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ABSTRACT: Novel biomineralized hydrogels composed of hyaluronic acid (HA) and vinyl phosphonic acid (VPAc) were designed with

the aim of developing a biomimetic hydrogel system to improve bone regeneration by local delivery of a protein drug including bone

morphogenetic proteins. We synthesized crosslinked hydrogels composed of methacrylated HA and poly(VPAc) [P(VPAc)], which

serves as a binding site for calcium ions during the mineralization process. The HA/P(VPAc) hydrogels were biomineralized by a

urea-mediation method to create functional polymer hydrogels that can deliver the protein drug and mimic the bone extracellular

matrix. The water content of the hydrogels was influenced by the HA/P(VPAc) composition, crosslinking density, biomineralization,

and ionic strength of the swelling media. All HA/P(VPAc) hydrogels maintained more than 84% water content. Enzymatic degrada-

tion of HA/P(VPAc) hydrogels was dependent on the concentration of hyaluronidase and the crosslinking density of the polymer net-

work within the hydrogel. In addition, the release behavior of bovine serum albumin from the HA/PVPAc hydrogels was mainly

influenced by the drug loading content, water content, and biomineralization of the hydrogels. In a cytotoxicity study, the HA/

P(VPAc) and biomineralized HA/P(VPAc) hydrogels did not significantly affect cell viability. These results suggest that biomineralized

HA/P(VPAc) hydrogels can be tailored to create a biomimetic hydrogel system that promotes bone tissue repair and regeneration by

local delivery of protein drugs. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41194.
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INTRODUCTION

A bone replacement matrix has been developed for osteogenic

promotion and replacement of injured bone tissues.1–5 Recent

advances in biotechnology have resulted in a great variety of phar-

maceutically active peptides and proteins6,7; however, these agents

are often cleared rapidly from the circulation and therefore need

to be administered frequently to maintain therapeutic levels in

the blood.6–10 Because one of the major issues limiting the thera-

peutic applicability of protein-based drugs is the lack of suitable

dosage forms, there is a great demand for novel methods of deliv-

ering these drugs and new drug release strategies.6–10

Hydrogels are considered interesting carriers/vessels for peptide

and protein delivery because of their good tissue compatibility

and the possibilities for manipulating their permeability for

drug molecules.11–15 Furthermore, hydrogels have proven useful

in the investigation of many aspects of biomineralization in dif-

ferent in vitro environments.16–18

Natural bone is a composite of collagen, a protein-based hydrogel

template, and inorganic dahilite (carbonated apatite) crystals.4 It

was reported that acidic extracellular matrix proteins attached to

the collagen scaffolds play important inhibitory roles and func-

tion as a template during the mineralization process.16–18 The

acidic groups serve as binding sites for calcium ions and align

them in an orientation that matches the apatite crystal lattice.16,17

Mineralized polymeric matrices have emerged as promising tools

to uncover the complex roles of the cellular microenvironment in

regulating the diverse phenotypic activities of stem and progenitor

cells related to the development, repair, regeneration, and remodel-

ing of bone tissue.19,20 Most of the studies focused on the apatite

formation on gels, scaffolds, fibers, or grafted films.16–18,21–23 Sev-

eral pioneering works have tried to understand and shown that the

role of chemical motifs should be mediated by other matrix varia-

bles, such as pore size and the density of hydrophobic motifs, spe-

cifically for the mineralization of a three dimensional matrix.24–26

However, biomineralized hydrogel system for local delivery of a

protein drug has not yet been systematically examined.

The main objective of this study was to prepare a biomimetic

hydrogel system to improve bone regeneration by local delivery
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of a protein drug including bone morphogenetic proteins. An

optimized delivery system might improve the osteopotency of

the device while reducing the amount of introduced therapeutic

proteins and peptides, which offers the double advantage of

being safer as well as less expensive.

In this study, we focused on biomineralized hyaluronic acid

(HA)-based hydrogels. HA is an important component of syno-

vial fluid and extracellular matrices, therefore it could be an

attractive building block in new biocompatible and biodegrad-

able polymers for the promotion of wound healing and tissue

regeneration.27–29

In the present study, a HA derivative with crosslinkable methac-

rylate groups was used to prepare crosslinked hydrogels com-

posed of HA and vinyl phosphonic acid (VPAc), which serves

as a binding site for calcium ions during the mineralization

process. To evaluate the feasibility of biomineralized HA/

P(VPAc) hydrogels to deliver a protein drug and mimic the

bone extracellular matrix, we characterized their morphology,

water content, and enzymatic degradation kinetics. The in vitro

release behavior of a model protein drug from the HA/P(VPAc)

hydrogels and biocompatibility of the hydrogels were also

evaluated.

MATERIALS AND METHODS

Materials

HA (from Streptococcus equi sp., Mw 5 1.6 3 106 Da), vinyl-

phosphonic acid (VPAc), poly(ethylene glycol) dimethacrylate

(PEGDM), triethylamine (TEA), glycidyl methacrylate (GM),

ammonium peroxydisulfate, hydroxyapatite, and N,N,N0,N0-tet-

ramethylethylenediamine (TEMED) were purchased from Sigma

Figure 1. Synthetic scheme for HA/P(VPAc) hydrogels; (A) HA, (B) methacrylated HA, and (C) HA/P(VPAc) hydrogel.
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(St. Louis, MO). Urea and hydrogen chloride were obtained

from Aldrich (Milwaukee, WI) and Chemical (Tokyo, Japan),

respectively. Dulbecco’s phosphate-buffered saline (PBS), Dul-

becco’s Modified Eagle Medium (DMEM, high glucose, with L-

glutamine, with pyridoxine hydrochloride, without sodium

pyruvate), and heat-inactivated fetal bovine serum (FBS) were

purchased from GIBCO BRL (Grand Island, NY). Bovine serum

albumin (BSA) was purchased from Sigma. Distilled and deion-

ized water was prepared using a Milli-Q Plus System (Millipore,

Bedford, MA). All other chemicals used were reagent grade and

were used as purchased without further purification.

Methods

Synthesis of Methacrylated HA. One gram of HA [Figure

1(A)] was dissolved completely in 100 mL distilled water and

then TEA and GM were added separately (2.2–5.0 mL). The

reaction mixture was thoroughly mixed for 1 h at 60�C and

stirred overnight at room temperature. After reaction, the solu-

tion was precipitated in a 20-fold volumetric excess of acetone

and dissolved in distilled water twice to remove excess reactants.

The methacrylated HA solution was lyophilized and stored

desiccated at 4�C. The chemical structure of methacrylated HA

[Figure 1(B)] was analyzed by 400 MHz 1H NMR (JNM-AL400,

JEOL, Tokyo, Japan) and Fourier transform infrared spectros-

copy (FTIR) (FT/IR-460 PLUS spectrometer, JASCO, Tokyo,

Japan).

Preparation of HA/P(VPAc) Hydrogels. Crosslinked HA/

P(VPAc) hydrogels were prepared at room temperature by

simultaneous free radical polymerization and crosslinking as

shown in Figure 1(C). The hydrogels were prepared by varying

the weight ratio of methacrylated HA/VPAc and the amount of

crosslinker in the feed. The feed weight ratio of methacrylated

HA/VPAc changed from 10/0 to 8/2. The polymerization for-

mulations of hydrogels are described in Table I.

Dry nitrogen gas was bubbled through 0.45 g of a mixture of

methacrylated HA and VPAc and PEGDM (0.74–3.71 mmol) in

distilled water for 15 min to remove dissolved oxygen. After the

nitrogen gas purge, ammonium peroxysulfate (0.01 g) and

TEMED (100 mL) were added as the initiator and accelerator,

respectively. The mixture was stirred vigorously for 30 s and

allowed to polymerize at room temperature for 24 h under reg-

ular fluorescent light in a glass vial. After polymerization, the

HA/P(VPAc) hydrogel was washed three times for 3–5 min each

in excess ultrapure water to remove compounds that had not

reacted.

Biomineralization of HA/P(VPAc) Hydrogels. To improve the

interaction between hydrogel and osteoblasts, biomineralization

of the HA/P(VPAc) hydrogel was performed by a urea-mediated

method.16 Hydroxyapatite (2.92 mmol) was suspended in

100 mL deionized water with stirring, and 2M HCl was added

sequentially until the hydroxyapatite suspension was completely

dissolved at a final pH of 2.5–3. Urea (0.2 mol) was then dis-

solved in the solution to reach a concentration of 2M. Each of

the HA/P(VPAc) hydrogel samples (1.5 cm 3 1.5 cm 3 2 mm)

was immersed in 50 mL of the acidic HA-urea stock solution.

The mineralization solution was slowly heated to 90–95�C
within 2 h with an average heating rate of 0.6�C/min without

agitation and maintained at that temperature overnight. The

final pH was �8.0. Mineralized HA/P(VPAc) hydrogel samples

were repeatedly washed in ultrapure water to remove loosely

attached minerals and soluble ions.

Characterization of HA/P(VPAc) and Biomineralized HA/P(V-

PAc) Hydrogels. The chemical structure of the HA/P(VPAc)

and biomineralized HA/P(VPAc) hydrogels was confirmed by

Table I. Composition of HA/P(VPAc) and Biomineralized HA/P(VPAc) Hydrogels

No. Hydrogel samplea
HA/VPAc monomer
weight ratio in feedb

Crosslinker
(PEGDM; mmol) Biomineralization

1 HA/P(VPAc)10/0-2 10 : 0 1.11 –

2 HA/P(VPAc)9/1-2 9 : 1 1.11 -

3 HA/P(VPAc)8/2-2 8 : 2 1.11 -

4 B-HA/P(VPAc)10/0-2 10 : 0 1.11 �

5 B-HA/P(VPAc)9/1-2 9 : 1 1.11 �

6 B-HA/P(VPAc)8/2-2 8 : 2 1.11 �

7 HA/P(VPAc)10/0-1 10 : 0 0.74 –

8 HA/P(VPAc)10/0-3 10 : 0 2.22 –

9 HA/P(VPAc)10/0-4 10 : 0 3.71 –

10 HA/P(VPAc)9/1-1 9 : 1 0.74 –

11 HA/P(VPAc)9/1-3 9 : 1 2.22 –

12 HA/P(VPAc)9/1-4 9 : 1 3.71 –

13 HA/P(VPAc)8/2-1 8 : 2 0.74 –

14 HA/P(VPAc)8/2-3 8 : 2 2.22 –

15 HA/P(VPAc)8/2-4 8 : 2 3.71 –

a All hydrogels were synthesized in distilled water as a reaction solvent.
b The total amount of HA and VPAc in feed was 3 w/v% of the reaction media.
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FTIR measurements. FTIR spectra were recorded on a FT/IR-

460 PLUS spectrometer (JASCO) ranging between 4000 and

650 cm21, with a resolution of 2 cm21 and 64 scans.

The HA/P(VPAc) and biomineralized HA/P(VPAc) hydrogel

samples were freeze-dried overnight, weighed upon removal

from the freeze-dryer, and immersed in excess ultrapure water

and PBS for 24 h at 37�C. The water content was calculated on

the basis of the weight difference of the hydrogel samples before

and after swelling:

Water content %ð Þ 5 ðWs2WdÞ=Ws3100; (1)

where Ws is the weight of the swollen gel and Wd is the weight

of the dry gel.

The surface and cross-section morphology of the HA/P(VPAc)

and biomineralized HA/P(VPAc) hydrogels was examined by

field emission scanning electron microscopy (FE-SEM) (JSM-

7000F, JEOL, Tokyo, Japan) at 15 kV.

Enzymatic Degradation of HA/P(VPAc) Hydrogels. Enzymatic

degradation of HA/P(VPAc) hydrogels was investigated by mon-

itoring the mass loss of the hydrogel samples as a function of

time of exposure to an enzyme solution.30,31 The relationship

between degradation behavior of the HA/P(VPAc) hydrogels

and the concentration of hyaluronidase solution and the cross-

linking density of hydrogel was investigated over 12 days. Each

HA/P(VPAc) hydrogel sample (dimensions 5 2.0 3 5.0 3

5.0 mm3) was placed in PBS (pH 5 7.4) in a shaking water bath

at 37�C for 24 h and the initial weight of the swollen samples

was measured. The hydrogels were then placed in PBS contain-

ing hyaluronidase, 0.2 mg/mL sodium azide and 1 mM CaCl2,

and shaken gently at 37�C. The mass loss of the hydrogel sam-

ples was tracked over time based on the initial swollen weight.

Three specimens were tested for each sample. The remaining

weight (%) of HA/P(VPAc) hydrogels was calculated using the

following equation:

Remaining weight %ð Þ 5 Wt=W0ð Þ3100; (2)

where W0 is the initial weight of the hydrogel and Wt is the

swollen weight of the hydrogel at each time point.

In Vitro Drug Release Behavior of HA/P(VPAc) and Biominer-

alized HA/P(VPAc) Hydrogels. BSA (molecular weight 5 65,000

Da, Fraction V, Sigma) was used as a model protein drug in the

in vitro drug release test. BSA solution (50.0 mg/ mL) was pre-

pared using deionized water. Previously dried HA/P(VPAc) and

biomineralized HA/P(VPAc) hydrogel samples were soaked in

20 mL BSA solution for 1 day at 25�C and allowed to swell to

an equilibrium state. The fully swollen hydrogels were blotted

with filter paper to eliminate surface water and dried until they

achieved a constant weight. The amount of drug loaded into

the HA/P(VPAc) hydrogel was determined by the following

equation:

DLC %ð Þ5 mass of BSA

mass of BSA-loaded HA=PðVPAcÞ hydrogel
31005

BSA

BSA1hydrogel
3100

Dried BSA-loaded HA/P(VPAc) hydrogel was placed in a 25-mL

sealed vial containing PBS (0.1M, pH 5 7.4) and incubated in a

water bath (at 37 6 0.5�C) with gentle shaking at 50 rpm. At

predetermined time intervals, 3-mL aliquots of aqueous solution

were withdrawn from the release medium and replaced with an

equivalent volume of fresh buffer solution. The amount of BSA

released was analyzed by UV-visible spectrophotometry (Shi-

madzu Model UV 2101PC, Kyoto, Japan) at 280 nm. The

cumulative amount of released BSA was determined using the

standard calibration curve. All release experiments were carried

out in triplicate.

Biocompatibility Study. The in vitro cytotoxicity of the HA/

P(VPAc) and biomineralized HA/P(VPAc) hydrogels was eval-

uated using an indirect extraction method.32,33 Extracts were

obtained by immersing fragments of each of the hydrogels

(0.2 g/mL) in culture medium at 37�C. After incubation for 2

days, extracts of the hydrogel samples were collected and diluted

to 25, 50, 75, and 100% with culture media. Human hepatoma

HepG2 cells were obtained from the Korea Cell Line Bank and

maintained in a culture medium composed of DMEM, 10%

FBS, and 100 U/ mL penicillin-streptomycin. HepG2 cells were

seeded in 96-well plates at a density of 2.0 3 104 cells/well and

incubated at 37�C in a humidified 5% CO2 atmosphere for 48

h. After the cells had attached to the wells, the initial culture

medium was replaced with medium containing hydrogel extract

and the cells were incubated for 48 h at 37�C. At the end of the

incubation period, the extract medium was discarded and cell via-

bility was determined using the MTT assay (n 5 4). In brief,

50 mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium

bromide (MTT) solution (12 mM) was added to each well. After

4-h incubation at 37�C, the MTT solution was removed and the

insoluble formazan crystals that formed were dissolved in 150 mL

dimethylsulfoxide. Absorbance of the formazan product was

measured at 540 nm using a microplate reader (Tecan Trading,

Mannedorf, Switzerland). The untreated cells served as a positive

control and were taken as 100% viable.

RESULTS AND DISCUSSION

Synthesis of HA Derivatives

Methacrylation of HA was performed to synthesize HA deriva-

tives with polymerizable residues [Figure 1 (B)]. Figure 2 shows

the 1H NMR spectra of native HA that served as a control [Figure

2(A)] and methacrylated HA [Figure 2(B,C)]. 1H NMR spectrum

confirmed the substitution of methacrylate groups on the HA

backbone, showing not only peaks at �1.9 ppm (peak b) and

3.0–4.4 ppm (peak a) corresponding to the methyl protons and

the protons on the ring of original HA, respectively, but also two

distinctive peaks at 5.6 and 6.0 ppm (peak f) that were attributed

to the two protons of the double bond of the methacrylate group

and a peak at �1.8 ppm (peak e) ascribed to the methyl group

adjacent to the double bond, which were not present in the
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original HA. In addition, the two distinctive peaks at 5.6 and 6.0

ppm (peak f) and thepeak at �1.8 ppm (peak e) gradually

increased with an increase in the feed ratio of TEA and GM dur-

ing the methacrylation reaction, as shown in Figure 2(B,C). This

indicates that methacrylated HA derivatives can be synthesized

with controllable methacrylation percentages.

Figure 2. 1H NMR spectra of (A) HA, (B) methacrylated HA prepared using 2.2 mL TEA and 2.2 mL GM, and (C) methacrylated HA prepared using

3.5 mL TEA and 3.5 mL GM. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3(A) shows the FTIR spectra of HA and methacrylated

HA. For HA [Figure 3(A-a)], a characteristic peak was observed

in the region of 3419 cm21 due to hydrogen bonded OAH

stretching and NAH stretching vibration of the N-acetyl side

chain. The peaks at 1637 and 1415 cm21 were assigned to the

amide I group of C@O carboxyl and aromatic amine CN

stretching, respectively. The peak at 2911 cm21 was caused by

the methyl CAH stretch corresponding to glucuronic acid. A

peak at 1036 cm21 for the primary alcohol CAO stretch was

also observed. Compared with the original HA, methacrylated

HA showed a sharp peak at �1556 cm21 (C@C) and a new

peak at �1459 cm21 (CH2@), representing the double bond of

the methacrylate group [Figure 3(A-b–d)]. These results con-

firmed that HA was derivatized with methacrylated groups.

Characterization of HA/P(VPAc) and Biomineralized Hydrogels

HA/P(VPAc) hydrogels were prepared by varying the feed ratio

of HA and VPAc as shown in Table I. FTIR spectroscopy meas-

urements were carried out to confirm the synthesis of HA/

P(VPAc) hydrogels. Figure 3(B) illustrates FTIR spectra of (a)

VPAc, (b) methacrylated HA, (c) HA/P(VPAc)8/2-2, (d) HA/

P(VPAc)9/1-2, and (e) HA/P(VPAc)-10/0-2 hydrogels.

As shown in Figure 3(B-a), the FTIR spectrum of VPAc exhib-

ited a wide band at �2910 cm21 and peaks at 1615 and

1146 cm21 corresponding to P@O stretching. The spectrum

also contained absorption bands of the asymmetric stretching

vibration of the PAOAH group at 1096 cm21. The methacry-

lated HA showed a sharp characteristic peak at �1556 cm21

(C@C) that can be attributed to the double bond of the meth-

acrylate group [Figure 3(B-b)]. However, this peak was signifi-

cantly reduced in the FTIR spectra of HA/P(VPAc) hydrogels

[Figure 3(B-c)] HA/P(VPAc)8/2-2, (d) HA/P(VPAc)9/1-2, and

(e) P(VPAc)10/0-2). In addition, the FTIR spectra of HA/

P(VPAc) hydrogels included characteristic absorptions of both

HA and VPAc, clearly indicating that HA/P(VPAc) hydrogels

were successfully prepared by simultaneous free radical poly-

merization and crosslinking.

HA/P(VPAc) hydrogels were biomineralized by a urea-mediated

method to create functional polymer hydrogels that can deliver

protein drug and mimic the bone extracellular matrix. After

biomineralization, the physical appearance of the HA/P(VPAc)

hydrogels turned from transparent to white.

The morphologies of HA/P(VPAc) hydrogels before and after

biomineralization were observed by FE-SEM measurement. Fig-

ure 4 shows the surface and cross-sectional morphologies of

HA/P(VPAc) and biomineralized HA/P(VPAc) hydrogels. As

shown in Figure 4(B), after the mineralization procedure a crys-

talline formation was observed within and on the surface of

biomineralized HA/P(VPAc) hydrogels (B-HA/P(VPAc)9/1-2).

These biomineralized HA/P(VPAc) hydrogels were analyzed by

FTIR spectroscopy. The FTIR spectra of the untreated HA/

P(VPAc) hydrogels and the biomineralized HA/P(VPAc) hydro-

gels are compared in Figure 3(C). The presence of phosphate

groups in both hydroxyapatite and the HA/P(VPAc) copolymer

complicates characterization of the apatite growth obtained in

the hydrogel samples because its bands overlap with the phos-

phate groups of the copolymer. After biomineralization, a strong

band appeared at 1150 cm21. This has been attributed to the

presence of phosphate salt, indicating that the interaction

involves bonding of Ca ions with the PAO2 and PAO32
4 ions of

Figure 3. FTIR spectra of (A) methacrylated HA derivatives; (a) native

HA, (b) methacrylated HA prepared using 2.2 mL TEA and 2.2 mL GM,

(c) methacrylated HA prepared using 3.5 mL TEA and 3.5 mL GM, and

(d) methacrylated HA prepared using 5.0 mL TEA and 5.0 mL GM; (B)

HA/P(VPAc) hydrogels: (a) VPAc, (b) methacrylated HA, (c) HA/

P(VPAc)8/2-2, (d) HA/P(VPAc)9/1-2, and (e) P(VPAc)10/0-2; (C) bio-

mineralized HA/P(VPAc) hydrogels; (a) B-HA/P(VPAc)8/2-2, (b) B-HA/

P(VPAc)9/1-2, (c) B-HA/P(VPAc)10/0-2, and (d) HA/P(VPAc)9/1-2.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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the copolymer [Figure 3(C); (a) B-HA/P(VPAc)8/2-2, (b) B-HA/

P(VPAc)9/1-2, and (c) B-HA/P(VPAc)10/0-2].

In addition, a band at 1005 cm21 (assigned to the symmetric

vibration of PAO), a band at 1024 cm21 (assigned to the asym-

metric vibration of PAO), and a band at 1150 cm21 (assigned to

the phosphonyl group P@O) were observed. The FTIR spectrum

also shows characteristic peaks at 786 and 716 cm21 that were

derived from the hydroxyapatite. These results demonstrate the

presence of hydroxyapatite in the HA/P(VPAc) hydrogel.

Figure 4. Surface and cross-sectional morphologies of HA/P(VPAc) and biomineralized HA/P(VPAc) hydrogels; (A) HA/P(VPAc)9/1-2 and (B) B-HA/

P(VPAc)9/1-2.
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Water Content of HA/P(VPAc) and Biomineralized HA/P(VPAc)

Hydrogels

Table II shows the water content of the HA/P(VPAc) and bio-

mineralized HA/P(VPAc) hydrogels in deionized water and PBS,

respectively. All of the HA/P(VPAc) hydrogel samples exhibited

a relatively high water content of >90% regardless of their com-

position. The water content gradually increased as the amount

of HA (pKa 5 3.0) in the hydrogel increased. HA contains an

ionizable group, ACOO2. The presence of ionized ACOO2

groups within the HA/P(VPAc) hydrogel causes repulsion

between them, resulting in an increase in free volume in the

polymeric matrix and thus an increase in swelling of the hydro-

gel. However, as the P(VPAc) content increased, the water con-

tent of the HA/P(VPAc) hydrogels gradually decreased. It can

be proposed that the hydrophilic monomer VPAc did not sig-

nificantly increase the water content of the hydrogel because the

phosphonic acid groups did not fully ionize in the swelling

medium (deionized water, pH 5 5.8). Phosphonic acid groups

in HA/P(VPAc) hydrogels dissociate to monobasic and dibasic

species at pH values of �3.1 (pK1) and 9.0 (pK2), respectively.34

The water content of biomineralized HA/P(VPAc) hydrogels was

lower than that of untreated HA/P(VPAc) hydrogels irrespective of

the HA and P(VPAc) composition (Table II). This suggests that the

nucleation and growth of calcium phosphate in the hydrogels during

biomineralization inhibits interaction between ionic groups in hydro-

gels and water molecules, leading to a reduction in water content.

In addition, the water content of the hydrogels was lower in PBS

than in deionized water (Table II). The effect of the media on

swelling behavior can be attributed to shielding of the ACOO2,

APO3H2, and APO22
3 repulsion, which prevents collapse of the

gel, by interactions between ACOO2, APO3H2, and APO22
3

groups in HA/P(VPAc) and ions present in the PBS.35

The effect of crosslinking density on the water content of HA/

P(VPAc) hydrogels was also investigated (Table II). As the cross-

linking density within the hydrogel increased (feed amount of

PEGDM 5 0.74–3.71 mmol) the water content gradually

decreased, as shown in Table II and Figure 5. As the crosslinker

concentration is increased, it increases the ability of polymer

chain to get crosslinked.36 In addition, HA/P(VPAc) hydrogels

prepared using the same feed ratio of crosslinker exhibited a lower

water content in PBS than in deionized water [Figure 5(B)].

Enzymatic Degradation Behavior of HA/P(VPAc) Hydrogels

The enzymatic degradation of HA/P(VPAc) hydrogels was deter-

mined by monitoring mass loss of the hydrogel samples as a func-

tion of time of exposure to a hyaluronidase solution (Figure 6).

The in vitro degradation kinetics of the HA/P(PVAc) hydrogels

with respect to the concentration of hyaluronidase solution (0–

1000 U/ mL) and the crosslinking density within the hydrogel

structure (feed amount of PEGDM 5 0.74–3.71 mmol) were inves-

tigated. HA/P(VPAc)8/2-2 hydrogels showed significant weight loss

in a hyaluronidase concentration-dependent manner [Figure 6(A)].

HA/P(VPAc)8/2-2 hydrogels in control solution without enzyme

did not show any decrease in weight as a function of time

whereas HA/P(VPAc)8/2-2 hydrogels in 30 U/mL hyaluronidase

solution showed 46.5% degradation after 12 days of exposure

and hydrogels in 1000 U/mL hyaluronidase solution were com-

pletely degraded within 138 h [Figure 6(A)].

The degradation of hydrogel in solution is generally associated

with several network parameters such as the number of cross-

links per backbone chain, the number of vinyl groups on the

crosslinking molecule, molecular weight of the backbone, and

the proportion of degradable groups in the main and side

chain. The degradation behavior of HA/P(VPAc) hydrogels

Table II. Water Content and DLC of HA/P(VPAc) and Biomineralized HA/P(VPAc) Hydrogels

No. Hydrogel sample Watera PBSa DLC (%)b

1 HA/P(VPAc)10/0-2 98.02 6 0.12 96.51 6 0.06 38.21 6 1.78

2 HA/P(VPAc)9/1-2 97.82 6 0.11 95.43 6 0.60 35.74 6 0.57

3 HA/P(VPAc)8/2-2 96.43 6 0.02 94.48 6 0.11 30.77 6 1.76

4 B-HA/P(VPAc)10/0-2c 92.36 6 0.39 87.73 6 0.04 17.46 6 0.41

5 B-HA/P(VPAc)9/1-2c 91.41 6 0.08 86.07 6 0.64 16.32 6 2.87

6 B-HA/P(VPAc)8/2-2c 90.88 6 0.54 84.46 6 0.08 16.08 6 1.56

7 HA/P(VPAc)10/0-1 98.53 6 0.02 96.68 6 0.13 –

8 HA/P(VPAc)10/0-3 97.18 6 0.08 94.01 6 0.04 –

9 HA/P(VPAc)10/0-4 95.90 6 0.09 93.61 6 0.06 –

10 HA/P(VPAc)9/1-1 97.95 6 0.06 95.47 6 0.13 –

11 HA/P(VPAc)9/1-3 97.39 6 0.12 94.62 6 0.55 –

12 HA/P(VPAc)9/1-4 94.63 6 0.11 92.60 6 0.06 –

13 HA/P(VPAc)8/2-1 97.13 6 0.05 94.70 6 0.36 –

14 HA/P(VPAc)8/2-3 95.97 6 0.05 93.78 6 0.06 –

15 HA/P(VPAc)8/2-4 94.37 6 0.14 93.25 6 0.85 –

a Water content of hydrogel 5 (Ws 2 Wd)/Ws 3 100, where Ws is weight of swollen gel and Wd is weight of dry gel. Each water content value repre-
sents the average of four samples.
b DLC 5 (mass of BSA/mass of BSA 2 loaded hydrogel) 3 100 5 [BSA/(BSA 1 polymer)] 3 100.
c Biomineralized HA/P(VPAc) hydrogel samples.
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depended on the crosslinking density of hydrogel. Figure 6(B)

shows the degradation profiles of HA/P(PVAc)9/1 hydrogels

prepared using different feed ratios of crosslinker PEGDM (as

shown in Table I) in 150 U/ mL hyaluronidase solution. The

degradation rate of HA/P(VPAc) hydrogel gradually decreased

with increased crosslinking density. As the crosslinking density

increases, additional degradable units must be broken to

degrade the hydrogel. This results in a longer incubation time

to achieve mass loss with increasing crosslinking density.

Drug Loading and Release from HA/P(VPAc) Hydrogels

Table II shows the drug loading content (DLC) of BSA in HA/

P(VPAc) and biomineralized HA/P(VPAc) hydrogels with various

composition. The DLC of HA/P(VPAc) hydrogels gradually

increased as the HA content increased and the P(VPAc) content

decreased [HA/P(VPAc)10/0-2 5 38.21 6 1.78%; HA/P(VPAc)9/

1-2 5 35.74 6 0.57%; HA/ P(VPAc)8/2-2 5 30.77 6 1.76%]. This

trend for DLC of HA/P(VPAc) is consistent with the water con-

tent of the hydrogels, which also increased as the amount of HA

(pKa 53.0) containing ionizable groups (ACOO2) increased and

the amount of P(VPAc) (pK1 5 3.1 and pK2 5 9.0) content, which

did not fully ionize in deionized water (pH 5 5.8), decreased.

This indicates that repulsion between ionized ACOO2 groups

within the HA/P(VPAc) results in an increase in free volume in

the polymeric matrix and a corresponding increase in the BSA

loading content of the hydrogel.

The BSA loading content of the biomineralized HA/P(VPAc) hydro-

gelswas lower than that of untreated HA/P(VPAc) hydrogels (Table

II) [B-HA/P(VPAc)10/0-2 5 17.46 6 0.41%; B-HA/P(VPAc)9/1-

2 5 16.32 6 2.87%; B-HA/ P(VPAc)8/2-2 5 16.08 6 1.56%]. This

might reflect the decrease in water content of the hydrogels after bio-

mineralization. In addition, unlike the untreated HA/P(VPAc)

hydrogels, the composition of biomineralized HA/P(VPAc) hydrogel

did not significantly influence the BSA loading content. This suggests

that the nucleation and growth of calcium phosphate in hydrogels

during biomineralization inhibits interaction between free ionized

groups and BSA, leading to a decrease in the effect of ionic groups

on the DLC.

The in vitro release kinetics of the model protein BSA from HA/

P(VPAc) and biomineralized HA/P(VPAc) hydrogels over 14 days

Figure 5. Water content of HA/P(VPAc) hydrogels with respect to the

crosslinking density; (A) water content of HA/P(VPAc) hydrogels in ion-

ized water and (B) water content of HA/P(VPAc) hydrogels in PBS.

Figure 6. Enzymatic degradation of HA/P(VPAc) hydrogels; (A) degrada-

tion behavior of HA/P(VPAc)8/2-2 hydrogel with respect to the concen-

tration of hyaluronidase solution and (B) degradation behavior of HA/

P(VPAc)9/1-2 hydrogel with respect to the crosslinking density of hydro-

gels in 100 U/mL hyaluronidase solution. Each point represents the

mean 6 S.D. of three samples.
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were investigated. HA/P(PVAc) and biomineralized HA/P(VPAc)

hydrogels with crosslinked network structure remained as a coher-

ent mass and could be physically manipulated during the release

study. The release profiles of BSA from HA/P(VPAc) hydrogels

with various compositions showed sustained release behavior and

were influenced by the composition of the hydrogels [Figure 7(A)].

The release rate of BSA from HA/P(VPAc) hydrogels gradually

increased [HA/P(VPAc)8/2-2<HA/P(VPAc)9/1-2<HA/P(VPAc)10/

0–2] as the water content and DLC of hydrogels increased [HA/

P(VPAc)8/2-2 5 96.43 6 0.02 (%) water content, 30.77 6 1.76(%)

DLC; HA/P(VPAc)9/1-2 5 97.82 6 0.11 (%) water content,

35.74 6 0.57 (%) DLC; HA/P(VPAc)10/0-1 5 98.02 6 0.12 (%) water

content, 38.21 6 1.78 (%) DLC]. This might be caused by an increase

in the driving forces for diffusion of drug molecules, such as the con-

centration difference and swelling of the hydrogels.37

As shown in Figure 7(B), the release behaviors of BSA from the bio-

mineralized HA/P(VPAc) hydrogels exhibited a similar trend to

those of HA/P(VPAc) hydrogels. The release behavior of BSA gradu-

ally increased as the water content and DLC of hydrogels increased

[B-HA/P(VPAc)8/2-2<B-HA/P(VPAc)9/1-2<B-HA/P(VPAc)10/

0-2]. In addition, as expected, the release rate of BSA from the B-

HA/P(VPAc) hydrogels with relatively low water content and DLC

was much slower than that of the non-biomineralized hydrogels.

This indicates that the release behavior of protein drug molecules

from the HA/P(VPAc) hydrogel can be controlled by the composi-

tion, loading content, and biomineralization of hydrogel.

Cytotoxicity of HA/P(VPAc) Hydrogels

The biocompatibility of the HA/P(VPAc) and biomineralized

HA/P(VPAc) hydrogels was evaluated by an indirect extraction

method. HepG2 cells were incubated in medium containing

hydrogel extract and in vitro cytotoxicity was investigated using

a MTT assay, which measures the mitochondrial activity of vital

cells and thus represents their metabolic activity.18 Figure 8

shows the viability of HepG2 cells cultured with extracts of HA/

P(VPAc) and biomineralized HA/P(VPAc) hydrogels. Incubation

Figure 7. In vitro release kinetics of BSA from hydrogels at 37�C; (A)

release behavior of BSA from HA/P(VPAc), (B) release behavior of BSA

from biomineralized HA/P(VPAc) hydrogels. Each point represents the

mean 6 S.D. of three samples. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 8. Viability of HepG2 cells cultured with extracts of hydrogels at

different concentrations; (A) viability of HepG2 cells cultured with

extracts of HA/P(VPAc) hydrogels and (B) viability of HepG2 cells cul-

tured with extracts of biomineralized HA/P(VPAc) hydrogels. Values rep-

resent mean and standard deviation (n 5 4).
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with all HA/P(VPAc) and biomineralized HA/P(VPAc) hydrogel

extracts tested resulted in relatively high cell viability (greater

than 77%) within the 48 h observation period. Moreover, cell

viability was not significantly influenced by the concentration of

hydrogel extracts, as shown in Figure 8. This suggested that the

HA/P(VPAc) and biomineralized HA/P(VPAc) hydrogels did

not have any significant adverse effects on cell viability.

CONCLUSIONS

We prepared biomineralized HA/P(VPAc) hydrogels with the

aim of developing a biomimetic hydrogel system for local drug

delivery to improve bone regeneration. First, crosslinked hydro-

gels composed of the natural polymer HA and P(VPAc), which

serves as a binding site for calcium ions during the mineraliza-

tion procedure, were synthesized. Next, organic/inorganic

hybrid HA/P(VPAc) hydrogels were prepared through a biomi-

neralization process to mimic bone extracellular matrix. HA/

P(VPAc) hydrogels exhibited a relatively high water content

of >90% and the water content was influenced by the HA/

P(VPAc) composition, crosslinking density, biomineralization,

and ionic strength of the swelling media. Although the water

content of biomineralized HA/P(VPAc) hydrogels was decreased

by the nucleation and growth of calcium phosphate in the

hydrogels, biomineralied HA/P(VPAc) hydrogels still maintained

a water content greater than 84%. The enzymatic degradation

behavior of HA/P(VPAc) hydrogels depended on the concentra-

tion of hyaluronidase and the crosslinking density of the hydro-

gel. The release kinetics of a model protein drug, BSA, from the

HA/P(VPAc) hydrogels was primarily dependent on the DLC,

water content, and biomineralization of the hydrogels. Cytotox-

icity tests showed that HA/P(VPAc) and biomineralized HA/

P(VPAc) hydrogels did not have significant adverse effects on

the viability of HepG2 cells. Therefore, biomineralized HA/

P(VPAc) hydrogels may be applied to a biomimetic ECM to

improve bone repair and bone regeneration through local deliv-

ery of a protein drug including bone morphogenetic proteins.
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