective polymers alone at day 14. Reduced
proliferation rate does not appear to be due to cytotoxicity

since viable cells were maintained through the experiment.
This suggests that MSCs are likely differentiating and losing
their capacity to divide. These results suggest that local pH
and ion release play synergistic roles in influencing stem cell
health and differentiation state.

To confirm that the MSCs exposed to high molecular
weight polyester/MCP composites differentiated into osteo-
blasts, established bioactivity markers were assessed. ALP is
an enzyme which is very active in bone and liver cells (45)
and is considered an early marker of osteogenic differenti-
ation. MSCs exposed to MCP or the high molecular weight

Fig. 8. Cell-based mineralization of MSCs cultured on polyester and polyester/MCP composites. Alizarin
red staining was used as an indirect measure of mineralization over 14 days of cell culture with polyester
films and polyester/MCP composite films with a the same monomer structures and different molecular
weights and b different monomer structure and similar molecular weights. Mineralization data were
normalized on a per cell basis. Groups that possess different letters have statistically significant differences
(p < 0.005) in mean whereas those that possess the same letter are statistically similar. Black letters (A–F)
compare different material at the same time point while red letters (W–Z) compare specific materials over
the four different time points
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polymer containing composites (GlrPentE30/MCP,
GlrOctE30/MCP, SucPentE30/MCP, and AdPentE30/MCP)
showed statistically significant increases in ALP activity over
controls and lower molecular weight polymer containing
composites (GlrPentE6/MCP and GlrPentE16/MCP). Cell
mineralization was also investigated since this is the hallmark
functionality of a differentiated osteoblast. MSCs exposed to
the same groups mentioned above were found to induce
significantly greater quantities of deposited mineral than
their respective polymers, the lower molecular weight
polymer containing composites, and the media alone control.
Interestingly, GlrPentE30/MCP and SucPentE30/MCP com-
posites were found to induce greater ALP activity and more
rapid onset of mineralization than GlrOctE30/MCP,
AdPentE30/MCP, or MCP alone. This result coincides with
the two polyesters that achieved modest improvements in
prolonged calcium and phosphate ion release providing
further evidence that CaP bioactivity is likely tied to
controlled exposure of stem cells to these molecules.

The results indicate that the polyester/MCP composites
have the potential to be optimized as a musculoskeletal
substitute for enhanced osteoinductivity. The release of
calcium and phosphate could lead to a combination of
positive and negative consequences. Rapid ion release can
dramatically decrease pH early on creating an unfavorable
environment for cell growth and differentiation with high
ion concentrations even being cytotoxic. On the other hand,
sufficient concentration of these simple signaling molecules
can activate desirable differentiation pathways and buffer
pH changes. Therefore, the success of polymer/ceramic
composites is highly dependent on the ion concentration
and time course for which they are allowed to interact with
MSCs. For future materials design, polymer chemistry and
molecular weight as well as calcium phosphate content will
need to be optimized to achieve the most desirable
regenerative outcomes.

CONCLUSION

This research aimed to synthesize and characterize
novel polyesters capable of incorporating rapidly
dissoluting monobasic calcium phosphate to create novel
composite biomaterials for bone regenerative engineering.
It was determined that polymer length, monomer chemis-
try, and ceramic entrapment greatly impacted materials
properties especially the erosion rate, ion release rate, and
local solution pH. Mesenchymal stem cells cultured on
composite films were found to differentiate into mineral
depositing osteoblasts for which bioactivity correlated to
controlled ion release. The outcome of this research
further supports that calcium and phosphate ions act as
osteoinductive simple signaling molecules and controlling
their release with a polymeric matrix is a promising
approach for bone repair applications.
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