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Abstract

The effect of cross-linking density of hyaluronic acid (HA) hydrogels on mechanical properties and degradation behaviors has been
investigated. HA hydrogels were prepared by the covalent cross-linking of HA with poly(ethylene glycol)-diamine with two different
molecular weights at various cross-linking densities. The elastic modulus increased gradually as the theoretical cross-linking density
of HA hydrogels increased from 0% to 20%. However, as the theoretical cross-linking density increased above 20%, the elastic modulus
decreased. At a theoretical cross-linking density of 20%, the elastic modulus increased as the molecular weight of the cross-linking mol-
ecule decreased. In vitro degradation rates of HA hydrogels decreased as the molecular weight of the cross-linking molecule decreased at
a theoretical cross-linking density of 20%. The degradation rate of the cross-linked HA hydrogels decreased with increases in the theo-
retical cross-linking density from 0% to 20%. However, there was no significant difference in the degradation rate as the theoretical cross-
linking density increased above 30%. With controllable mechanical properties and degradation rates, the developed HA hydrogels would
be further investigated for various medical applications.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogels have gained attention over the years as cell
transplantation vehicles for the regeneration of a variety
of tissues (Gwak et al., 2004; Jeon, Ryu, Chung, & Kim,
2005; Kong, Kaigler, Kim, & Mooney, 2004; Ryu et al.,
2005; Yamamoto, Sakakibara, Nishimura, Komeda, &
Tabata, 2003). Hydrogels are highly swollen, insoluble net-
works that can be used to entrap cells (Peppas, Bures, Leo-
0144-8617/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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bandung, & Ichikawa, 2000). The high equilibrium swelling
promotes nutrient diffusion into the gel and cellular waste
removal out of the gel, while the insolubility provides the
structural integrity necessary for tissue growth. Hydrogels
are ideal materials for applications of soft tissue engineer-
ing due to their similarity to the body’s own highly
hydrated composition (Brook, 1980, chap. 4; Park, Shalab-
y, & Park, 1975; Park et al., 1993). It is of great interest to
create hydrogels with controlled mechanical properties for
biomedical applications. They must possess the mechanical
strength and flexibility sufficient to withstand compres-
sional forces from the surrounding tissues in vivo without
deformation or collapse (de Goot et al., 1997). In addition,
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the mechanical properties of materials to which cells adhere
can profoundly affect the function of the cells (Ingber,
Karp, Plopper, Hansen, & Mooney, 1993).

Hyaluronic acid (HA) is a particularly attractive hydro-
gel material for biomedical applications (Pouyani & Prest-
wich, 1994; Rosier & O’Keefe, 2000). It is an important
component of the extracellular matrix (ECM) of the
human body. It has a high capacity for lubrication, and
water sorption and retention. These properties have
allowed HA to be applied in ophthalmic surgery as a visco-
elastic material (Juzych, Parrow, Shin, Swendris, &
Ramocki, 1992) and in orthopaedic surgery for treatment
of articular cartilage defects (Guarda-Nardini, Tito, Staffi-
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Fig. 1. Reaction scheme for cross-lin
eri, & Beltrame, 2002). HA also plays a critical role as a sig-
naling molecule in cell motility (Hall & Turley, 1995), cell
differentiation (Huang et al., 2003), wound healing (Sasaki
& Watanabe, 1995), and cancer metastasis (Wernicke et al.,
2003). However, poor mechanical properties and rapid
degradation of HA limit broader ranges of clinical
applications.

To improve the mechanical properties and control the
degradation rate, HA can be chemically modified or
cross-linked. Chemical modification of HA typically
involves the carboxylic acid groups and/or the alcohol
groups of its backbone. The carboxylic acid or alcohol
groups have been modified by esterification (Campoccia
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et al., 1998) and by cross-linking with dihydrazide
(Vercruysse, Marecak, Marecek, & Prestwich, 1997), dial-
dehyde (Bulpitt & Aeschlimann, 1999; Luo, Kirke, & Prest-
wich, 2000), divinyl sulfone (Ramamurthi & Vesely, 2002),
diglycidyl ethers (Tomihata & Ikada, 1997), or disulfide
(Shu, Liu, Luo, Roberts, & Prestwich, 2002) cross-linkers.
However, no study has reported on the effect of cross-link-
ing density and the molecular weight of the cross-linker
[poly(ethylene glycol) (PEG)] on mechanical properties
and degradation behaviors of the cross-linked HA hydro-
gels. The present study shows that the mechanical proper-
ties and degradation rate of cross-linked HA hydrogels can
be controlled with the cross-linking density and molecular
weight of the cross-linking molecule. HA was covalently
cross-linked using PEG-diamine at various cross-linking
densities. PEG was chosen as the cross-linking molecule
because it is biocompatible and hydrophilic. PEG is soluble
in aqueous solutions and commercially available at various
molecular weights. The flexible PEG chains are thought to
provide elasticity to the hydrogels, while the stiff hyalu-
ronic acid chains provide mechanical strength.
2. Experimental

2.1. Materials

Fermentation-derived HA (molecular weight = 1.5 ·
106 Da) was purchased from LG Life Sciences, Inc. (Seoul,
Korea). 1-Ethyl-3-[3-(dimethylamino)propyl]carbodiimide
(EDC), and N-hydroxysuccinimide (NHS) were purchased
from Aldrich (Milwaukee, WI, USA). Morpholinoethane-
sulfonic acid (MES) and trifluoroacetic acid (TFA) were
Table 1
Cross-linking efficiency (%) of HA hydrogels cross-linked with PEG1000 (mo

Theoretical cross-linking density
(%)a

PEG1000

Unreacted Single-end
anchorage

Doubl
anchor

10 0.2 6.4 92.4
20 0.3 8.9 90.8
30 0.3 13.0 86.7
40 1.4 12.3 86.3
50 2.7 12.2 85.1

a Cross-linking density was theoretically calculated based on a 1% (w/w) hya
and expressed as mol%.

Table 2
Cross-linking efficiency, swelling ratio, and elastic moduli of HA hydrogels cr

Theoretical cross-linking density
(%)

PEG1000

Cross-linking
efficiency

Swelling
ratio

E
m

10 92.4 153 ± 8 39
20 90.8 97 ± 6 66
30 86.7 121 ± 9 35
40 86.3 232 ± 13 33
50 85.1 274 ± 15 20
purchased from Sigma (St. Louis, MO, USA). The hyal-
uronidase (HAase) was purchased from Sigma (499 U/
mg, bovine testes isolated).
2.2. Synthesis of covalently cross-linked HA

Five grams of PEG-diamine was dissolved in 100 ml of
methylene chloride, stirred at 25 �C for 3 h, and dried over
Na2SO4. The Na2SO4 was removed by filtering. Methylene
chloride was evaporated and dried in a vacuum oven at
room temperature for 24 h.

HA was cross-linked with PEG-diamines with two dif-
ferent molecular weights, 1000 and 2000 Da. HA (1 w/
v%) was dissolved in a buffer solution of 50 mM MES
and 0.2 M NaCl. The pH was adjusted to 5.5. NHS
(4.35 g, 38 mmol) and EDC (14.57 g, 76 mmol) were added
to 15 ml of 1% (w/v) HA solution to activate the carboxyl
groups on the HA backbone. The solution was stirred to
obtain homogeneity and the PEG-diamines were added.
The reaction was maintained at room temperature for
12 h. The solution was cast on a Teflon plate. After drying
in air at room temperature for 24 h, the HA films were cut
into 1 · 1 cm2 pieces and placed in double distilled water to
remove unreacted materials and byproducts.
2.3. Determination of cross-linking efficiency

The ninhydrin assay was utilized to determine the
degree of effective cross-linking and unreacted amino
groups during the coupling reaction (Romberg et al.,
2005). Briefly, a small amount of dried hydrogel was sus-
pended in 5 ml of 1 M sodium acetate buffer (pH 5) and
lecular weight = 1000 Da) or PEG2000 (molecular weight = 2000 Da)

PEG2000

e-end
age

Unreacted Single-end
anchorage

Double-end
anchorage

0.2 9.7 90.1
0.2 10.1 89.7
0.6 15.7 83.7
1.8 14.9 83.3
4.1 14.5 81.4

luronic acid solution and molecular weight of the repeat unit (M0 = 395)

oss-linked at various cross-linking densities

PEG2000

lastic
odulus

Cross-linking
efficiency

Swelling
ratio

Elastic
modulus

.9 ± 6.7 90.1 172 ± 7 36.6 ± 3.6

.3 ± 4.1 89.7 108 ± 19 51.0 ± 4.2

.6 ± 1.1 83.7 284 ± 17 39.3 ± 1.8

.4 ± 3.1 83.3 332 ± 34 26.8 ± 4.3

.7 ± 3.4 81.4 309 ± 21 24.8 ± 3.1
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ninhydrin reagent was added. The mixture was kept in
boiling water for 20 min. After incubation, 75 ml of a
water/ethanol mixture (1/1, v/v) was added and the
reaction mixture was cooled to room temperature for
2 h in a dark place. Ninhydrin reacted with free amino
groups and created a water-soluble blue compound. The
amount of free amino groups in the hydrogel was
determined by measuring the UV absorbance of the
supernatant at 570 nm. Glycine was the reference
molecule. The number of unreacted amino groups of
PEG was determined in the hydrogels both before and
after they were leached in water. The number of amino
groups of the unleached hydrogels corresponds to sin-
gle-end anchorage and unreacted amino groups of PEG.
Subtraction of single-end anchorage and unreacted amino
groups of PEG from the total amount of added amino
groups reveals the extent of the effective cross-linking
reaction. The number of amino groups in the leached
hydrogels corresponds to single-end anchorage. Subtrac-
tion of single-end anchorage in the leached hydrogels
from single-end anchorage and unreacted amino groups
of PEG in the unleached hydrogels results in the amount
of unreacted PEG-diamine that has not participated
in the cross-linking reaction (Eiselt, Lee, & Mooney,
1999).

2.4. Equilibrium swelling properties

The cross-linked HA hydrogels were placed in deionized
water at 25 �C for 3 days. Assuming that the network
swells uniformly in all directions, the equilibrium swelling
ratio can be defined as a ratio of the weight of swollen
hydrogel to the weight of dry hydrogel. The weight of
dry gel was determined by drying the gel in a vacuum at
50 �C.

2.5. Measurement of mechanical properties

Mechanical properties of the cross-linked HA hydro-
gels were determined using a mechanical tester (Instron,
Model 5567, Instron Corp.). The cross-linked HA films
were cut into disks (1.0 cm in radius) and kept in water
at 25 �C for 3 days. Uniaxial compression tests were per-
formed on the swollen HA hydrogels at 25 �C using a
crosshead speed of 1.0 cm/min and a load cell of 100 N.
Each compressive test was performed for less than
1 min to avoid loss of water during measurement. The
experiments were performed in quintuplicate. The shear
modulus (G) was obtained from the slope of a plot of
elastic stress (r) versus k � k�2, where k is the extension
ratio of HA hydrogels (Eq. 1) (Treloar, 1975). All plots
were linear over the range of strain covered and the ratio
of E (elastic modulus) to G was approximately three in all
cases. Therefore, it was assumed that HA hydrogels are
rubbery materials. The number average molecular weight
between the cross-links (Mcrl) was calculated according to
(Eq. 2).
r ¼ G k� 1

k2

� �
ð1Þ

M crl ¼
cRT

G
ð2Þ

T is the temperature (298 K) at which the modulus was
measured, c is the concentration of HA (g/m3) in the
cross-linking solution, and R is the gas constant (8.3145
J mol�1 K�1).

2.6. In vitro degradation of cross-linked HA

The in vitro degradation of cross-linked HA hydrogels
was performed by incubating the hydrogels with HAase
at 37 �C. For in vitro degradation studies, the cross-linked
HA hydrogels were cut into rectangles with dimensions of
0.5 · 0.5 cm2, placed in a 200 ll solution of HAase (100 U/
ml in 30 mM citric acid, 150 mM Na2HPO4, 150 mM
NaCl, pH 6.3), and incubated at 37 �C with orbital agita-
tion at 150 rpm. At various time points, the supernatant
was withdrawn and fresh buffer was replenished. The col-
lected supernatant was then diluted 100 times in distilled
water saturated with benzoic acid and analyzed for uronic
acid content according to the carbazole assay (Bitter &
Muir, 1962) using D-glucuronic acid lactone as the stan-
dard. The percent degradation was calculated by dividing
the amount of uronic acid released at a given time point
by the final amount of uronic acid collected when the
hydrogel was completely degraded.

2.7. Statistical analysis

All quantitative data were expressed as means ± stan-
dard deviation. Statistical analysis was performed with
unpaired Student’s t-tests using Instat Software (Instat
3.0, GraphPad Software Inc., San Diego, CA, USA). A
value of p < .05 was considered statistically significant.
3. Results and discussion

3.1. Synthesis and characterization of cross-linked HA

hydrogels

To examine how the molecular weight of the cross-link-
ing molecules would affect the cross-linking efficiency of the
HA hydrogels, HA was covalently cross-linked with either
PEG1000 (molecular weight = 1000 Da) or PEG2000
(molecular weight = 2000 Da) (Fig. 1). The theoretical
cross-linking density varied from 10% to 50%. Cross-link-
ing density was calculated theoretically on the basis of
the concentration of PEG added to the HA solution (Table
1). The cross-linking efficiency of HA was determined
by quantifying the amount of unreacted PEG-diamine
and the amount of single-end reacted PEG-diamine (Tables
1 and 2). The amino groups of PEG-diamine were cova-
lently bonded to HA with an overall cross-linking efficiency
of higher than 80% for both types of PEG-diamine.
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Increasing the theoretical cross-linking density from 10% to
50% resulted in a decrease in the cross-linking efficiency of
HA hydrogels cross-linked with either PEG1000 or
PEG2000 (Table 2). This may be attributed to increased
steric hindrance. Therefore, the accessibility of the PEG-
diamine to the HA chain decreases as the theoretical
cross-linking density increases.
Cross-linking density (%)
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Fig. 4. The number average molecular weight between cross-links (Mcrl)
of HA hydrogels cross-linked with PEG1000 or PEG2000 as a function of
the theoretical cross-linking density. Values represent means ± standard
deviation (n = 5). *p < .05 compared with PEG2000.
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Fig. 3. Elastic modulus in compression of HA hydrogels cross-linked with
PEG1000 or PEG2000 as a function of the theoretical cross-linking
density. Values represent means ± standard deviation (n = 5). *p < .05
compared with PEG2000.
3.2. Degree of swelling and mechanical properties

The swelling ratio of HA hydrogels cross-linked with
PEG1000 or PEG2000 decreased as the theoretical cross-
linking density increased from 10% to 20% (Table 2 and
Fig. 2). In general, the swelling ratio of materials decreases
as the degree of cross-linking increases (Treloar, 1975).
However, increasing the cross-linking density from 20%
to 40% resulted in increased swelling ratios (Fig. 2). This
was likely due to an abundance of intramolecular cross-
linking at high cross-linking densities.

The elastic moduli of the cross-linked HA hydrogels var-
ied depending on the molecular weight of the cross-linking
molecules (PEG-diamines) and the cross-linking densities
(Table 2 and Fig. 3). The elastic modulus increased with
increasing cross-linking density from 10% to 20%. Decreas-
ing the molecular weight of the cross-linking molecules also
caused the elastic moduli to increase. However, at cross-
linking densities higher than 20%, the modulus gradually
decreased regardless of the molecular weight of the
PEG-diamine. This was likely due to a high degree of intra-
molecular cross-linking at high cross-linking densities.

Next, the effect of cross-linking density on Mcrl was
examined. Increasing the cross-linking density from 10%
to 20% resulted in decreases in the Mcrl of cross-linked
HA hydrogels (Fig. 4), which is in accordance with the the-
ory of rubber-elasticity (Treloar, 1975). However, the Mcrl

gradually increased as the cross-linking density of the HA
hydrogel increased above 20%. This behavior is inconsis-
tent with the theory of rubber elasticity. The theory is only
Cross-linking density (%)

S
w

el
lin

g
 r

at
io

 (
Q

)

50

100

150

200

250

300

350

400

PEG1000

PEG2000

*

*
*

*
*

0 10 20 30 40 50 60

Fig. 2. Equilibrium swelling ratio of HA hydrogels cross-linked with
PEG1000 or PEG2000. Values represent means ± standard deviation
(n = 5). *p < .05 compared with PEG2000.
applicable to systems of short cross-linking molecules
(Eiselt et al., 1999). PEG is a flexible molecule and typically
forms elastic gels. In this study, the elastic deformation
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of HA hydrogels cross-linked with PEG1000 or PEG2000 as a function of
the elastic modulus. Values represent mean (n = 5).
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cross-linking density of 20%. The degradation experiments were per-
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observed during the compression of gels with high PEG
content is likely caused by the less rigid PEG molecule
being deformed rather than deformation of the stiff HA.
There is currently no theory that adequately addresses
the mechanical properties of hydrogels cross-linked with
large molecules (Eiselt et al., 1999).

Elastic moduli decreased as the Mcrl of cross-linked HA
hydrogels increased (Fig. 5). Nearly identical elastic moduli
were obtained from HA hydrogels cross-linked with mole-
cules of different molecular weight (PEG1000 and
PEG2000) (Fig. 5). This result suggests that mechanical
properties of the cross-linked HA hydrogels are affected
not by molecular weight of the cross-linking molecules
but by Mcrl.
3.3. Degradation of cross-linked HA hydrogels

To mimic in vivo conditions, the degradation of cross-
linked HA hydrogel by HAse was examined. It was found
to be dependent on molecular weight of the cross-linking
molecule and cross-linking density. HA hydrogels cross-
linked with PEG1000 degraded at a slower rate than those
with PEG2000 (Fig. 6). The swelling ratios of HA hydro-
gels cross-linked with PEG2000 was higher than that of
HA hydrogels cross-linked with PEG1000. The higher
degradation rate of HA hydrogels cross-linked with
PEG2000 is possibly due to increased interactions of the
highly-swelled hydrogel with enzyme solution. As theoreti-
cal cross-linking density increased from 10% to 20%, the
degradation rate of the cross-linked hydrogels decreased
(Fig. 7). However, HA hydrogels with theoretical cross-
linking densities of 20–50% had similar degradation rates,
with complete degradation occurring after 14 days, which
suggests that similar extents of interchain cross-links were
present among HA hydrogels with theoretical cross-linking
densities of 20–50%.

4. Conclusions

HA hydrogels were modified using covalent cross-link-
ing with PEG-diamines of different molecular weights.
The mechanical properties and degradation rates of the
cross-linked HA hydrogels were controlled by varying the
molecular weight of the cross-linking molecules and the
cross-linking density. The HA hydrogels developed in this
study have controllable mechanical properties and degra-
dation rates, and may have broad biomedical applications,
such as matrices for cell transplantation and drug delivery.
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