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Abstract

With advantages such as design flexibility in modifying degradation, surface chemistry, and
topography, synthetic bone—graft substitutes are increasingly demanded in orthopedic tissue
engineering to meet various requirements in the growing numbers of cases of skeletal impairment
worldwide. Using a combinatorial approach, we developed a series of biocompatible,
hydrolytically degradable, elastomeric, bone-like biocomposites, comprising 60 wt% poly(2—
hydroxyethyl methacrylate—co-methacrylic acid), poly(HEMA-co-MA), and 40 wt% bioceramic
hydroxyapatite (HA). Hydrolytic degradation of the biocomposites is rendered by a degradable
macromer/crosslinker, dimethacrylated poly(lactide—b-ethylene glycol-b6-lactide), which first
degrades to break up 3—-D hydrogel networks, followed by dissolution of linear pHEMA
macromolecules and bioceramic particles. Swelling and degradation were examined at Hank’s
balanced salt solution at 37 °C in a 12—week period of time. The degradation is strongly
modulated by altering the concentration of the co-monomer of methacrylic acid and of the
macromer, and chain length/molecular weight of the macromer. 95% weight loss in mass is
achieved after degradation for 12 weeks in a composition consisting of HEMA/MA/Macromer =
0/60/40, while 90% weight loss is seen after degradation only for 4 weeks in a composition
composed of HEMA/MA/Macromer = 27/13/60 using a longer chain macromer. For compositions
without a co-monomer, only about 14% is achieved in weight loss after 12—week degradation.
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These novel biomaterials offer numerous possibilities as drug delivery carriers and bone grafts
particularly for low and medium load—bearing applications.
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1. Introduction

Polymers and bioceramics such as hydroxyapatite (HA), tricalcium phosphate (B—TCP), and
bioglass may form biodegradable, biocompatible organic/inorganic composites that can be
used as synthetic bone grafts. They are important to bone repair and regeneration, with
structural and chemical properties that provide a biochemical environment to promote
cellular responses and tissue integration [1,2]. To meet the requirements of these functions,
the most desirable synthetic organic/inorganic hybrid materials should be biocompatible,
porous (with diameters of at least 100 pm), and hydrolytically or enzymatically
biodegradable within a specific time frame (e.g., 4-6 months) [3-7]. They should also be
both osteoconductive and osteoinductive, so that the cells can bind to the hybrid
biomaterials, proliferate, migrate, and differentiate. Further, stability of mechanical
properties in the materials is essential for cell survival and ingrowth of new bone tissue.
Otherwise, stress shielding, inflammation, and other discomforts may result from a
mismatch between mechanical properties of hybrid materials and those of surrounding
tissue.

There is a significant body of literature that describes methods for fabrication of porous
synthetic organic/inorganic biocomposites for bone repair and regeneration [3, 4, 6-13].
However, development of porous, biomimetic hybrid materials that simultaneously meet all
requirements of bone repair and replacement still remains a challenge [14-16]. Furthermore,
porous hybrid materials generally have low mechanical properties restricting their load—
bearing applications [17]. In some applications, the hybrid biomaterials can be dense or
non-porous. An example is the fixation of a bone fracture, where a rod of the synthetic
polymer/bioceramic is inserted and fixed between the fractured bone pieces, or the rod is
inserted within the broken bone [18, 19]. In this case, dense material that is both
biocompatible and biodegradable is required to bear loads. Demand is increasing for both
porous and dense organic/inorganic biomaterials, as evidenced by the growing number of
cases of skeletal impairment [20,21].

Recent reports have described the fabrication of non—-degradable, dense, poly(2—-
hydroxyethyl methacrylate)/hydroxyapatite biocomposites (also known as FlexBone) based
on in situ polymerization of 2—hydroxyethyl methacrylate in the presence of dispersed
hydroxyapatite [22—24]. These newly formed biocomposites show elastomeric behavior.
Because of the elastomeric nature of these biocomposites, they can be cut, bent, and
machined into various shapes suitable for low and medium load bearing applications.
However, these biomaterials are not degradable, limiting their usefulness in bone repair and
replacement [6, 9, 13, 16, 25]. In certain applications, such as delivery of bone—
morphogenetic proteins and antibiotics for bone repair, biomaterials are typically required to
be biodegradable. To achieve biodegradability and biocompatibility of hydrogel/HA
biocomposites, we recently focused our efforts on development of pHEMA-type hydrogel/
HA systems [26]. PHEMA hydrogel is widely known to be biocompatible, but not
biodegradable [27, 28]. Our design of degradable, elastomeric pHEMA/HA biocomposites
was inspired by the observation that a degradable crosslinker (also termed a macromer here)
disintegrates by hydrolytic degradation the three—dimensional hydrogel network. Without
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the use of enzymes, the network decomposes into small structural molecules and generates
water—soluble linear pHEMA macromolecular chains. Generally, this will occur if the
molecular weight of linear pHEMA is below 8-10k Da [29]. HA is a bioactive ceramic and
also resembles the inorganic phase of human bone, and thus may be gradually resorbed by
the human body. Mindful of those traits, we purposely synthesized macromers/crosslinkers
of dimethacrylated triblock copolymers, poly(lactide—b-ethylene glycol-6-lactide)(PLA-6-
PEG-6-PLA), since these materials are biocompatible and hydrolytically degradable, and
their degradation has been well investigated [30-37]. Interestingly, these dimethacrylated
triblock macromers were not used as the crosslinkers in the synthesis of degradable pHEMA
hydrogels [38-43]; nor were they used in the fabrication of degradable biocomposites
comprising pHEMA and hydroxyapatite or other bioactive ceramics. Only few biopolymer/
bioceramics (or bioglass) systems were reported in literature showing significant
degradation in 4-6 months for bone tissue engineering [4-7, 44—46]. Our broad objective
was to develop a series of degradable, bone—like pHEMA/HA biomaterials (not degradable
pHEMA hydrogel because the pure hydrogel is useless without bioceramics for bone
regeneration) as bone grafts/implants with controlled degradation especially in 4-6 months,
which is highly recommended by surgeons in clinical trials [47]. Since there are various
parameters in combination to determine degradation of the hybrid biomaterials such as
crosslink density and wettability, we used a combinatorial approach that tuned the molecular
structures of hydrogels for low to medium load—bearing applications in bone repair and
regeneration [48-52]. Here, we report in detail how crosslink density, chain length
(molecular weight), hydrophilicity of the macromer/crosslinker, and a polar co-monomer
influence swelling and hydrolytic degradation of biomaterials.

2. Experimental section

2.1 Materials

All chemicals were purchased from Sigma—Aldrich (St. Louis, MO, USA) and used without
purification unless otherwise specified.

2.2 Synthesis of the macromer/crosslinker and fabrication of the poly(HEMA—co—MA)/HA
biocomposites

Synthesis of the macromer/crosslinkers has been previously described [30, 33, 36, 37], but
here we used a revised process. Prior to synthesis of the macromer/crosslinker, a lactide—co-
polyethylene glycol (PEG)-co-lactide triblock copolymer was first synthesized, as shown in
Scheme 1.

PEG600 or PEG1500, lactide, and stannous octoate were added sequentially according to a
molar ratio of 93:279.5:1 (in the case of PEG600) or 93:465:1 (in the case of PEG1500) into
a reaction flask at 23 °C. This mixture was purged with dry nitrogen for 30 min, and then
stirred at 110 °C under vacuum for another 30 min. Next, dry nitrogen was charged to
replace the vacuum and the reaction continued at 180 °C under nitrogen protection for 6 h.
After cooling to 23 °C, the resultant triblock copolymer was dissolved in dichloromethane
and further precipitated in anhydrous diethyl ether. The triblock copolymer precipitate was
separated and dried in a vacuum for subsequent synthesis of the macromer/crosslinker.
During the synthesis of the macromer/crosslinker, the obtained lactide—co—-PEG-co-lactide
triblock copolymer and triethylamine (with a mole ratio of 1:6.94) were first dissolved in
230 mL dichloromethane in a reaction flask and then cooled in an ice bath to 0 °C.
Subsequently, the mixture was purged with dry nitrogen for 30 min. The methacryloyl
chloride, with the same molar ratio of triethylamine, was slowly added (dropwise, with
stirring) into the flask and reacted for 9 h at 0 °C. The entire mixture was cooled to 23 °C
and the reaction was maintained for an additional 14 h. The reaction mixture was filtered to
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remove triethylamine hydrochloride, and subsequently hexane was added for precipitation.
The obtained crystalline solid (i.e., macromer) was further purified twice by dissolution and
re—precipitation using dichloromethane and hexane. The macromer was dried at 50 °C for 5
h under vacuum.

Fabrication of the non-biodegradable pHEMA/HA composites was previously reported
[23]; similar procedures were employed here to fabricate degradable pHEMA hydrogel/HA
biomaterials (Scheme 1). The monomers (main monomer, co-monomer, and macromer/
crosslinker with desired ratios, e.g., 20:20:60), ethanol, de—ionized water, ammonium
persulfate (480 mg/mL water), sodium metabisulfite (180 mg/mL water) were mixed
thoroughly at a ratio of 20:10:10:1:1 by mass. 40 wt.% HA (Trans-Tech, size 1-3 pm)
relative to the total weight of all the components (i.e., 57.1 wt% relative to the total weight
of monomers, macromere, and HA) was uniformly dispersed into the mixture and stirred at
5,000 rpm for 2 min using a homogenizer (Polytron PT 10-35). The resultant mixture was
pumped into a syringe (20 mL, diameter of 18.32 mm) and capped. It was left overnight to
gel at room temperature. As shown in Table 1, a series of hydrogel/HA materials with
various formulations was fabricated using the process described above. These hydrogel/HA
biomaterials were specifically labeled such as S-MA80-H0-Mac20 and L-MAQ-H23—
Mac77, where S represents the short chain of lactide/PEG600= 3, L the long chain of
lactide/PEG1500 = 6, MA methacrylic acid, H HEMA, and Mac the macromer. The number
right after MA, H or Mac represents the weight percentage of the associated component
relative to the total weight (MA + H + Mac). For example, L-MAO-H23-Mac77 represents
the biocomposite composed of 40 wt% HA and 60 wt% hydrogel which was synthesized
using 0 wt% methacrylic acid, 23 wt% HEMA, and 77 wt% macromer based on the long
chain of lactide/PEG1500 = 6.

2.3 Characterization of degradable poly(HEMA—-co—MA)/HA composites

The synthesized macromers/crosslinkers were evaluated by FTIR and NMR. A Nicolet 6700
FTIR spectrometer was used to collect the spectra on the specimens made through KBr. 1H
NMR spectra were collected using a Bruker Biospin Avance Il 500 MHz NMR
spectrometer. Quantitative analysis was conducted to obtain the compaositional ratios
between PLA and PEO blocks of the macromer based on the area under peaks. The obtained
poly(HEMA-co—-MA)/HA biocomposites were extensively characterized. Swelling and
degradation were examined in HBSS at 37 °C and pH = 7.3 as shown in Scheme 2 [30].

The originally formed hydrogel/HA biomaterials were cut into cylindrical shape (1 cm thick
% 0.7 cm in diameter). The cylindrical specimens of all compositions were freeze dried at —
50 °C under vacuum at a FreeZone® 4.5 Liter freeze dry system (by Labconco Corporation,
Kansas City, USA) to obtain the initial dry weight (mjq). All the initially dried specimens
(needed for a 12—week period of time) were then put in 10 mL HBSS solution for swelling
and degradation. The swollen specimens were shaken twice daily. A swollen specimen was
taken out at week 1, week 2, ..., week 12, respectively for each composition to obtain the
swollen weight (mg,). A different specimen was used each week for swelling and
degradation. The swollen specimens were then freeze dried at =50 °C under vacuum to
obtain the final dry weight (mgq). On the basis of the obtained initial dry weight, swollen
weight, and final dry weight, volumetric swelling ratio, Q, and percent mass loss were
calculated as follows:

Pcomposite

Q=1+—————@-1 q

Psolvent
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% mass loss:w x 100% (2
mjq

where ¢ is mass swelling ratio, q = Mgy/Msy, Pcomposite 1S the density of biocomposites of
pHEMAV/HA and approximated to be 1.936 g/cm?3, and psopvent is the density of the solvent
of HBSS and equal to 1.0 g/cm?3.

The morphology of selected degradable pHEMA/HA before and after degradation for eight
weeks was assessed using an Hitachi Model S—4300SE/N scanning electron microscope
operated at 20 kV. The signals of back—scattered electrons were collected for imaging to
enhance contrast associated with the difference in the atomic number. To determine the
amount of HA after degradation, a differential thermal/thermogravimetry analyzer (DTA-
TGA, SDT 2960 simultaneous, TA Instruments) was used at a heating rate of 10 °C/min.

3.1 Synthesis of the macromer/crosslinker and fabrication of the degradable poly(HEMA-
co—MA)/hydroxyapatite biocomposites

Synthesis of the macromer/crosslinker is assessed by FTIR (see Figure S1) and 1H NMR.
FTIR spectra show characteristic peaks of the macromer: 2900-3000 cm~1 (-CH of PLA
blocks), 2840 cm™1 (-CH of PEO), 1756 cm™1 (-CO of PLA), and 947 and 843 cm™1
(characteristic of PEO). 1H NMR spectra show peaks in & (ppm) at: 6.20 (s, 2H), 5.64 (s,
2H), 5.16 (m, 5.2H), 4.43 (m, 8.4H), 3.64 (m, 50H), 1.97 (s, 6H), and 1.53 (m, 16H) for
PEG600-based macromer; for PEG1500-based macromer, 1H NMR spectra show peaks in
& (ppm) at: 6.20 (s, 2H), 5.64 (s, 2H), 5.16 (m, 10.6H), 4.43 (m, 8.2H), 3.64 (m, 128H), 1.97
(s, 6H), and 1.53 (m, 32H). Based on the areas under the peaks, the compositional
information is obtained: 14mers of PEG block which is connected by two trimers of PLA
block at the ends for PEG600—based macromer; for PEG1500-based macromer, there are
33mers of PEO block connected by two 5mers of PLA at the two ends. The molecular
structures of the two macromers/crosslinkers are shown in Scheme 1. The average yield of
the synthesis was 68%. To gain insight into the role that variations of molecular architecture
play in influencing the swelling and degradation of the hydrogel/HA biocomposites, a
combinatorial approach was employed to fabricate a series of poly(HEMA-co-MA)/HA
materials, where one sub—series was composed of only MA and macromer (i.e., 0 %
HEMA); another was composed of MA, macromer, and HEMA, and third was composed of
only macromer and HEMA (i.e., 0% MA). Chain—length and relative hydrophilicity of the
macromer/crosslinker were varied to obtain the effect of the crosslinker on swelling and
hydrolytic degradation. Detailed formulations are listed in Table 1. In all the formulations,
the concentration of hydroxyapatite is fixed at 40 wt% unless specified otherwise.

3.2 Swelling of poly(HEMA—co—MA)/HA biocomposites in HBSS

Volumetric swelling ratio is examined as a function of time among these pHEMA-based
hydrogel/HA biomaterials. Figure 1 shows volumetric swelling ratio as a function of time
for three different systems: the content of macromer/crosslinker was fixed as 60% with
varying ratios of MA/HEMA (Figure 1a); 0% MA was applied but the ratio of HEMA/
Macromer was varied (Figure 1b); and 0% HEMA was used but the ratio of MA/Macromer
differed (Figure 1c).

For the system with a fixed 60% of macromer/crosslinker, the swelling ratio is observed to
increase with time; the increase in the swelling ratio is linear for the composition of MA/
HEMA=0/40, but follows a power—law and is much greater for other compositions, i.e. MA/
HEMA=27/13, 20/20, and 13/27. The greater the MA content, the higher the gain in the
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swelling ratio of the hydrogel composite. The difference in trends is due primarily to the
incorporation of the ionic co-monomer, methacrylic acid [53, 54]. Because MA is much
more hydrophilic, it attracts water more readily, which promotes the swelling. The lowered
pH as a result of incorporation of MA in the formulation and the use of HA result
combinatively in relatively lower swelling ratios [55]. Also, these different trends
demonstrate that two distinct swelling mechanisms arose in each case — one with and one
without MA incorporation. For the system without MA (Figure 1(b)), the overall volumetric
swelling ratio does not alter significantly, ranging from 20% to roughly 40% within the time
frame examined. However, the swelling ratio monotonically increases with time; the higher
content of macromer/crosslinker leads to increased swelling. This is unusual, as higher
crosslinking densities typically result in reduced swelling because of the smaller mesh size
of the 3-D network and less room for water contact. This unusual increase is attributed
mainly to greater hydrophilicity of the PEG segment of the macromer/crosslinker than that
of the pHEMA for attracting more water for degradation. It is believed that the hydrophilic
nature of the PEG segment plays a much greater role in swelling than the effects of higher
crosslinking density.

For the system shown in Figure 1(c) in which only MA and macromer were used in the
synthesis, the swelling ratio increases significantly in the first seven weeks and then levels
off for the compositions MA/Macromer=40/60,60/40, and 80/20, while it increases
monotonically for the composition MA/Macromer=20/80. The magnitude of increase is
directly related to the proportion of MA/Macromer; the initial increase was much greater for
MA/Macromer=20/80 and MA/Macromer=40/60 than for MA/Macromer=60/40 or MA/
Macromer=80/20. In comparing these three systems, volumetric swelling ratio was much
greater for the system with a fixed 60% macromer and for the system with 0% HEMA but
with various ratios of MA/Macromer; the swelling ratio was lower for the system composed
of 0% MA and various ratios of HEMA/Macromer. This difference would determine the
degree of hydrolytic degradation, as the continuous water contact is essential to degradation.

3.3 Percent mass loss of poly(HEMA—co—MA)/HA biocomposites under hydrolytic

degradation

An essential part of this work was to explore the degradation behavior of the formed
biocomposites. Figure 2 shows percent mass loss as a function of time for the pHEMA-
based hydrogel/HA biomaterials.

When the concentration of the macromer/crosslinker is maintained constant at 60 wt%
(presumably a constant crosslinking density), incorporation of an ionic and hydrophilic co—
monomer, methacrylic acid, into the backbone results in a much greater mass loss than is the
case without the use of MA, as shown in Figure 2(a). This can be attributed to the ionic
nature of carboxyl groups in the backbone of the macromolecular chains, which attracts
more water for degradation (see Figure 1(a)). As shown in Figure 2(b), when only HEMA
and the macromer were used (i.e., without the presence of the co-monomer, MA) in the
synthesis of the hydrogel/HA biocomposite, the increase in the concentration of the
crosslinker/macromer leads to greater hydrolytic degradation in the first six weeks;
afterwards, the degradation appears to level off for the compositions of HEMA/
Macromer=20/80 and 40/60, while progressive weight loss occurs for the compositions of
HEMA/Macromer=40/60 and 20/80. Interestingly, accelerated degradation appears to
emerge after 10 weeks. The degradation pattern shown in this system is complex, as a higher
crosslinking density typically leads to slower degradation [56], because less water was
absorbed in the 3-D networks. When higher crosslinker concentrations are used, higher
crosslink densities are expected, and as a result less water would be absorbed for swelling.
However, as the PEG block of the macromer/crosslinker, dimethacrylated PLA-6-PEG-5-
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PLA, is more hydrophilic than the monomer of HEMA, more water would be absorbed
around the crosslinks, which facilitates the hydrolytic degradation of the crosslinker.

Here, the role of hydrophilicity of the PEG block seems to outweigh the effect of higher
crosslink density. The observed accelerated degradation is abnormal, and may be ascribed to
the “self—acceleration effect” as a result of the significantly increased release, during
degradation, of carboxylic chain ends from the macromer/crosslinker [57-59]. The
degradation of the hydrogel composites starts with the swelling of water, and the water
subsequently attacks labile sites, such as ester bonds within the PLA blocks and ester bonds
linking PEG and PLA blocks [37]. These ester bonds are cleaved to generate lactic acid,
lactyllactic acid, and other oligo (lactic acid) that may be dissolved in water [57, 58, 60].
Higher contents of macromer/crosslinker (and thus higher crosslinking density) would
impart more carboxylic chain ends, and these hydrophilic chain ends attract more water,
causing more swelling and degradation. The “self-acceleration” effect interplays with
crosslink density to determine the overall degradation behavior of the biomaterials.

As shown in Figure 2(c), the use of the ionic and hydrophilic monomer, methacrylic acid,
and the macromer without HEMA, produces much more and complex degradation. Here, the
traits of the macromer and the hydrophilic and ionic monomer, MA, intertwine in
determining the degree of hydrolytic degradation. Influencing factors include MA’s strong
solubility in water, crosslink density, and the self-acceleration effect that is triggered by the
significantly released hydroxylic chain ends of the macromer; which factor dominates
depends on the relative ratio of MA versus the macromer. Figure 2(c) also shows that the
composition, MA/Macromer=80/20, exhibits greater percent mass loss in the first nine
weeks than other compositions, MA/Macromer=60/40, 40/60, and 20/80. This may be due to
its smallest crosslink density. For the compositions of MA/Macromer=60/40, 40/60, and
20/80 with increased crosslinking densities, however, a different degradation pattern
emerges: degradation occurs relatively slowly in the initial four weeks, plateaus, and then
takes off at a greatly accelerating rate because of the self-acceleration effect. Overall, the
hydrophilic and ionic nature of the monomer plays a dominant role in the composition of
MA/Macromer=80/20, while the “self-acceleration effect” is more important for the
compositions of MA/Macromer=60/40, 40/60, and 20/80 after the seventh week. The
lowered pH in the initial formulations with MA in Figures 2(a) and (c) may escalate overall
degradation of biomaterials, because the acidity promotes the degradation of the hydrogel
and also increases the solubility of HA.

3.4 Effect of chain length (molecular weight) and relative hydrophilicity of macromer/
crosslinker on degradation

Tuning the molecular architecture of the macromer/crosslinker by altering the chain length
and/or relative hydrophilicity is a useful strategy to modulate degradation. Figure 3 shows
the effect of the macromer/crosslinker made from PEG1500 on degradation behavior.

As shown in Figure 3(a), the macromer/crosslinker with a longer and more hydrophilic
macromolecular chain made from PEG1500 leads to much more mass loss under the similar
crosslink density — after three weeks — than does the counterpart based on PEG600. This
is attributed to more (degradable) lactide blocks available for hydrolysis and longer and
more hydrophilic chains of PEG that can attract more water for degradation. When this
longer and more hydrophilic macromer/crosslinker was used, introduction of the ionic co—
monomer, MA, significantly promotes the degradation shown in Figure 3(b). In addition, the
higher content of MA leads to much more mass loss. Without using the co-monomer MA,
percent mass loss reaches only about 16 %. However, with 7.5% MA incorporated, 44%
mass loss is achieved after five weeks. Substantial (90%) mass loss is observed after only
four weeks when 13% MA is incorporated. The significant mass loss may be ascribed
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primarily to more hydrophilic nature of the macromer and the “self-acceleration effect”
resulting from the release of more carboxylic groups during degradation. Similar to the cases
of Figures 2(a) and (c), the original acidity of the compositions as a result of incorporation
of MA may act as an additional promoter for the overall degradation of biocomposites.

3.5 Evolution of pH value of HBSS during degradation for crosslinked pHEMA/HA

During the degradation, the macromer/crosslinker is attacked by water prior to hydrolysis.
Hydrolysis of the lactide of the crosslinker produces acidic substances, which will lower the
pH of the solution. The variation of pH for the HBSS was monitored on a selected
biocomposite composed of 40 wt% HA and 60 wt% poly(HEMA) hydrogel to avoid
potential effects of the co-monomer of MA. Figure 4 shows the evolution of pH of the
HBSS during degradation for the crosslinked pHEMA hydrogel/HA, where the hydrogel is
composed of 60% HEMA and 40% PEG600-based macromer only (i.e., S-M0-H40-Mac60
as shown in Table 1). The pH is seen to decrease considerably in the first six weeks and then
to level off around 4.85. This decrease in pH during degradation has a positive effect, not
only to the pHEMA hydrogel, but also to hydroxyapatite, as acidity would accelerate
degradation of the hydrogel and significantly increase the solubility of the HA.

3.6 Comparison of morphology before and after eight—week degradation for polyMA/HA
biocomposites

The hydrolytic degradation is further examined on selected compositions using scanning
electron microscopy as shown in Figures 5 and 6. Here, surfaces and cross—sections of the
polyMA/HA composites are both examined on two compositions: MA/Macromer=80/20
(i.e., s-MAB80-H0O-Mac20, shown in Table 1) and MA/Macromer=20/80 (i.e., s-MA20-H0-
Mac80, also shown in Table 1) without HEMA incorporated, respectively. These two
compositions were purposely chosen to show the effects of the ratio of MA/Macromer on
degradation, which may compare with what is observed in Figure 2(c). After eight weeks in
HBSS, the big chunks of crosslinked hydrogel composites were reduced to smaller pieces on
the surfaces of both compositions, implying that significant degradation had occurred. For
the cross—section, the composition of MA/Macromer=80/20 (Figure 5) appeared to degrade
much more than did the composition of MA/Macromer=20/80 (Figure 6). The observed
difference in degradation here agrees with what is observed in mass loss as shown in Figure
2(c); the former lost about 56% of its weight, while the latter degraded about 28%.
Apparently, this difference was primarily the result of the higher crosslink density and lower
concentration of the ionic and hydrophilic monomer, MA, which cause less water to contact
the hydrogel composites during degradation. Similar trends are observed in other
compositions.

4. Discussion

Novel, degradable, and rubbery biocomposites, comprised of hydrogels and hydroxyapatite,
are increasingly desirable materials for bone—tissue engineering. This work demonstrates an
approach for synthesis of degradable pHEMA/HA biomaterials at controlled rates by
increasing the hydrophilicity of the backbone of the hydrogel (through addition of an ionic
co—monomer of methacrylic acid); increasing the relative hydrophilicity of the degradable
macromer/crosslinker; and increasing the chain length and thus molecular weight of the
macromere. Our design rationale has been shown to work in pHEMA/HA systems.
However, there are a number of important caveats. While linear pHEMA usually dissolves
in water, it is not soluble when its molecular weight exceeds 8-10k Da. Therefore, caution
must be taken in the design of degradable pHEMA hydrogel biocomposites with
hydroxyapatite to ensure that its molecular weight is below this threshold. Furthermore,
since the pHEMA hydrogel/HA is obtained in situ, the molecular weight of linear pHEMA
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is impossible to be easily determined. However, an observation of fast degradation, (i.e.,
~15% weight loss in five weeks, as shown in Figure 4(a)) indicates that the molecular
weight of the linear pHEMA must be lower than 8-10k Da.

Hydrolytic degradation of poly(HEMA-co-MA)/HA biocomposites is rather complex,
because there are a variety of variables that may play certain roles in combinatorially
determining the degradation. These variables partly include crosslink density,
hydrophilicity/hydrophobicity (i.e., wettability), the swollen water content, surface charges
and topography, specimen thickness, the pH and ionic strength of the solution, and
interaction between the hydrogel and HA. In addition, the relative concentration of the
components during polymerization is also important. Because of “self-acceleration effect”
which results from carboxylic ends released during degradation, the overall degradation
kinetics is complicated. Very often, more than two variables are involved. The macromers/
crosslinkers, we synthesized in this work, are far less hydrophilic than those reported in the
literature [30, 34], because PEG used here have much lower molecular weights. This
difference may potentially cause immiscibility between the components during mixing prior
to polymerization (i.e., gelling), which in return might result in polymerization induced
phase separation, i.e., pore structures, particularly when HEMA, MA, and Macromer are all
used in the formulation of pHEMA hydrogels. Based on what is shown in Figures 5 and 6
where only MA and Macromer were employed in the formulation, clearly, there are no
porous structures from initial polymerization and subsequent swelling and degradation,
regardless of the concentration of the macromer. For other compositions composed of either
MA/HEMA/Macromer or HEMA/Macromer, it is possible but not likely for polymerization
induced phase separation to occur, because the percent mass loss would have been much
higher if the phase separation had occurred.

Generally, a higher concentration (presumably higher crosslink density) of the macromer/
crosslinker leads to less mass loss; this is true for the initial degradation irrespective of
compositions, but it is not always the case for compositions with MA/Macromer and is
totally the opposite for the compositions containing HEMA/Macromer at a late phase of the
12—-week period of degradation. Apparently, the role of crosslink density coupled with other
variables. Regardless of the composition, a greater volumetric swelling ratio generally leads
to greater mass loss as might be expected. The obtained swelling ratio, ranging from 1.3—
3.0, is beneficial for these biocomposites to serve as bone grafts/implants [61, 62], because a
big swelling ratio may result in increased localized compression to the surrounding tissue
and lowered mechanical properties.

Incorporation of hydroxyapatite in the formulation complicates the degradation kinetics of
the crosslinked pHEMA hydrogel, as HA itself has a very low solubility [63] (solubility
product = 14.4 + 0.3 at 25 °C) and controls the degradation of the pHEMA to some degree.
It has been claimed that hydroxyapatite is biodegradable. However, it has also been reported
that scaffolds composed of a polymer and hydroxyapatite still did not decompose and were
resorbed entirely after seven years [18, 19]. A recent study by our group — examining the
degradation of 3-D porous HA scaffolds by solid freeform printing in simulated body fluids
— showed no degradation of scaffolds for two weeks. To the contrary, they gained weight.
The degradation of HA in vitro differs from that in vivo. Interestingly, the pHEMA/HA
biomaterials formed here show remarkable degradability (Figures 2 and 3). This can be
partly explained by a sharp drop in pH during degradation (Figure 4), which substantially
enhances the solubility of hydroxyapatite, which is known to have a higher solubility in an
acidic environment [64]. The solubility of hydroxyapatite increases by nearly two orders of
magnitude when the pH decreases from 7.4 to 4.8 [64]. In addition, as the degradation
progresses, the decomposition of the macromer/crosslinker and disintegration of the
crosslinked pHEMA macromolecules facilitates the dispersion of mobile hydroxyapaite
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particles, thereby increasing the diffusion coefficient, which consequently accelerates
degradation. While the pHEMA hydrogel influences HA degradation, HA may also promote
degradation of the pHEMA hydrogel in three ways [65]. First, hydroxyapatite exerts a
buffering effect on the pH of the surrounding solution, partially blocking the autocatalytic
effect of the acidic end groups of PLA. Without the buffering effect, the pH of the saline
solution would be approximately 3.0 as a result degradation of the PLA segments of the
macromere [66]. Second, incorporation of hydroxyapatite into the pHEMA hydrogel
promotes water absorption for degradation as a result of significantly increased surface
areas. Third, incorporation of the HA introduces surface topography (e.g., micro roughness)
that may partially promote water contact and help form tenacious bonding of the
biocomposite with the surrounding bone tissue in vivo. The inter—relationships between the
pHEMA hydrogel and hydroxyapatite complicate the overall degradation kinetics of
biocomposites. In the course of degradation, it is clinically important to know the
degradation rate of the structural components of the pHEMA/HA biomaterials, because
hydrogels of pHEMA and HA may not necessarily degrade at the same rate. We purposely
selected two compositions to demonstrate the significant role of the co-monomer of MA in
accelerating the dissolution of HA. Figure 7 compares thermogravimetric analysis between
two compositions: HEMA/MA/Macromer=40/0/60 (Figure 7(a)) and HEMA/MA/
Macromer=0/40/60 (Figure 7(b)) before and after degradation for ten weeks.

Before the degradation, the two compositions have nearly the same ratio of hydrogel/HA
(i.e., 43.5/56.5); however, after degradation for 10 weeks, this ratio alters only a little bit for
HEMA/MA/Macromer=40/0/60, (i.e., ~41/59), but changes substantially to 32/68 for the
HEMA/MA/Macromer=0/40/60. This indicates that the hydrogel and HA degrade nearly at
the same rate in the former, while the hydrogel degrades much more than does HA in the
latter. In experiments with these crosslinked poly(HEMA-co-HA)/HA biocomposites, it is
presumed that the decomposition of the crosslinking molecule (i.e., dimethacrylated PLA-
b-PEG-b-PLA) plays a vital role in degradation, which subsequently motivates the
dissolution of the linear poly(HEMA—-co-MA), poly(HEMA), or polyMA chains in addition
to HA, causing degradation of the overall crosslinked hydrogel composites.

In exploring swelling and degradation of the pHEMA/HA biomaterials, the hydrophilicity of
the backbone of the hydrogel (through incorporation of an ionic co-monomer of methacrylic
acid) and macromer/crosslinker, the concentration of the co-monomer and macromer/
crosslinker (and thus crosslink density), and chain length (molecular weight) of the
macromer/crosslinker are all needed to be considered simultaneously. Swelling occurs prior
to degradation, and also is an important step towards hydrolytic degradation. Swelling and
subsequent degradation may be appreciated in terms of rubber—elasticity theory [67]. The

volumetric swelling ratio, Qy, the average molecular weight between crosslinks, M,
crosslink density, v, mesh size, €, and elastic modulus, G, have the following scaling
relationships [56, 60, 68, 69]:
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where py is the density of the polymer and M, may be estimated from the Flory—Rehner
equation [69,70]. To maximize degradation, swelling is typically needed to be maximized.
Accordingly, crosslink density should be minimized. However, the trends shown in Figures
3(b) and 3(c) do not seem to support this scaling relationship. In fact, because of the
unavailability of exact crosslink density, it is unclear whether or not the scaling relationship
applies here. In Figures 2(b) and 2(c), when the content of macromer/crosslinker is high
(e.g9., HEMA/Macromer=20/80 or MA/Macromer=20/80), the macromer/crosslinker may
play two significant roles: it may act not only a crosslinking agent, but also a main monomer
due to cyclization effect in the presence of solvents, in addition to the existing main
monomer, either HEMA (Figure 2(b)) or MA (Figure 2(c)). It is likely that the crosslink
density is still high in these cases. When, in addition to acting as a crosslinker, the macromer
participates in the polymerization as an additional main monomer, the increased
hydrophilicity from PEG blocks would significantly attract more water for swelling. That
may be what has occurred in Figure 2(b), but it does not occur in Figure 2(c), because the
methacrylic acid is more hydrophilic than the macromer. The participation of the macromer
as an additional main monomer is critical for degradation, as the degradation may start not
only with the decomposition of the crosslinks but also with the backbone of the hydrogel,
enabling substantial improvement in degradation. At a similar crosslink density, the increase
of chain length (molecular weight) of the macromer/crosslinker leads to a much greater
mesh size of the networks, significantly facilitating attraction of more water for swelling,
which consequently enhances the hydrolytic degradation. The hydrophilicity of PEG blocks
would also allow them to attract more water for swelling and degradation.

As demonstrated here, a series of elastomeric pHEMA/HA biocomposites were synthesized
using degradable macromers/crosslinkers based on dimethacrylated triblock copolymers of
PLA-b6-PEG-6-PLA. The degradability may be carefully controlled by incorporating an
ionic and hydrophilic co-monomer of methacrylic acid, or altering the chemical
architectures of the macromer/crosslinker and relative concentrations, or both. Our work
lays a solid foundation for the fabrication of clinically useful elastomeric biopolymers/
hydroxyapatite materials with expectancy degradation time of 4—6 months. Our findings
demonstrate that our design rationale and strategies are capable of creating novel organic—
inorganic biomaterials suitable for bone tissue engineering, particularly where
biodegradability, biocompatibility, and mechanical properties would have to be considered
simultaneously. Our rationale and strategies open up a path for the design of useful soft
hydrogel materials and the incorporation of a bioactive inorganic material (e.g., HA) to
obtain useful biocomposites as synthetic bone grafts for bone repair and regeneration. This
rationale and these strategies are important to bone tissue engineering. They provide a viable
solution for the creation of degradable and dense (i.e., non—porous) biomaterials.

ENREF 55 The rationale and strategies described here also have important implications
for bone-tissue engineering in that they demonstrate that biomimetic porous inorganic—
organic biomaterials can be created through the incorporation of a biomimetic co-monomer
for cell adhesion [14]. Overall, the rationale and strategies open a vital new avenue for the
generation of complex organic—inorganic hybrid biomaterials.

5. Conclusions

With a combinatorial approach, we have synthesized a series of degradable pHEMA/HA
biocomposites with a range of degradation rates using macromers/crosslinkers based on a
dimethacrylated triblock copolymer, PLA-6-PEG-6-PLA. The degradation behavior has
been significantly varied by incorporating a co-monomer, methacrylic acid, or altering the
concentration of the macromer/crosslinker (and thus crosslink density) and its chain length/
molecular weight of the macromer coupled with relative hydrophilicity, or both. These
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variables are often coupled in the formulation, which makes the degradation behavior more
complex.

Our findings on degradation rates indicate that, at a similar crosslink density, the
incorporation of the co-monomer enhances the degradation dramatically. The more the co-
monomer is used, the more mass loss is accrued by the biocomposites. When the
concentration of macromer/crosslinker (and thus cross—density) is a variable in either the
pHEMA/HA or polyMA/HA system, the trends of degradation are rather complex; in the
case of pHEMA/HA (without MA), the overall effect of macromer/crosslinker concentration
is negligible (variation between 9-13%) within the tested time frame. In the case of
polyMA/HA, self—acceleration of degradation is observed in the compositions of MA/
Macromer=60/40, 40/60, and 20/80 after seven to eight weeks, while the degradation in
MA/Macromer=80/20 occurs in a uniformly progressive fashion. The polyMA/HA system
degrades much more than does the pHEMA/Macromer system, i.e., 50-90 wt% for the
former versus 9-13 wt% for the latter. In all cases, the incorporation of the ionic co—
monomer of MA enhances the degradation tremendously.

Alternation of chain length (molecular weight), which is coupled with the variation of
hydrophilicity of sub—segments (i.e., PEG block) of the macromer, strongly influences the
degradation; our findings show that longer (and thus higher molecular weight) and more
hydrophilic macromolecular chains of the macromer based on PEG1500 significantly
promote the degradation compared with its counterpart based on PEG600. Overall, the
degradation of the pHEMA/HA biomaterials has been shown to vary substantially with the
macromer (molecular architectures and molecular weight) and the co-monomer of
methacrylic acid. The strategies and approaches in this work are important for the
development of biodegradable, biocompatible, and clinically useful organic—inorganic
hybrid biomaterials that have numerous low to medium load—bearing applications in bone
tissue engineering, particularly for rubbery hybrid materials with the degradation range of 4—
6 months required in clinical trials.

6. Supplementary data

Supporting I nformation. Comparison of FTIR spectra between PEG600, triblock
copolymer of PLA-6-PEG-6-PLA, and the macromer based on PEG600 (Figure S1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Volumetric swelling ratio as a function of time in poly(HEMA-co-MA)/HA biomaterials
where: (a) 60 wt% macromer is fixed while the ratio of MA/HEMA is varied, (b) the ratio of
HEMA/Macromer is varied without the presence of MA, and (c) the ratio of MA/Macromer
differs without incorporation of HEMA. In all cases, the macromer is made from PEG600
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Figure 2.

Percent mass loss as a function of degradation time in various poly(HEMA-co-MA)/HA
biomaterials where: (a) the ratio of MA/HEMA is varied in the presence of fixed 60 wt%
macromer, (b) the ratio of HEMA/Macromer is altered with 0% MA used and, (c) the ratio
of MA/Macromer is altered without the presence of HEMA. In all cases, the macromer is
made from PEG600

Polymer (Guildf). Author manuscript; available in PMC 2014 January 24.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Huang et al.

Page 17

11 I S I B S S I O B O B

(a) 0% MA
HEMA/Macromer = 40/60

Macromer based on
PEG1500 + Lactide/PEG =6

o .

o a
Macromer based on
PEG600 + Lactide/PEG = 3

—

—
o,
U B

PN N T U TN NN WO U N U N AN

T TR EEE

Percent Mass Loss (%)
3

O

—

-

) T T o NS Y Y N Y M [ N Y A Iy (N A A O 0 |
0 2 4 6 8 10 12 14.

Time (weeks)

LL'L S e S S O B B S B B N N N S
- ™ B
- MA/HEMA/macromer -
- 80 =13/27/60 Macromer base on -
2 -~ PEG1500 and Lactide/PEG = 6 -
2 b -
O
- 60 ( ) HEMA/macromer = 40/60 =
@ ~ 0% MA o
s = HEMA/macromer = 22.5/77.5 | -
s 40 0% MA -
8 : MA/HEMA/macromer :
s _ =7.515/77.5 i
B 20 2
0 5 T I O O
0 1 2 3 4 S 6
Time (weeks)
Figure 3.

Percent mass loss as a function of degradation time in poly(HEMA-co-MA)/HA
biocomposites crosslinked by a macromer made from PEG1500 with a greater chain length/
higher molecular weight: (a) comparison of the macromers made from PEG600 and
PEG1500 respectively in the system comprising HEMA/Macromer=40/60 only, (b)
comparison between the systems of MA/HEMA/Macomer=0/40/60, MA/HEMA/
Macromer= 13/27/60, MA/HEMA/Macromer=7.5/15/77.5, and HEMA/
Macromer=22.5/77.5
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Figure4.
Change of pH as a function of degradation time in the pHEMA/HA system comprising
HEMA/Macromer=60/40 with the macromer made from PEG600
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Figure5.

Comparison of morphology revealed by SEM photomicrographs before and after
degradation for eight weeks in the composition of HEMA/MA/Macromer = 0/80/20 with the
macromer based on PEG600. Before degradation: (a) surface, and (b) cross-section; after
degradation for eight weeks: (c) surface, and (d) cross-section. Scale bar = 10 um
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Cross-section

Figure6.

Comparison of morphology revealed by SEM photomicrographs before and after
degradation for eight weeks in the composition of HEMA/MA/Macromer = 0/20/80 with the
macromer based on PEG600. Before degradation: (a) surface, and (b) cross-section; after
degradation for eight weeks: (c) surface, and (d) cross-section. Scale bar = 10 um
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Figure7.

Thermogravimetric analysis of the pHEMA/HA biomaterials before and after degradation
for 10 weeks, where HEMA/MA/Macromer = 40/0/60 is employed: (a) before degradation,
(b) after degradation for 10 weeks, and HEMA/MA/Macromer =0/40/60 is formulated: (a)
before degradation and (b) after degradation for 10 weeks. The macromer is based on
PEG600
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Scheme 1.
Synthesis of degradable macromers and poly(HEMA-co-MA)/HA biocomposites
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Scheme 2.
Hydrolytic degradation process of the biocomposites comprising poly(HEMA-co-MA) and
HA
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