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Abstract Here we used rheological methods to study the

gelation kinetics of silanized hydroxypropylmethylcellulose

(HPMC-Si) hydrogel for tissue engineering. Firstly, the

gelation time was determined from the independence of tan d
on frequency, and the Arrhenius law was applied to obtain

the apparent activation energy of gelation, which was found

to be about 109.0 kJ/mol. Secondly, the gelation process was

monitored by measuring the sample storage modulus. The

results showed that the gelation process could be well clas-

sified as a second-order reaction. In addition, a composite

HPMC-Si/MWNTs hydrogel system for potential cartilage

tissue engineering was investigated. The comparison of pure

HPMC-Si hydrogel and composite HPMC-Si/MWNTs sys-

tems indicated that the addition of MWNTs could increase

the mechanical strength of hydrogel without changing the

gelation mechanism of the system.

1 Introduction

As alternative biomaterials used in tissue engineering,

hydrogels have attracted much attention over the decades

due to their good biocompatibility and high permeability for

oxygen, nutrients, and other metabolites [1–3]. Cellulose

and cellulose derivatives are the most abundant polymers in

nature and have been used extensively to produce hydrogels

for applications such as artificial implants and drug deliv-

ery. Hydroxypropylmethylcellulose (HPMC) is one of such

cellulose derivative polymers.

Weiss et al. [4, 5] were the first to devise and study an

injectable suspension for tissue engineering by mixing

HPMC solution and biphasic calcium phosphate granules.

These materials provided good biocompatibility and proper

rheological properties for convenient injection but dis-

played a tendency to spread after implantation in vivo. For

this reason, Weiss et al. [6, 7] developed biomaterials by

grafting silane on HPMC, which forms a self-hardening

silanized HPMC (HPMC-Si), without using any toxic

chemical catalyst. The results showed that the hydrogel

(HPMC-Si) provided excellent biocompatibility and bio-

activity [8–11], which renders it a promising tissue engi-

neering material.

Carbon nanotubes (CNTs) have been studied for many

years for their potentially wide applications. One of the areas

of research is the biomedical field [12]. Certain investiga-

tions have demonstrated that multi-walled carbon nanotubes

(MWNTs) could provide structural reinforcement for tissue

scaffolding of biomaterials and the mechanical strength of

bio-composites could be greatly improved by incorporating

and dispersing a small fraction of carbon nanotubes into

biomaterials [13, 14]. However, contradictory results have

also been reported showing that the ultimate strength of

composite hydrogels declines as the percentage of CNTs

increase [15]. More investigations into composite hydrogels

are thus necessary.

In this study, we determined the apparent activation

energy of gelation by investigating the gelation times of
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HPMC-Si hydrogels at different temperatures. The storage

modulus was monitored in order to observe the gelation

process. Reaction kinetics equations were also employed to

determine the reaction order of the gelation process in

HPMC-Si hydrogels. In addition, MWNT was incorporated

into the pure HPMC-Si system and an appraisal was made

of effects of the MWNT on the HPMC-Si hydrogels.

2 Materials and methods

2.1 Preparation of HPMC-Si and HPMC-Si/MWNTs

hydrogels

The hydroxypropylmethylcellulose (HPMC) (Methocel�

E4M, Colorcon-Kent-England) used in this study is a

natural grade product and the weight average molecular

weight is about 290,000 g/mol as determined by light

scattering [7]. Both 3-glycidoxypropyltrimethoxysilane

(GPTMS), which is the group to be grafted, and 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)

were supplied by Aldrich (Germany). The multi-walled

carbon nanotubes were prepared by the chemical vapour

deposition (CVD) method. The outer diameters of MWNTs

ranged from 10 to 30 nm, while the lengths were between 1

and 10 lm.

The HPMC was firstly silanized with GPTMS using the

method described previously in details [7]. Following this,

6 g HPMC-Si were dissolved in 200 ml sodium hydroxide

solution ([NaOH] = 0.2 M) at 25�C for 48 h, followed by

dialysis against basic solution ([NaOH] = 0.09 M) for

16 h. The final pH value of the HPMC-Si basic solution

was about 12.7. A buffer solution with a pH value of 3.7

was prepared by dissolving 6.2 g HEPES in an acid solu-

tion which was composed of 1.8 g NaCl and 60 ml HCl

(0.1 M). All the solutions were sterilized by steam at

121�C for about 1 h for future use.

Two concentrations of MWNTs (0.01 and 0.03 wt%)

were considered. The composite hydrogels were prepared

by firstly dispersing the MWNTs in the buffer solution.

Ultrasonication (XL2000 Misonix) for 60 min was per-

formed to disperse the MWNTs. Next, one volume of

HPMC-Si solution was mixed with a half volume of buffer/

MWNTs blending solution, and the pH value of the final

solution was about 7.4. Pure HPMC-Si hydrogel was also

obtained when one volume of HPMC-Si solution was

mixed with a half volume of pure buffer solution.

2.2 Rheological measurements

As the samples underwent a rapid gelation in our experi-

ments, the mixing time of the HPMC-Si solution and

buffer/MWNTs blending solution (or pure buffer solution)

was limited to 3 min. After mixing solutions, samples were

put into a rotational rheometer (RheoStress 300, Thermo-

Haake Co., Germany) and the rheological properties of the

samples were monitored in different modes under oscilla-

tory shear with a selected titanium cone-plate geometry

(60 mm diameter, 1� cone angle). A ring with oil was used

to cover the free surface of the samples in order to prevent

evaporation of solvent during measurements. The stress

amplitude was set to 0.5 Pa, which lies in the linear vis-

coelastic region.

According to knowledge [16–18] derived from the per-

colation theory, at the gel point, the storage modulus, G0,
and the loss modulus, G00, obey the common power law,

G0*G00*xn, over a range of frequencies. The ratio G00/G0

at gelation time can be expressed as

tan d ¼ G00ðxÞ=G0ðxÞ ¼ tan ðnp=2Þ ð1Þ

where n is the relaxation exponent. The phase angle between

stress and strain, d, is independent of frequency but pro-

portional to the relaxation exponent

d ¼ np=2: ð2Þ

This implies that all the curves of tan d versus time at

different frequencies have a common intersection point

which defines the gelation time [19, 20]. Due to rapid

gelation, multi-wave mode [21] was used to monitor the

samples. As the sweeping test time should be much smaller

than the characteristic time of sample evolution, the fre-

quency range was set from 1 to 30 rad/s.

2.3 Morphology characterization

Samples were further characterized by scanning electron

microscopy (SEM). Briefly, the samples were frozen to

rupture and then freeze-dried under vacuum overnight.

A scanning electron microscope (Leo 1450 VP) was used

to observe the morphology of the failure surfaces of the

hydrogel samples at 10.0 kV.

2.4 Statistical analysis

Data in Table 2 were expressed as mean ± standard devia-

tion (SD) for n = 3 and analyzed using a standard Stu-

dent’s t-test. Differences were considered significant when

P \ 0.05.

3 Results and discussion

3.1 Determination of gelation time

In pure hydrogel, the temporal variations of tan d as a

function of time during the gelation process at different
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frequencies are shown in Fig. 1. The values of tan d
decreased with time at all frequencies, indicating that the

samples were becoming more elastic as time increased.

The gel point can be obtained easily from the intersection

point where the value of tan d was independent of fre-

quency. The critical gelation times (tg), where the gel

points lie, at different temperatures are listed in Table 1.

Apparent activation energy of the gelation processes can be

obtained through an apparent Arrhenius law [19]. The

kinetic equation can be expressed as

ln tg

� �
¼ Aþ Ea=RT ð3Þ

where A is a constant, Ea is the apparent activation energy,

and R is the gas constant. Figure 2 shows plots of gelation

time versus 1/T in a semi-logarithmic scale and the

apparent activation energy was found to be 109.0 kJ/mol.

The critical gelation times of composite hydrogels and

the relaxation exponents at those points are shown in

Table 2. It can be seen that the critical gelation times of

composite HPMC-Si/MWNTs hydrogels show no signifi-

cant difference compared to those of pure HPMC-Si

hydrogels (P [ 0.05), which indicates that the incorpora-

tion of MWNTs into pure hydrogels does not have a sig-

nificant effect on the gelation process of the system. The

relaxation exponents of composite hydrogels were also

similar to those of pure hydrogels, demonstrating that the

gel structures were hardly affected by MWNTs.

3.2 Kinetic process of gelation

According to the percolation theory [16], the elastic (vis-

cous) part of the gel system G0 (G00) can be expressed as

G0*x2 (G00*x) below the gel point and G0*const

(G00*x) above the gel point, which means that the storage

modulus is more changeable than the loss modulus before

and after the gel point. Typical storage modulus and loss

modulus frequency curves are depicted in Fig. 3. It is

obvious that, being dependent of frequency, the loss

modulus of the system does not change with time, even

after 5 days. At the same time, the storage modulus grad-

ually increased with time and was consistently independent

of frequency. These results indicate that the system gelates

rapidly and then enters a long post-gel period. In addition,

the values of the storage modulus were consistently much

higher than those of the loss modulus, revealing the quasi-

solid nature of the gel in the whole range of the investi-

gated frequency [22].

As the storage modulus is independent of frequency, the

time evolution of the storage modulus of the system is

insensitive to the chosen frequencies. Figure 4 shows the

evolutions of the storage modulus of different systems with

time at a fixed angular frequency of 1 rad/s and at a tem-

perature of 25�C. It can be seen that the storage modulus

increased quickly at the beginning of the gelation and

then slowed down over the processing time. The storage

modulus of composite HPMC-Si/MWNTs hydrogels was

slightly higher than that of pure HPMC-Si hydrogel,

Fig. 1 Variations of tan d of pure hydrogel as a function of time

around the gel point in different frequencies at 25�C

Table 1 The critical gelation times of pure hydrogels at different

temperatures

20�C 25�C 30�C 35�C

tg (s) 850 460 230 95

Fig. 2 Plots of gelation time (s) versus temperature given by Eq. 3

Table 2 The critical gelation times and relaxation exponents of different hydrogels at 25�C

Pure hydrogel Composite hydrogel with MWNT (0.01 wt%) Composite hydrogel with MWNT (0.03 wt%)

tg (s) 460 ± 36 413 ± 55 (P = 0.158)* 456 ± 21 (P = 0.404)

n 0.586 ± 0.025 0.563 ± 0.027 (P = 0.261) 0.573 ± 0.004 (P = 0.263)

* P value is the result of comparing the value of composite hydrogel with the corresponding value of pure hydrogel by student’s t-test
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indicating that the addition of MWNTs to hydrogel

increases the strength of the hydrogel.

A gel system is typified by its almost frequency-indepen-

dent storage modulus (plateau modulus), which is associated

with the number of cross-links in the network structure [23].

As a result, the reaction conversion X(t) can be correlated with

the change of storage modulus G0 of the system as follows

[24, 25]:

X tð Þ ¼ ½G0 tð Þ � G0 0ð Þ�=½G0 maxð Þ � G0 0ð Þ� ð4Þ

where G0(t) is the value of the storage modulus at time t,

and G0(0) and G0(max) are the values of the storage

modulus at the start of the experiment and the maximum

gelation time, respectively. Two kinds of simple reaction

rate equations (the first and the second-order kinetics) were

applied as follows:

�ln 1� X tð Þ½ � ¼ k1t ð5Þ

for the first-order reaction kinetics and

1= 1 � X tð Þ½ � ¼ k2C0 t þ 1 ð6Þ

for the second-order reaction kinetics. Here, k1 and k2 are

the reaction constants and C0 is the initial concentration of

reactive functional groups.

Figure 5 plots the conversion versus the reaction time

based on the first-order reaction kinetics given by Eq. 5 and

the second-order reaction kinetics given by Eq. 6 for different

hydrogels. The data were vertically shifted by an arbitrary

factor a in order to avoid overlapping. It is self evident that the

reaction kinetics of a pure hydrogel system can be better

described by a second-order reaction kinetics compared to a

first-order reaction kinetics, which means that the gel process

in our study is a second-order reaction. This result is in

accordance with the reports of the curing reactions [24].

The conversion of composite HPMC-Si/MWNTs hydro-

gels versus reaction time based on the first and second-order

reaction kinetics are also shown in Fig. 5. Obviously, there is

little difference between the curve of pure hydrogel and those

of composite hydrogels. This indicates that the incorporation

of MWNTs has no effect on the mechanism of gelation of the

system.

As the multi-walled carbon nanotubes used in the

present study have not been functionalized and are thus

Fig. 3 Plots of storage modulus, G0, and loss modulus, G00, as a

function of frequency, x, at 25�C in different times

Fig. 4 Plots of storage modulus versus time for pure HPMC-Si

hydrogel system and composite HPMC-Si/MWNTs hydrogel systems

at 25�C

Fig. 5 Plots of conversion versus reaction time based on a the first-

order reaction kinetics given by Eq. 5 and b the second-order reaction

kinetics given by Eq. 6 for different hydrogels
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hydrophobic, it was difficult to disperse the MWNTs in

aqueous solutions. Although strong ultrasonication was

used to disperse the MWNTs in the buffer solutions, carbon

nanotubes had no difficulty in aggregating. As shown in

Fig. 6, both isolated and aggregated carbon nanotubes

could be observed by SEM in the gel. This suggests that the

dispersion of carbon nanotubes still needs to be improved,

although the macroscopically homogeneous appearance of

the composite hydrogels can be obtained. It is worth

pointing out that non-functionalized carbon nanotubes

hardly form a tight connection with the hydrogel matrix

since no chemical reaction occurs on their surface. This

should prompt a limited improvement in the strength of

composite hydrogels. In future studies, functionalized

carbon nanotubes will be used to reinforce the hydrogels.

4 Conclusion

In the present study, the gelation kinetics of HPMC-Si

hydrogel was investigated by rheological methods. The

gelation times were measured at different temperatures and

the apparent activation energy of gelation was found to be

109.0 kJ/mol. A good fit of the conversion curve to the

second-order reaction kinetic line suggests that the gelation

process in this study is second-order. In addition, the

incorporation of MWNTs into the hydrogels increases

the strength of the hydrogel system without affecting the

mechanism of gelation.
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