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Abstract

A new biodegradable, photocrosslinkable and multifunctional macromer, poly(6-aminohexyl propylene phosphate) (PPE-HA)-

ACRL, was synthesized by conjugation of acrylate groups to the side chains of PPE-HA. By controlling the synthetic conditions,

different weight fractions of acrylate in the macromers were achieved as confirmed by 1H NMR. The hydrogels obtained from PPE-

HA-ACRL through photocrosslinking were dominantly elastic. With increasing acrylate contents in the macromers, the hydrogels

exhibited a lower swelling ratio and higher mechanical strength. The hydrogels with different crosslinking densities lost between

4.3% and 37.4% of their mass in 84 days when incubated in phosphate-buffered saline at 37 1C. No significant cytotoxicity of the

macromers against bone marrow-derived mesenchymal stem cells from goat (GMSC) was observed at a concentration up to 10 mg/

ml. Finally, GMSCs encapsulated in the photopolymerized gel maintained their viability when cultured in osteogenic medium for

three weeks. Clear mineralization in the hydrogel scaffold was revealed by Von Kossa staining. This study suggests the potential of

these biodegradable and photocrosslinkable as injectable tissue engineering scaffolds.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogel scaffolds are attractive for applications in
drug/gene delivery and tissue engineering [1–5]. As
insoluble three-dimensional hydrophilic networks, hy-
drogels can retain a high amount of water, contributing
to their good biocompatibility and maintaining a certain
degree of structural integrity and elasticity. For drug
and gene delivery applications, biodegradability would
e front matter r 2005 Elsevier Ltd. All rights reserved.
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be a desirable trait of the hydrogel. For tissue
engineering, in addition to biodegradability, the ability
to form the hydrogel in situ would be attractive. The
latter would allow delivery of drugs or cells entrapped in
the hydrogel to the target tissue through injection. If the
hydrogel were also amenable to ligand conjugation, its
appeal would be further enhanced as a bioactive carrier
or scaffold. In this study, we propose to develop such a
hydrogel system by conjugating an acrylated-PEG to the
side chain of a biodegradable polyphosphate.

Polyphosphoester (PPE), or polyphosphate when the
side chain linking to the phosphorus atom is an alkoxy
group, has been proposed for biomedical applications
because of its biodegradability, potential biocompat-
ibility and versatility [6–8]. With judicious choice of
aliphatic structures in the backbone and the side chain,
the polymers can breakdown into nontoxic products.
They have been applied in the biomaterials field as tissue
engineering scaffold, drug carrier and gene carrier

www.elsevier.com/locate/biomaterials
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[9–13]. Poly(6-aminoethyl propylene phosphate) (PPE-
EA) has been investigated as a gene carrier and showed
promising biocompatibility and degradation behavior
[11,12]. In that design, the primary amino groups in the
side chain provide the cationicity to condense the DNA.
It occurred to us that a portion of these primary amino
groups could also be used to conjugate crosslinkable
moieties for the biodegradable hydrogel design de-
scribed above. We achieved this by linking an acrylate
group to the side chain via a poly(ethylene glycol) (PEG)
spacer. The properties of this crosslinkable macromo-
nomer can be varied by the degree of substitution in the
side chain and the length of the PEG spacer.

Operational at low temperature, under aqueous
condition, and requiring low initiator concentration,
photopolymerization can minimize the damage to the
entrapped bioactive agents or cells during the hydrogel
formation. Spatial and temporal control of gelation may
also be achieved [14–18]. Although a number of
photocrosslinkable polymer systems have been devel-
oped in the past decade, only a few synthetic polymer
systems are also biodegradable [17–19]. The biodegrad-
ability of the PPE hydrogel design can be readily
adjusted by varying the molar content of the acrylate
group in the side chain. Another interesting feature of
the PPE design is the known chelation of phosphate
with calcium. Various forms of calcium phosphate have
been incorporated into different scaffolding designs for
repair and reconstruction of bone tissues [20–23]. We
therefore hypothesized that these biodegradable and
photocrosslinkable PPE hydrogels might make interest-
ing scaffolds for bone tissue engineering.

In this study, we synthesized three macromers
with different acrylate contents and studied their
cytotoxicity in vitro, as well as the swelling behavior,
degradation rate and mechanical property of the
resulting hydrogels. We also encapsulated bone mar-
row-derived stem cells from goat (GMSC) in the
hydrogels and investigated their viability and differen-
tiation in osteogenic media.
2. Materials and methods

2.1. Macromer synthesis

All chemicals were purchased from Sigma-Aldrich Corp.

(St. Louis, MO), unless otherwise stated.

Poly(6-aminohexyl propylene phosphate) (PPE-HA) was

synthesized as described elsewhere [11,12]. To a solution of

PPE-HA in phosphate buffer (PB, 0.1 M, pH 7.4) was added

ACRL-PEG-NHS (MW 3400 Da) (Nektar Therapeutics

Corp., Huntsville, AL) solution in PB (Scheme 1A) at three

different molar ratios as shown in Table 1. The mixture was

allowed to stand at 4 1C for 16 h. Three different macromer

series were synthesized using a molar ratio of ACRL-PEG-

NHS to PPE-HA at 4:10 for PPE-HA-ACRL-1, 2:10 for PPE-
HA-ACRL-2 and 1:10 for PPE-HA-ACRL-3. The products

were purified with centrifugal filtration devices (Millipore

Corp., Bedford, MA), dried by lyophilization and stored at

�20 1C before use. For 1H NMR, 50 mg PPE-HA-ACRL was

dissolved in 1.0 ml D2O and spectra were acquired with a

Unity Plus 400 MHz spectrometer (Varian Associates) to

analyze the conjugation efficiency of ACRL-PEG-NHS to

the PPE-HA side chains.

2.2. Photopolymerization

One hundred and fifty microliter of macromer solution

(20% w/v in deionized water) were placed in tissue culture

inserts (diameter 8 mm) and polymerized for 8 min at 365 nm

UV light at �8–20 mW/cm2 in the presence of initiator

(Irgacure D-2959, 0.05% (w/w), Ciba Geigy) [24–26]. The

light intensity was determined by radiometer.

2.3. Swelling and degradation assays

The swelling assay was conducted on the hydrogels obtained

with a light intensity of 20 mW/cm2 in order to get a complete

reaction of the macromers. After photopolymerization, the

samples were transferred and incubated in 2 ml of PBS

(0.01 M, pH 7.4) at 37 1C. Swollen samples were weighted as

Ww at different time points. The dry weight (Wd) was

measured after lyophilization. The equilibrated swelling ratio,

q, was calculated by q � W w=W d. In a separate experiment the

hydrogel samples were rinsed with deionized water, lyophilized

and weighed (Wi). The dried hydrogel samples were incubated

in 2 ml of phoshate-buffered saline PBS (0.01 M, pH 7.4) at

37 1C and shaken at 100 r.p.m. on an orbital shaker. The PBS

medium was replaced daily for the first week and weekly for

the rest of the study. At pre-determined time points, specimens

were rinsed with deionized water, lyophilized and weighed

(Wd). The percent weight loss was calculated as

ðW i � W dÞ=W i � 100. Both experiments were performed in

triplicate.

2.4. Rheological assay

Hydrogels obtained with a light intensity of 20 mW/cm2

were subjected to rheological tests performed on an RFS-3

rheometer (Rheometric Scientific Inc.) using the parallel-plate

configuration [25,27]. The pilot dynamic shear strain-sweep

test at a frequency of 6.28 rad/s indicated that the 0.1% shear

strain was in the linear stress–strain range for the different

PPE-HA-ACRL samples. Such linearity was confirmed for

each test sample prior to the dynamic shear frequency-sweep

test, which covered a range of frequencies from 1 to 100 rad/s

at a shear amplitude of 0.1%.

2.5. Cell isolation and expansion

Bone marrow from the iliac crest of three to three-and-a-

half year old, castrated male goats being sacrificed for other

reasons was aspirated into 10-ml syringes with 6000 units of

heparin and processed within 4 h of harvest. The marrow

samples were washed and centrifuged twice (1000 r.p.m. for

10 min) in mesenchymal stem cell growth media (MSCGM;
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Table 1

Effect of the molar ratio of reaction reagents on the composition of the PPE-HA-ACRL macromer

Code Molar ratio of ACRL-PEG-

NHS to PPE-HA units

PEG chains per

100 units

Free amino groups per

100 units

Double bond per

100 units

PPE-HA-ACRL-1 4:10 37.9 50.1 26.4

PPE-HA-ACRL-2 2:10 22.6 69.8 15.5

PPE-HA-ACRL-3 1:10 13.6 83.4 8.3
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Scheme 1. (A) Synthesis of PPE-HA-ACRL. The PPE-HA was modified with acrylate groups through the reaction between the amine in PPE-HA

side chains and ACRL-PEG-NHS and (B) the protons on PPE-HA-ACRL are labeled to correspond to their peaks in the 1H NMR spectra.
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Poetics, BioWhittaker Inc., Walkersville, MD) prior to

suspension in fresh MSCGM. The number of mononuclear

cells was counted with a hemocytometer and plated in 75 cm2

tissue culture plastic flasks at a density of approximately

12,000 mononuclear cells/cm2. The first medium change

occurred after 4 days and then every 2–3 days thereafter until
confluency (12–14 days). Cells were passaged with 0.025%

Trypsin/EDTA (Clonetics, BioWhittaker Inc., Walkersville,

MD) for 5 min at 37 1C and replated at 5000 MSCs/cm2. MSCs

were frozen in liquid nitrogen in 50% MSCGM, 40% FBS

(Hyclone, Logan, UT), and 10% DMSO until needed. Cell

viability after thawing was consistently above 92%. When
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needed, the frozen cells were thawed, plated at 5000 cells/cm2

in 175 cm2 flasks in MSCGM and grown at 37 1C, 95%

humidity and 5% CO2 until confluent with media changed

twice weekly.
2.6. Cytotoxicity of macromers

Mesenchymal stem cells isolated from goats (GMSC) above

were seeded in 96-well plates at a density of 1.5� 104 cells/cm2.

The plate was incubated for 24 h at 37 1C, 95% humidity and

5% CO2 until cells reached 80–90% confluency in the well. The

GMSC medium was then replaced with mesenchymal stem cell

growth medium containing PPE-HA-ACRL-1 or PPE-HA-

ACRL-3 at concentrations ranging from 0.01 to 10 mg/ml.

Normal GMSC culture medium without any macromer

solution was used as positive controls. The cells were further

incubated for 24 h. Then, the medium was replaced with 100ml

of fresh mesenchymal stem cell growth medium containing

10� diluted PreMix WST-1 (Takara Bio Inc., Otsu Shiga,

Japan) and the cells were incubated for another 4 h at 37 1C,

95% humidity and 5% CO2. The absorbance of the medium

was measured at 440 nm with Microtiter plate (ELISA) reader

(BIO-TEK Instruments Inc., Winooski, VT).
2.7. Cell encapsulation and cultivation

GMSCs (passage 2) were suspended in a solution of PPE-

HA-ACRL-1 in PBS (20% (w/v)) with 100 U/ml penicillin G

and 100mg/ml streptomycin (Gibco). The final concentration

of cells was 20� 106 cells/ml. After addition of 0.05% Irgacure

D-2959 (w/v), the solution was photopolymerized for 8 min

with 8 mW/cm2 UV light. The resulting hydrogels were

transferred into 2 ml osteogenic medium (OM) [28,29]

(450 ml high glucose DMEM (no pyruvate, Gibco), 100 nM

dexamethasone, 50mM ascorbic-2-phosphate (Gibco), 10 mM b-

glycerophosphate, 10% fetal bovine serum (FBS, BD Bios-

ciences, Bedford, MA), 100 U/ml penicillin and 100mg/ml

streptomycin (Gibco)). The medium was changed 3 times a

week and the culture plates were changed once a week.
Fig. 1. 1H NMR spectrum of
2.8. Histology

At the end of 1 and 3 weeks of cultivation, the hydrogel

constructs were immersed in 10% formaldehyde (pH 7.4) at

4 1C overnight and then the solution was changed to 70%

ethanol. The samples were sectioned and stained with H&E

and Von Kossa by Histoserv Inc. (Germantown, MD).
3. Results and discussion

3.1. Synthesis of macromer

The macromers were synthesized by coupling acry-
lated PEG to the side chain of the biodegradable
polyphosphoester PPE-HA, which has a M̄w ¼ 3:76 �

104 and a M̄n ¼ 2:79 � 104. The polymer underwent
degradation when incubated in PBS at 37 1C due to the
hydrolytic cleavage of the phosphoester bonds in the
backbone as well as the side chain [11,12]. In a previous
study, the M̄w of PPE-HA dropped 50% in 20 days,
followed by another 20% decrease in the next 30 days.
In this study, the conjugation reaction of acrylated PEG
to the polymer was therefore performed at 4 1C to
reduce the hydrolytic cleavage of the PPE-HA side chain
and to minimize the side reactions of the acrylate group.
The synthetic scheme for these macromers is illustrated
in Scheme 1A, and the composition of the different
macromers is shown in Table 1.

The representative 1H NMR of PPE-HA-ACRL is
shown in Fig. 1. The alphabetically labeled peaks are
assigned to the corresponding protons shown in Scheme
1B. Typically, protons (3H) of the acrylate groups
(CH2QCH) (Ha and Hb) gave peaks at 6.45, 6.22 and
5.99 ppm, respectively. Protons (4H) from O-
CH(CH3)CH2O (Hc) in the backbone and O-
CH2CH2CH2–(Hc) of the side chains gave an over-
lapped peak at 4.02 to 4.3 ppm. Protons of the
PPE-HA-ACRL in D2O.
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Fig. 2. Swelling behavior of PPE-HA-ACRL hydrogels.
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methylene group (O–CH2CH2CH2CH2CH2CH2NH2)
(Hd) adjacent to the unreacted amino groups showed a
triplet at 2.99 ppm. This peak shifted to 3.18 ppm (He)
when the amino groups reacted with ACRL-PEG-NHS.
The protons from the methylene group next to the
carbonyl of the amide (NH–C(O)–CH2CH2–) (Hf) were
assigned to the triplet at 2.48 ppm. No specific peak
attributable to NHS, which should be at 2.63 ppm, was
found in the 1H NMR spectra. The degree of PEG
conjugation was calculated based on the integration of
peaks at 2.48 and 2.99 ppm. The number of acrylate
groups per 100 units was calculated according to the
integration of peaks at 5.99 and 2.48 ppm.

The reaction of ACRL-PEG-NHS with the amino
groups of PPE-HA was selective and with high
conversion efficiency, as shown in Table 1. The numbers
of PEG chains conjugated to 100 polymer units were
37.9, 22.6 and 13.6 for PPE-HA-ACRL-1, -2 and -3,
respectively. The corresponding free amino groups
remaining in these macromers were 50.1%, 69.8% and
83.4%. The number of double bonds supposedly at the
terminals of PEG was less than that of the PEG chains,
which is likely due to the impurity of the starting
ACRL-PEG-NHS and the side reactions of the acrylate
groups. Nevertheless, the derivatization was efficient.
The ability to vary the amount of acrylated PEG in the
macromer would allow one to balance the hydrophilicity
of the resulting hydrogel and the rate of gelation. The
former influences the cell viability and mechanical
properties, while the latter determines the practical
appeal of the injectable scaffold. A fast gelation rate is
desirable. While this can be achieved by increasing the
macromer concentration, the light incident intensity, or
the photoinitiator concentration, none of this is desir-
able because of the unwelcome high viscosity for
injection or the higher risk of damage to the cells.
Increasing the acrylate density is a better approach to
accelerate the gelation.

3.2. Physical and chemical characterization

The macromer solution was crosslinked to form a gel
under UV irradiation at 365 nm. Irgacure D-2959 was
used as the initiator because of its relatively low
cytotoxicity [24]. Hydrogels derived from PPE-HA-
ACRL-1 and -2 reached the swelling equilibrium in 1
day, yielding a swelling ratio of 8.6 and 9.8, respectively.
On the other hand, the PPE-HA-ACRL-3 hydrogel
reached the swelling equilibrium in 4 days at a swelling
ratio of 17.5 (Fig. 2). The difference is attributed to the
relative PEG contents and crosslinking density of the
hydrogels. It is important to control the equilibrium–s-
welling ratio and at the same time maintain a certain
mechanical strength for tissue engineering applications.
By adjusting the PEG-acrylate percentage in the PPE-
HA side chains, in principle this balance could be
manipulated for optimal performance in different
applications.

The dynamic shear modulus |G*| and the phase shift
angle d of the hydrogels were measured by a dynamic
frequency sweep test (Fig. 3). |G*|, the norm of G0 and
G00, represents the aggregated stiffness of a viscoelastic
material under dynamic conditions, while the phase shift
angle d ðtan d ¼ G00=G0Þ gives a measure of the energy
dissipation (G00) over storage (G0) [30]. As the acrylate
content in the PPE-HA side chains increased, the elastic
shear modulus G0 increased from 3 to 26 kPa (Fig. 3).
The rising trend of elastic shear modulus with respect to
acrylate content is consistent with the swelling data
described above. On the other hand, the viscous shear
modulus G00 was low for all acrylate contents, in the
range of 0–2 kPa (data not shown). Correspondingly,
the phase shift angle was in the range of 0–51 for all
samples, signifying that the hydrogels mainly exhibited
an elastic behavior with only a very small viscous
component. The elastic property of a hydrogel is
determined by the crosslinks and entrapped entangle-
ments. The fact that the elastic modulus dominates the
viscosity modulus, and the elastic modulus of PPE-HA-
ACRL is not sensitive to the shearing frequency,
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Table 2

Degradation profiles of PPE-HA-ACRL hydrogels in PBS

Degradation time Mass Loss (%)

Day 1 Day 42 Day 84

PPE-HA-ACRL-1 0.13712.22 5.4571.56 4.3071.56

PPE-HA-ACRL-2 5.4274.12 8.7570.25 10. 9478.92

PPE-HA-ACRL-3 13. 4375. 39 23.8271.67 37.4073.14
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Fig. 4. Cytotoxicity test of PPE-HA-ACRL macromer. PreMix WST-

1 assay was performed to check the cytotoxicity of unreacted PPE-HA-

ACRL macromer in the medium.
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suggests that the PPE-HA-ACRL chains are highly
crosslinked and with little slippage.

Regarding the biodegradation of the hydrogels in PBS
at pH 7.4 and 37 1C, PPE-HA-ACRL-3 degraded
fastest, with a mass loss of 13.43%, 23.82% and
37.40% at day 1, 42 and 84, respectively (Table 2).
PPE-HA-ACRL-2 gels degraded slower and lost 5.42%,
8.75% and 10.94% of its initial dry weight correspond-
ingly. However, PPE-HA-ACRL-1 gel, with the highest
acrylate content, showed only 0.13%, 5.45% and 4.30%
mass loss at the same time points described above (Table
2). It appears that the degradation was dominated by
the hydrolysis of the HA side chain in the initial period.
This would lead to the diffusion of the PEG-polyacry-
late chains out of the network and account for most of
the measurable mass loss. After the first 2 weeks, the
slower hydrolysis of the PPE-HA-ACRL backbone
would come into the picture and explain the subsequent
slow increase in mass loss. The equilibrated swelling
ratio, q, can be related to the volumetric swelling ratio
by the following equation:

Q ¼ 1 þ rpolymerðq � 1Þrsolvent, (1)

where rpolymer is the density of the dried PPE-HA-
ACRL macromer. Since the PEG side chain comprises
the main part of the macromer, rpolymer can be
approximated by the density of PEG
(rPEG ¼ 1:07 g=ml). rsolvent is the density of PBS buffer,
which is about 1.0 g/ml. According to the Flory–Rehner
equation [31], for hydrogels of high swelling ratios
(Q410), the relationship between Q and the degrada-
tion kinetic constant (k0) can be described by the
following equation:

Q�e3=5k0t. (2)

So qualitatively, the trend in degradation rate agrees
with the change in q (or Q) as a function of the
macromer composition. Detailed study is underway to
quantify the relationship among the volumetric swelling
ratio Q, the degradation kinetic constant k0 and the
average molecular weight between the crosslinks (rxl).

The cytotoxicity of the PPE-HA-ACRL at different
concentrations against GMSC was evaluated by the
PreMix WST-1 assay. There was no significant differ-
ence in cell response after 1-day culture among different
solutions of PPE-HA-ACRL-1, PPE-HA-ACRL-3 and
control. The cell viability was calculated by normalizing
the absorbance of test samples at 440 nm to that of the
control without any macromer in the medium (Fig. 4).
The absorbance of all of culture media with macromer
solutions narrowly ranged from 0.7 to 1.2, which was
comparable to the absorbance of culture media (0.84)
without any macromer addition.

After encapsulation in the gel and cultured in OM for
different periods of time, the GMSC maintained their
viability and showed a round morphology (Fig. 5A
and B). The cells also formed small clumps in the
hydrogels. As shown in the 1- and 3-week samples, the
average size of the lacunae increased as degradation of
the scaffold proceeded. No mineralization from von
Kossa staining was observed for the 1-week samples, but
positive staining was evident at week 3 (Fig. 5C and D).
Two types of mineralized particles were observed in the
samples. The first type appeared to be big dark nodules
accumulating around the lacunae, and the second was
evident as fine dark particles distributing evenly in the
hydrogel scaffold. It has been reported that b-glycer-
ophosphate can be hydrolyzed in the presence of
alkaline phosphatase to give elevated phosphate con-
centration in the media, which can further lead to
abundant hydroxyapatite-like calcium phosphate depos-
its [32–34]. Since phosphate is one of the degradation
products of these hydrogels, it is possible that the
phosphate structure of these hydrogels might contribute
to a secondary mechanism of mineralization. Work is in
progress to elucidate this mechanism by measuring the
concentration of phosphate and b-glycerophosphate as
a function of culture time. Hydroxyapatite-like materi-
als have been widely used in bone regeneration studies
[20–23]. This study suggests that it would warrant
further investigation of the potential of these phosphate-
and HA-containing hydrogels in bone tissue engineering
applications.



ARTICLE IN PRESS

Fig. 5. Histology staining. (A) H&E staining for 1-week samples encapsulated with GMSCs (10� ), bar ¼ 100mm; (B) H&E staining for 3-week

samples encapsulated with GMSCs (10� ), bar ¼ 100mm; (C) Von Kossa staining for 1-week samples encapsulated with GMSCs (10� ),

bar ¼ 100mm; and (D) Von Kossa staining for 3-week samples encapsulated with GMSCs (10� ), bar ¼ 100mm.

Q. Li et al. / Biomaterials 27 (2006) 1027–1034 1033
4. Conclusion

We have investigated the physical, chemical and
biological properties of a biodegradable and photocros-
slinked hydrogel built on a polyphosphoester structure.
Collectively, the high water content, reasonable mechan-
ical properties, adjustable biodegradation rate and favor-
able cytocompatibility suggest that these hydrogels might
find applications as injectable tissue engineering scaffolds.
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