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ABSTRACT: In the blend of natural and synthetic polymer-based biomaterial of polyvinylpyrrolidone (PVP) and carboxymethylcellu-

lose (CMC), fabrication of CaCO3 was successfully accomplished using simple liquid diffusion technique. The present study empha-

sizes the biomimetic mineralization in PVP–CMC hydrogel, and furthermore, several properties of this regenerated and

functionalized hydrogel membranes were investigated. The physical properties were studied and confirmed the presence of CaCO3

mineral in hydrogel by Fourier transform infrared spectroscopy and Scanning electron microscopy. Moreover, the absorptivity of

water and mineral by PVP–CMC hydrogel was studied to determine its absorption capacity. Further, the viscoelastic properties (stor-

age modulus, loss modulus, and complex viscosity) of mineralized and swelled samples (time: 5–150 min) were measured against

angular frequency. It is interesting to know the increase of elastic nature of mineralized hydrogel filled with CaCO3 maintaining the

correlation between elastic property and viscous one of pure hydrogel. All these properties of biomineralized hydrogel suggest its

application in biomedical field, like bone treatment, bone tissue regeneration, dental plaque and tissue replacement, etc. VC 2013 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40237.
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INTRODUCTION

Over the past decade, a number of applications of hydrogels

including the polymeric ones have arisen because of their

advantageous and potential properties, such as high water hold-

ing capacity, equilibrium swelling degree, flexibility because of

their three-dimensional cross-linked structures, biodegradability

and good biocompatibility.1–8 Many natural and synthetic

hydrogels are already reported as having potential biological

applications and considered as promising material for tissue

engineering, as scaffolds, bone-tissue, and dental transplants.4–9

Further, inspired by natural biogenic minerals, many researchers

have attempted to mimic natural biomineralization through

organic–inorganic hybridization in order to develop a new

material for medical applications.10,11 Biomineralization occurs

in specific micro-environment and is finely tuned by cells and

specialized biomacromolecules that offer great advantage for

specific cell–material interaction. Biominerals like teeth, bones,

and shells have beautiful and functional structure that cannot

be achieved artificially but by the osteogenic process, they intro-

duced the process of biomineralization and have drawn the

attention to the next generation inorganic synthesis methodol-

ogy12 which makes it possible to prepare biomineralized

polymeric material. Through mesocrystal theory, it is possible

to understand the mechanism of biomineralization processes

found in nature.7,8,10

A challenge in the field of biomineralization is identifying the

appropriate in vitro model for its phenomenon. There exist sev-

eral methods of forming organic–inorganic hybrid materials,

which include thermally phase-induced separation, solvent cast-

ing / particle leaching, microsphere sintering, scaffold coating,

etc.13 With respect to scaffolds forming, as for materials, miner-

alization is generally required to incorporate the bioactive min-

eral like as calcium carbonate or calcium phosphate into a

polymer matrix. It is reported that only powders of hydroxyapa-

tite and b-trichlorophosphate have been used for bone-filling

materials in clinical use.12 These materials are highly bioactive

and biodegradable, but they were mechanically unstable and

flow out of surrounding tissue after long-term use. So it will be

beneficial to utilize biomaterials having soft interface, strong

and flexible structure.12 Nature produces a wide variety of
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attractive and highly functionalized mineralized tissues using

simple inorganic salts. The well-known fascinating natural bio-

mineral is calcium carbonate (CaCO3). This mineral exists in

three different polymorphs of vaterite, aragonite, and calcite.

Among them aragonite and calcite are mostly found as the pol-

ymorphs in natural system. All these polymorphs transform

into most stable form, calcite, in presence of water.9,14–18

Several studies were carried out with template mediated minerali-

zation using biological sources such as bacteria, algae, viruses,

proteins, and biopolymers to obtain organic–inorganic composite

hybrids. The matrix mediated mineralization process depends on

the behavior and characteristic properties of extracellular matrix,

which can be proteins, polysaccharides, or glycoproteins.19 These

matrices are often three-dimensional, fibrous, porous, and

hydrated networks that can provide structural framework inor-

ganic minerals to grow and so organic–inorganic hybrid compos-

ite materials or crystals can develop the materials with unique

mechanical or structural properties. The growth of crystals in

gels has emerged as a platform for biomineralization process.

Various gel matrices have been used as materials motivating the

researchers to study in depth the interaction of gel like matrices

in association with mineralization by biological organisms.16 Till

today, many matrices, for example alginate hydrogel,20 agarose,21

Poly(N-isopropylacrylamide-Co-Vinyl phosphonic acid),22 bacte-

rial cellulose,23 and Polyvniyl alcohol,24 have been used for carry-

ing out mineralization process. Tomas Bata University in Zlin

researchers have already developed a polysaccharide-based hydro-

gel termed “polyvinylpyrrolidone (PVP) and carboxymethylcellu-

lose (CMC) hydrogel” applying a simple physical cross-linking

agent (moist heat and pressure) without using any chemical

cross-linking agents.3–6 Thus, in this study it was decided to use

a new biomaterial, PVP–CMC hydrogel, as an extracellular

matrix for the preparation of CaCO3-based biomineralized scaf-

fold. This calcite-based biomaterial will be useful for specific bio-

medical applications like bone tissue regeneration, enhancement

of bone healing process, drug delivery, etc.

Moreover, among other interesting properties of hydrogels it is

essential to know about viscoelastic behavior of biomineralized

hydrogel. The viscoelastic properties depend on several intrinsic

polymeric properties, nature of cross-linking, water content, as

well as concentration of CaCO3 present in biomineralized

hydrogel.7,8

In this article, we describe the method of preparation of miner-

alized PVP–CMC hydrogel and its characterization in terms of

physical appearance, physico-chemical structure, equilibrium

swelling capacity in presence of water and equilibrium CaCO3

uptake capacity from ionic solutions, and their dynamic visco-

elastic properties (storage modulus, loss modulus, and complex

viscosity) of mineralized and swelled samples were measured

against angular frequency under low strain amplitude.

EXPERIMENTAL

Mineralized PVP–CMC hydrogel was prepared by simple liquid

diffusion based technique7,8,10 and it possesses several applica-

tions in the biomedical field. Then, characterization of the sam-

ples following standard method was done.

Materials

PVP K30 (PVP: molecular weight 40,000), polyethylene glycol

3000 (PEG: average molecular weight 2700–3300) and agar were

supplied by Fluka, Switzerland; carboxymethyl cellulose (CMC)

was purchased from Sinopharm Chemical Reagent (SCRC),

China; glycerin was obtained from Lachema, Czech Republic;

calcium chloride (CaCl2: molecular weight 110.99 g/mol,

97.0%), Penta, Czech Republic; sodium carbonate-10-hydrate

(Na2CO3: molecular weight 286.14 g/mol) was obtained from

Sigma Aldrich.

Preparation of Biomineralized Hydrogel

The biomineralized hydrogel was prepared using ionic solution

of calcium chloride (CaCl2) and sodium carbonate (Na2CO3)

by the following simple liquid diffusion technique as repre-

sented in Figure 1. The hydrophilic ‘PVP–CMC hydrogel’ was

prepared following the solvent casting method applying only

physical (moist heat and pressure) cross-linking agent.3–6 The

obtained fresh hydrogel was soft, smooth, off-white, and round

(diameter 80 mm and thickness 6 mm). These fresh samples

Figure 1. Schematic approach for the biomineralization of PVP–CMC-based hydrogel. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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were kept for 48–72 hrs at room temperature (22–25�C) for air

drying as well as for freeze drying. The dry PVP–CMC hydrogel

(diameter: 75 mm, thickness: 0.8–1.00 mm) was used for the

preparation of biomineralized as well as water swelled PVP–

CMC hydrogels. In the process of biomineralized hydrogel prep-

aration, the dry PVP–CMC hydrogel was used as a matrix

where CaCl2.2H2O (14.7%, 1M, pH 5 8.4) solution and

Na2CO3 (10.5%, 1M, pH5 7.4) solution were used (the concen-

tration and pH of CaCl2 and Na2CO3 solution was maintained

as mentioned in Ref.10) as the source of Ca12 and CO3
22,

respectively. The dry hydrogel film first immersed in the 50 mL

solution of CaCl2.2H2O and then transferred into 50mL

Na2CO3 solution. In this way, mineralization of CaCO3 in

hydrogel matrix was carried out from 5 to 150 min keeping the

test samples in each ionic solution for certain period and trans-

ferred them after equal incubation time interval. Finally, rub-

bery, round (diameter: 80 mm, thickness: 1–2 mm) and ivory

hydrogels were obtained and designated as “mineralized

hydrogel”.

Simultaneously, the dry PVP- CMC hydrogel was incubated in

demineralized water at room temperature for the same dura-

tion. After a certain period (i.e. after 150 min), the water-

soaked hydrogel became as good as a fresh hydrogel but the

thickness of the water-soaked hydrogel sample varied with incu-

bation period. The water-soaked hydrogel was termed as

“swelled hydrogel”.

Scanning Electron Microscopy

The morphology of samples was determined by scanning elec-

tron microscopy (SEM). The SEM observation was carried out

on VEGA II LMU (TESCAN) operating in the high-vacuum/

secondary electron imaging mode at an accelerating voltage of

5–20 kV. The samples were sputter coated with a thin layer of

palladium/gold alloy to improve the surface conductivity and

tilted 30� for better observation. The images were taken at mag-

nification of 1003–10k3.

Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) spectra of the

specimens (Fresh PVP–CMC hydrogel and mineralized hydro-

gel) were obtained at wavenumber of 2000–600 cm21 at room

temperature with uniform resolution of 2 cm21. For this, atte-

nuated total reflectance ATR-FTIR was used with NICOLET 320

FTIR Spectrophotometer with “Omnic” software package.

Study of Swelling Behavior

The degree of swelling of PVP–CMC hydrogel was investigated

in the presence of water and ionic solutions (Na2CO3 1 CaCl2)

at room temperature (22–25�C) and swelling or mineralization

time from 5 to 150 min.3,25,26 The degree of swelling can be

described by absorptivity of minerals and formation of CaCO3

in PVP–CMC hydrogel. The samples were immersed in mineral

solutions until 150 min and in every specified time interval, the

weight of the swelled and mineralized samples was recorded.

The swelling depends on absorptivity of water and formation of

biogenic mineral within the hydrogel which is defined by eq.

(1), wherein Ws and Wd are weights of the swollen and the dry

PVP–CMC hydrogels, respectively. The PVP–CMC hydrogel is

swollen either because of absorption of H2O and/or because of

diffusion of ionic salts within the matrix which form CaCO3

crystal structure within the matrix as well as surface of the

hydrogel:

Absorptivity%5½ððWs2WdÞ4WdÞ�3100 (1)

Measurement of Dynamic Viscoelastic Properties

The viscoelastic properties of hydrogels were examined by using

a parallel plate rheometer testing device (ARES, Rheometrics

Scientific, USA) and “TA Orchestrator” software for data evalu-

ation. Dynamic frequency sweep tests were carried out at the

temperature of 28�C to obtain the storage (G0- elastic part) and

loss (G00- viscous part) moduli, and complex viscosity (g*). The

geometry of measuring parallel plate was 25 mm in diameter,

with a gap between plates depending on sample thickness

(approximately 1–1.7 mm for mineralized, 1.8–6 mm for

swelled hydrogel, and 6 mm for a fresh one). Measurement was

conducted in oscillation mode with the frequency range from

0.1 to 100 rad s21 at 1% strain amplitude, which is considered

as small strain amplitude to maintain the measurements within

the linear viscoelastic region for homogeneous polymer substan-

ces. Influence of angular frequency and swelling time and min-

eralization time (time interval: 5–150 min) on G0, G00, and g*,

which is calculated by the following equation of water swelled

and mineralized hydrogel was discussed:

g �5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððG0

4xÞ21ðG00
4xÞ2Þ

q
(2)

RESULTS AND DISCUSSION

SEM Micrographs of Hydrogels

Figure 2 represents the SEM micrographs of pure PVP–CMC

and biogenic mineralized (calcite) PVP–CMC hydrogels, which

indicate both their surfaces and their cross-section structures.

Figure 2(a) shows both structures of pure PVP–CMC hydrogel

and gives the information of three-dimensional cross-linking

network of hydrogel and the development of pores. In Figure

2(b–e), the surface and cross section of the hydrogels mineral-

ized at different times are shown, and it is obvious that the

granular shaped calcite crystals obtained by simple liquid diffu-

sion technique are regenerated and accumulated continuously

into the PVP–CMC hydrogel matrix. During the mineralization

process the pores get filled up with CaCO3. The fact that during

the mineralization process the impregnated hydrogel membranes

are incubated to ionic solutions of (Na2CO31CaCl2) is shown

in Figure 1. CaCO3 accumulation is increased with respect to

incubation time in ionic solution. Here, the Ca12 ions are sub-

jected to diffusion in the membrane and they act as nucleation

sites for the carbonate mineralization. When the pores of PVP–

CMC hydrogels are filled with CaCO3, the nucleation of Ca12

ions continuous on the surface of the hydrogel which is clearly

visible at Figures 2(c,d,e).

FTIR Analysis of Hydrogels

The FTIR spectra of pure CaCO3, calcite-based PVP–CMC

hydrogel and nonmineralized PVP–CMC hydrogels are shown

in Figure 3. From the spectrum some important characteristics

can be described as follows: 1654 cm21 for C5O vibration,

peak in the region between 1000 and 1200 cm21 representing

the presence of CMC of PVP–CMC hydrogel which corresponds

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4023740237 (3 of 9)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


to the -C-O, C-CH stretching and CO and C-O-C bending of

the glycoside ring of CMC3,27. Here, it is clearly visible from the

spectrum that CMC related peak is present in nonmineralized

hydrogel but during the process of mineralization and with the

increase in time, the intensity of CMC at particular wavenum-

ber almost disappears, which confirms that there is deposition

of calcium carbonate taking place within the hydrogel. Further,

when considering the mineralized PVP–CMC hydrogel (a–h)

Figure 2. SEM micrographs of PVP–CMC hydrogels: (a) pure PVP- CMC; (b) biogenic mineralized (calcite) PVP–CMC hydrogels (duration 5 min); (c)

biogenic mineralized (calcite) PVP–CMC hydrogels (duration 30 min); (d) biogenic mineralized (calcite) PVP–CMC hydrogels (duration 60 min); and

(e) biogenic mineralized (calcite) PVP–CMC hydrogels (duration 90 min). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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and pure CaCO3 strong absorption bonds related to CO3
22

appear at 1405 cm21 and sharp peaks are noticed at 871 cm21,

which indicates the incorporation of CaCO3 into PVP–CMC

hydrogel.7,8

Absorptivity of H2O and CaCO3 within Hydrogels

The absorptivity of PVP–CMC hydrogel was studied for 150

min in the presence of water and mineral solutions (i.e.

Na2CO3 and CaCl2) to observe the H2O uptake capacity as well

as capacity to accumulate the biogenic mineral in the form of

CaCO3 (as shown in Figure 5). It can be seen from the figure

that the swelling or water uptake capacity of PVP–CMC hydro-

gel is faster and higher in quantity compared to ionic solutions

that finally represent the uptake capacity of calcite (i.e. CaCO3).

Hydrogels possess high water retention capacity.3 There is an

increase in polymeric interaction of fresh hydrogel related with

the increase in time that leads to high sorption rate, and it

finally leads to the water or minerals uptake potential of the

hydrogel. The mineralized / calcite-based hydrogel is prepared

using dry or water-swelled hydrogel film in ionic solutions

wherein Ca12 ions on the top layer act as nucleation sites and

are slowly subjected to diffusion inside the membrane.10 This

leads to impregnation of calcite crystals in the cross-linking net-

work and of the pores inside the hydrogel structure. However,

the absorption rate of hydrogel would be expected from the

increase in surface area with the increasing porosity of the

hydrogels.25 From Figure 4, it is clear that in the case of miner-

alized hydrogel, the rate of accumulation of CaCO3 within

PVP–CMC hydrogel increases with time but there is not much

difference observed in thickness of the mineralized hydrogel

after 90 min though investigation continued until 150 min.

Thus, we can consider that for biomineralization of PVP–CMC

hydrogel (thickness 6 mm) with CaCO3, 90 min is the optimum

condition to reach the equilibrium state for diffusion of ionic

salts within the matrix to fill the pores of the hydrogel. After 90

min, the biomimetic mineralization process continued but the

CaCO3 crystal formation occurs on the surface of hydrogel

which is ascertained by Figures 2(c,d,e).

Viscoelastic Properties of Hydrogels

The viscoelastic properties of PVP–CMC hydrogel of fresh

(before dry sample), water swollen (swelled in water for 5 to

150 min) and mineralized (mineralized in ionic salt solution for

5–150 min) hydrogel samples were measured at room tempera-

ture. Figure 5 reveals the typical dynamic viscoelastic properties

of 90 min swelled and mineralized (filled with CaCO3) PVP–

CMC hydrogels as a function of angular frequency (x). In the

figure, the storage modulus (G0) and loss modulus (G00) of these

hydrogels are compared with those of fresh PVP–CMC hydro-

gel, because a gel (elastic solid) property can be defined based

Figure 3. FTIR spectra of (1) PVP–CMC hydrogel, (2) pure CaCO3 and

biomineralized (CaCO3) PVP–CMC hydrogel in the order time of minerali-

zation, i.e. 5, 10, 20, 30, 60, 90, 120, and 150 mins. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. Absorption behavior of PVP–CMC hydrogel in presence of

water and ionic solutions. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 5. Storage modulus (G0,filled symbol) and loss modulus (G00,open

symbol) as function of angular frequency (x) at 28�C and 1% strain for

fresh (before drying), swelled in water (90 min) and mineralized with

CaCO3 (90 min) PVP–CMC hydrogels. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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on the concept that the storage modulus (G0) is dominant in

the gel phase whereas the loss modulus (G00) is dominant in the

sol phase.28,29 As can be seen in Figure 5, in case of fresh,

swelled, and mineralized hydrogels the values of G0 are higher

than G00 across the wide range of angular frequency (x: 0.1–100

rad s211), and dependence of these moduli on x is not high,

which is characteristic for cross-linked hydrogels. It is also

noticeable that the difference in values of G0 and G00 in mineral-

ized hydrogel is not much compared to viscoelastic nature of

fresh and swelled hydrogel although both moduli of mineralized

hydrogel are higher than those of swelled hydrogel, which seems

to confirm that the presence of CaCO3 within the PVP–CMC

hydrogel enhances the cross-linkage number within the hydrogel

matrix and then induces the increase of viscous nature. The

elastic behavior of hydrogel shows its influences compared to

the viscous nature. Moreover all the hydrogels exhibited the lin-

ear curve which is also confirmed by typical characteristics for

cross-linked gels or solid materials.7,8,28,29 The results presented

in Figure 5, also proved that there is not much difference in

elastic properties of fresh and 90 min mineralized hydrogels but

the values of elastic properties is decreased in the case of swelled

hydrogel because of uptake of water (as shown in Figure 4)

within the hydrogel matrix.

Relationships between G0 and G00 and swelling or mineralizing

time as a parameter of angular frequency (x: 0.39, 3.9, and 39

rad s21) are shown for swelled hydrogels and mineralized ones

in Figures 6(a,b), respectively. It can be seen from the figures

that even though the swelled hydrogel decreases its elastic prop-

erty (G0) with time monotonously because of the incorporation

of water into the pores of three-dimensional cross-linked PVP–

CMC hydrogel [Figure 6(a)], the viscous property (G00) of this

hydrogel seems to be changed with swelling time as G0 except

the materials after long time swelling.

The mineralized/calcite-filled hydrogel [Figure 6(b)] show very

different behavior form to that of the swelled hydrogel at

shorter mineralization time, that is, after both moduli reach the

maximum values and then the values decrease gradually after

short time. Here, it is essential to mention that irrespective of

changes in angular frequencies at 1% strain the G0 and G00 val-

ues of swelled and mineralized PVP–CMC hydrogel showed the

same trend of viscoelastic nature [Figures 6(a,b)]. Though, the

swelled hydrogel has been examined at different time intervals,

the 90-min swelled samples exhibited mostly the same value of

storage modulus (G0) at different angular frequencies (x 5 0.39,

3.9, and 39 rad s21). Similarly, the 90 min mineralized hydrogel

also exhibited the same values at different angular frequencies

(x 5 0.39, 3.9, and 39 rad s21) regardless of G0 and G00. There-

fore, it can be predicted that 90 min is the optimum duration

for performing the biomineralization process following the

liquid diffusion technique to prepare calcite-filled PVP–CMC

hydrogel at room temperature when thickness of fresh hydrogel

is 6 mm.

The effect of water uptake time and mineralization duration on

complex viscosity (g*) as a parameter of angular frequency (x)

are shown for water swelled PVP–CMC hydrogel as well as for

CaCO3-filled PVP–CMC hydrogel in Figures 7(a,b), respectively.

As can be seen from Figure 7(a), the PVP–CMC hydrogel

showed linear complex viscosity (g*) irrespective of different

angular frequencies (x 5 0.39, 3.9, and 39 rad s21) and becom-

ing soft when swelled from dry PVP–CMC hydrogel. Moreover,

no sharp changes occurred within the internal cross-linking

structure of PVP–CMC hydrogel. On the other hand, it has

been noticed that there is no physical difference observed within

the CaCO3-filled mineralized hydrogel, either the liquid diffu-

sion mineralization process is initiated using dry or freshly pre-

pared hydrogel. Thus, the effect of complex viscosity (g*) on

mineralized PVP–CMC hydrogel has been compared with fresh

hydrogel. It can be seen from Figure 7(b) that regardless of

angular frequencies (x 5 0.39, 3.9, and 39rad s21) and at the

beginning, approximately up to 10 min the values of complex

viscosity (g*) are increased because of uptake of CaCO3 within

Figure 6. (a) Effect of swelling time (0–150 min) on storage modulus (G0,

filled symbol) and loss modulus (G00, open symbol) as a parameter of

angular frequency(x) of 0.39, 3.9, and 39 rad s21 for water swelled PVP–

CMC hydrogel. (b) Effect of swelling time (0–150 min) on storage modu-

lus (G0, filled symbol) and loss modulus (G00, open symbol) as a parame-

ter of angular frequency(x) of 0.39, 3.9, and 39 rad s21 for mineralized

(CaCO3) PVP–CMC hydrogel. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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the three-dimensional cross-linked structure of PVP–CMC

hydrogel [see Figure 2(a)] and when the pore of PVP–CMC

hydrogels are saturated with CaCO3, the values of complex

viscosity(g*) start to decrease from 30 min mineralization time,

thereafter it shows a steady linear value of complex viscosity

(g*) for the case of mineralized PVP–CMC hydrogel. The effect

of time on complex viscosity (g*) is also attributed to the result

of CaCO3 absorption behavior of PVP–CMC hydrogel (as

shown in Figure 4).

The linear viscoelastic properties of frequency sweep experiment

for minimum duration (5 min) and maximum duration (150

min) swelled in water and mineralized PVP–CMC hydrogels are

depicted in Figures 8(a,b), respectively, where storage modulus

(G0, filled symbol) and loss modulus (G00, open symbol) are

shown as a function of angular frequency (x: 0.1–100 rad s21)

at 28�C with 1% strain. These figures show more or less similar

trends of viscoelastic behavior for both hydrogels that indicate

the stable internal cross-linking structure of PVP–CMC hydro-

gel matrix.

Tan d of swelled (5 and 150 min) and mineralized (5 and 150

min) hydrogel samples as a function of angular frequency (x)

are depicted in Figure 9(a). It can be seen from the figure that

Tan d of the samples of 150 min swelled or mineralized hydro-

gel are higher than that of 5 min swelled or mineralized ones

over whole range of angular frequency, and at initial frequency

range the Tan d remained steady and then gradually decreased

when the PVP–CMC hydrogel samples are swelled or mineral-

ized up to 150 min, whereas, for the case of 5 min swelled or

mineralized hydrogel the Tan d is gradually decreased and then

increased slightly. From these results it can be said that the

change from elastic to viscous nature of both swelled and min-

eralized hydrogels may be influenced strongly by the swelling or

mineralization time. In order to clarify the dependence of

Figure 7. (a) Effect of time on complex viscocity (g*) as a parameter of

angular frequency(x) for water swelled PVP–CMC hydrogel. (b) Effect of

time on complex viscosity (g*) for mineralized PVP–CMC hydrogel.

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

wileyonlinelibrary.com.]

Figure 8. (a) Comparison of storage modulus (G0,filled symbol) and loss

modulus (G00, open symbol) between water swelled PVP–CMC hydrogel

of 5 min swelling time and that of 150 min one as a function of angular

frequency (x).(b) Comparison of storage modulus (G0, filled symbol) and

loss modulus (G00, open symbol) between mineralized (CaCO3) PVP–

CMC hydrogel of 5 min mineralizing time and that of 150 min one as a

function of angular frequency (x). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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viscoelastic nature on the time, the relationship between Tan d
and time of swelled and mineralized hydrogel at the angular fre-

quency of 3.9 rad/s is shown in Figure 9(b). It is obvious from

the figure that Tan d of both hydrogels increases with the

increase of swelling or mineralization time. It does not increase

smoothly, which confirms that both hydrogels change from elas-

tic nature to viscous one with the increase of time.

CONCLUSIONS

In this work, PVP–CMC hydrogel has been used as an extracel-

lular matrix for biomimetic biomineralization study where the

surfaces as well as pores were filled with CaCO3. Finally a regen-

erated and functionalized hydrogel membrane, which would be

biogenic and bioactive for medical applications like bone tissue

repairing, bone regeneration, tissue replacement, dental plaque,

etc., has been developed. Concerning the advantage of using the

PVP–CMC hydrogel film, primarily, this hydrogel was invented

at our laboratory, possible to be prepared in any size, shape,

and thickness, and no chemical cross-linking agent was used. It

is transparent, flexible, and hydrophilic in nature and moreover,

it is possible to use it for biomineralization in fresh, dry, and

also in swelled form. Thus, when liquid diffusion technique was

implemented for the deposition of CaCO3 within the PVP–

CMC hydrogel matrix which showed an excellent absorptivity,

good organic and inorganic interaction and finally a calcite-

based new biomaterial termed as PVP–CMC-CaCO3 or calcite-

based PVP–CMC hydrogel was formed. This new material

showed very stable and uniform viscoelastic properties main-

taining its gel properties.
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