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Calcium alginate gel beads readily interchange solutes with the bulk solution and water with the surrounding media. The
transfer properties are often critical for its use, either for its stability and preservation or textural modulation, or for the
convenient treatment of contained tissues for cryopreservation. Chitosan has been evaluated for various uses in food,
medical, pharmaceutical, agricultural and chemical industries because of its non-toxic, biocompatible, mucoadhesive, and
biodegradable properties. A new approach for chitosan application is analyzed: to both protect against microbial-derived
damages and to consider permeability modulation on alginate gel beads employed in cryopreservation. Characterization
of combined systems of calcium alginate with chitosan coating should be addressed before including the germplasm
tissue. The effect of polysaccharide composition was evaluated on dehydration kinetics. Frozen and unfrozen water
fractions for beads with and without chitosan coating were determined by DSC and thermodynamic parameters were
calculated. Microstructure was evaluated by SEM, cryo-SEM and FTIR. Results obtained suggest a promising utility of
these polysaccharides combination for cryopreservation protocol.
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INTRODUCTION
Cryopreservation offers long-term storage capability, max-
imal stability of phenotypic and genotypic characteristics
of stored germplasm, minimal storage space and mainte-
nance requirements.1–3 Cryopreservation results in arrested
metabolic and biochemical processes, such as cell division
and growth.2�4 Other biophysical processes leading to pro-
tein and nucleic acid degradation would also be halted.
Thus, the plant material can be stored without deteriora-
tion or modification for unlimited periods,5 maintaining its
genetic stability and regeneration potential.6–8

It is usually performed in liquid nitrogen (LN) at
−196 �C, and it is the method currently available ensuring
the safe, efficient, and cost-effective storage of germplasm
of many plant species. Among cryopreservation methods,
encapsulation-dehydration is also used because it is appli-
cable to many species,3�9 it is based on the successive
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osmotic and evaporative dehydration of plant cells, previ-
ous to the liquid nitrogen (LN) cooling step.10 Dehydra-
tion techniques allow more flexibility when handling large
number of samples because the processing is less time-
critical than the vitrification techniques sensu stricto.11

Encapsulation-dehydration also avoids the use of toxic cry-
oprotectants as compared to other methods like droplet-
vitrification which employs dimetyl sulfoxide (DMSO).12

The concept of synthetic seed was given by Murashige13

but first report on the development of synthetic seeds was
published by Kitto and Janick.14 They reported the pro-
duction of desiccated synthetic seeds by coating a mix-
ture of carrot somatic embryo in a water-soluble resin,
polyoxyethylene glycol (Polyox). Based on the estab-
lished technologies, there are two types of synthetic seeds:
hydrated and desiccated. Nevertheless, the most studied
method involves the encapsulation of propagules in hydro-
gel for synthetic seed production.15 A number of coating
agents such as sodium alginate, potassium alginate, car-
rageenan, sodium alginate with gelatin, sodium pectate,
carboxymethyl cellulose etc. were used for encapsulation.
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Among these substances sodium alginate has been exten-
sively used because its many advantages like, easily dis-
solution and high stability at room temperature.16–18

Calcium alginate gel beads are increasingly used for
many applications, due to their versatility, inert and non-
toxic properties. Alginate is an anionic linear polysac-
charide containing 1,4-linked D-mannuronic acid and
L-guluronic acid residues, which can form hydrogels in the
presence of some multivalent metal ions such a calcium.19

Alginate is a natural sea-origin product produced by brown
sea algae. The gelling behavior of alginate can be exploited
for generating spheres, simply by dispersing droplets of
sodium alginate in a calcium solution. Beads of different
sizes and consistencies can be produced to carry a variety
of contents, from food additives and pharmaceuticals, to
small objects, such as plant embryos or other tissues for
tissue culture purposes.20–22

Chitosan is a linear polyaminosaccharide derived from
chitin, the principal component of protective cuticles of
crustaceans, by N -deacetylation and consequently exhibits
a large number of amino groups. Chitosan has proved to
have a wide range of interesting properties, among others,
antimicrobial, protective, antioxidant, plant defense pro-
moting and ligand binding.23 Being a cationic polysaccha-
ride, it can externally bind to alginate beads or diffuse
into the three-dimensional alginate gel network, of anionic
character. The combined use of alginate beads with chi-
tosan has been successfully tested on several fields.24

The mechanisms underlying the effects of chitosan
against plant disease are little known, but would include
direct microbial toxicity and metal chelation, as well as
the formation of physical barriers. Additionally, it would
trigger signalling cascades leading to defence activation.
The plant defence enhancing properties of chitosan include
the induction of lignification, pH cytoplasm changes, chiti-
nase activation, reactive oxygen species scavenging and
other biochemical and genetic responses.25–27 Chitosan has
a role in early elicitation of plant defence,28 promoting the
accumulation of its related metabolites. A possible way of
action is the recognition of chitosan, among other cell wall
polysaccharides, by specific intruder receptors.29

Chitosan has been used to promote the germination of
plants of several species, such as maize, peanut or rice.30–32

Additionally, it promotes wound healing by means of its
binding properties33 and its applicability to fresh prod-
uct storage is promising. Chitosan also has been reported
to have an interesting antioxidant activity,34–36 and it can
function as an oxidative molecule scavenger.
The main drawbacks of calcium alginate gel beads for

cryopreservation purpose, is their macroporous structure
which could facilitate the interchange of solutes with the
external medium. The transfer properties are often critical
for its use, either for its stability and preservation or textu-
ral modulation, or for the convenient treatment of contained
tissues for cryopreservation. The application of chitosan
will form a membrane on polyanionic alginate beads due

to charge interactions, and by displacing calcium and form-
ing chitosan-alginate crosslinks.37 This external chitosan
layer could decrease porosity, improving the permeability
of the system with the extra benefit of showing antimi-
crobial activity in the capsule surface. In these cases, the
antimicrobial protection conferred by chitosan can be also
of great interest, as often cultivation and growth after cry-
opreservation can be impaired by microbial contamination.
Microbial proliferation is often a surface affair and gel beds
can constitute a suitable model for the study of the interface
microbial growth. With the purpose of studying the pos-
sible application of chitosan to improve the performance
of the encapsulating substrates employed, the permeability
and water interaction properties of chitosan-covered algi-
nate beads were investigated. Additionally, FT-IR analyses
and scanning electron microscopic techniques were applied
to observe microstructure and the chitosan layer on the
beads.

MATERIALS AND METHODS
Chitosan Types and Hydrodynamic
Characterization
Three different chitosan commercial forms were obtained
from Sigma Aldrich (USA): chitosan C (from shrimp
shells, Sigma No. C3646), medium molecular weight chi-
tosan (MMW) (Sigma No. 448877) and low molecu-
lar weight chitosan (LMW) (Sigma No. 448869). The
producer specifications indicated that all of them were
75–85% deacetylated and had been extracted from crusta-
ceous shells. All samples were prepared at a concentration
of 3.0 mg/mL dissolved in 0.2 M acetate buffer pH 4.3.
Sedimentation velocity determinations were performed

with chitosan dilutions using an Optima XL-I analytical
ultracentrifuge (Beckman Instruments, Palo Alto, USA).
Samples were centrifuged at 45000 rpm, at a temperature
of 20.0 �C. Data were analyzed using the least-squares
c�s� method included in the SEDFIT software.38 Sedimen-
tation coefficients, s, were extrapolated to zero concentra-
tion, to correct for non-ideality effects.39

The sedimentation coefficient—molecular weight
power-law relation40�41 was applied to calculate approxi-
mate molecular weights for chitosan, from the determined
sedimentation coefficients, using the Eq. (1):

s�20�W = �sM
b (1)

where M is the molecular weight and s�20�W, the sedi-
mentation coefficient at infinite dilution and normalised to
the density and viscosity of water at 20 �C.40 The pre-
exponential factor �40

s a constant for a particular poly-
mer under a defined set of conditions (not to be confused
with ks), and the exponent b, defining the hydrodynamic
behavior (ranging from 0.4–0.5 for a coil, ∼0.15–0.2 for
a rod and ∼0.67 for a sphere). Values of ks = 0�1 and
b = 0�24 were adopted from data fitted for chitosan sam-
ples of similar acetylation degree.41
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Alginate Beads
Calcium alginate beads were made with 2 or 3% (w/v) low
viscosity alginic acid (Sigma, USA) in liquid Murashige
and Skoog medium (MS)42 without calcium, at pH 5.7.
Droplets of sodium alginate were pipetted onto 100 mM
calcium chloride (CaCl2) solution, using a 2 ml plastic dis-
posable Pasteur pipette, in a flow chamber, at room temper-
ature. Beads were allowed to stand in the CaCl2 solution
for 30 min. Then, this solution was filtered to remove the
formed calcium alginate beads.

Chitosan Solution and Alginate Bead Treatment
2% C type chitosan solutions were prepared in 1%
acetic acid (Protanal, Norway), diluted in MilliQ water
(Millipore, Billerica, USA) and stirred overnight. pH was
adjusted to 5.6 with NaOH.43 Calcium alginate beads were
stirred at 150 rpm, for 30 min in the selected chitosan solu-
tion. Then, chitosan-coated beads were filtered to recover
the beads from chitosan solution.

Water Content Determination and
Air Dehydration Studies
Four sets of three beads were used for determining the
dry mater and water content. Dry matter resulted from dif-
ferential weighing before and after oven-drying (∼85 �C,
72 h) and was expressed as relative to the total mass (dm).
The water content of beads (Wc) was calculated by differ-
ence and it was expressed as relative to the total sample
mass-fresh weight-(Wc�rel��.
To study the beads air-dehydration kinetics, freshly

made beads were transferred to an open glass Petri dish
and dehydrated for 1, 2, 3, 4, 5 and 6 h in a laminar-
flow hood. Afterwards, bead weight was determined and
parameters were calculated as described above.

Differential Scanning Calorimetry and
Determination of Frozen and Unfrozen
Water Fractions
DSC experiments were performed with a Mettler-
Toledo DSC 30 instrument (Mettler-Toledo, Griefsen,
Switzerland). Three beads were placed in a DSC pan,
which was sealed and weighed. Samples were submitted
to a cooling scan from room temperature to −150 �C,
equilibrated for 5 min at this temperature, followed by a
warming scan (at 10 �C min−1�, back to room tempera-
ture. Calorimetric data were collected from two replicates
per treatment. Later, pans were punctured and dried in an
oven at 85 �C, for 72 hours, when they showed constant
weigh.
Thermograms were analyzed using the standard pro-

cedures provided in the Mettler-Toledo STARe software.
Freezing temperature (Tf � was determined from the ice
thawing thermal events, more precise than freezing ones.
The routine produced the onset temperature, Tf �onset�, cor-
responding to the equilibrium freezing temperature and

that of the peak, Tf �peak�. The melting enthalpy �Hf , pro-
portional to the area of the peak was also obtained. It
was expressed as relative to either the total beads mass
(�Hf�rel��, its dry mass (�Hf�dm�� or its water content
�Hf�w�, to allow easier data comparison. Water fractions,
frozen water (Wf ) and unfrozen water (Wu), were cal-
culated by comparison between �Hf and the pure water
freezing enthalpy (�Hf�w� = 333�4 J/g at 0 �C), together
with the total water content previously determined, after
Eq. (2):

Wf = ��Hf /�Hf �w��� Wu =Wc −Wf (2)

Specific enthalpy values (per sample gram) were always
used, after the corresponding oven dry pan weighs. Frozen
(Wf ) and unfrozen (Wu) water contents were expressed
as relative to the total bead mass (Wf �rel�, Wu�rel��, its
dry mass �Wf �dm�,Wu�dm�� or its total water content
(Wf �w�, Wu�w�).

Fourier Transform Infrared Spectrometry (FT-IR)
The employed equipment was a Nicolet 380 FT-IR (USA).
Disks were obtained by milling 5 mg of sample with
100 mg of KBr and were analyzed by transmission tak-
ing 64 scans per experiment with a resolution of 4 cm−1.
Analysis was performed on the following samples: pure
materials, capsules with and without chitosan layer.

Low Temperature Scanning
Electron Microscopy Observations
Cryo-SEM studies were performed, as previously
described,44 using a Zeiss DSN 960 scanning microscope
equipped with a Cryotrans CT-1500 cold plate (Oxford,
UK). Cryo-SEM allows sample observations without the
need of prior chemical fixing or drying processes. Three
beads were fitted on a special bracket and this piece was
immersed into liquid nitrogen (LN) for microscopic obser-
vation. The holder with the samples was placed in the
microscope and etching (partial ice sublimation, induced
to provide contrast) was performed for three minutes at
−90 �C. Afterwards, the samples were coated with high
purity Au, which acts as a conductive contact for elec-
trical charge. Finally, they were inserted in the Cryotrans
cold plate and observed under secondary electron mode,
at a temperature of −150/−160 �C, using an accelerating
voltage of 15 kV and a working distance of 10–25 mm.

Environmental Scanning Electron Microscopy
Environmental SEM analysis was performed using a Jeol
JSM-6360 (Japan) microscope. Beads were attached to
stubs using a two-sided adhesive tape, then coated with
a layer of gold (40 nm–50 nm) and examined using an
acceleration voltage of 10 kV. The observation tempera-
ture was 5–8 �C and the pressure at the sample chamber
was 6 torr. Some beads were air dehydrated for five hours
before observation.
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Statistical Analysis
Data analysis was performed with the software SYSTAT
INC. (Evenston, USA). Analysis of variance (ANOVA)
and mean comparisons were carried out. Unless indicated,
a level of 95% of confidence (�= 0�05) was used. T -tests
were also performed.

RESULTS AND DISCUSSION
Chitosan Hydrodynamic Characterization
The sedimentation coefficients for each chitosan type were
determined and the inverse values were represented as a
function of the concentration (Fig. 1), to obtain the infi-
nite dilution extrapolated sedimentation coefficients, s�20�W,
which are shown in Table I. The molecular weights cal-
culated using the extended Fujita approach, as described
(Eq. (1)), are also presented in Table I. The most common
commercially available chitosan presentations are often
highly polydisperse and their molecular weight can present
large differences among batches. Employing this relatively
easy approach, the size of the chitosan polymers stud-
ied were also estimated (Table I), with the help of fitting
parameters obtained for similar samples.40

The sedimentation coefficient concentration dependence
factor, ks, accounts for non-ideality, i.e., interparticle
interactions.45 This effect arises from the increased viscos-
ity of the solution at higher concentrations, and from the
fact that sedimenting solute particles must displace solvent
backwards in the process. Both effects become vanishingly
small as concentration decreases. It contains information
on the particle size, shape and conformation, as well as
on their degree of intermolecular interactions. ks is small
for globular particles, but becomes much larger for elon-
gated molecules.46 It is calculated from the slope of the
plots in Figure 1 and it is also shown in Table I. The
data obtained for sedimentation coefficients and molecular
weight of chitosans is of a similar order to those reported,
for samples of different origin.41�45�47 These authors found
that data treatment derived from semi-flexible elongated
particles fitted well the experimental determinations from
chitosan. At the experimental conditions at which these
experiments were performed (pH 4.3), the ionisable groups
of chitosan would be positively charged and, depending on
the extent of charge shielding, the repelling charges would
help keep the molecule in a more elongated conformation.
From the molecular weights, the number of monomers

obtained for each chitosan type is also showed on
Table I. Taking as monomer weights 221 for N -acetyl
glucosamine (the acetylated monomer) and 179 for glu-
cosamine (the deacetylated subunit), a pondered average
monomer weight of 187 can be considered, for chitosans
of this deacetylation degree (approximately 80%).
Although further information would be required to cal-

culate a flexibility degree or a persistence length, the sim-
ple contour length (not so different here from the length of
the extended chain) can be calculated with a mass per unit

Figure 1. Plots for extrapolation of the sedimentation coeffi-
cient of the different chitosan types to infinite dilution: (a) =
MMW, (b)= LMW and (c)= C chitosan.

length value of 420 g mol−1 nm−1.39�42 Results show that
chitosan molecules are quite large, almost macroscopic
(approximately 1 	m).
In spite the lack of clear understanding of the mecha-

nisms by which chitosan produces its different effects and
activities, such as antimicrobial, antioxidant, plant defence
responses eliciting,23�49 references to the size-dependence
are frequent. Most reports ascribe a more pronounced
effect to larger size chitosan molecules, for the same
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Table I. Analytical ultracentrifugation-derived and chitosan size parameters.

Type of chitosan s�
20�W (s) ks (mL ·g−1) M (×103) N� monomers Length (nm)

Chitosan (MMW) 2.32±0.07 608±35 490±50 2600±300 1200±700
Chitosan (LMW) 1.85±0.02 297±7 190±8 1020±40 450±20
Chitosan (C) 2.50±0.20 650±72 670±200 3580±1000 1600±500

acetylation degree.23�50 However, some others report activ-
ities, such as chitosan plant antiviral action, that seem to be
inversely correlated to molecular weight.51 However, most
of these differences are among low condensation-degree
oligomers, rather than referring to chains as large as those
compared here.50�52 Although the size differences among
the three chitosan types employed are not too extreme,
the higher molecular mass type (“C”) was chosen to per-
form further experiments. Besides, C chitosan is a cheaper
product with extensive use.

Water Content Determination and
Air Dehydration
Table II shows relative dry mass (dm) and water content
of 2 or 3% calcium alginate beads, naked (AB) or covered
by chitosan (ACB). Water content was expressed relative
to total mass (Wc�rel��. Both dry matter and water contents
showed little differences between AB and ACB.
The evolution of the water content for 2 and 3% calcium

alginate AB and ACB, upon air flow dehydration with time
is presented in Figure 2. Wc�rel� was chosen for representa-
tion because this value has no dependence with the water
content allowing comparison on the same basis. The dehy-
dration behaviour was similar for all bead types except
for 2% alginate beads, whose water content decay was
slower during the first hour. The plateau where most water
has been eliminated was reached between 2 and 3 hours
drying time. The layer of chitosan on the beads surface
had no significant effect on water content or on drying
rate (p > 0�05). However, from Figure 2, the presence of
a chitosan layer seems to show a modulating effect on
drying, regardless of calcium alginate bead concentration.
Statistical analysis confirmed that bead formulation was a
significant factor before 3 hours: AB (3% alginate), ACB

Table II. Water and dry matter content for alginate beads (AB)
and chitosan-covered alginate beads (ACB).

AB ACB

2% 3% 2% 3%
alginate alginate alginate alginate

dm 0.03±0.01 0.05±0.01 0.04±0.01 0.03±0.01
(gdm g−1

sample)
Wc�rel� 0.97±0.03 0.95±0.03 0.96±0.03 0.97±0.01

(gwater g
−1
sample)

Note: See Materials and Methods for parameter description.

(2% alginate) and ACB (3% alginate) showed the same
behaviour along dehydration time, whereas AB (2% algi-
nate) needed extra time to reach the same water content
than the other formulations. At longer times no significant
differences were found between formulations.

Calorimetric Studies on Water Status
Calorimetric measurements designed to obtain informa-
tion on the water status on beads were performed for
3% alginate beads (AB and ACB). Calorimetric parame-
ters corresponding to the fully hydrated beads are shown
in Table III, again little differences between bead types
were detected. Melting temperatures were found to be
similar (p > 0�05). The melting enthalpy obtained, which
allowed the calculation of water frozen and unfrozen frac-
tions, was different for both bead types (p < 0�05). The
slightly higher unfrozen water content of ACB may reflect
the intake of an additional water amount on the chi-
tosan covering step, but the presence of this water content
after equilibration would imply additional interactions with
the electrostatically charged chitosan. This could mean
that this additional water amount would not be frozen
when temperature was reduced, which is not sustained by
these observations. Alternatively, the slightly higher frozen
water content of ACB may be due to a lower amount of
water interacting with alginate, resulting from a saturation
of the alginate charged groups by the chitosan-alginate
electrostatic interaction. However, only in Wf �rel� signifi-
cant differences were found between type of beads.

Figure 2. Evolution of the water content over total sample
mass, Wc�rel�, with air flow drying time, for alginate beads with
and without chitosan, prepared with 2 and 3% sodium alginate
concentration.
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Table III. Calorimetric parameters (mean±standard deviation)
obtained for 3% alginate beads (AB) and chitosan-covered
alginate beads (ACB).

AB ACB

Tf�onset� (
�C) −5.1±0.1 −4.5±0.1

Tf �peak� (
�C) 4.9±1 5.8±0.2

�Hf�rel� (J g−1
sample) 255±2 277±2

�Hf�w� (J g−1
w ) 284±5 296±7

Wf�rel� (gwater g
−1
sample) 0.76±0.02 0.85±0.1

Wf�dm� (gwater g
−1
dm) 7.5±0.8 12.9±2.6

Wf�w� (gwater g
−1
water) 0.85±0.01 0.89±0.02

Wu�rel� (gwater g
−1
sample) 0.13±0.1 0.11±0.02

Wu�dm� (gwater g
−1
dm) 1.3±0.3 1.7±0.6

Wu�w� (gwater g
−1
water) 0.15±0.1 0.11±0.02

Note: See Materials and Methods for parameter description.

Fourier Transform Infrared Spectrometry (FT-IR)
When control beads of calcium alginate were formed, the
sodium alginate O H stretching band at ≈3380 cm−1

shifted to 3430 cm−1 (Fig. 3). By comparing absorbance
spectra, it could be observed that this band grew in inten-
sity. In contrast, the O H shoulder at 3250 cm−1 did not
appear to be modified. The modification of the 3380 cm−1

band was attributed to intramolecular bonding, whereas
the shoulder at 3250 cm−1 was related to intermolecular
binding.53

In the chitosan beads (ACB), the 3430 cm−1 band
became a little broader. This effect could be associated to
a contribution of the pure chitosan, in which the O H and
N H stretching bands overlapped in the 3600–3000 cm−1

region.54

The sodium alginate COO-peaks at ≈1610 and
1415 cm−1 (asymmetric and symmetric stretch, respec-
tively) became broader in all the capsules and exhib-
ited a large shift to high wavenumbers (from 1415 to
1422 cm−1�. As this was a specific ion binding peak,
when calcium ions replace sodium ions in the alginate
blocks, a new environment around the carbonyl group
was created.53 Since calcium alginate beads have free
carboxylic groups, interaction with the amino groups of
the chitosan molecule was highly expected. Accordingly,
when chitosan was present in the capsules, important
changes appeared in the spectra. Smitha, Sridhar, and
Khan55 assigned the shoulder observed at about 1640 cm−1

to a symmetric –NH3C deformation. The shoulder at
1560 cm−1 could be assigned to the sum of two effects:
chitosan Amide II band and the interaction between algi-
nate and the amino group of the chitosan.
A shoulder is also observed at 1440 cm−1 with a

decrease in the 1422 cm−1 band. This effect could be
attributed to the replacement of some Ca+2 ions for amino
groups of the chitosan around the carbonyl group. The
bands observed at 1035 and 950 cm−1 assigned to sodium
alginate C O stretching, shift to 1031 and 945 cm−1 in
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Figure 3. FT-IR spectra in the 4000–900 cm−1 region of
(A) calcium alginate beads, (B) chitosan coated alginate
beads, (C) chitosan and (D) sodium alginate.

the calcium alginate beads and to 1029 and 944 cm−1 in
the chitosan-coated beads.

Scanning Electron Microscopy of Alginate Beads
With and Without Chitosan
Figure 4 shows the aspect of the external surface of AB
and ACB under cryo-SEM. As the purpose of the experi-
ment was to examine the external bead surface under liq-
uid nitrogen temperature, etching was not performed. No
evident differences could be appreciated in bead exami-
nation: chitosan would form a homogeneously distributed
film, completely covering the surface of alginate beads,
and the aspect of both AB and ACB would be similar.
There were no evident changes, such as patches or cracks,
on the chitosan layer, although cooling to liquid nitrogen
temperature was performed by quenching, a process that
could induce mechanical stress on the bead surface.
Figure 5 compares the surfaces of AB and ACB, as

observed under an environmental scanning electron micro-
scope, i.e., at room temperature and reduced pressure.
Again, the surface aspect of both bead types was not
especially different for non-dehydrated beads. Neverthe-
less, beads after an advanced dehydration time (5 hours)
showed a wrinkled surface in ACB, probably resulting
from the chitosan layer adaptation to the bead reduced vol-
ume after drying.
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Figure 4. Cyro-SEM micrographs showing the external AB (right) and ACB (left) bead surface after quench cooling to liquid
nitrogen temperature. The bar corresponds to 5 �m.

(a)

(c) (d) (e)

(b)

Figure 5. Environmental SEM micrographs showing bead surfaces after different air-flow dehydration times: (a) AB and (c) ACB
(0 hours-not dehydrated beads); (b) AB, (d) and (e) ACB (5 hours dehydration). The bar corresponds to 50 �m for (a) and (e) and
to 100 �m for (b)–(d).

DISCUSSION
The transfer properties of alginate beads would be critical
for its use, either for its stability and gel integrity, or for
the convenient treatment of contained tissues for cryop-
reservation. The addition of an external layer of chitosan
would have an influence on the matter transfer properties
of AB. Chitosan has been applied, for example, to modu-
late plant water interchanges and transpiration, by creation
of an anti-transpirant film.56�57 However, in the formulation
employed here, there were not important changes when
the chitosan layer has been added to alginate beads with

respect to water interaction behaviour, water initial reten-
tion and water loss after four hours air-flow dehydration,
although the interaction between alginate and chitosan
forming an external layer was evidenced by FT-IR anal-
ysis. Small changes could be observed in water freezing
behaviour; however the impact of this difference in sam-
ple parameters need to be checked in germplasm cryopre-
served assays.
The alginate beads employed in this study behave

quite differently from the beads actually employed
in cryopreservation practice. In the traditional
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encapsulation-dehydration protocol58 the alginate beads
had been cultured in 0.75 M sucrose. Meanwhile, the
beads in this work had a much lower solute concentration,
only that corresponding to the salts and other nutrients of
MS medium, with a total ionic strength of 94.25 mM.42�59

For example, the traditional protocol uses 6 hours drying
to reach constant water content, in contrast to coated
beads only needed 4 hours.
In other works, a three-dimensional network made from

chitosan and alginate have been utilized, for example as
prospective tissue engineering scaffolds.60 However, the
process followed here caused chitosan to form an exter-
nal layer around alginate beads. The chitosan layer of
ACB beads behaved well towards liquid nitrogen cool-
ing, not showing any sign of cracking or other type of
alteration when inspected by cryo-SEM. However, envi-
ronmental SEM revealed that the chitosan external layer
gets wrinkled, in association to the changes in water con-
tent and bead volume caused by dehydration. A stripped
or wrinkled bead surface was reported also by Anbinder
et al.24 when observing ACB.

CONCLUSION
The results obtained in this work encourage the appli-
cability of chitosan to the alginate beads employed in
cryopreservation, since the most important gel properties,
such as its water interaction behaviour, were found to be
scarcely altered. Besides, the antimicrobial protection con-
ferred by chitosan and their antioxidant properties can be
also of great interests, as often cultivation and growth after
cryopreservation can be impaired by microbial contamina-
tion or cellular oxidative damages.
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