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ABSTRACT: The behavior of swollen gellan gum hydrogels in terms of mechanical properties, weight loss, and cell growth inhibition

of leachates is presented. Low-acyl gellan gum (LAGG), high-acyl gellan gum (HAGG), and a HAGG–LAGG blend were soaked in

phosphate-buffered saline (PBS) at pH 7.4 and 37�C for up to 168 days. The gels exhibited their maximum mass loss and swelling

after 28 days of immersion in PBS. LAGG gels exhibited lower value for mass loss and the chain-release diffusion coefficient than gels

consisting of HAGG and the HAGG–LAGG blend. The change in mechanical and rheological characteristics during soaking of the

three hydrogels was attributed to mass loss, while LAGG hydrogels also showed evidence of effects because of cation exchange with

the surrounding medium. The mechanical characteristics of the LAGG, HAGG, and blend hydrogels relative to each other did not

change during swelling (although the magnitude changed). L929 fibroblasts growth inhibition tests showed that the leachate products

of the three gels can be considered noncytotoxic, which is important for their future application in tissue engineering. VC 2013 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 130: 3374–3383, 2013
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INTRODUCTION

Hydrogels are hydrophilic polymer networks which contain up

to thousands of times their dry weight in water. A range of

chemical and physical cross-linking approaches have been used

to form chemically stable or degradable materials.1–3 They have

long received attention because of their innate structural simi-

larities to the extracellular matrix and their capacity for facilitat-

ing cellular proliferation and survival.4 Systematic study of the

degradation behavior is one of the key considerations in the

development of biomimetic hydrogels for tissue engineering

applications. In particular, investigating the effect of degradation

on the mechanical properties is of critical importance in the

development of these materials.

In this article, we investigate the mechanical characteristics of

hydrogels based on the biopolymer gellan gum (GG), which is a

linear, anionic extracellular polysaccharide produced by fermen-

tation of Sphingomonas elodea.5 In its native form, usually

referred to as high-acyl gellan gum (HAGG) the tetrasaccharide

repeat unit consists of residues of b-D-glucose, b-D-glucuronate,

and a-L-glucose with two acyl substituents on one of the glu-

cose residues (Figure 1). The low-acyl (LAGG) form is produced

by removing these substituents from the native high-acyl form

by strong alkali treatment.6,7 Gellan molecules form a threefold

double-helical structure under an appropriate aqueous environ-

ment and the aggregation of these helical segments leads to the

formation of a so-called true gel network.8 The presence of

monovalent (Na1) and/or divalent (Ca21) cations enhances this

aggregation and increases the mechanical properties of the

gels.9–11 However, to reach optimum gel strength requires an

order of magnitude larger concentration of monovalent ions

than divalent ions.12

The presence of the acyl substituents in HAGG does not change

the overall helical structure, but changes the binding (cross-link-

ing) sites for the cations.9,11,13–15 It has been suggested that this

change is responsible for the loss of so-called “cation-mediated

aggregation” between the HAGG helices.11 The result of this dif-

ference in aggregation is that LAGG forms hard (nonelastic)

and brittle gels, whereas HAGG gels are soft (elastic) and non-

brittle.11,13 As such mixtures of LAGG and HAGG can be used

to tune the gel characteristics depending on ratio of mixture.

GG is USFDA and European Union (E418) approved food addi-

tive, and has found wide application as a multifunctional gel-

ling, stabilizing, and suspending agent.11,16 There has been

significant interest in GG as materials for tissue engineering
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applications because of its capacity to form hydrogels under

mild processing conditions.17–21 For example, the gelation tem-

perature of GG can be tuned to 37�C which led to suggestions

that it can be used in injectable approaches to tissue engineer-

ing.17 In other recent work, GG hydrogels have been proposed

as materials to improve intervertebral disc regeneration and as a

cell support for cartilage regeneration.18,20 It has also been

demonstrated that LAGG can be made photo-cross-linkable

which dramatically improves its mechanical properties, thereby

opening up tissue engineering applications requiring stiffer

hydrogels.22

Although GG’s chemical structure, gelation mecha-

nisms,8,9,13,23,24 rheological behavior, and mechanical charac-

teristics6,17,19,20,25 have been characterized in detail, only

limited evidence has been presented in the literature detailing

its swelling behavior at 37�C and pH 7.4.18–20,22,26 In particu-

lar, the effect of weight loss on the mechanical characteristics

(of GG hydrogels) remains unexplored, which is of critical

importance for the future application of GG hydrogels in tis-

sue engineering.

Here, the behavior of Ca21 cross-linked LAGG, HAGG, and

LAGG–HAGG blend hydrogels immersed in phosphate-

buffered saline (PBS) at 37�C and pH 7.4 is reported. The

resulting hydrogels are characterized in detail using mass loss

analysis, volumetric swelling, circular dichroism spectroscopy

(CD), rheological testing, mechanical compression testing, and

L929 fibroblasts cell growth inhibition (CGI) on hydrogel

leachate products. Establishing these characteristics is impor-

tant for the future application of GG materials in tissue

engineering.

EXPERIMENTAL

Materials

Endotoxin-free LAGG (molecular weight range as specified by

manufacturer 2–3 3 105 Da, Gelzan CM, Lot #9K6969A) and

HAGG (molecular weight range as specified by manufacturer

1.5–2.5 3 106 Da, Kelcogel LT 100, Lot #9K6878A) were a gift

from CP Kelco. Note, the molecular weight ranges should be

seen as indicative values as determining the molecular weight of

GG is not straightforward.27 Eagle’s minimum essential medium

(EMEM), fetal bovine serum (FBS), penicillin/streptomycin

(PS), and Dulbecco’s PBS (DPBS), salts required for PBS solu-

tion preparation and CaCl2�2H2O were purchased from Sigma-

Aldrich. PBS solutions (pH 7.4, temperature 37�C) were pre-

pared using NaCl (137 mM), KCl (2.7 mM), anhydrous

Na2HPO4 (10.1 mM), and anhydrous KH2PO4 (1.7 mM) in

Milli-Q water (resistivity 18.2 MX cm).

Hydrogel Preparation

Solutions of LAGG in Milli-Q water were prepared at a concen-

tration of 2% w v21 under continuous stirring at 200 rpm (IKA

RW 20 digital) for 2 h at 80�C. Solutions of HAGG (2% w v21)

were prepared under continuous stirring for 2.5 h at 85�C. The

LAGG:HAGG blend (2% w v21) was obtained by combining

the LAGG and HAGG aqueous solutions at a ratio of 1:1 (v

v21). Hydrogel discs were prepared by addition of hot (�80�C)

CaCl2 solution to the hot GG solution (final added

Ca21concentration �5 mM) followed by transfer into polysty-

rene petri dishes (Sigma-Aldrich). The gels were formed by

cooling the solutions to 37�C under controlled conditions (rela-

tive humidity 50%, Thermoline Scientific, TRH-150-SD) and

gel discs (diameter 17 mm; height 5 and 10 mm) were punched

out using a custom-built puncher.

Mass Loss and Volumetric Swelling Ratio

The initial weights (mi) of all hydrogel discs were obtained prior

to transfer to permeable tissue cassettes (embedding M516-2,

Simport). Hydrogels in tissue cassettes were immersed in PBS

(pH 7.4 and 37�C) for up to 168 days. At each time point, three

tissue cassettes were removed from the degrading medium, blot-

ted dry, and weighed to obtain the swollen weight of the hydro-

gels (ms). The hydrogels were lyophilized (Labconco, Feezone

4.5) and weighed to get the dry weight of the polymer in the

hydrogel (md). Mass loss (ML) was evaluated using28 the follow-

ing equation:

ML5
mid2mdð Þ

mid

3100; (1)

where the initial dry polymer mass (mid) is obtained by multi-

plying mi with the initial polymer weight fraction. The volumet-

ric swelling ratio (Q) of the polymer volume in the swollen

state (Vswollen) over the volume of the dry polymer (Vdry) was

obtained as follows28,29:

Q511
qpolymer

qsolvent

ms

md

21

� �
(2)

where qpolymer and qsolvent are the biopolymer and solvent den-

sities, respectively. The volume in the swollen state was approxi-

mate by the sum of the volumes of the polymer (md /qpolymer)

and the solvent [(ms – md)/qsolvent]. The polymer density of

LAGG (1.52 6 0.08 g mL21) and HAGG (1.52 6 0.08 g mL21)

were experimentally determined for this work by adding biopol-

ymer powder to an alcohol solution to a known volume. The

Figure 1. Tetrasaccharide repeating unit of LAGG and HAGG.
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density of the blend (1.52 6 0.16 g mL21) was calculated using

the approximation of densities method.30

Circular Dichroism Spectroscopy

CD measurements were performed using a Spectropolarimeter

(Jasco, J-810) equipped with a temperature peltier (Jasco, CDF-

426S). CD intensity was measured as a function of wavelength

(190–250 nm) at a scanning rate of 100 nm min21 using CD-

matched cuvettes (path lengths of 1–5 mm). A standard curve

was constructed from a dilution series of LAGG in PBS at 37�C
and measuring the CD intensity at 201 nm. CD analysis was

used to detect GG in extracts of the medium (PBS-containing

hydrogel discs) after 7, 14, 21, and 28 days of immersion in

PBS at 37�C.

Rheology

Oscillatory shear rheological measurements were performed at

37�C on a controlled strain rheometer (Anton Paar, Physica

MCR 301) with a parallel plate configuration and a heat con-

trolled sample stage (Julabo Compact Recirculating Cooler

AWC 100). Hydrogel cubes (20 3 20 3 5 mm3) were sub-

merged in PBS (pH7.4, 37�C) for up to 28 days and punched

out into gel discs (diameter 17 mm; height 5 mm) at appro-

priate time points. Strain sweeps (up to 100%) were con-

ducted at 5 Hz, while frequency sweeps (up to 500 Hz) were

conducted by applying a constant strain of 0.1%. Storage (G0)
and loss (G00) moduli were determined in the linear visco-

elastic (LVE) regions of frequency sweeps. Maximum shear

strain (smax) and maximum shear stress (cmax) were deter-

mined from the LVE regions in amplitude sweeps. All tests

were run in triplicate on samples, which had not been tested

previously.

Mechanical Characterization

Compressive stress–strain measurements were carried out

using an universal testing machine (EZ-S, Shimadzu, Japan) at

2 mm min21. Hydrogel cubes (20 3 20 3 10 mm3) were sub-

merged in PBS (pH 7.4, 37�C) up to 28 days prior to punch-

ing out into gel discs (diameter 17 mm; height 10 mm) for

testing at each time point. The temperature of the samples was

maintained using a water bath (37�C). Measurements were

conducted in quadruplicate for each hydrogel composition at

each time point on samples, which had not been tested

previously.

L929 Cell Growth Inhibition Assay

Hydrogel samples (diameter 17 mm; height 6 mm) weighing

approximately 1 g each were prepared under sterile conditions

for all three compositions, and extracted in 3.75 mL of DPBS in

35 mm well plates. Five extraction blanks (for each time point)

of 3.75 mL of DPBS in empty well plates were used as control.

All the samples were placed in a 5% CO2-humidified atmos-

phere at 37�C (Thermo Scientific, Heraeus BB 15). At relevant

time points, 1 mL of DPBS extract was pipetted out from each

of the well plates and diluted with EMEM (supplemented with

10% FBS and 1% PS) to a ratio of 1 : 3.

Murine dermal fibroblasts (L929) were seeded at 1 3 105 cells

per plate in EMEM (supplemented with 10% FBS and 1%

PS) in tissue culture dishes (diameter 35 mm), and then

incubated in a 5% CO2-humidified atmosphere at 37�C for 1

Figure 2. (a and b) Mass loss (%) and (c and d) volumetric swelling ratio of LAGG (diamonds), HAGG (triangles), and blend (squares) hydrogels

immersed in PBS at 37�C for 168 days. Error bars represent one standard deviation (n 53). Mass loss (%) and volumetric swelling ratio calculated using

eqs. (1) and (2), respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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day to establish a subconfluent cell monolayer of adherent

fibroblasts. The media in each plate were replaced by test

extracts (LAGG, HAGG, and blend), positive control (7.5%

ethanol and latex extracts), and negative control solutions

(EMEM and DPBS) and incubated for another 2 days. Latex

extracts were prepared by immersing pieces of latex gloves

(Ansell, Thailand) in DBPS and incubated in a 5% CO2-

humidified atmosphere at 37�C. At the end of the test period,

cells were harvested, counted using a Cell Viability Analyzer

(Vi-cell XR, Beckman coulter), and compared with cell num-

bers in negative control (EMEM) plates. Positive controls

were expected to show greater than 70% inhibition to indi-

cate the assay was valid. Three independent samples of each

degradation product were tested. The percentage CGI was

obtained by the following equation29:

CGI 5
nc2ns

nc

; (3)

where ns and nc are the number of cells in the sample and

media control dishes, respectively.

Statistical Analysis

The reported results are averages of the values obtained.

Reported numerical errors and graphical error bars are given as

61 standard deviation (SD). Data and outliers were rejected

either when instrumental error was known to have occurred, or

if data failed a Q-test with a confidence interval �95%. Statisti-

cal analysis was performed on CGI results using Student’s t-test.

A confidence level of 0.001 was considered significant. All values

are reported as the mean (61 SD).

RESULTS AND DISCUSSION

Mass Loss and Chain Release

The behavior of GG (LAGG, HAGG, and blend) hydrogels in

PBS (pH 7.4, 37�C) was followed for a period of up to 168

days. The mass loss profiles [Figure 2(a and b)] showed a small

mass gain (2%) after 4 h, a steady mass loss up to 14 days,

which was followed by a slow decrease in the mass loss until the

gel stabilized after 28 days. This suggests that the gels reached

their equilibrium after 28 days and then maintained constant

composition without further mass loss during the remainder of

the test period between 28 and 164 days. The HAGG and blend

hydrogels exhibited a faster mass loss rate than the LAGG gels.

For example, in the steady mass loss period (1–14 days) the

Figure 3. (a) CD spectra of GG as a function of concentration in PBS at 37�C, (b) CD intensity (ellipticity) at 201 nm as a function of GG concentra-

tion, (c) ellipticity at 201 nm vs. incubation time in PBS at 37�C, and (d) remaining mass fraction calculated using mass loss (diamonds) and CD analy-

sis (squares) as a function of immersion time in PBS at 37�C. Solid line indicates theoretical prediction of calculated loss assuming diffusion coefficient

of 1.1 3 10213 m2 s21. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I. Average Mass Loss (ML,stable) and Average Volumetric Swelling

Ratio (Qstable) During the Stable Immersion Period (28–168 days) in PBS

at 37�C

Hydrogel ML,stable (%) Qstable (%)

LAGG 5.3 6 0.7 64 6 2

HAGG 12.1 6 0.6 83 6 3

Blend 10.0 6 0.7 73 6 1

HAGG, high-acyl gellan gum; LAGG, low-acyl gellan gum; ML,stable, aver-
age mass loss; Qstable, average volumetric swelling ratio.
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mass loss rates for LAGG, HAGG, and blend hydrogels were

0.25 6 0.08% day21, 0.37 6 0.04% day21, and 0.6 6 0.2%

day21, respectively. Over the course of the swelling period

LAGG hydrogels exhibits the lowest mass loss (average value of

5.3 6 0.7% during days 28–168), compared to the correspond-

ing values of 12.1 6 0.6% and 10.0 6 0.7% for the HAGG and

LAGG–HAGG blend hydrogels, respectively.

The steady mass loss behavior of our gels can be explained

using the previously observed chain release behavior of GG

hydrogels.31 It should be noted that these studies were carried

out using LAGG hydrogels and immersion conditions which

differ from our gels, that is, these gels were prepared at 10�C,

with the only cross-linking provided by the cations inherently

present in the LAGG, that is, mainly K1 (5.03% w w21),

although significantly smaller amounts of Na1 (0.42% w w21),

Ca21 (0.37% w w21), and Mg21 (0.09% w w21) were also

present. Chain release was monitored by immersion of these

gels in water (neutral pH) and salt solutions (KCl and tetry-

lammonium chloride, TMAC) all at 10�C. These gels prepared

without addition of CaCl2 (as used in our work) are hereafter

referred to as “LAGG-without.” The LAGG-without gels (2%

w w21) immersed in water exhibited a steady mass loss for up

to 7 h followed by rapid mass loss in a short period of time

leading to the collapse of the gel.31 The authors concluded

that free GG chains (those unassociated with the gel network)

are released first, while the network (associated) chains are

released over a longer time frame.31 The latter is a result of

the release of cross-linking ions from the gel into the sur-

rounding solution. Because these ions are responsible for hold-

ing the GG network together, release of these ions results in

dissociation of the network leading to gel collapse. Immersion

of LAGG-without gels (2% w w21) in KCl or TMAC solutions

(10�C) slowed down the release of chains and did not result in

gel collapse over the duration of the immersion experiment (8

h).31 This lack of erosion was attributed to the gel’s uptake of

K1 ions, which facilitates the association of unassociated GG

chains into the network resulting in a more stable gel

structure.31

Figure 5. Amplitude sweeps of LAGG (diamonds), HAGG (triangles), and blend (squares) hydrogels at a frequency of 5 Hz at 37�C (a) prior to immer-

sion and (b) after 28 days of immersion in PBS at 37�C. Frequency sweeps of LAGG (diamonds), HAGG (triangles), and blend (squares) hydrogels at a

strain of 0.1% at 37�C (c) prior to immersion and (d) after 28 days of immersion in PBS at 37�C. Storage and loss modulus for the respective gels are

indicated by filled and open symbols, respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. Photographs of typical hydrogels at (a) before immersion

(t 5 0) in PBS and (b) swollen hydrogels (after 28 days in PBS). [Color

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

wileyonlinelibrary.com.]
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The mass loss profile for our GG hydrogels (immersed in PBS

at 37�C) is very different compared to that reported in Ref. 31.

First, the mass profile shows a small increase at short time

period and second, the steady mass loss period occurs over a

much longer time scale, that is, 28 days rather than 7 h despite

the higher temperature (37�C) of the surrounding medium

used in our work. As such, the slower time period on which the

mass loss occurs for our Ca21 cross-linked hydrogels suggest

that there is smaller amount of unassociated GG chains in our

gels compared to that of the LAGG-without gels.

The release of GG from our gels was quantified using a spectro-

scopic method. CD analysis (37�C) of extracts from the PBS

medium, confirmed that LAGG leached out of the hydrogels

over the first 28 days of immersion (Figure 3). The CD intensity

of the GG characteristic band around 201 nm was used to con-

struct a standard curve. The resulting proportionality constant

was used to determine the LAGG concentration in the sur-

rounding medium (PBS) and the mass fraction remaining in

the gel. The concentration of LAGG leached out at 28 days was

0.100 6 0.005 mg mL21, equivalent to a mass loss of

7.2 6 0.4%. It is suggested that the difference with the measured

mass loss by weight [5.3 6 0.7 %, Figure 3(d)] is because of the

diffusion of ions into the gels as a result of the cation exchange.

PBS contains 137 mM Na1 compared to only 5 mM Ca21 in

the as-prepared gels. It is well known that the amount of

divalent cations required to form true gels is two orders of mag-

nitude lower than the equivalent amount of monovalent cati-

ons.11 Therefore, it is reasonable to expect that the gel’s weight

gain because of cation exchange will partially offset the mass

loss because of GG chain release.

The diffusion constant for LAGG release from the film was

obtained by fitting the data from mass loss data and CD analy-

sis to the expected profile for Fickian diffusion.32 Figure 3(d)

shows that these loss profiles fit diffusion coefficients of

(1.1 6 0.2) 3 10213 m2 s21 (CD data) and (0.8 6 0.1) 3 10213

m2 s21 (mass loss data), respectively. This suggests that diffu-

sion coefficients calculated based on mass loss data give a rea-

sonable indication of the release of GG. A similar analysis using

the mass loss data for HAGG and the blend results in diffusions

coefficients of (3.8 6 0.4) 3 10213 m2 s21 and (2.8 6 0.3) 3

10213 m2 s21, respectively. The calculated diffusion coefficient

for LAGG release from gel to PBS (37�C) is two orders of mag-

nitude slower compared to the self-diffusion coefficient of GG

in NaCl (25 mM, 40�C).33 Hence, it is clear that GG mobility is

retarded because of the effect of the GG network.

Swelling

The volumetric swelling ratio [Figure 2(c and d)] shows similar

characteristics over time as the mass loss profile. Within the

first 4 h of immersion, all three types of gels undergo a

Table II. Comparison of Rheological and Compression Results of Hydrogels Immersed in PBS at 37�C

Sample smax (Pa) cmax (%) G0 (kPa) G00 (kPa) Et (kPa) rf [kPa] ef [%]

LAGG-0 153 6 19 0.15 6 0.002 184 6 25 6.7 6 1.1 535 6 18 130 6 5 29 6 1

LAGG-1 154 6 73 0.15 6 0.05 158 6 38 5.9 6 0.4 295 6 54 108 6 6 42 6 1

LAGG-3 224 6 18 0.12 6 0.03 241 6 7 10.1 6 0.2 234 6 5.1 124 6 28 52 6 4

LAGG-7 274 6 02 0.16 6 0.08 267 6 44 10.4 6 0.8 324 6 55 126 6 12 40 6 9

LAGG-14 297 6 153 0.23 6 0.12 233 6 52 10.2 6 0.7 315 6 31 130 6 35 36 6 8

LAGG-21 173 6 24 0.17 6 0.07 207 6 24 9.1 6 2.2 235 6 1.7 172 6 32 53 6 7

LAGG-28 178 6 39 0.24 6 0.04 211 6 8 11.1 6 1.7 277 6 13 164 6 32 47 6 4

HAGG-0 451 6 42 58.5 6 13.4 1.0 6 0.07 0.05 6 0.003 87 6 2.7 50 6 8 68 6 6

HAGG-1 189 6 57 19.1 6 5.1 1.0 6 0.01 0.03 6 0.005 6.9 6 1.1 58 6 12 73 6 4

HAGG-3 164 6 21 13.0 6 3.5 1.3 6 0.1 0.03 6 0.004 18.1 6 2.2 40 6 12 73 6 4

HAGG-7 94.4 6 13 8.8 6 2.4 1.0 6 0.1 0.046 0.008 21.3 6 1.9 46 6 6 61 6 3

HAGG-14 76.7 6 8 8.9 6 2.5 1.1 6 0.06 0.02 6 0.001 9 6 1.2 73 6 32 66 6 1

HAGG-21 108 6 6 9.9 6 0.007 1.1 6 0.07 0.02 6 0.006 10.5 6 0.4 48 6 1 63 6 1

HAGG-28 15.1 6 1 13.5 6 0.3 1.1 6 0.1 0.07 6 0.006 11.4 6 3.1 48 6 10 66 6 14 14

Blend-0 231 6 45 1.23 6 0.33 19.3 6 1.5 0.5 6 0.07 110.5 6 1.7 71 6 11 48 6 3

Blend-1 208 6 4 2.16 6 0.007 14.4 6 0.2 0.4 6 0.02 68.7 6 5.1 69 6 1 55 6 2

Blend-3 244 6 46 2.66 6 0.71 14.1 6 0.9 0.4 6 0.03 71.6 6 2.6 68 6 3 56 6 2

Blend-7 196 6 37 1.91 6 0.38 15.3 6 0.9 0.4 6 0.03 57.8 6 4.8 76 6 3 60 6 1

Blend-14 189 641 2.03 6 0.17 15.7 6 0.8 0.4 6 0.03 71.3 6 7.1 92 6 2 60 6 2

Blend-21 154 6 0.4 0.70 6 0.2 17.5 6 0.1 0.4 6 0.06 84.8 6 7.3 85 6 4 56 6 2

Blend-28 135 6 61 1.57 6 0.78 14.6 6 1.1 0.4 6 0.01 94.7 6 6.2 76 6 12 53 6 2

ef, strain-at-failure; Et, tangent modulus calculated using the slope of a linear fit of the stress–strain plot at 15%–25% strain; G0, storage modulus; G00,
loss modulus; cmax, maximum shear strain; rf, stress-at-failure; smax, the maximum shear stress.
The naming convention for the sample name is “hydrogel type-days immersed.” For example, LAGG-28 indicates a LAGG hydrogel immersed for 28
days. The height of gels used in rheological and compression testing was 5 and 10 mm, respectively.
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significant amount of swelling. For example, HAGG hydrogels

show a rapid increase to Q 5 57 6 2 % over 4 h of immersion,

followed by a slower rate of increase (to 83 6 3 %) in the fol-

lowing 28 days of immersion. Once the hydrogels reached their

equilibria in approximate 28 days, the swelling ratio remained

constant for the remainder of the immersion period (up to 168

days), see Table I. The relative amounts of swelling between the

three types of hydrogels mirrors that observed for the mass loss

profiles, that is, largest amount of swelling for HAGG, lowest

for LAGG with the blend somewhere in between (Figure 4).

LAGG gels are clear in appearance, whereas HAGG gels are

cloudy as is the blended gel. According to the manufacturer, the

commercial production method results in the generation of cel-

lular debris, which causes LAGG and HAGG to have a cloudy

appearance.34 Both LAGG and HAGG can be clarified, but only

LAGG is commercially available in a clarified form. However,

HAGG’s cloudiness could also be indicative of a phase

separation.35

The higher swelling of HAGG (compared to LAGG) can be

explained using the difference in the proportion of chains associ-

ated with the gel network. X-ray diffraction and computer mod-

eling studies have demonstrated that the intrachain hydrogen

bonds between the glyceryl groups provide stiffness to the poly-

saccharide chains whereas the interchain hydrogen bonds between

carboxylate groups stabilize the double helix.8,9,13 In HAGG, the

presence of bulky acyl substituents in the interior of the double

helix, changes the chain conformation (because of steric hin-

drance) resulting in HAGG having a lower proportion of chains

associated with the gel network compared to LAGG.9,13 As a

result, the HAGG network will not be cross-linked to the same

degree as LAGG network resulting in weaker mechanical charac-

teristics (discussed below). Although there are many approaches

for explaining the swelling of polyelectrolyte gels (see Ref. 36 for

a recent review), it is reasonable to assume that swelling decreases

with increasing degree of cross-linking. Hence, HAGG will exhibit

a higher degree of swelling than LAGG.

Rheological Testing

The mechanical properties of the hydrogel samples were tested

under shear stress using rheology, that is, the effect of the strain

rate was tested by increasing the strain amplitude from 0.01%

to 100%, while keeping the angular frequency at 5 Hz. All

hydrogels exhibited amplitude sweeps with a clear plateau of

storage (G0) and loss (G00) moduli [Figure 5(a)]. This region is

commonly referred to as the LVE region during which the poly-

mer network undergoes reversible deformation.37 The higher

values of G0 compared to G00 in this region indicate the presence

of a well cross-linked polymer network. At higher strain values

(beyond the plateau region), the storage/loss moduli become

dependent on strain. Previous studies on Ca21 cross-linked

polysaccharide (alignate) hydrogels attributed this to separation

of the ionic cross-linking sites.38,39 As such the end of the LVE

region corresponds to the maximum shear stress (smax) and

shear strain (cmax) the hydrogel can be subjected to (under

shear conditions) before the gel network starts to break down.

Figure 5 and Table II show that the as-prepared gels exhibit the

expected mechanical characteristics, that is, LAGG is brittle (low

cmax), HAGG is ductile (high cmax), and the blend lies some-

where in between. Similarly, the G0, G00, and smax values are all

largest for LAGG and smallest for HAGG.

During the swelling period, LAGG exhibited increases in stor-

age modulus (from 184 6 25 kPa to 211 6 8 kPa), cmax (from

Figure 6. Typical compressive stress–strain curves for LAGG, HAGG, and

blend (a) before immersion and (b) after 28 days of immersion. (c) Com-

pressive strain at failure vs. compressive stress at failure (during 28 days

of immersion) of LAGG (diamonds), HAGG (triangles), and blend

(squares) hydrogels. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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0.150 6 0.002% to 0.240 6 0.04%), and smax (from 153 6 19

Pa to 178 6 39 Pa). The changes in these properties over the

course of the immersion period can be attributed to the loss

of polymers to the surrounding medium (polymer leaching)

and exchange of cations with the surrounding medium. The

observed increases in storage/loss moduli and maximum shear

strain/stress may indicate that cross-link density in the swol-

len gels has been optimized (i.e., increased) compared to the

as-prepared gels. In contrast, HAGG is insensitive to changes
in the ionic environment, with the observed reductions in
smax (from 451 6 42 Pa to 15.1 6 1 Pa) and cmax (from
58.5 6 13.4 % to 13.5 6 0.3 %) mainly because of polymer
leaching to the surrounding medium.

An assessment of the frequency dependent behavior during

immersion [Figure 5(c and d); Table II] showed a linear correla-

tion (up to 100 Hz) for all three gel types, except for HAGG

hydrogels at t 5 28. The moduli of the latter gels became inde-

pendent of frequency at 10 Hz.

Compression Testing

Hydrogel samples were tested for their mechanical properties

under compression at 37�C. From the resulting compressive

stress–strain plots [Figure 6(a and b)], the tangent modulus

(Et), stress-at-failure (rf), and strain-at-failure (ef) values were

determined (Table II). After 28 days of degradation, all gels

have become more elastic, but only LAGG hydrogels increase

their ductility. For example, the strain-at-failure value for LAGG

hydrogels increases from 29 6 1% to 47 6 4% over the course

of 28 days of immersion. In contrast, the corresponding values

for HAGG hydrogels are unchanged, that is, 68 6 6% compared

to 66 6 14%. LAGG, HAGG, and the blended gels exhibited a

reduction in tangent modulus values during swelling of

Figure 7. (a) CGI (%) of L929 fibroblasts in LAGG, HAGG, and blend extracts when incubated in DPBS at 37�C. Error bars represent one standard

deviation calculated from three independent samples. Statistical analysis through a two-tailed Student’s t-test showed that LAGG, HAGG, and blend data

sets were statistically different (*P< 0.001). (b) GG concentration as a function of CGI for LAGG, HAGG, and blend extracts. GG concentration in

DPBS extracts is calculated from mass loss data. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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approximately 50%, 85%, and 15%, respectively. The magnitude

of the stress-at-failure increased for LAGG hydrogels (from

130 6 5 to 164 6 32 kPa), while those of HAGG and blended

gels remained virtually the same. For example, the stress-at-

failure values for HAGG gels prior to and after swelling are

50 6 8 and 48 6 10 kPa. The relative mechanical characteristics

have been preserved during swelling [Figure 6(c)], that is, at the

end of the mass loss period (28 days of immersion). LAGG

hydrogels are stiffer but less ductile than HAGG hydrogels with

the blend somewhere in between. The observed increases in

strain and stress-at-failure value for LAGG supports the sugges-

tion that the density of the cross-links in the gel immersed for

28 days has been optimized compared to the as-prepared gels.

L929 Cell Inhibition Assay

A L929 CGI assay was carried out for 28 days. CGI was calcu-

lated with respect to the negative control (EMEM media) and

all the GG extracts were found to be noncytotoxic during the

test period [Figure 7(a)]. For example, after 28 days of immer-

sion (t 5 28 days), the CGI values of the LAGG, HAGG, and

blend hydrogels are 11.2 6 3.6%, 15.4 6 2.5%, and 12.6 6 1.1%,

respectively. The toxicity of the positive controls on L929 cell

growth was clear, given the severe increase in CGI (85% for

latex extract) compared to the negative control (<10%).

The CGI of hydrogels was found to be proportional to mass

loss, that is, CGI values increased with increasing GG concentra-

tion (cGG) in the degradation medium [Figure 7(b)]. The data

at t 5 7 days for HAGG (CGI 5 27 6 6%, cGG 5 0.30 6 0.08 mg

mL21) and blended hydrogel (CGI 5 17 6 8%,

cGG 5 0.30 6 0.16 mg mL21) does not appear to fit with the

overall trend. However, the overall trend clearly shows that the

gels with the highest mass loss (HAGG at t 5 28 days,

cGG 5 0.60 6 0.18 mg mL21) exhibit the highest CGI value.

Whereas, the CGI value is the lowest for the gel with the small-

est mass loss (LAGG at t 5 1 day, cGG 5 0.030 6 0.003 mg

mL21). In others, CGI increases with amount of GG released.

This could suggest that small amount of released GG do not

have any adverse effect on the cells, but larger amount may

influence their behavior. Therefore, it is important for future

application of these materials concerning cell interaction (e.g.,

tissue engineering) to control the amount of GG that is

released.

The data shown in Figure 7(b) can also be used to explain the

relative differences in CGI between the gels at a particular

immersion time. For example, at t 5 28 days cGG values of

LAGG (0.20 6 0.04 mg mL21), HAGG (0.60 6 0.18 mg mL21),

and the blend (0.50 6 0.07 mg mL21) are consistent with the

corresponding CGI values 11.2 6 3.6%, 15.4 6 2.5%, and

12.6 6 1.1%, respectively.

CONCLUSION

We have established the mechanical characteristics of three types

of swollen hydrogels consisting of LAGG, HAGG, and a LAGG–

HAGG blend. It was found that these gels exhibited mass loss

for 28 days and then remained stable for the remaining period

of the study (an additional 140 days). LAGG showed a lower

mass loss (5.3 6 0.7%) compared to that of HAGG

(12.1 6 0.6%). The mass loss was attributed to polymer leaching

(chain release), which was partially offset by the influx of ion

because of cation exchange with the surrounding medium.

Rheological and compression testing during the rapid mass loss

period (up to 28 days) showed that the LAGG, HAGG, and

blend hydrogels retained their mechanical characteristics relative

to each other, that is, LAGG gels are stiffer and less ductile than

HAGG and the blend gels. The leachates of all three hydrogels

were found to be noncytotoxic during the testing period, CGI

values were 11.2 6 3.6% (LAGG), 15.4 6 2.5% (HAGG), and

12.6 6 1.1% (blend). This article contributes to understanding

of mechanical properties and cytotoxity of fully swollen GG

hydrogels, which is an important step towards the future appli-

cation of GG hydrogels in tissue engineering.
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