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INTRODUCTION

C

hitosan has become one of the most commonly utilized biopolymers in biomaterials research. This cationic polysaccharide has many attractive qualities and
is abundantly found in nature.1 Chitosan has been
widely studied for tissue engineering applications
because of its biocompatibility and biodegradability. Its degradation products are glucosamine and N-acetyl glucosamine, amino sugars naturally found in the human body. The
hydrophilic surface of chitosan has been shown to promote
cell adhesion, proliferation, and differentiation.2-4 Chitosan
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is also versatile; it is easily moldable and has many functional
groups that can be modiﬁed to tune material properties.5
However, by itself chitosan is mechanically weak and swells
to disassembly in aqueous environments.6
Alginate is an anionic polysaccharide that can electrostatically interact with cationic chitosan.7 Upon interaction, alginate and chitosan form ﬁbers which create a gel-like, solid
material. This material can be freeze-dried and mechanically
tested. Like chitosan, alginate is a widely used biocompatible
polymer, which is known to support the proliferation of cells
both in vitro and in vivo.8,9 However, on its own alginate is a
viscous, weak material. When used as a component in scaffolds, alginate is often modiﬁed with divalent cations like
Ca21 to create a strong gel with a characteristic egg box
structure.10
A number of networks have been made using combinations of chitosan and alginate with Ca21 as a modiﬁer. These
materials were made by combining and freeze-drying the
mixtures to create novel biomaterials. Uses for these networks include bone replacements,11 liver replacements,12 and
medicated wound dressings.13 These studies have examined
chitosan-alginate networks at low polysaccharide mass fractions (0.05%–2.4%), but give valuable insight about network
characteristics such as tunability and cell compatibility. The
strongest chitosan-alginate networks to date were made with
a mass fraction of 2.4% chitosan and a mass fraction of 2.4%
alginate and had a dry compressive elastic modulus of (2.56
6 0.41) MPa.11 These networks could support osteoblast
attachment, proliferation and also calcium deposition. Here,
the potential of the chitosan-alginate networks as load-bearing biomaterials was demonstrated. However, these data
lacked the important mechanical characteristics in the biologically relevant hydrated state. Therefore, more studies are
necessary.
In addition to alginate, chitosan can interact with glycosaminoglycans (GAGs) which are also anionic polysaccharides. GAGs are valuable because they can facilitate the
migration and proliferation of progenitor cells promoting
tissue regeneration.17,18 Chondroitin sulfate is one kind of
commercially available GAG. We found that this anionic
polysaccharide creates ﬁbrous, elastic networks with the cationic chitosan upon mixing. Chitosan-chondroitin networks
have been used for the controlled release of platelet-derived
growth factor for bone regeneration. In vitro drug release
could be controlled by adjusting the ratio of chitosan to
chondroitin.19
To improve the mechanical properties of the scaffolds, we
hypothesize that the incorporation of chondroitin as a second modiﬁer into the chitosan-alginate-Ca21 network could
Contract grant sponsor:

Biopolymers

841

increase electrostatic interactions and improve its overall
strength and ﬂexibility. Further, we examined the effect of
the order of adding each of the two modiﬁers, Ca21 and
chondroitin, on the mechanical strength of the network. To
this end, three types of networks were prepared: type A,
which are chitosan/alginate networks with Ca21 as the sole
modiﬁer; type B, which are chitosan/alginate networks with
Ca21 added as the 1st modiﬁer and chondroitin added as the
2nd modiﬁer; type C, which are chitosan/alginate networks
with chondroitin added as the 1st modiﬁer and Ca21 added
as the 2nd modiﬁer. The resulting freeze-dried networks were
tested for their compression and tensile strengths.
To promote cell proliferation and migration in vivo, networks should have high porosity, suitable and non-uniform
pore size, and highly interconnected pore structure in addition to biocompatibility and biodegradability.14-16 Therefore,
network porosity, density and pore size of the freeze-dried
materials were examined to determine the effect of the polysaccharide content, the addition of a 2nd modiﬁer, as well as
the addition order of the two modiﬁers, on these properties.
It would be reasonable to suggest that mechanical strength
of the freeze-dried polysaccharide scaffolds would depend on
the structural characteristics of the polysaccharide networks
formed in solution when mixing the components prior to
freeze-drying. Therefore, to aid our understanding of the
interactions between the modiﬁers and the chitosan/alginate
scaffold, small-angle neutron scattering (SANS) in solution
was used to investigate the impact of the addition of modiﬁers Ca21 and chondroitin individually on the structural features of the chitosan/alginate network. This approach has
allowed us to trace how the structural features at the level of
individual ﬁber and the polysaccharide network as a whole
are translated into the bulk material properties upon freezedrying.

MATERIALS AND METHODS
Preparation of Networks for Mechanical
and Imaging Studies
Low molecular weight chitosan (50–190 kDa, Sigma-Aldrich), alginic acid sodium salt (350–450 kDa, Acros Organics), bovine chondroitin sulfate sodium salt ( 20 kDa, Pfaltz & Bauer), hydrochloric
acid (HCl, VWR), ammonium hydroxide (NH4OH, Mallinckrodt
Baker), ethanol (EMD) and calcium chloride dihydrate (CaCl2 
2H2O, Mallinckrodt Baker) were used as purchased.
Solutions of mass fractions 2, 3, and 5% chitosan were prepared
in a mass fraction of 2% HCl in ultrapure water (18.2 MOhm, 2 lm
cellulose ﬁlter) while solutions of mass fractions 2%, 3% and 5% alginate were prepared in a mass fraction of 2% NH4OH. Mass fractions of 1% CaCl2 and 2% chondroitin solutions were prepared in
ultrapure water (18.2 MOhm, 2 lm cellulose ﬁlter). To prepare
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FIGURE 1 Procedures for making the three types of networks, A, B and C. Each network underwent lyophilization twice. x% chitosan was mixed with x% alginate in a 1:1 volume ratio. Type A &
B samples were made by adding Ca21 to the chitosan-alginate mixture at a volume ratio of 10:1
chitosan-alginate:CaCl2. Type A & B samples were lyophilized and then soaked in ultrapure H2O
and a mass fraction of 2% chondroitin respectively. Type C samples were made by adding chondroitin to the chitosan-alginate mixture at a volume ratio of 6:1 chitosan-alginate:chondroitin.
Type C samples were lyophilized and soaked in a mass fraction of 1% CaCl2.

sample type A (Figure 1), alginate and chitosan were mixed together
at equal concentrations and equal volumes. Type A samples were
made at three polysaccharide concentrations by mixing mass fractions of 2% chitosan with mass fractions of 2% alginate, mass fractions of 3% chitosan with mass fractions of 3% alginate and mass
fractions of 5% chitosan with mass fractions of 5% alginate, with
the resulting samples labeled as 2A, 3A, and 5A, respectively. The
electrostatic interactions between chitosan and alginate upon mixing resulted in ﬁbrous, gel-like materials. After chitosan and alginate
mixing, the 1st modiﬁer, 1% mass fraction CaCl2 solution, was
added at a volume ratio of 10:1 chitosan-alginate:CaCl2 for all type
A samples. The samples were then placed in a 2208C freezer overnight and then lyophilized. After lyophilization, dried type A samples were soaked in ultrapure water at room temperature for 30
min. Samples were frozen at 2208C and lyophilized again. At this
point, they were ready for testing. Type B samples (Figure 1) were
also made using the same chitosan and alginate mixing concentrations. Again, the ﬁrst modiﬁer CaCl2 was added. Dried type B samples were then soaked in the 2nd modiﬁer 2% mass fraction chondroitin at room temperature for 30 min. The soaked samples were
frozen at 2208C and lyophilized once again. Type C samples (Figure
1) were made by adding 2% mass fraction chondroitin as the ﬁrst
modiﬁer at a volume ratio of 6:1 chitosan-alginate:chondroitin and
1% mass fraction CaCl2 as the 2nd modiﬁer. For compressive testing, the dried samples were sliced into 12 mm thick dry cylinders.

FIGURE 2 A representative image of the cylinder-shaped version
of the freeze-dried samples.
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Table I

Structural Data From SANS Analysis
Samples

lc (Å)

D

B

Rc (Å)

2% chitosan
2% alginate
2% chitosan1 2% alginate
2% chitosan 1 2% alginate 1 0.25% Ca21
2% chitosan 1 2% alginate 1 0.5% chondroitin

147 6 8
245 6 9
134 6 5
120 6 5
149 6 8

3.0 6 0.3
2.6 6 0.3
2.9 6 0.2
2.8 6 0.2
3.0 6 0.2

—
—
4.6 3 1024
1.0 3 1024
3.9 3 1024

83
88
109
92
126

Correlation length (lc), mass-fractal (d), mass-fractal prefactor (B), and radius of gyration of the cross-section (Rc), were analyzed for chitosan/alginate
samples. Each mixture was made with equal volumes of a mass fraction of 2% chitosan and a mass fraction of 2% alginate. The calcium-containing sample
was made by adding Ca21 to the chitosan/alginate mixture at a volume ratio of 10:1 chitosan-alginate:CaCl2 (0.25% CaCl2). The chondroitin-containing sample was made by adding chondroitin to the chitosan/alginate mixture at a volume ratio of 6:1 chitosan/alginate/chondroitin (0.5% chondroitin). The B for
chitosan and alginate could not be calculated due to low scattering values.

The diameter for each dry cylinder was  20 mm. For tensile testing, the same sample-making procedure was used except samples
were sliced into rectangular plates, 10 mm wide and 40 mm long
and 2–3 mm thick. Finished samples were completely dry, solid
materials. Figure 2 shows a representative image of the cylindershaped version of these freeze-dried samples.

Mechanical Testing
Mechanical strength of the freeze-dried networks was assessed
using a Tensilon tensile-compressive tester (RTF-1310, Orientec,
Japan) with a 50 N load cell. For compressive testing, the guidelines for mechanical testing from ASTM D5024-95a were used as
described.11,20 Brieﬂy, the freeze-dried samples were hydrated to
saturation and compressed to 30% of their original thicknesses
with a constant crosshead speed of 0.4 mm/min. For tensile testing, rectangular freeze-dried networks were hydrated to saturation
and elongated until rupture at a crosshead speed of 6.0 mm/min.21
Elastic moduli from compressive tests were calculated using the
slopes of their respective stress–strain curves. To obtain the most
realistic mechanical values, samples were tested in a hydrated state.
However, the strongest sample (5C) was compressed in a dry state
in order to compare with other reported chitosan-alginate strength
values.11 Ultimate tensile strength was calculated by dividing the
maximum load value by the material cross-section. The strongest
sample (5C) was also put under tension in a dry state to determine
the difference between dry and hydrated states. Five samples were
used for each mechanical test. Mechanical testing results are presented as the average of ﬁve sample tests with the standard deviation reported as the error.

Scanning Electron Microscopy
Totally, 10 mm 3 10 mm pieces of each dried sample were examined using Scanning Electron Microscopy (SEM, Hitachi SU-70).
Samples were placed on an SEM sample holder and coated with a
thin layer of gold (30 nm) using a Sputter Coater (Anatech
Hummer X). Average pore diameters of the networks were determined using the NIH image analysis program, ImageJ.22 Six images
from each sample were taken for analysis of the entire sample surface. Every pore was measured in all images.
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Material Porosity and Density
A liquid displacement method described by Zhang et al. was modiﬁed and used to determine the polysaccharide network porosity and
density.20 Dried samples of dimensions 7 mm 3 7 mm 3 7 mm
were weighed (W) and then placed in a known volume of liquid
(V1). Air was evacuated from the samples followed by repressurization to insure maximum liquid saturation. The residual pressure
here was close to 20 Torr. Air evacuation was done using a modiﬁed
graduated cylinder, ﬁtted with an attachment for vacuum pumping.
The volume of the liquid including the saturated network (V2) was
measured. The saturated network was then removed and the
remaining liquid volume (V3) was measured. The original method
used ethanol to determine porosity because it does not cause network swelling. However, we found ethanol evaporation to be a
problem during air evacuation. Instead, heptane was used as the displacement liquid. Heptane did not have noticeable evaporation during air evacuation and did not affect network swelling. The density
(q) and porosity (e) of the networks were then calculated using the
following equations.
weight of dry network
W
¼
volume of solvated network V2  V3

ð1Þ

volume of liquid in solvated network V1  V3
¼
volume of solvated network
V2  V3

ð2Þ

q¼

e¼

Preparation of Networks for Small-Angle Neutron
Scattering (SANS) Study
Chitosan, alginate, chondroitin and calcium chloride solutions were
prepared in D2O to enable adequate contrast between the hydrogenrich networks and the solvent. Solutions of mass fraction 2% chitosan were made in D2O containing a mass fraction of 2% HCl and
solutions of mass fraction 2% alginate were made in D2O containing a mass fraction of 2% NH4OH. Solutions of a mass fraction of
1% chondroitin and 0.5% CaCl2 were each made in D2O. Five samples were prepared for measurement (Table I). The calcium containing sample was made by mixing a mass fraction of 2% chitosan with
a mass fraction of 2% alginate in equal volumes and then calcium
was added at a volume ratio of 10:1 chitosan-alginate:CaCl2. The
chondroitin containing sample was made using the same chitosan
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and alginate mixture and chondroitin was added at a volume ratio
of 6:1 chitosan-alginate:chondroitin. Mixtures were prepared within
titanium sample cells with 30 mm diameter quartz windows and a
1-mm path length. Samples were prepared within 12 h of measurements. Of note, the samples for SANS experiments were not freezedried as opposed to the samples used for SEM, and mechanical, porosity and density studies. We have performed SANS experiments
with polysaccharide networks in solution before they were freezedried in an attempt to get an insight on how the structural characteristics of the polysaccharide networks at the nanoscale level (or
the level of individual ﬁber) are further translated into the bulk material properties. Because of dimensional hindrances of 1-mm
quartz-titanium sample cell used in SANS studies, freeze-dried samples could not be loaded. We were also limited to lower concentrations of polysaccharides which contained only one modiﬁer for
each. High viscosity of concentrated solutions as well as the diffusion limitations for modiﬁers in the restricted environment of the
sample cell hampered the extension of our experiments to wider
concentration ranges and the addition of a second modiﬁer. However, despite the above limitations, SANS studies can provide solid
support for the results of bulk material testing and in some sense
could serve as a basis for explanation of the observed material properties.

SANS Structural Analysis
Structures of the networks listed in Table I were investigated using
the 30 m SANS instrument (NG-3)23 at the National Institute of
Standards and Technology (NIST). Neutrons at k 5 6 Å with a
wavelength spread (Dk/k) of 0.14 were detected on a 64 cm 3 64
cm two-dimensional detector. Data on SANS intensity were collected with a Q-range from 0.001 Å21 to 0.4 Å21 at 258C. Q is the
scattering vector and is related to the wavelength k and the scattering angle 2h by
Q¼

4p
sinðhÞ
k

ð3Þ

The instrument has pinhole geometry. Scattering intensities were
normalized using direct beam transmission measurements and were
reduced according to published protocols.24,25 Processing of the
data taken at different scattering lengths was performed using the
IGOR 6.2/IRENA software26 to obtain structural characteristics at
the level of ﬁber building and packing. To estimate the mesh size of
the cross-linking networks in the samples, the Debye-Bueche
model27 was used in the following form
IðQÞ /

lc3
ð1 þ Q2 lc2 Þ2

ð4Þ

where lc is the correlation length. The correlation length of a network is a measure of the spatial extent of the cross-linking regions
and reﬂects the average mesh size. A larger correlation length value
correlates with a larger average mesh size.28
Mass fractal dimensions were found using the fractal model (Dr.
A. Allen, NIST) implemented in IRENA and described in detail
within the program. Fractal analysis is often used to analyze materials that have a repetitive unit which is appropriate for our polysaccharide-based systems (see Supporting Information for the struc-

tures of chitosan, alginate and chondroitin). Fractal analysis is done
in the Porod (or high-Q) region of the I(Q) vs. Q plot. This region
corresponds to a range of distances smaller than the size of the scattering objects so that the scattered neutrons are probing the local
structure of the repetitive unit. The fractal dimension (d) in massfractal analysis is a number ranging from 1 to 3 which characterizes
the structure of the repetitive unit. For instance, a mass-fractal value
of  1.7 corresponds to a polymer in good solvent whereas a value
of 2 or greater corresponds to a degree of branching.33 Scattering
from a mass-fractal is given as
IðQÞ / BQ d

ð5Þ

where d is the fractal dimension (obtained from the slope of the
LogI(Q) vs. LogQ plot, see Supporting Information) and B is the
prefactor in the power law (5) is indicative of the dimensional characteristics of the mass fractal and/or its degree of swollenness.
Characteristics of individual ﬁbers were acquired with the
ATSAS software.29 The radius of gyration of the cross-section (Rc)
was determined by calculating the pair distance distribution function of the ﬁber cross-section (Pc(r)) using indirect Fourier transform methods in GNOM. The radius of gyration of the cross-section describes the average distance of all area elements of the crosssection from the center of scattering density. The r value at Pc(r) 5
0 gives the maximum linear dimension for the cross-section of the
scattering particle, dmax. The radius of gyration of the cross-section
of the scattering particle, Rc, is derived from the second moment of
Pc(r).
Pc ðrÞ ¼

1
2p2

Z
QIðQÞ  r sinðQ  rÞdQ

ð6Þ

R dmax
Rc2

¼

Pc ðrÞr 2 dr
R dmax
2 0 Pc ðrÞdr
0

ð7Þ

Since the scattering intensity is directly proportional to the concentration (in mg/mL) and the molecular weight (in Da) of the constitutive molecules, to normalize pair-wise distribution functions of
the cross-section, Pc(r), data for each polymer sample were divided
by the sum:
X

i
Ci M

ð8Þ

i

where i is the number of polysaccharide components Ci is the concentration of corresponding component (in mg/mL) and M i is the
average molecular weight of the i-th polysaccharide (in Da).

Statistical Analysis
Five experiments were performed per sample for each mechanical,
porosity and density test. Six SEM images from each sample were
taken for analysis of the average pore size over the entire sample surface. The Tukey-Kramer method was used to determine signiﬁcant
differences between the average pore sizes of different sample sets.
One set of SANS data was obtained for structural analysis. SANS
analysis was performed on single samples. A Student’s unpaired t
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chitosan interactions, which could affect mechanical strength
of the networks. Unlike chondroitin, Ca21 may be able to
overcome steric hindrance because of its much smaller size.
Furthermore, it was reported that Ca21 diffusion in higher
concentrations of alginate likely increases the number of
cross-linking events which improved mechanical strength of
alginate hydrogels.30 For comparison with reported values,
dry 5C samples were compressed as well, with an elastic
modulus of 4.4 6 0.52 MPa (Supporting Information, Table
I), giving a signiﬁcantly larger modulus than the largest previously obtained result (2.56 6 0.41 MPa)11.
FIGURE 3 Elastic modulus of each hydrated sample type. As total
polysaccharide concentration increased, elastic modulus also
increased. Samples are identiﬁed by mixing order (A, B or C) and
by initial mass fractions of chitosan and alginate used (2%, 3% or
5%). Mechanical testing results are presented as the average of ﬁve
sample tests with the standard deviation reported as the error. The
error bars correspond to one standard deviation. Such applies to
Figures 3, 6 and 7 as well.

test or analysis of variance (ANOVA) was carried out to determine
the statistical signiﬁcance (P \ 0.05) of differences in material mechanical properties, porosity and density.

RESULTS AND DISCUSSION
Mechanical Testing
Compressive Testing. Shown in Figure 3, the elastic moduli
for hydrated samples increased with increasing polysaccharide concentration. There was a statistically signiﬁcant (P \
0.01) difference between type C elastic moduli at 5% concentrations compared with type C at 2 and 3% concentrations,
demonstrating network stiffness is affected by polysaccharide
concentration for type C networks. Type A and B networks
also demonstrate a trend of elastic modulus increase with
polysaccharide concentration increase. All type A moduli
had statistically lower values than comparative type B and C
samples (P \ 0.01). The presence of chondroitin seemed to
improve material stiffness since the type A samples did not
contain chondroitin. Additionally, samples 3C and 5C had
statistically higher elastic moduli (P \ 0.01) compared with
samples 3B and 5B. It appears the order of component addition only signiﬁcantly affects the elastic moduli for the two
higher concentration samples. This result may be due to
incomplete penetration of chondroitin into the polymer network at higher polysaccharide concentrations if chondroitin
is added as the 2nd modiﬁer. The inability of chondroitin to
diffuse freely may limit electrostatically driven chondroitinBiopolymers

Tensile Testing. As polysaccharide concentration of hydrated
samples increased, network tensile strength increased in general (Figure 4). Type C samples had the greatest ultimate tensile strengths, ranging from 1.8 kPa to 3.2 kPa while type A
and B samples were signiﬁcantly less (P \ 0.01). Type B samples were either statistically similar or slightly stronger than
type A samples in terms of tensile strength. Therefore, the
addition order of the 2 modiﬁers is just as important for tensile strength as it is for the compressive strength of the networks. The ultimate tensile strength for dry 5C samples was
71.2 6 4.6 kPa (Supporting Information, Table I) which is
about 22 times larger than the hydrated tensile strength for
5C.
In summary, mechanical testing shows that, as a modiﬁer,
chondoritin can indeed signiﬁcantly strengthen chitosan/alginate networks, provided chondroitin is added before Ca21,
the other modiﬁer.

FIGURE 4 Ultimate tensile strength of each hydrated sample
type. Type C samples had statistically larger tensile strength values
than type B samples possibly due to lack of chondroitin diffusion in
type B samples.
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FIGURE 5 SEM images of the nine sample types. Accelerating potential 1.0 kV, 30.7 mm 3 30
mm. Sample images depict the heterogeneous nature of the pores. Images are identiﬁed by mixing
order (A, B or C) and by initial mass fractions of chitosan and alginate used (2%, 3% or 5%) for
the purpose of this paper.

Material Pore Size, Porosity, and Density
Highly porous and interconnected pore structures are needed
to ensure an environment conducive to cell proliferation and
attachment in addition to allowing the free ﬂow of nutrients.
SEM images (Figure 5) suggest material pore sizes are generally very heterogeneous. In Figure 6, the histograms also
show pore size heterogeneity. To determine whether the average pore sizes for each sample type (A, B, C, 2, 3, and 5)
were statistically signiﬁcant from each other, the TukeyKramer method was used. At 95% simultaneous conﬁdence
levels, average pore size for sample type B was greater than A
and C, and sample types A and C were statistically equivalent. Lack of chondroitin penetration may have induced the
fusion of pores during the second freezing event, creating
slightly larger pores in type B samples. At 95% simultaneous
conﬁdence levels, average pore size of sample type 3 was
greater than 2 and 5, and sample types 2 and 5 were statistically equivalent. Larger pores in type 3 samples may have
been due to the diffusion of polysaccharides prior to the ﬁrst
freezing. Type 5 samples contained more total polysaccharide
content and diffusion may have been slow, resulting in

slightly smaller pores. Conversely, type 2 sample polysaccharides could interact freely and form more complex networks
consisting of slightly smaller pores. Chung et al. observed a

FIGURE 6 Pore size distributions for each sample. Average pore
diameter \D[ is reported for each distribution.

Biopolymers

Mutually Reinforced Multicomponent Polysaccharide Networks

847

SANS Structural Analysis

FIGURE 7 Average porosity of each sample. Decreased material
porosity correlates with increased polysaccharide concentrations.

similar heterogeneous pore population for chitosan-alginate
networks frozen at 2208C.12 Regardless of the mechanism,
the data show that there is an optimal polysaccharide concentration in terms of pore size.
In general, increased material porosity (Figure 7) correlates with smaller starting concentrations of polysaccharide.
Samples that were made with 2% polysaccharide have an average porosity about 15% higher than samples made with
5% polysaccharide. As for adding chondroitin as an additional modiﬁer, the general trend is that it leads to a decrease
in porosity as type B and type C samples are slightly less porous than type A samples. Type C samples were also slightly
less porous than type B samples. More complete chondroitin
incorporation in type B samples may be the reason for this
effect. Porosities and pore sizes of these networks are similar
to other chitosan-alginate networks.11,12,20,31
As expected, density shows the opposite trend of porosity
as higher density correlates with larger starting concentrations of polysaccharide (Figure 8); samples that were made
with 5% polysaccharide have an average density over two
times larger than samples made with 2% polysaccharide. As
for adding chondroitin as an additional modiﬁer, the general
trend is that it leads to an increase in density as type B and
type C samples have higher densities than type A samples.
However, the order of chondroitin addition does not seem to
affect material density as type B and type C samples have
statistically equivalent densities.
To recapitulate, it seems that when chondroitin is added
before Ca21, it increases the mechanical strength and reduces
the average pore size and porosity, in comparison to when
Ca21 is added before chondroitin. However, the addition
order has no statistically signiﬁcant effect on the density of
the material.

Biopolymers

Analysis of the SANS data was performed in an effort to
understand how the structural differences between polysaccharide networks in solution at the nanoscale level and at the
level of individual ﬁbers translate into the bulk material
properties after freeze-drying. Different SANS parameters
characterize different individual properties of the ﬁbers or
the networks, however, taken together they might form a
consistent picture of structure-property relationships.
As a rule, the scattering intensity proﬁle I(Q) vs. Q characterizes the mass and/or volume of the scattering particle.
The larger the mass and/or volume, the greater the intensity
I(Q). In general, one might expect that networks comprised
of higher scattering particles, upon freeze-drying, will produce mechanically stronger materials. Another dimensional
parameter that describes the ﬁber cross-section is the radius
of gyration of the cross-section Rc, which is obtained from
pair-wise distance distribution function of the ﬁber crosssection Pc(r). A larger Rc characterizes a greater cross-section
of the polysaccharide ﬁber, and thicker ﬁbers are capable of
forming stronger materials when freeze-dried.
One of the important characteristics of the individual
ﬁber is the mass-fractal dimension d which deﬁnes the structure of the repetitive unit (building ‘‘brick’’) of the ﬁber. The
packing and compactness of this repetitive unit is characterized by mass-fractal prefactor B, which reﬂects the degree of
swollenness of the unit. Greater B values correspond to
greater swollenness of the polysaccharide ﬁber building unit,
and greater swollenness results in a weaker material after
freeze-drying. Correlation length or mesh size lc deﬁnes the
properties of the polysaccharide network, and smaller values
of lc are usually attributable to stronger networks. An illustrative summary which compares the parameters examined in

FIGURE 8 Average density of each sample. Increased material
density correlates with larger starting concentrations of polysaccharide.
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FIGURE 9
analysis.

A physical depiction illustrating the network parameters obtained from SANS

these networks can be seen in Figure 9. Also, a pictorial explanation of SANS parameters for the polysaccharide networks studied in this article is provided in the Supporting Information, Figure S7.
The measured scattering intensity (Figure 10) for each of
the networks indicates greater scattering from mixed networks compared with pure alginate and pure chitosan samples. Increased scattering intensity describes the formation of
aggregates and is consistent with the development of ﬁbril
networks, evidence that chitosan and alginate interactions
have occurred. Of the three mixtures, the scattering intensity
for the chitosan/alginate/Ca21 mixture was the smallest and
the chitosan/alginate/chondroitin mixture was the largest.
This is consistent with the formation of much larger, stronger
scattering assemblies in the presence of chondroitin which
are capable to reinforce the resulting material after freezedrying. Indeed, when freeze-dried, the scaffolds containing
chondroitin demonstrate the greatest mechanical strength
(Figures 3 and 4).
The correlation lengths (lc, Table I) for the ﬁve samples
showed that prior to mixing, the average mesh size for alginate was much larger; its correlation length was larger than

the correlation lengths of chitosan and the three mixtures.
The correlation lengths for chitosan and the chitosan-alginate mixture are quite similar. The average mesh size of alginate thus decreases during the mixing process which suggests
the presence of chitosan-alginate interactions. Interestingly,
the correlation length of the Ca21-containing mixture was
smaller than the other two mixtures. These results may occur
due to alginate stiffening upon Ca21 addition, which was
known to shorten alginate chains. Stokke et al. also observed
a similar shortening evident from the relationship between
scattering intensity and Ca21 concentration in pure alginate
gels using small angle X-ray scattering (SAXS).32 Thus, due
to such contraction of the alginate polymer, the addition of
Ca21 created a more densely-packed system (smaller correlation length). Smaller mesh-sized networks, in general, should
be expected to produce stronger bulk materials after freezedrying. Therefore, freeze-dried polysaccharide scaffolds
modiﬁed with Ca21 may demonstrate greater mechanical
strength. The correlation length or average mesh size for the
chondroitin-containing mixture was the greatest among the
three mixtures. A larger correlation length for the chondroitin-containing mixture indicated that addition of chondroiBiopolymers
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FIGURE 10 I(Q) vs. Q SANS proﬁles for multicomponent biopolymer networks: chitosan, cyan; alginate, black; chitosan 1 alginate, orange; chitosan 1 alginate 1 CaCl2, violet; chitosan 1 alginate 1 chondroitin, light green. Greater I(Q) values correspond to
larger scattering particles, e.g., the (chitosan 1 alginate 1 chondroitin) mixture forms the biggest assemblies. Inset plot shows Guinier
plots for rod-like particles, lnQ*I(Q) vs. Q2, and the linearity in this
region conﬁrms the formation of elongated ﬁbers in all systems.
Color code on inset corresponds to main ﬁgure. Statistical error
bars correspond to one standard deviation and represent error in
the scattering intensity estimation. Error bars are large at the instrument conﬁguration overlap region but are smaller than the plotting
symbols at low Q.

tin increased the average mesh size of the polysaccharide network. Mesh size increase may be due to increased ﬁber thickness upon chondroitin interaction with chitosan-alginate
ﬁbers as well as electrostatic repulsion of the negatively
charged components. In a system where both these modiﬁers
are added, one might expect chondroitin to increase the ﬁber
thickness and Ca21 to condense and stiffen those ﬁbers into
a stronger, compact system. When freeze-dried, this polysaccharide scaffold with two modiﬁers shows the highest mechanical strength (Figures 3 and 4).
Mass-fractal dimensions, d, which deﬁne the structure of
the repetitive unit of the ﬁber for all ﬁve samples (Table I)
point to the formation of randomly-branched swollen polymers (d values from 2.6 to 3.0).33 Additionally, the powerBiopolymers

849

law prefactor (B) from mass-fractal analysis reﬂects the
dimensions and/or the degree of swollenness of the repetitive
unit and is the smallest for the Ca21-containing samples (Table I). Contraction of alginate upon Ca21 addition decreased
the swollenness (B) and after freeze-drying this sample may
demonstrate greater mechanical strength. The addition of
chondroitin also reduced the B value slightly compared with
the chitosan-alginate mixture. The decreased degree of swollenness is also in agreement with the results showing chondroitin addition directly translates to the strengthening of
bulk mechanical properties on freeze-drying.
The radius of gyration of the cross-section (Rc), derived
from the analysis of pair-wise distance distribution function
of the cross-section (Pc(r)), can also be found in Table I.
Here, Rc is the contrast weighted average distance of all area
elements of the cross-section from the center of scattering
density and, in general, it characterizes maximum dimensions of the ﬁber cross-section. The Rc value for the chitosanalginate network is larger than the Rc values of separate chitosan and alginate ﬁbers suggesting that upon mixing, chitosan and alginate interact to form a thicker ﬁber, with a larger
cross-section than either chitosan or alginate alone. After
Ca21 addition, the Rc value of the chitosan-alginate network
becomes smaller, due to the contraction of alginate upon
interaction with Ca21. As mentioned above, such contraction
simultaneously leads to a more compact and more dense network as evidenced by the decrease in mesh size lc and prefactor B (Table I), thus suggesting a stronger bulk material upon

FIGURE 11 Pair-wise distance distribution functions, Pc(r), for
the cross-section of the rod-like ﬁbers of multicomponent networks:
chitosan, cyan; alginate, black; chitosan 1 alginate, orange; chitosan
1 alginate 1 CaCl2, violet; chitosan 1 alginate 1 chondroitin, light
green. Functions with two maxima are characteristic for the dumbbell shape of the cross-section. Value of r in Å where Pc(r) goes to
zero deﬁnes the maximum dimension of the cross-section which for
all ﬁbers is around 375 Å.
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freeze-drying. In contrast, after chondroitin addition, the Rc
value for the chitosan-alginate network becomes larger due
to the incorporation of chondroitin into the chitosan-alginate network and the thicker ﬁber that results. In Figure 11,
the pair-wise distance distribution functions of the cross-section Pc(r) are plotted together. These functions reﬂect the
probabilities of ﬁnding different distances between two arbitrary points within the cross-section, and the area under the
curve characterizes the mass per unit length of the ﬁber. The
pattern of Pc(r) for all three mixtures corresponds to an
asymmetrical dumbbell shape of the cross-section, yet the
shape is more pronounced in the Ca21-containing mixture.
Fiber contraction upon Ca21 addition may be the reason for
this change in shape. Once again, we see that addition of
Ca21 causes ﬁber contraction while chondroitin addition
increases ﬁber thickness. Together, these modiﬁers can
increase the ﬁber density and therefore increase the network
bulk mechanical properties after freeze-drying.
To summarize, increased scattering intensity describes the
formation of aggregates and is consistent with the development of ﬁbril networks, evidence that chitosan and alginate
interactions have occurred. Additions of both modiﬁers individually change the structure of chitosan-alginate networks
in different ways. Addition of Ca21 causes the contraction of
the network due to Ca21-alginate interactions. This contraction increased the stiffness of the ﬁbers. Addition of chondroitin causes an increase in ﬁber thickness due to chondroitin-chitosan-alginate interactions. Increased ﬁber thickness
results in greater material density which in turn may increase
material stiffness and strength.

CONCLUSIONS
Tissues such as cartilage, tendons, or ligaments exist in
mechanically demanding environments. To repair or replace
these materials, it is desirable to mimic their mechanical
strengths in engineered soft biomaterials. Creating the
strongest materials possible requires an understanding of
how individual network components and various conditions
affect bulk material properties. In the present work, we
examined how the addition of chondroitin affected the
properties of chitosan-alginate networks. Samples containing chondroitin were stiffer and had greater tensile strengths
than samples without chondroitin. However, the effectiveness of chondroitin addition was dependent on the order in
which it was added. When added after the ﬁrst lyophilization (type B samples), chondroitin could not diffuse into
the networks. Therefore, type B samples were mechanically
weaker than samples where chondroitin was added prior to
the ﬁrst lyophilization (type C samples). Effects of total

polysaccharide concentration were also studied. Higher concentrations were associated with greater mechanical
strengths. Porosity and density were notably concentration
dependent. Pore size was affected by both concentration and
order of chondroitin addition. Structural analysis of the networks complemented the ﬁndings in this paper. Correlation
length, dimensional characteristics of the repetitive unit,
and radius of gyration of the cross-section illustrated that
chondroitin addition increased ﬁber thickness while Ca21
addition caused ﬁber contraction thereby increasing ﬁber
stiffness. Together, the two modiﬁers improved network
density, resulting in greater stiffness and tensile strength.
This effort demonstrates the mechanical tunability and
enhancement of these materials for various tissue engineering applications.
All SEM images were collected with resources and assistance from the Maryland Nanocenter. Thanks to Dr. W.
Chiou and Dr. L. Lai for SEM sample preparation and image
collection assistance; and Dr. W. Wang for helping with statistical analysis. The identiﬁcation of commercial products
does not imply endorsement by the National Institute of
Standards and Technology nor does it imply that these are
the best for the purpose.
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