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Optimization of experimental conditions for the separation of small
and large starch granules by gravitational field-flow fractionation
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Abstract

Separation of small and large barley starch granules by gravitational field-flow fractionation was investigated from the
point of view of sample pre-treatment, amount of injected sample, and elution conditions. The sample pre-treatment study
resulted in the conclusion that it is reasonable to soak the starch granules for at least 24 h prior to separation. The
experiments with different amounts of injected sample show that it is possible to increase as well as decrease twofold the
sample amount usually used without any change in retention ratios. The implementation of flow-rate gradients for elution of
the starch granules reduced total separation time. However, the applied flow-rate gradients did not improve the resolution of
peaks A and B compared with the generally used constant flow-rate. Thus, for barley starch granules, the constant flow-rates
within the range from 0.8 to 1.0 ml /min seem to provide the best compromise of total separation time, peak resolution and
instrumental expense.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction flow fractionation (FFF) for monitoring of barley
starch granule distribution [7–10] fitted the needs of

Size characterization of starch granules from low cost and short separation time.
barley kernels is of importance for the food and Starch is formed in green plants as the final
brewing industries. During processing, certain frac- product of photosynthesis. The starch granules are
tions of starch granules are less susceptible to deposited in plant generative organs (grain, bulb).
enzymatic digestion, which results in technological The shape and size of the starch granules are
problems. From this point of view, a tool for the characteristic of the plant origin [3]. Chemical and
evaluation of barley starch granule distribution is physical starch properties are influenced by plant
desirable. Several techniques, such as light micro- origin and also by vegetative conditions and maturi-
scopy [1], sieving techniques [2], scanning electron ty. Undamaged starch granules are insoluble in cold
microscopy [3,4], and Coulter counter [5] have been water, but they can imbibe water reversibly. They
generally employed for this purpose. Recently, low- can swell slightly, and then return to their original
angle laser light scattering [6] seemed to provide the size on drying [11]. Most starches are composed of
most precise information, however, the cost makes it two homopolysaccharides – amylose and amylopec-
unattainable for general use. Implementation of field- tin, in approximate mass percentages of 15–30% and

85–70%, respectively [3,12,13].
Starch is one of the barley components important*Corresponding author.
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contain starch granules of bimodal distribution. We paid attention to these experimental topics,
Large starch granules of type A are of diameter because they were supposed to provide further
range 10–40 mm and small starch granules of type B possibilities for optimization of the separation in
are of diameter range 1–10 mm. The total mass ratio terms of time and resolution.
of granules A/B was determined as 9:1, while the
total number ratio is 1:9 [14]. The values of these
ratios differ depending on the barley starch popula- 2. Experimental
tion [15] and are related to the malting quality of
barley. B granules are less susceptible to enzymatic 2.1. Material
degradation during malting and mashing and gelatin-
ize at higher temperatures and over a wider tempera- Starch granules were isolated and purified in our
ture range than A granules [16]. The distribution of laboratory according to the previously reported pro-
protein within the endosperm cells and the binding of cedure [28]. The final products of the isolation were
the protein matrix with small starch granules may acetone-dried starch granules. The barley kernels for
also influence the malting characteristics of the grain. the isolation were provided by the Institute of
The matrix proteins can affect accessibility of the Brewery and Malting, Brno, Czech Republic.
substrate to enzymes, either by binding directly to
starch granules or to the cell walls [17]. The amount 2.2. Method
of starch-associated protein in poor malting quality
cultivars is high [18]. B granules tend to be deeply The separation channel was cut in a 150-mm
embedded in the endosperm protein matrix [19]. spacer, which was placed between two float glass
Only about half of the B granules (i.e., 5% of the plates and clamped between two Plexiglas blocks.
total starch) are degraded during malting and mash- The width and length of the channel were 20 and 350
ing. The remaining B granules can form hazes and mm, respectively. A HP 1100 (Hewlett-Packard)
cause technological problems (e.g., filtration, stabili- pump was employed for sample elution including
ty) in brewery [14]. It means that small starch flow-rate programming. A UV spectrophotometric
granules are undesirable for malting and that the detector (Development Workshop Academy of Sci-
ratio of granules A/B is one of the important ences of the Czech Republic, Prague, Czech Re-
features of malting quality of barley. It was observed public) equipped with a Z-shaped cell with an optical
[17] that good-malting cultivars reached faster and path of 5 mm and operated at 254 nm was used.
more uniform breakdown of cell walls and digestion Milli-Q water was used as carrier liquid.
of endosperm reserves than poor-malting cultivars. For the sample preparation studies, the dried

Gravitational FFF (GFFF) is the experimentally granules were suspended (10 mg/ml) in deionized
simplest and cheapest among the family of FFF water and sonicated for 1 h. Prior to each injection,
techniques. GFFF is based on the combination of a the ultrasound stirring was repeated for 3 min.
non-uniform flow velocity profile of carrier liquid Volumes of 10-ml of the sample were injected at the
and the gravitational field applied perpendicularly to defined time intervals into the channel directly
the flow [20]. Gentle experimental conditions (low through a septum-equipped injector using a Hamilton
pressure and the option of weak force field) and the syringe. After a 2-min stop-flow time, the flow-rate
possibility to use isotonic buffer solutions as carrier of 0.8 ml /min was switched on and the sample was
liquids provide GFFF with unique separation capa- eluted through the channel into the detector. For all
bilities for biological particulate samples [21–27]. the other measurements, the starch granules were
GFFF has potential not only for separation but also suspended and soaked for at least 24 h. After that,
for micropreparation of the purified fractions [26]. the sample was sonicated for 1 h prior to the FFF

This work is focused on three experimental as- experiment. The stop-flow time was always 2 min.
pects of the separation of barley starch granules by The parameters for the evaluation of different
GFFF: sample preparation, the influence of injected elution conditions are summarized in Table 1, where
amount of the sample and flow-rate programming. t is the elution time of A granules, t is theeA eB
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Table 1 3.2. The dependence of retention ratio on injected
Parameters for the evaluation of various elution conditions amount of the sample
Flow-rate t t t R*eA eB t

(ml /min) (min) (min) (min) In order to specify the influence of the injected
0.5 6.0 11.6 13.5 2.6 amount of sample on retention data, the following
0.8 3.7 6.9 8.7 2.3 volumes and concentrations were applied: 10 and 20
1.0 2.8 5.3 6.9 2.3 ml of the 5 mg/ml suspension, 5, 10, 15 and 20 ml of
1.5 1.8 3.2 4.4 1.8

the 10 mg/ml suspension and 10 ml of the 20 mg/ml2.0 1.3 2.3 3.1 1.8
suspension. Within the range of these measuredLinear gradient 3.6 5.3 6.4 2.1

Step gradient 4.0 6.4 7.8 2.3 concentrations and volumes, retention ratio did not
Concave parabolic gradient 3.0 4.7 6.1 2.1 show any tendency to change. All the values of
Convex parabolic gradient 4.6 6.6 7.5 2.2 retention ratio were in the frame of the standard

deviation usually obtained for experiments with
repeating injection of constant volume and constant

elution time of B granules, t is the total separation concentration.t

time and R* is the peak resolution, defined arbitrarily
by the following equation: 3.3. Flow-rate programming

t 2 teB eA Elution of starch granules was performed by GFFF]]]R* 5
a 1 b under the conditions of focusing mode, which is

confirmed by the flow-rate dependence of the re-
where the parameters a and b express the adjacent tention time presented in Fig. 1. Two counteracting
half-widths of the peaks A and B taken at one half of forces, gravitational force and hydrodynamic lift
their heights. force (HLF), form an analyte zone with the maxi-

For the measurement of the dependence of re- mum concentration at the position where the re-
tention ratio on the injected amount of sample, the sulting force acting on the analyte equals zero [29].
flow-rate was 0.8 ml /min and the used volumes and The action of HLF increases with increasing particle
concentrations of the sample are reported below. For radius; therefore the zone of larger particles is
the elution study, 10 ml of suspension (10 mg/ml) focused in higher velocity streamlines than the zone
was injected and run. The tested constant flow-rates of smaller particles. This causes the large particles to
were 0.5, 0.8, 1.0, 1.5 and 2.0 ml /min. The courses elute first. It means that in the fractograms all the
of the applied flow-rate gradients are described by peaks A correspond to the large A starch granules
the plots (Fig. 2). and all the peaks B correspond to the small B starch

granules.
The fractograms in Fig. 1 illustrate the influence

of different flow-rates on the separation of starch3. Results and discussion
granules. All the flow-rates were constant and within
the range from 0.5 to 2.0 ml /min. The best res-

3.1. Sample preparation olution was observed at the flow-rate of 0.5 ml /min
(Fig. 1e). Resolution became worse as the flow-rate

The retention ratios of starch particles slightly increased. In contrast, total separation time advan-
increase within the first 24 h of soaking. After this tageously shortened with the increasing flow-rate.
period, these values do not significantly change. We With regard to the results measured in this work,
concluded that, in order to ensure standard ex- under the conditions described above, the flow-rates
perimental conditions, it is reasonable to soak the of 0.8 ml /min and 1.0 ml /min seem to be the most
suspended sample for at least 24 h prior to the suitable for elution of starch granules when consider-
injection. However, this time period might depend on ing the impacts of both separation time and res-
the starch variety. olution of peaks A and B.
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Fig. 2. The influence of different flow-rate gradients on the
separation of starch granules. The courses of the applied gradients
are described by the plots: (a) linear gradient, (b) step gradient, (c)
concave parabolic gradient, (d) convex parabolic gradient. Peak
A5starch A granules and peak B5starch B granules. The
breakthrough peak is denoted 1 and the peak corresponding to the
void volume is denoted 2.

considerably shorter total separation time. A rela-
tively short separation time and satisfactory res-Fig. 1. The influence of different constant flow-rates on the

separation of starch granules. Fractograms refer to the flow-rates olution were achieved in the case of the linear
of (a) 2.0 ml /min, (b) 1.5 ml /min, (c) 1.0 ml /min, (d) 0.8 flow-rate gradient (Fig. 2a). The parameters for the
ml/min, and (e) 0.5 ml /min. Peak A5starch A granules and peak data evaluation are reported in Table 1.
B5starch B granules.

All the gradients used for our measurement con-
firmed the assumption of the advantages of a combi-

Fig. 2 shows the influence of flow-rate program- nation of low and high flow-rates. On the other hand,
ming applied to the elution of starch granules. The there are some disadvantages of using these gra-
flow-rate gradients were used in order to combine dients: the rather expensive instrumentation (a gra-
advantages of low and high flow-rates, i.e., higher dient pump) and problems with drifted baselines of
resolution and shorter elution time, respectively. In the fractograms. We concluded that it is not neces-
this case, the best resolution was achieved with the sary to use gradients for separation of A and B starch
step gradient (Fig. 2b). The implementation of the granules. However, the flow-rate gradients have been
concave parabolic gradient (Fig. 2c) resulted in a successfully used for optimization of separation of
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