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bstract

Understanding the gel ultrastructure is of great importance for process and product development having great effects on the product characteristics.
he samples containing high amount of water could not be directly observed using scanning electron microscope (SEM) without removing of
ater. However, cryo-SEM can be used to study the ultrastructure of hydrated samples. In this study, ultrastructural information of internal structure
as obtained by imaging the cryo-fractured beads in a cryo-SEM. This technique was found to be excellent for studying the detailed morphology
f structural development and showed better images than normal SEM procedures using freeze-drying for sample preparation. Also, the studies
llustrated a morphological change, e.g. from net-like structure to membranous structure caused by syneresis, accompanied by a significant increase

n mechanical properties, when the beads are formed by ionotropic gelation. The gelation time of 20 min was found to be the minimum for a complete
ead formation, based on the mechanical and SEM data. The results demonstrate the advantageous of cryo-SEM for examining the ultrastructure
uring bead formation of calcium pectinate.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Pectin, a natural polysaccharide, is an inexpensive, non-toxic
roduct extracted from citrus peels or apple pomaces. Pectin
onsists mainly of linearly connected �-(1-4)-d-galacturonic
cid residues which have carboxyl groups. The degree of ester-
fication (DE), which is expressed as a percentage of carboxyl
roups (esterified), is an important means to classify pectin.
ow-methoxyl pectin (with DE <50%) form rigid gels by the

ction of calcium, which cross-links the galacturonic acid chains
Rolin, 1993). Pectin has been used in a wide range of applica-
ions, particularly in food, industrial and pharmaceutical fields,
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ecause their capacity to hold water, form gels, and stabilize
mulsion (May, 2000). Since low-methoxyl pectin can react with
alcium ions, it is being investigated, in pharmaceutical applica-
ion, as a carrier material for different controlled release systems.
ecently, calcium pectinate gel (CaPG) beads have been used

n various ways in the gastrointestinal tract because it is a gentle
nd simple encapsulation technique, for example, for sustained
elease of drugs (e.g. Munjeri et al., 1998; Sriamornsak and
unthanid, 1998, 1999), and for targeting drugs to the colon

e.g. Sriamornsak, 1998, 1999; Chambin et al., 2006) or stom-
ch for gastroretentive purpose (e.g. Sriamornsak et al., 2005,
007).

Until now, most experiments have studied only the physico-

hemical properties of the beads and their drug release
roperties. The morphology of the CaPG beads formed, as a
nal product, has also been revealed mostly by scanning elec-

ron microscopy (SEM), e.g. back-scattered electron imaging
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surface of the frozen sample was viewed directly while being
maintained at −135 ◦C. Imaging was performed by collecting
the back-scattered electron (BSE) signal with a sensitive crystal
detector.
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Sriamornsak and Thirawong, 2003). Obtaining information on
heir ultrastructures is interesting from a scientific as well as from
technological point of view. Unfortunately, none of these stud-

es are able to provide insights about the bead formation kinetics
hat could influence the performance of the beads formed, e.g.
welling behavior and drug release.

Recent advances in SEM technology allow the observa-
ion, at the pore scale, of liquid containing samples under a
rozen state by cryo-scanning electron microscopy (cryo-SEM)
Echlin, 1992). Cryo-SEM has also been employed to study
hanges in the ultrastructures of calcium alginate matrices as
result of thermal treatment (Serp et al., 2002). Any attempt to
irectly observe hydrated samples using other SEM techniques
ould result in an instantaneous vaporization of water due to the
igh vacuum. In the cryo-SEM technique, the sample is frozen
nd maintained within the microscope at low temperature. This
nables the sample to remain hydrated in the high vacuum. The
reezing step permits the preservation of the original structure
nd the technique is relatively fast and requiring few prepara-
ion steps. In addition, the technique of cryo-SEM was found
o be excellent for studying the detailed morphology of struc-
ural development and offers many advantages over normal SEM
rocedures using freeze-drying for sample preparation (Echlin,
992; Fujikawa and Kuroda, 2000).

In order to understand the structural development of CaPG
eads those prepared by ionotropic gelation as previously
eported (e.g. Sriamornsak and Thirawong, 2003), the beads
2–3-mm in size) were freshly prepared and investigated. The
ryo-SEM was used for the in situ study of hydrated beads those
lready formed, and compared with the normal SEM of freeze-
ried samples. The ultrastructural information as well as the
orphological and mechanical changes that occur during bead

ormation by ionotropic gelation (i.e. bead formation kinetics)
as also investigated.

. Materials and methods

.1. Materials

Low-methoxyl pectin with DE of 28% (GENUpectin type
M-104 AS-FS) was the generous gift of CP Kelco (Denmark).
ll other chemicals were standard pharmaceutical grade or ana-

ytical grade.

.2. Preparation of CaPG beads

The CaPG beads were prepared by ionotropic gelation
ethod that was previously described (Sriamornsak and
hirawong, 2003). Briefly, pectin was dissolved in water with
gitation. The solutions (5%, w/w) were extruded using a noz-
le of 0.80-mm inner diameter into 0.3 M calcium chloride with
entle agitation at room temperature. After the predetermined

ime (e.g. 1, 2, 5, 10, 20, 30, 60, and 120 min), the gel beads
ere separated and washed with distilled water. The beads were

hen used for cryo-SEM or subjected to freeze-dry before SEM
bservation.

F
s
s
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.3. Mechanical properties of the gel beads

The mechanical properties of the CaPG beads were deter-
ined using a Texture Analyzer (Model TA.XT plus, Stable
icro Systems, UK) equipped with a stainless steel cylin-

rical probe (6-mm diameter). The bead sample, after gentle
rying on filter paper, was placed centrally under cylindrical
robe and the compression test was commenced. The maximum
orce required to break the bead structure was taken. All anal-
ses were performed on 10 replicate samples under identical
onditions.

.4. SEM and cryo-SEM observations

Morphological examination of the internal structure of the
eads were carried out using a scanning electron microscope
Model Maxim-2000, CamScan Analytical, England) equipped
ith back-scattered electron detector. The freshly prepared
aPG beads were subjected to freeze-dry (Model FreeZone 2.5
, Labconco, USA). All samples were cut with a razor blade

or cross-section observation and then mounted on SEM stubs
sing double-sided carbonized adhesive tape. The accelerating
oltage was 20 kV.

For the cryo-SEM, the samples were loaded on the cryo-
pecimen holder and cryo-fixed in slush nitrogen (−210 ◦C),
hen quickly transferred to the cryo-unit in the frozen state. The
rozen bead samples were then fractured by striking them with
pre-cooled razor blade, at the point on the bead surface where

he fracture plane was required. The revealed fracture plane was
ublimed at −85 ◦C in a vacuum SEM chamber and examined in
he cryo-stage SEM (Model C1002) with temperature controller
Model ITC502, Oxford Instruments, England) under an acceler-
ting voltage of 15–20 keV. Using this technique, the fractured
ig. 1. Increase in mechanical strength (i.e. force required to break the bead
ample) of calcium pectinate gel beads as a function of time. The means and
tandard deviation of 10 replicate data are plotted.
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Fig. 2. SEM micrographs of freeze-dried calcium pectinate gel beads at various times after gelation in 0.3 M calcium chloride.
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Fig. 3. Cryo-SEM micrographs showing pectin solution after freezing and vac-
uum drying in the chamber: (a) upper surface and (b) later view of cross-section.

Fig. 4. Cryo-SEM micrographs showing ice crystals presented in the calcium
pectinate structure and in the core. The photo was taken after 1 min of bead
formation.
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. Results and discussion

.1. Bead formation and mechanical properties

An aqueous solution of pectin was dropped into calcium chlo-
ide solution and gelled spheres were formed instantaneously
y ionotropic gelation in which intermolecular cross-links were
ormed between the divalent calcium ions and the negatively
harged carboxyl groups of the pectin molecules as previously
escribed in many reports (e.g. Munjeri et al., 1998; Sriamornsak
nd Nunthanid, 1998; Sriamornsak and Thirawong, 2003). Fig. 1
emonstrates the mechanical strength (e.g. maximum force
equired to break the bead sample) of calcium pectinate gel beads
s a function of time, to reflect the structure development during
ead formation, i.e. bead formation kinetics. The calcium ions,
s a cross-linker, induced an interfacial cross-linking reaction
f pectin. Therefore, an insoluble calcium pectinate membrane
as formed around the pectin droplets. At the very early stage
f bead formation, the calcium pectinate shell/membrane with
he liquid core was obtained. Besides, the internal liquid core
ontaining pectin might be complexed with the calcium ions
hat migrated into the core, providing the relatively strong beads
ith a breaking force of about 5–6 N after 2 min of gelation

Fig. 1). The rate of further membrane formation (especially in
first few minutes) is probably controlled by the rate of diffu-

ion of calcium through the calcium pectinate membrane, which
ay be very rapid. This is akin to the calcium pectinate gel

oated pellets in which the cross-linking reaction occurred after
ores containing calcium salts were immersed in pectin solution
Sriamornsak et al., 2006). As the gelation time increased, the
hickness of the calcium pectinate shell/membrane may increase
ccording to the formation of cross-linked pectin structure and
e accompanied by an increase in mechanical strength of the
eads formed (Fig. 1). It appeared that the mechanical strength
eached the plateau after about 20 min of cross-linking. This is
robably due to molecular re-arrangements and saturation of the
arboxyl groups with calcium ions.

.2. Structural analysis of the CaPG beads by SEM

The information about the ultrastructure of the pectin net-
ork during bead formation was gained from cryo-SEM. This

echnique differs from conventional SEM in the sense that the
ater within the sample is only partially removed in a controlled
ay by sublimation, and thus distortion of the sample due to

he dehydration process is significantly reduced (Echlin, 1992).
herefore, after cryo-preparation, no reduction of the bead vol-
me or size was observed (the freshly prepared CaPG beads
ere spherical in shape with a mean size of about 2.6–2.8 mm).
owever, the bead samples prepared by freeze-drying appeared

o shrink slightly while those prepared by high-temperature
rying produced a collapsed structure or considerably shrink
Sriamornsak, 1999). This observation is also in agreement with

lginate-filler beads those reported by Zohar-Perez et al. (2004).

Fig. 2 shows the SEM images of CaPG beads which were
reeze-dried after gelation in calcium chloride at various times.
reeze-drying created artifacts by collapsing the walls of beads,
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Fig. 5. Cryo-SEM micrographs of calcium pectinate gel beads formed at various times after gelation in 0.3 M calcium chloride.
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ig. 6. Cryo-SEM micrographs of close-up of the cross-sectioned calcium pect

specially when they were cut. Although, the collapsed and frag-
le structure was seen, the structures at various gelation times
an be distinguished, as shown in Fig. 2. During a first few min-
tes, the network-like structure of pectin was observed. This
s comparable to the structure of pectin solution after cryo-
reparation (Fig. 3), in which characteristic features in the range
f 2–3 �m in diameter are shown. After further gelation (i.e.
5 min), the microscopic results show that the ultrastructural

hanges induced in the gel beads upon cross-linking are realized
t a macroscopic level, e.g. the increase in mechanical strength.
he multi-layered, cabbage-like, structure with many fused open
nd closed pores was observed, indicating that the calcium ions
iffused into the pectin droplets and formed insoluble calcium
ectinate shell or membrane. Further diffusion of calcium ions
ay be controlled by the insoluble membrane already formed.

n other words, the rate of further membrane formation is con-
rolled by the rate of diffusion of calcium through the calcium
ectinate membrane, as discussed above (Section 3.1). It appears
hat the ultrastructures of freeze-dried beads at the gelation
ime of more than 20 min are relatively similar. This is sup-
orted by the mechanical data of the beads formed, as shown in
ig. 1.

Cryo-SEM technique has been used not only for observation
f the ultrastructure in hydrated materials but also for observa-
ion of water distribution within the structure as well as of ice

rystal distributions following the freezing of hydrated materials
Echlin, 1992; Fujikawa and Kuroda, 2000). Fig. 4 demonstrates
he ice crystals presented in the CaPG beads after 1 min of bead

h
l
t

gel beads that formed at various times after gelation in 0.3 M calcium chloride.

ormation. There are two distinct regions of different ice crystal
tructures, the outer region of the calcium pectinate structure that
lready formed and the inner core, at the center, of the beads. The
ce structure in the outer region of the calcium pectinate structure
s coarser and similar to the intracellular ice crystals presented
n the xylem ray parenchyma cells in plant tissues (Fujikawa and
uroda, 2000). Ice crystals were then sublimed, under micro-

cope vacuum starts at −85 ◦C, from the surface of the sample
eaving only void spaces and the underlying structural features.

Fig. 5 shows the cryo-SEM micrographs of the CaPG beads
fter various gelation times those corresponded to Fig. 2 but
hich had not been dried before being observed. Obviously,

he ultrastructure of the cryo-prepared beads was fairly differ-
nt from those of freeze-dried beads. The cryo-SEM images of
aPG beads clearly showed an outer region or external shell and
core with the incomplete gelled pectin network at 1 min after
ead formation. The outer region shows pores where ice crys-
als were formed and sublimed off during the cryo-preparation,
hough the ice layers (i.e. artifacts) were still seen in some pho-
os (Fig. 5). This differed from the SEM images of freeze-dried
amples which the network-like structure was observed. It is
robable that the cross-linking reaction (i.e. calcium ions dif-
used inward and cross-linked with pectin molecules) may still
ccur during the initial phase of freeze-drying process (without
nap-freezing by liquid nitrogen), resulting in a morphologically

omogenous structure in the freeze-dried beads (Fig. 2). Very
ikely, for the cryo-preparation, calcium ions could not reach
he inner part of the bead within 1 min and remained confined in
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he outer region or external shell because of strong cross-linking
ith pectin molecules.
As time progressed, the calcium ions diffused inwardly and

ross-linked with pectin molecules in the inner core of the beads.
hus, the ultrastructural changes were observed, i.e. the propor-

ion of pores with small size shifted to a population with both
mall and large pores. In addition, the shape of pores in the bead
ormed at longer gelation times was more elongated, while those
t 1 or 2 min were more rounded. This agreed with the work on
he microstructure of middle lamella of carrot tissues (i.e. con-
aining pectin as a main component) treated with calcium lactate
Rico et al., 2007). The loss in rounded shape could result from
loss in turgor due to a higher water loss or syneresis caused by

he stress produced by a high-ionic strength of calcium solution.
Dentini et al. (2007) also revealed that high levels of calcium

ons in solution promoted the lateral association with alginate
nd a somewhat remarkable degree of syneresis may occur. This
uggested the existence of higher calcium concentration in the
uter shell of CaPG beads. The suggested results here are similar
n trend to those found in the calcium-carrageenan system by

acArtain et al. (2003). The formation of thicker strands and
ore open nature of network (i.e. larger pores) at higher counter-

on concentrations supported the observation that added cations
ncreased to the localized aggregation of the strands. Close-up
iews of the ultrastructure of CaPG beads at some gelation time
oints are shown in Fig. 6.

The cryo-SEM images in Figs. 5 and 6 also demonstrate that
he gelation time of 20 min was found to be a minimum for a
omplete bead formation, being consistent with the mechanical
nd SEM data (Figs. 1 and 2). The shape of the pores exhibited in
he beads gelled for more than 20 min was somewhat unchanged,
lthough the pores in the 120-min gelled beads were rougher
nd larger. This is strongly in agreement with the mechanical
roperties of the beads at various gelation times.

. Conclusions

In the study of the ultrastructure during bead formation by
onotropic gelation of calcium pectinate, a clear optimal gela-
ion time (i.e. 20 min) is suggested based on the mechanical data
s well as the structural analysis by SEM study. A difference in
orphological structure, using SEM, has been observed between

reeze-dried CaPG beads and the beads prepared by cryo-
reparation. The SEM images suggested that cryo-preparation
eem to be less destructive for the beads and give a more realis-
ic image of the network structure. Moreover, cryo-preparation
ffered a simple and rapid approach for preparing the beads
or SEM study. This technique avoided many artifacts associ-
ted with drying. However, this is a comparative study and the
esults are limited to the large beads employed. The extrapola-
ion may not be possible for smaller polymeric beads (e.g. micro-
r nanoparticles), or beads with other compositions.

Cryo-SEM of CaPG beads has been shown to provide detailed

nformation about the structure and arrangement of the polymer
etwork. Using this technique, a change in gel structure during
ead formation, i.e. bead formation kinetics, could be identified
mong various gelation times. This provided direct proof that

S
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he evolved gelation time for ionotropic gelation leads to a rear-
angement of polysaccharide network, resulting in a stronger
el structure which corresponds exactly to the mechanical data.
herefore, the inappropriate gelation time chosen owing to the

ack of structural information which resulted in suboptimal pro-
essing ensuring could be prevented. Additionally, cryo-SEM
ay be used to follow the drug loading process and drug release
echanism, allowing for the development of controlled release

rug delivery applications.
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