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a b s t r a c t

Injectable and settable bone grafts offer significant advantages over pre-formed implants due to their
ability to be administered using minimally invasive techniques and to conform to the shape of the defect.
However, injectable biomaterials present biocompatibility challenges due to the potential toxicity and
ultimate fate of reactive components that are not incorporated in the final cured product. In this study
the effects of stoichiometry and triethylenediamine (TEDA) catalyst concentration on the reactivity, injec-
tability, and biocompatibility of two component lysine-derived polyurethane (PUR) biocomposites were
investigated. Rate constants were measured for the reactions of water (a blowing agent resulting in the
generation of pores), polyester triol, dipropylene glycol (DPG), and allograft bone particles with the iso-
cyanate-terminated prepolymer using an in situ attenuated total reflection Fourier transform infrared
spectroscopy technique. Based on the measured rate constants, a kinetic model predicting the conversion
of each component with time was developed. Despite the fact that TEDA is a well-known urethane gelling
catalyst, it was found to preferentially catalyze the blowing reaction with water relative to the gelling
reactions by a ratio >17:1. Thus the kinetic model predicted that the prepolymer and water proceeded
to full conversion, while the conversions of polyester triol and DPG were <70% after 24 h, which was con-
sistent with leaching experiments showing that only non-cytotoxic polyester triol and DPG were released
from the reactive PUR at early time points. The PUR biocomposite supported cellular infiltration and
remodeling in femoral condyle defects in rabbits at 8 weeks, and there was no evidence of an adverse
inflammatory response induced by unreacted components from the biocomposite or degradation prod-
ucts from the cured polymer. Taken together, these data underscore the utility of the kinetic model in
predicting the biocompatibility of reactive biomaterials.

� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Injectable biomaterials offer significant advantages over pre-
formed implants or autologous grafts, in part due to their ability
to be administered using minimally invasive techniques and con-
form to defects with a complex geometry. In the treatment of bone
defects injectable biomaterials are of interest for a number of clin-
ical indications, including filling of contained defects where the
structural bone is intact, as well as defects in trabecular bone at
non-weight-bearing sites [1].

Since their discovery in 1982 [2] calcium phosphate cements
(CPCs) have been successfully introduced into clinical use due to
their ease of use, osteoconductivity, and fast setting times [3–6].
However, their poor shear and fatigue properties can lead to brittle
fracture when CPCs are subject to physiologically relevant dynamic
loads [7,8]. Hydroxyapatite (HA) cements have been combined
with hydrogels (e.g. dextran [9] or sodium hyaluronate [10]) to
form osteoconductive injectable bone void fillers (BVFs). Other
BVFs for metaphyseal bone defects include non-setting allograft
pastes [11], which are typically delivered using viscous carriers
such as hyaluronic acid or glycerol [12]. While injectable pastes
promote bone healing, they do not set in situ, resulting in weak
mechanical properties.

Two component lysine-derived reactive polyurethanes (PURs)
have been investigated as injectable BVFs and cements, and have
been shown to elicit a mild and transient inflammatory response
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[13,14], support cellular infiltration and new bone formation, and
degrade to non-cytotoxic breakdown products in metaphyseal
bone defects in rats, rabbits, and sheep [15–17]. In contrast to
non-setting pastes, PURs incorporate a viscous isocyanate (NCO)-
terminated prepolymer that reacts with viscous active hydrogen
compounds (e.g. water, polyols, or polyamines) to form a poly-
meric network in situ with tough, elastomeric mechanical proper-
ties. However, injectable PURs present additional challenges
beyond the biocompatibility requirements for biomedical im-
plants, such as the toxicity and ultimate fate of reactive compo-
nents that are not incorporated in the final cured product [18].
Additionally, the injected PUR may have adverse effects on sur-
rounding host tissue due to the exothermic nature of the reaction
or reactivity of the NCO-terminated prepolymer [19,20]. Diffusion
of water from the wound bed into the reactive PUR can result in
over-expansion of the scaffold, resulting in large voids [21]. It is
therefore necessary to fully understand the complex PUR reactions
to better predict the biocompatibility of the material in vivo.

In this study we investigated the effects of stoichiometry and
catalyst concentration on the reactivity, injectability, settability,
and biocompatibility of PUR biocomposites. Bovine mineralized
bone particles (B-MBP) were incorporated in the biocomposites to
increase their strength, control expansion of the material by
absorbing excess moisture from the wound bed, and provide an
osteoconductive matrix to enhance new bone formation. The liquid
components included a terpolyester triol, a lysine triisocyanate
(LTI)-poly(ethylene glycol) (PEG) prepolymer, a catalyst solution
comprising triethylene diamine (TEDA) dissolved in dipropylene
glycol (DPG), and water (both present in the reactive mixture and
diffusing from the environment). A kinetic model describing the
reactivity of the injectable biocomposites using an in situ attenu-
ated total reflection Fourier transform infrared (ATR-FTIR) spectros-
copy technique was developed, which was used to calculate the
disappearance of isocyanate (NCO) equivalents under two stoichi-
ometric conditions and at two different catalyst concentrations.
To assess the biocompatibility of the reactive components released
during cure the biocomposites were incubated in saline or medium
for two time periods. The components leached from the biocompos-
ite were determined by nuclear magnetic resonance (NMR), and the
cytotoxicity was assessed by live/dead staining. Finally, the ability
of the biocomposites to remodel and support new bone formation
was evaluated in a rabbit femoral condyle plug defect model.

2. Materials and methods

2.1. Materials

A lysine triisocyanate–poly(ethylene glycol) (LTI-PEG) prepoly-
mer (21.7% NCO) and a polyester triol (900 g mol�1) were obtained
from Ricerca Biosciences (Concord, OH). The backbone of the poly-
ester triol comprised 60% caprolactone, 30% glycolide, and 10% lac-
tide. TEDA and DPG were purchased from Aldrich (St Louis, MO).
Bovine mineralized bone particles (B-MBP) were obtained from
Medtronic Inc. (Minneapolis, MN). All other reagents were pur-
chased from Aldrich. DPG was dried over 4 Å sieves before use.
TEDA, a well known tertiary amine polyurethane catalyst with
low toxicity [22,23], was dissolved in a 10% (w/v) solution with
dry DPG. Excess organic material (e.g. fat) was removed from B-
MBPs with a chloroform/acetone solution and the bone lyophilized
before use. The B-MBPs were then sieved to include only 105–
500 lm particles.

2.2. Characterization of reactive PUR components

The hydroxyl (OH) number of the polyester triol was measured
by titration according to ASTM D4274-99 Method C, and the

molecular weight was determined by gel permeation chromatog-
raphy (GPC) (Waters Breeze). Prior to use the polyester triol was
washed with hexane and dried under vacuum at 80 �C for 24 h.
The percent NCO of the prepolymer was measured by titration
according to ASTM D2572-97. The prepolymer was maintained at
4 �C under argon prior to use. Water content for all liquid compo-
nents was determined by Karl Fischer (KF) titration with a 798 MPT
Titrino with a 10 ml burette (Metrohm). Briefly, 0.5–5.0 g of mate-
rial was dissolved in dry methanol and Hydranal-Composite 2 (Sig-
ma-Aldrich), a stock KF reagent, was used to titrate the samples.

2.3. Synthesis of biocomposites

Biocomposites (BCs) were prepared by adding the polyester
triol, catalyst solution, and B-MBP (45 wt.%) to a mixing cup in
which they were hand mixed for 30 s before adding the prepoly-
mer and hand mixing for an additional 45 s. The BC was then
loaded into a syringe. The study design is summarized in Table 1.
Two catalyst weight percentages (0.50 and 0.25 wt.%) and two in-
dex values (108 and 195) were utilized. The index characterizes the
stoichiometry and is the ratio of isocyanate (NCO) equivalents in
the prepolymer to the sum of the hydroxyl (OH) equivalents in
the polyester triol and water [24]:

INDEX ¼ 100� NCO eq
OH eqðtriolÞ þ OH eqðwaterÞ ð1Þ

Considering that DPG contains less reactive secondary hydroxyl
groups, it was anticipated to have a relatively low reactivity and
therefore was not included in the index calculations. Thus at an in-
dex of 108 the stoichiometry was expected to be well balanced
(e.g. 8% excess NCO). A higher index of 195 was also tested to ac-
count for the hydroxyl and amine equivalents from the B-MBP [15].

2.4. ATR-FTIR analysis of the reactivity of individual components

ATR-FTIR spectroscopy measurements were conducted with a
Seagull Variable Angle Reflection Accessory (Harrick Scientific) at-
tached to a Tensor 27 FTIR instrument (Bruker) [25,26]. A ZnSe
hemispherical crystal (Harrick Scientific) was utilized to obtain
time-resolved ATR spectra. For each reaction characterized spectra
were taken every 20–60 s at a resolution of 4 cm�1 with 56 scans
per spectrum. Briefly, to obtain the spectral profiles for the reac-
tions of the biocomposites a given composite was synthesized
and placed on a sample holder in direct contact with the bottom
of the ZnSe crystal. To derive the spectral profiles for the individual
component reactions of the biocomposites the components were
mixed with the prepolymer and catalyst only. The isocyanate peak
(2270 cm�1) was deconvoluted and integrated using a MATLAB
program and a calibration curve was used to correlate the inte-
grated peak values with known concentrations of isocyanate (de-
scribed in greater detail in the Supplementary Data). The analysis
was completed in triplicate (n = 3) for each reaction analyzed.

Table 1
Biocomposite formulations.

I0-C0 I0-C1 I1-C0 I1-C1

Index 108 108 195 195
B-MBP (wt.%) 45.0 45.0 45.0 45.0
Catalyst (wt.%) 0.25 0.50 0.25 0.50
Water (wt.%, measured) 0.06 0.06 0.05 0.05
Water (wt.%, fitted) 0.13 0.23 0.11 0.07
LTI-PEG (wt.%) 22.4 21.3 30.2 28.8
T6C3G1L900 (wt.%) 30.1 28.8 22.3 21.3
DPG (wt.%) 2.3 4.4 2.3 4.4
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2.5. Porosity as a function of water concentration

To determine porosity as a function of water content under dry
conditions the biocomposites were prepared with 0–1.0 wt.%
added water and the porosity was measured gravimetrically.
Briefly, each 0.5 g batch of biocomposites was injected via a
straight bore syringe into cylindrical molds where they were al-
lowed to react overnight at room temperature. Triplicate (n = 3)
slices of the cylinders were cut from the fully reacted biocompos-
ites and measured with calipers to determine the volume. Scan-
ning electron microscopy (SEM) (Hitachi S-4200) micrographs
were obtained and analyzed for pore size using MetaMorph 7.1 im-
age analysis software (MDS Analytical Technologies). The mass of
each slice was used to obtain the density, and the measured den-
sity was compared with the theoretical density to calculate the
porosity [21], defined as the volume fraction of pores:

e ¼ 1� q
qc

ð2Þ

where e is the porosity, q is the average measured biocomposite
density, and qc is the density of the biocomposite assuming there
are no pores:

q ¼ 1
xB
qB
þ 1�xB

qP

ð3Þ

In these equations qB = 2100 kg m�3 is the density of B-MBP
(measured by pycnometry), qP = 1270 kg m�3 is the density of
PUR (measured gravimetrically), and xB is the weight fraction of
B-MBP.

2.6. In vitro porosity in a simulated wound environment

To simulate the moist curing conditions of the in vivo wound
environment biocomposites were injected (immediately after mix-
ing) into 2 ml of deionized water and allowed to react overnight in
an incubator at 37 �C. Under these wet conditions porosity mea-
surements were completed for biocomposites with index values
of 108 and 195, either 0.50 or 0.25 wt.% catalyst, and no added
water. At least three cylindrical cores were taken from each sample
and analyzed gravimetrically to obtain the porosity as described
above.

2.7. Characterization of components leached from the reactive
biocomposites

In order to determine whether cytotoxic reactive components
leach from the BC during cure in vitro leaching experiments were
performed. Briefly, 2.5 g of each BC were injected into an empty
vial and 5 ml of phosphate-buffered saline (PBS) was added to
the vial 2 min after mixing was started. For the second time point
(45 min) 2.5 g of each biocomposite were injected into a sample
cup and transferred to a vial filled with 5 ml of PBS 45 min post
mixing. For the cytotoxicity experiments (Section 2.8) samples
were incubated in a-minimum essential medium (a-MEM) with
10 vol.% fetal bovine serum (FBS) and 1 vol.% penicillin/streptomy-
cin using the procedure described above, and the leachates were
collected at 2 and 45 min. Samples were maintained at 37 �C for
72 h, at which time the PBS (or a-MEM) was removed. a-MEM
leachates were used for cytotoxicity experiments. The pH of the
PBS leachates was measured and the samples subsequently lyoph-
ilized and weighed. After reconstitution in PBS the residue was di-
luted in deuterated DMSO and characterized by NMR. The spectra
were compared with those of the pure components in the biocom-
posites to determine the presence of individual components in the
leachates.

2.8. In vitro cytotoxicity of intermediates leached from the reactive
biocomposites

The cytotoxicity of the leachates from the biocomposites was
measured using MC3T3-E1 embryonic mouse osteoblast precursor
cells in vitro. Cells were seeded in a 96-well plate at a density of
5 � 103 cells per well and cultured in a-MEM with 10 vol.% FBS
and 1 vol.% penicillin/streptomycin in a CO2 incubator with 5%
CO2 at 37 �C. The concentration of the leachates varied from
6.15% (16� dilution with serum medium) to 100% (1�) [27]. Tryp-
sin–EDTA was used to dissociate the MC3T3-E1 cells. The cells
were analyzed for viability using a live/dead viability kit (Invitro-
gen). The assay was completed as recommended in the manufac-
turer’s instructions. Cells were analyzed after 24 h exposure to
the leachate solution. Triplicates (n = 3) for each group were ana-
lyzed with control groups treated with blank PBS. All experiments
were conducted in accordance with ISO-10993-5.

2.9. In vivo biocompatibility and new bone formation in a rabbit
femoral condyle plug defect model

Animal experiments were conducted in compliance with the
Animal Welfare Act, the Implementing Animal Welfare Regulations,
and the principles of the Guide for the Care and Use of Laboratory
Animals. All surgical and care procedures were carried out under
aseptic conditions as per the approved IACUC protocol. New Zealand
White (NZW) rabbits weighing between 4.0 and 5.4 kg were used in
this study. The remodeling process of empty defects (untreated,
n = 9) was compared with that of defects filled with the I0-C1 bio-
composite (n = 6) at 8 weeks. The components of the biocomposites
were c-irradiated using a dose of approximately 25 kGy. Glycopyr-
rolate was intramuscularly administered at 0.01 mg kg�1, followed
by ketamine at 40 mg kg�1. Bilateral cylindrical defects of approxi-
mately 5 mm diameter by 11 mm depth were drilled in the metaph-
ysis of the distal femurs of each rabbit under copious sterile saline
irrigation using a trephine in a MicroAire handpiece. Materials from
the I0-C1 group were subsequently injected into each defect using a
syringe, made flush with the cortical surface and allowed to harden.
Untreated defects were utilized as a control. Closure used a three-
layered approach comprising muscle, fascia, and subcuraneous 3–
0 Vicryl sutures. Skin glue was applied topically to maintain closure.
Treatment groups for each composite were dispersed randomly
among the rabbits. The rabbits were killed at 8 weeks using Fatal-
plus (1 ml per 4.5 kg) intravenously.

2.10. Micro-computed tomography (lCT) analysis

Harvested femoral condyles (n = 15) were fixed in 10% neutral
buffered formalin at room temperature for 1 week. During the fix-
ation period the condyles were scanned with a lCT40 (SCANCO
Medical, Basserdorf, Switzerland) while in formalin. Calibration
of the lCT40 was completed using the manufacturer’s HA phan-
tom. Scans were performed using an X-ray tube potential of
70 kV, a source current of 114 lA, and a voxel size of 30 lm. The
axial images were reconstructed using the software provided by
the manufacturer. Attenuation values were converted to tissue
mineral density (TMD) (HA cm�3) based on calibration data. After
reconstruction the image stack was rotated such that the depth of
the defect was parallel to the z-axis. The volume of interest was de-
fined by centering a 5 mm diameter circle on the cross-sectional
view of the cortical borders of the defect and extending this
cross-section to the end of the defect. Segmentation was applied
to the resulting cylindrical volume using a threshold of
505 mg HA cm�3. The threshold value was visually chosen and
kept constant for all the samples. The bone volume fraction (BV/
TV), tissue mineral density (TMD), connectivity density (Conn.D.),
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and trabecular number (Tb.N.), thickness (Tb.Th.), and spacing
(Tb.Sp.) were quantified in the volume of interest.

2.11. Histology

After 1 week of fixation in formalin the samples were decalci-
fied in hydrochloric acid, dehydrated, and embedded in paraffin.
The samples were sectioned at 5 lm onto slides and some were
stained using hematoxylin/eosin (H&E) stain. Osteocytes in the
interior of new bone as well as the organized structure of the allo-
graft particles were used as parameters to differentiate new bone
from allograft bone particles. The remaining sections were stained
for the osteoclast marker tartrate resistance acid phosphatase
(TRAP) by treating with a naphthol AS-BI phosphate substrate solu-
tion and a mixture of sodium nitrite and pararosaniline dye fol-
lowed by a hematoxylin counterstain. Osteoclasts were identified
as multinucleated light red cells.

2.12. Statistics

One-way ANOVA, performed in JMP 9.0, was used to determine
whether statistical differences existed between groups. Compari-
sons of individual sample groups were performed using an un-
paired Student’s t-test. For all experiments p < 0.05 was
considered statistically significant.

3. Results

3.1. Reactivity of the PUR biocomposites

The five chemical reactions that proceed in parallel during cure
of the biocomposite are shown in Scheme 1. The individual compo-
nents of the biocomposite (polyester triol, DPG, B-MBP, and water)
were analyzed for their reactivity with the NCO-terminated pre-
polymer. The conversion of NCO equivalents in the prepolymer
was monitored in situ by ATR-FTIR, which was analyzed to obtain
the second order rate constants for each reaction at each catalyst

level. The same technique was applied for the overall reaction of
the biocomposite at two different indices and catalyst levels. The
rate law for the assumed second order reaction is given in Eq. (4)
[28]:

rate ¼ ki½OH�½NCO� ð4Þ

where ki, [OH] and [NCO] represent the rate constant for component
i and the concentrations of hydroxyl and isocyanate equivalents,
respectively. The rate equation can be integrated, assuming equal
initial concentrations (C0) of [OH] and [NCO], to obtain:

1
C
¼ kit þ

1
C0

ð5Þ

where the slope of the inverse concentration of [NCO] equivalents
(C) measured by ATR-FTIR plotted vs. time represents the second or-
der rate constants for the reaction.

Fig. 1A and B displays plots of the inverse concentration of NCO
equivalents vs. time for the overall biocomposite reaction at high
(0.50 wt.%) and low (0.25 wt.%) catalyst concentrations, respec-
tively. Similarly, inverse NCO concentration plots measured for
the reaction of the prepolymer with water, polyester triol, DPG,
or B-MBPs are shown in Fig. 1C and D at high and low catalyst con-
centrations. The linearity of the inverse concentration plots verifies
that each of the reactions follows a second order mechanism as
anticipated [29], and thus the slope of the line is equivalent to
the rate constant for each of the reactions (Eq. 5). The second order
rate constants calculated from the data in Fig. 1 are listed in Table 3.
Water has the highest reactivity compared with the other reac-
tions, regardless of catalyst concentration. The polyester triol is
approximately 20 times less reactive than water for the higher cat-
alyst level, while the DPG is approximately three times less reac-
tive than the polyester triol. The reactivity of the B-MBPs is the
lowest of all the components at both catalyst levels.

Based on the rate constants measured for the individual compo-
nents a kinetic model was developed to predict the overall reactiv-
ity of the biocomposites. First, the net rate of reaction ri is defined
for each component i using the series of equations:

Scheme 1. Chemical reactions present in the injectable PUR biocomposite.
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rP ¼ �kPCPCI

rD ¼ �kDCDCI

rW ¼ �kW CW CI

rB ¼ �kBCBCI

rI ¼ rP þ rD þ rW þ rB ð6Þ

where ki is the second order rate constant measured for component
i (g equiv�1 min�1) and Ci is the concentration of component i
(equiv g�1). The equivalent balance equations were then solved to
calculate the concentration profiles of each component as a function
of time:

dCI

dt
¼ �rIM

dCP

dt
¼ �rPM

dCD

dt
¼ �rDM

dCW

dt
¼ �rW M

dCB

dt
¼ �rBM ð7Þ

where M is the mass of the biocomposite in grams. The number of
equivalents of species i (qi) was calculated as qi = mi/(Mni/f), where
mi is the mass of component i, Mni is the molecular weight of species
i, and f is the functionality. The equivalent weights of each of the
components are listed in Supplementary Data.

Using the fitted rate constants listed in Table 2 and the initial
concentration of equivalents (described in more detail in Supple-
mentary Data), the overall conversion of NCO equivalents in the
biocomposite was plotted and compared with the experimental
values in Fig. 2A and B. Due to difficulties associated with accu-
rately measuring the concentration of water in the polyester triol,
catalyst solution, and prepolymer the initial water concentration
was used as a fitting parameter. As shown in Table 1, the water

concentrations measured by titration varied from 26% to 71% of
the fitted values. Fig. 2C and D shows the conversion of OH (or
NH2) equivalents after 24 h for water, polyester triol, DPG, and B-
MBPs calculated from the kinetic model. While the water conver-
sion approaches 100% after approximately 10–20 min, the conver-
sions of the other active hydrogen components are less than 100%,
and decrease with decreasing index.

The rheological properties of the I0-C1 biocomposite are shown
in Supplementary Fig. 2, in which the values of the storage modu-
lus G0, loss modulus G00, and viscosity g are plotted vs. time. The
working times of the biocomposites, defined by the G0–G00 cross-
over point, range from 7–29 min (Supplementary Table 2). As
anticipated, working times were significantly lower for the higher
catalyst groups. For all but the I1-C1 biocomposite the working
times measured under wet conditions were significantly shorter
than under dry conditions, although the differences were modest.

3.2. Effect of water on biocomposite porosity

Reaction of the NCO-terminated prepolymer with water yields
carbon dioxide gas, which acts as a blowing agent resulting in
the formation of pores [30]. The porosity of the biocomposites as

Fig. 1. Isocyanate (NCO) reactions follow second order chemical reaction kinetics.
The specific reaction rate was calculated by fitting (represented by the straight line)
the experimental data to Eq. (5). (A, B) Inverse NCO concentration plots for the
overall biocomposite reaction at (A) high (0.50 wt.%) and (B) low (0.25 wt.%)
catalyst concentrations. Filled symbols correspond to low (108) index formulations,
while open symbols represent high (195) index formulations. (C, D) Inverse NCO
concentration plots for the reaction of the prepolymer with each component shown
in Scheme 1 at (C) high (0.50 wt.%) and (D) low (0.25 wt.%) catalyst concentrations.
�, water; }, polyester triol; N, DPG; 4, B-MBP.

Table 2
Second order specific reaction rates for the reaction of each hardener component with
the NCO-terminated prepolymer.

Description Rate constant (g equiv�1 min�1)

C1 C0

kw Prepolymer + water reaction 783 ± 140 298 ± 51
kp Prepolymer + triol reaction 37.2 ± 4.9 17.4 ± 3.1
kd Prepolymer + diol reaction 14.5 ± 0.4 6.16 ± 1.5
kb Prepolymer + B-MBP reaction 1.23 ± 0.6a 1.17 ± 0.3a

a There is a statistically significant difference (p < 0.05) between all reaction rates
except between kb C1 and kb C0.

Fig. 2. Validation of the kinetic model to characterize the reactivity of the injectable
biocomposites. (A, B) Comparison of experimental and predicted (from the kinetic
model) conversions for the overall biocomposite at 0.50 wt.% catalyst and (A) low
(108) and (B) high (195) indices, showing good agreement between the experi-
mental and predicted values (R2 > 0.99 and 0.97). Due to the difficulty of measuring
the water concentration at low concentrations (<0.4 wt.%) by KF titration, water
concentration was used as a fitting parameter. (C, D) The conversion of OH (or NH2)
equivalents for water, polyester triol, DPG, and B-MBPs particles calculated from
the kinetic model at 0.50 wt.% catalyst are shown for (C) low (108) and (D) high
(195) indices.
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a function of total water (Fig. 3A) increases with water concentra-
tion up to a plateau value of 60 vol.%, independent of the catalyst
level or index. Representative SEM images (Fig. 4A–C) of biocom-
posites at 0.2, 0.4, and 1.0 total wt.% water reveal that pore diam-
eter, porosity, and interconnectivity increase with water
concentration. While the pores are predominantly closed at lower
water concentrations, they appear to be more interconnected at
1.0 wt.% water. As shown in Fig. 4D, pore diameter is independent
of index and catalyst concentration and increases with total water
concentration over the range 50–100 lm, but the differences are
not significant.

Under in vivo conditions water from the wound bed can diffuse
into the biocomposite, resulting in increased expansion and poros-
ity [13]. The effects of water diffusion were simulated in an in vitro
test where the biocomposites were cured in a fully submerged
aqueous environment. The in vitro porosity data measured under
both dry (Fig. 3A) and wet (Fig. 3B) conditions for both catalyst
concentrations are compared in Fig. 3. At the lower catalyst con-
centration both indices yield biocomposites with porosities of
48–55%, and at the higher catalyst level the index 195 biocompos-
ite results in 50% porosity under wet conditions with no added
water. Thus the porosities obtained under wet cure exceed those
obtained from dry cure (Fig. 3A) with no added water (9–20%, note
that in the absence of added water it is still present at 0.1–0.2 wt.%,
as measured by KF titration under dry conditions). In contrast, the
index I0-C1 biocomposite has a porosity of 22% under wet condi-
tions, which is comparable with the 17% porosity measured for
the I0-C1 biocomposite cured under dry conditions with no added
water (Fig. 3A). These observations suggest that diffusion of water

from the wound bed can increase expansion, particularly at the
low catalyst concentration and high index.

3.3. Characterization and cytotoxicity of leachates in vitro

NMR spectra for the leachates from the I0-C1 biocomposite in-
jected into PBS at 2 and 45 min after mixing are shown in Fig. 5D
and E and compared with spectra for the individual components
(Fig. 5A–C) to determine which components were leaching from
the reactive polymer at time points corresponding to the cream
(2 min) and tack-free (45 min) stages of cure. The other biocom-
posites had nearly identical spectral profiles to that of I0-C1 (data
not shown). The peak at 2.3 p.p.m. associated with the proton adja-
cent to the carbonyl group in the polyester appears in the spectra
of the leachates collected at 2 and 45 min, suggesting that unre-
acted polyester triol had leached into the medium. Similarly, the
peak at 1.0 p.p.m. associated with the protons on the methyl car-
bon group in DPG also appear in the leachates at both time points,
indicating that unreacted DPG had diffused into the medium.
While the protons on the methylene carbon appear at 2.8 in the
TEDA pure component spectrum, they shift to 2.6 p.p.m. in the
10% TEDA in DPG spectrum (Fig. 5A). Thus the peaks at 2.8 p.p.m.
in the leachate spectra (Fig. 5D and E) are associated with TEDA.
In contrast, the prepolymer was uniquely distinguished by a series
of peaks above 6 p.p.m., none of which appeared in the spectra for
any of the leachates, suggesting that the prepolymer did not leach
into the medium. Gravimetric analysis of the leached biocompos-
ites revealed a 0.1–1.2% mass loss due to diffusion of individual
components from the biocomposites into the buffer (Fig. 6C). The
pH of the leachates recovered at 2 and 45 min varied from 6.6 to
6.8 compared with the initial value of 7.35.

MC3T3-E1 murine osteoprogenitor cells were treated with
leachates from the biocomposites collected at 2 and 45 min and di-
luted with serum medium such that the final concentration of
leachates ranged from 6.25% (16� dilution) to 100% (1� dilution).
Cells were cultured for 24 h. Leachate dose–response curves mea-
sured for leachates collected at 2 (Fig. 6A) and 45 (Fig. 6B) min re-
veal the anticipated sigmoidal shape. The cytotoxic response is
quantified in Fig. 6C. Three of the eight treatment groups showed
cytotoxicity, which is defined as <70% viability, when not diluted
(1� dilution). A statistically significant improvement in viability
is seen for each of the cytotoxic groups after only a 2� dilution.
For the three treatment groups showing cytotoxicity the dilution
factors required to render the culture medium non-cytotoxic var-
ied from 1.36� to 1.66�. For a specific biocomposite composition
and dilution factor the percentage of viable cells was generally
higher for leachates collected at 45 min (except for the 1� dilution
for I1-C1), which is consistent with the notion that the concentra-
tion of leachates was lower at 45 min due to the higher conversion.
The morphology of live MC3T3 cells cultured in 8� diluted

Fig. 3. Effects of water concentration, index, and catalyst concentration on porosity
of the biocomposites. (A) Under dry conditions porosity increases with total water
concentration asymptotically up to �60 vol.% independent of index or catalyst
concentration. (B) Under wet conditions the I1-C1, I1-C0 and I0-C0 biocomposites
expanded to >50% porosity, despite the fact that no water was added to the
material. In contrast, the I0-C1 biocomposite showed porosity under wet conditions
comparable with the range of porosities measured under dry conditions for all
biocomposites in the absence of added water (shown in B by the dotted lines). Thus
diffusion of water into the reactive biocomposite can result in higher porosity at a
high index. ⁄p < 0.05.

Table 3
Morphological parameters determined by lCT for the I0-C1 biocomposite not implanted in the defects (non-implanted,
n = 3), the I0-C1 biocomposite (n = 6) and control specimens (n = 9) 8 weeks after injection.

Parameter I0-C1 Control

Non-implanted 8 weeks 8 weeks

Bone volume fraction (%) 14 ± 1a 22 ± 4b 11 ± 6
Tissue mineral density (mg HA cm�3) 991 ± 9a 802 ± 39 777 ± 38c

Trabecular number (1 mm�1) 3.7 ± 0.1a 2.4 ± 0.5b 0.5 ± 0.4
Trabecular thickness (mm) 0.104 ± 0.005a 0.153 ± 0.007b 0.207 ± 0.035
Trabecular separation (mm) 0.26 ± 0.01a 0.46 ± 0.08b 2.83 ± 1.07
Connectivity density (1 mm�3) 0.036 ± 0.013a 24.0 ± 6.8b 7.3 ± 6.5

a Significantly different from I0-C1 at 8 weeks (p < 0.05).
b Significantly different from the control (p < 0.05).
c Significantly lower than the surrounding density (p = 0.0008).
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medium is shown in Fig. 6D–F (since all treatment groups showed
<1% cytotoxicity at this dilution, no dead cells are present in the
field of view). Representative images of cells cultured on tissue cul-
ture polystyrene stained with calcein reveal a well-spread pheno-
type when treated with leachates from biocomposite I0-C1
collected at 2 min (Fig. 6D) and 45 min (Fig. 6E) and diluted 8�
with serum medium. No substantial differences in size or morphol-
ogy of the cells were observed between the treated and untreated
(control) groups.

3.4. In vivo remodeling in a rabbit femoral plug model

In a previous study we reported that biocomposites with a
porosity approaching 60 vol.% were friable and had weak mechan-
ical properties [21]. Considering that all formulations except I0-C1
expanded to >50% porosity in the simulated in vivo foaming test
compared with dry in vitro conditions (Fig. 3B), we evaluated the
biocompatibility and remodeling of formulation I0-C1 in a rabbit
femoral condyle plug defect model [21]. According to lCT images
the location of the defects in the femur varied and the effective
depth of the defects ranged between 6 and 10 mm. Representative
lCT images are shown in Fig. 7, and morphological parameters are
reported in Table 3 for I0-C1 biocomposites prepared in the labora-
tory (I0-C1 non-implanted) and at 8 weeks post-injection. Com-
pared with the non-implanted material, the biocomposite
showed significantly higher BV/TV and Conn.D. values at 8 weeks
post-injection in femoral defects, as well as lower TMD, Tb.N.,
and Tb.Th. values, suggesting that the biocomposite remodeled
in vivo. While the control (empty) defects showed formation of
new cortex but minimal new trabecular bone, the biocomposite
group showed significantly greater new bone formation through-
out the volume of the defect. The bone in the biocomposite at
8 weeks also had higher Tb.N., and Conn.D., and lower Tb.Th., and
Tb.Sp. values than the bone in the control defects. There were no
significant differences in TMD between the biocomposite and
empty defect at 8 weeks. Considering that the TMD distribution

provides information about the mechanical properties of bone
matrix [31], similar TMD values for the control and treated defects
suggest that the ossified tissue has similar quality, although the
volume fraction of bone differs between the two defects.

Representative thin sections (5 lm) stained with H&E at
8 weeks are presented in Fig. 8. The defects in the control (empty
defect) treatment group were identified by a central area of fat
and hematopoietic elements surrounded by a variably vague circle
of bone and trabeculae. There appeared to be no new bone and
very little inflammation within the center of these defects. Defects
treated with the I0-C1 biocomposite exhibited mild to moderate
inflammation with non-viable bone fragments (allograft) sur-
rounded by osteoclasts generating resorption pits (Fig. 9, white ar-
rows), osteoblasts, new trabeculae, and marrow elements. The
stained sections showed extensive cellular infiltration and remod-
eling throughout the volume of the defect, as well as new bone for-
mation near the host bone interface, and some non-viable allograft
bone particles remained in the interior of the defect. There was
minimal to no evidence of residual polymer, suggesting that the
polymer had undergone extensive degradation by 8 weeks.

4. Discussion

Injectable lysine-derived poly(ester urethane) networks have
been shown to support tissue remodeling in preclinical models
[21,13,32–34]. This class of biomaterials undergoes hydrolytic
and oxidative degradation to lysine, a-hydroxy acids, and soluble
low molecular weight urethane adducts [14,35–37]. Furthermore,
neither the cured polymers nor the degradation products induce
a severe inflammatory response in vivo [14,24,32]. However, the
effects of reactive components in the PUR leaching into the
surrounding tissue prior to cure, resulting in a potentially adverse
tissue response [18], has not been investigated. Curing of the mate-
rial in vivo may also differ from in vitro conditions, resulting in
unpredictable in vivo performance [15,13,32]. In this study we
investigated the effects of stoichiometry and catalyst concentra-
tion on the reactivity, biocompatibility, and injectability of PUR

Fig. 4. (A–C) SEM images of I0-C1 biocomposites with (A) 0.2, (B) 0.4, and (C) 1.0 wt.% total water. (D) Average pore diameter as a function of water concentration for I0-C1
biocomposites (error bars represent SEM). There are no significant differences in pore diameters between the different groups.
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biocomposites comprising a lysine-derived prepolymer, polyester
triol, water, and a tertiary amine catalyst.

The polyester triol, water, DPG, and B-MBPs had significantly
different second order rate constants, resulting in differences in
the conversion of each component (Fig. 2). DPG was three times
less reactive than the polyester triol at the higher catalyst levels,
but not at the lower catalyst levels, which could be due to the iso-
meric structure (i.e. characterized by both primary and secondary
hydroxyl groups) of DPG [22]. The reaction between the NCO-ter-
minated prepolymer and the B-MBPs is more complex due to its
particulate state. B-MBPs are composed of �30% organic com-
pounds, of which >90% is collagen I that contains reactive amines
(76% of total active hydrogen equivalents) and hydroxyls (24% of
total active hydrogen equivalents) [38]. While primary amines
have a rate of reaction with isocyanates approximately 10 times
faster than primary hydroxyl groups [39,40], the reaction between
B-MBPs and prepolymer is limited by diffusion of the prepolymer
to the surface of the particles. Furthermore, most of the collagen
is embedded in the interior of the bone particles and only a small
fraction is available at the surface to react with the prepolymer.
Thus the solid–liquid reaction between the B-MBPs and prepoly-
mer showed the lowest conversion at both catalyst levels.

For all formulations water was the most reactive component.
When the initial water concentration was treated as a fitting
parameter the agreement between the experimental and calcu-
lated overall rates was good (R2 = 0.95–0.99, Fig. 2A and C). As
shown in Table 1, the fitted initial water concentrations were on
average 2.5 times greater than the measured values. Measurement
of trace water concentrations by KF titration is limited by factors
such as oxidizing and reducing agents (e.g. residual catalysts) pres-
ent in the test sample [41]. In addition, allograft bone contains a
small fraction (up to 2–3% as measured by thermogravimetric anal-
ysis) of surface bound water [42] that cannot be detected by KF
titration. Polyurethanes can also react with moisture in the air un-
der humid conditions [29], and allograft bone can absorb up to
10 wt.% water when exposed to humid air, which are not ac-
counted for in the KF titration.

Since the water reaction produces carbon dioxide gas [40] it can
be exploited to generate >50 lm pores (Fig. 4) that accelerate cel-
lular infiltration [16,21,35,32]. The porosity can be tuned to tar-
geted values by controlling the water content under dry in vitro
conditions (Fig. 3A) [21]. As water is increased from 0.15 to
0.7 wt.% the porosity increases from 10% to 50%, resulting in a de-
crease in compressive strength from 9.5 to 5 Mpa, as has been re-
ported previously [21]. The maximum porosity that can be attained
in the biocomposites is 60–65% (water concentrations exceeding
0.7 wt.%), at which point the compressive strength drops to
<0.3 MPa and the materials become friable [21]. Thus, to balance
the requirements for both mechanical strength and cellular infil-
tration expansion of the biocomposites must be controlled such
that e < 60 vol.%. As shown in Fig. 3B, the porosity of the I0-C0,
I1-C0, and I1-C1 biocomposites with no added water increased
from 8–20% under dry conditions to 50–55% under wet conditions.
Since the wet reaction conditions are more indicative of the in vivo
wound environment these observations suggest that formulations
I0-C0, I1-C0, and I1-C1 would undergo unpredictable expansion
in vivo [21,13].

The instantaneous selectivity Sw/(p+d) of the water reaction rela-
tive to the polyester and DPG reactions provides insight into the
sensitivity of the overall conversion to the concentrations of the
individual components:

Sw=ðpþdÞ ¼
rw

rp þ rd
¼ kwCw

kpCp þ kdCd
ð8Þ

The water selectivity initially exceeds unity (since kw� kp, kd)
and scales with Cw. As the reaction progresses Sw/(p+d) decreases
due to the reaction of water, but diffusion of water into the reactive

Fig. 5. Reactive PUR biocomposites do not release potentially cytotoxic NCO-
terminated prepolymer molecules during cure. NMR spectra of (A) 10% TEDA in
DPG, (B) tri-functional polyester, (C) NCO-terminated prepolymer, (D) leachates
collected at the early (2 min) time point, and (E) leachates collected at the late
(45 min) time point for I0-C1 BC. Insets show the area where peaks unique to the
prepolymer would appear.a, methyl protons in DPG; b, DMSO-d; c, water from
DMSO; d, polyester triol proton closest to carbonyl; e, prepolymer protons closest to
urethane and NCO groups.
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scaffold from an external source results in an increased water con-
centration and selectivity. Thus curing in a moist environment is
predicted to promote over-expansion, which is consistent with
the porosity data in Fig. 3. To prevent potential release of low
molecular weight NCO groups it is desirable to control the value
of CI such that the NCO conversion approaches 100% after the final
cure (typically �24 h). However, the high sensitivity to initial
water concentration, as well as diffusion of environmental water
into the wound bed, can result in reduced conversion of polyester
triol conversion and weak mechanical properties. In contrast,
photopolymerizable polymers, including PEG acrylate derivatives
[43–45] and poly(propylene fumarate) (PPF) [46–48], cure in situ
upon activation of the initiator using ultraviolet light. Thus, photo-
polymerization offers the advantages of curing rates of the order of
seconds to minutes [49] that are independent of conditions in the
wound bed. We anticipate that the adverse effects of environmen-
tal water on PUR reactions could be mitigated by using catalysts
with low toxicity that selectively catalyze the gelling relative to
the blowing reaction. Despite the previously reported strong gel-
ling selectivity of TEDA [23], kw� kp, kd for both catalyst levels

in the present study. The toxicity of heavy metal catalysts (e.g.
tin and bismuth) likely precludes their use in injectable formula-
tions [23], but it is anticipated that a lower toxicity gelling catalyst
with kw << kp, kd, such as ferric acetylacetonate [50,51], should re-
duce the sensitivity to environmental water.

While formulation I0-C1 minimized the effects of external
water on expansion, the lower index resulted in a lower conversion
of polyester and DPG (Fig. 2C and D). Incomplete conversion is
anticipated to reduce the crosslink density and introduce network
defects that reduce the mechanical properties of the cured polymer
[52]. The timescale required for crosslinking can be estimated from
the measured working times of the composites listed in Supple-
mentary Table 2. The working time, which is determined experi-
mentally as the time at which the storage modulus G0 equals the
loss modulus G00, approximates the gel point, or the time at which
the reactive polymer forms a non-flowable crosslinked network.
Prior to the gel point the low yield stress (2.1 Pa) and initial viscos-
ity (170 Pa s) render the biocomposites both injectable and flow-
able [53]. At the gel point the biocomposite transitions to a non-
flowable gel that can no longer be injected. Isocyanate conversion

Fig. 6. Viability of MC3T3-E1 osteoprogenitor cells treated with leachates from PUR biocomposites diluted 1� to 16� with serum medium. (A–C) Percent cell viability as
assessed by live/dead staining for cells treated with leachates collected at (A) 2 min and (B) 45 min. The cytotoxic response is quantified in (C) for each set of conditions tested,
as well as the percent mass loss due to leached intermediates. (D–F) Images of cells cultured on tissue culture polystyrene stained with calcein when treated with leachates
taken from biocomposite I0-C1 after 2 min reaction diluted (D) 1� with serum medium and (E) 2� with serum medium. Control cells treated with PBS are shown in (F).
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Fig. 7. Representative lCT images of mean empty (Control) and I0-C1 biocomposite-treated (BC) defects at 8 weeks. (A, D) 3-D images; (B, E) rotated 2-D images. Red boxes
indicate the location of the defect. (C, F) 3-D view of the defect volume. Scale bars 1 mm.

Fig. 8. Representative images of histological sections at 8 weeks stained for H&E. (A, B) Low and high magnification images of empty (control) defects; (C, D) low and high
magnification images of defects treated with the I0-C1 biocomposite. ?, osteoblasts lining the surface of new bone; >, new bone; A, allograft particles; Ad, adipose tissue.

Fig. 9. Representative images of histological sections of the I0-C1 biocomposite at 8 weeks stained for TRAP. (a, b) Allograft bone particles (A) in representative samples
surrounded by resorbing osteoclasts (multinucleated, light red cells). Arrowheads point to resorption pits on the surface of the allograft bone particles.
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ngp at the gel point (approximated by the working time) measured
under dry and wet conditions were calculated from the kinetic
model and are also listed in Supplementary Table 2. For the high
index conditions 27% < ngp < 29%, while for the low index condi-
tions 48% < ngp < 61%.

In the early stages of the curing process prior to the gel point
NCO conversion is lower than conversion at the gel point for each
formulation (e.g. 6.6–24.7% at 2 min, see Supplementary Table 2),
and thus leaching of reactive components may occur. However, pre-
polymer was not identified in the NMR spectra of the leachates un-
der any conditions, and only a small amount of polyester and DPG
(0.2–1.2%) had leached from the biocomposites at 2 min. At
45 min NCO conversion exceeds that at the gel point (36.0–79.4%,
see Supplementary Table 2). Consequently, the fraction of leachable
components decreased for all groups, ranging from 0.1% to 0.68% of
the total mass, due to the increased crosslinking at 45 min. As antic-
ipated, the measured concentration of leachables decreased with
the conversion of NCO groups calculated from the kinetic model
(Supplementary Fig. 3). The NMR spectra revealed that a significant
amount of TEDA leached from the reactive biocomposite at both 2
and 45 min. However, with an oral LD50 in rats of 1700 mg kg�1

(MSDS, sigmaaldrich.com) even rapid leaching of TEDA from the
reactive biocomposite is not anticipated to adversely affect cells.
When diluted with fresh medium [27,54] the leachates had no ad-
verse effect on cell viability, which is consistent with previous stud-
ies investigating the cytotoxicity of the degradation products from
PUR elastomers [55] and networks [24]. Previous studies have also
reported that the reaction exotherm is <15 �C [24]. These observa-
tions suggest that reactive PUR networks do not release unreacted
cytotoxic components or large amounts of thermal energy that
are harmful to cells and host tissue, as has been reported for other
reactive thermosetting polymers (e.g. cyanoacrylate glues [56,57])
or for some photopolymerizable systems [46].

When injected into excisional wounds in rats lysine-derived
PUR scaffolds supported proliferation of Ki67+ cells and the forma-
tion of procollagen I, and the extent of cell apoptosis (as assessed
by TUNEL staining) was comparable with the empty defect control
[13]. Macrophages infiltrated the defect and accelerated degrada-
tion of the scaffold by oxidation of lysine residues in the polymer,
as shown by positive staining for anti-PGP9.5 and myeloperoxidase
[14]. Thus the inflammatory response was transient and localized
to residual PUR remnants. To more specifically assess the host tis-
sue response in the bone environment the extent of osseointegra-
tion and remodeling of the I0-C1 biocomposite were evaluated at
8 weeks in a rabbit femoral condyle plug defect model. At 8 weeks
residual allograft bone particles were surrounded by functional
osteoclasts and showed visual evidence of surface resorption
(resorption pits), as well as a lower TMD. Moreover, the biocom-
posites supported the recruitment and differentiation of osteo-
blasts that deposited new bone, as shown by the increase in BV/
TV and Conn.D. after 8 weeks implantation. Minimal evidence of
residual polymer existed at this time point, suggesting that no ad-
verse responses associated with the cured polymer, the unreacted
components, or the breakdown products resulting from degrada-
tion of the polymer was evident. These observations are consistent
with the data in Fig. 6 reporting low cytotoxicity of the unreacted
leachates from the polymer prior to cure, as well as previous stud-
ies reporting that lysine-derived PURs release degradation prod-
ucts with low toxicity [14,24,58] and support new bone
formation in bone defects in rats, rabbits, and sheep [21,32,33,59].

5. Conclusions

In this study we have measured the chemical reaction rate
constants of the active hydrogen components with an

isocyanate-terminated prepolymer in an injectable lysine-derived
polyurethane biocomposite using an in situ ATR-FTIR technique.
The rate constants were used to build a kinetic model describing
the reactivity of the injectable biocomposite. The tertiary amine
catalyst TEDA preferentially catalyzes the blowing reaction with
water relative to gelling reactions with the polyester triol, DPG,
and allograft bone particles, despite the fact that TEDA has been re-
ported to be one of the strongest amine gelling catalysts [23]. Thus
the conversions of polyisocyanate and water were nearly complete,
while the conversions of polyester triol and DPG were incomplete
(<70%). These predictions of the kinetic model were in agreement
with leaching experiments showing that polyester triol, DPG, and
TEDA were released from the reactive PUR, which were shown to
be non-cytotoxic in vitro. When injected into plug defects in the
femoral condyles of NZW rabbits the PUR biocomposite supported
cellular infiltration and remodeling at 8 weeks with no evidence of
an adverse inflammatory response induced by the polymer degra-
dation products. Thus the kinetic model is a potentially useful ap-
proach to predicting the biocompatibility of reactive biomaterials.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 6–9 and Scheme.
1, are difficult to interpret in black and white. The full color images
can be found in the on-line version, at http://dx.doi.org/10.1016/
j.actbio.2012.07.037.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.actbio.2012.
07.037.
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