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Flow field-flow fractionation (flow FFF) with frit inlet and frit outlet 
mode (FIFO) was coupled online to multiangle light scattering (MALS) 
and refractive index (RI) detectors to investigate the molecular char-
acteristics of normal and zero amylose barley starch polymers. Appli-
cation of two different cross-flows, 0.35 mL/min followed by 0.1 
mL/min, and constant channel and frit flows of 0.1 and 1.0 mL/min, 
respectively, permitted a complete separation of amylose and amylo-
pectin. The improved signals from the detectors due to application of the 
FIFO mode enabled the proper characterization of the small molecular 
weight species, as well as significantly enhanced the reproducibility of 

the measurements. The weight-average molecular weight (Mw) and z-
average root-mean-square (RMS) radii of gyration (Rg) values for 
amylose and amylopectin in the normal starch samples were 2.3 × 106 
and 280 × 106, and 107 and 260 nm, respectively. The Mw and Rg of 
amylopectin in the zero amylose starch samples were 360 × 106 and 267 
nm, respectively. The slopes (�) obtained by plotting log Mw versus log 
Rg for amylose and amylopectin were 0.6 and 0.3, respectively. These 
results are in good agreement with the theoretical prediction of the 
molecular conformation of amylose and amylopectin. 

 
Starch is composed of two primary components, amylose and 

amylopectin. Although both polymers are built up of the same 
sugar unit, they differ significantly in solubility, molecular structure, 
molecular weight, and conformation (Hizukuri 1996). Amylose is a 
mostly linear polymer, composed of �-D-glucopyranose residues 
linked through 1�4 linkages. Amylopectin is a large branched 
molecule with side chains attached to the linear �-(1�4) polymer 
by �-(1�6) linkages. The average molecular weight (Mw) of 
amylose may range from 1 × 105 to 1 × 106 g/mol, whereas that of 
amylopectin ranges from 1 × 107 to 50 × 107 g/mol (Banks et al 
1972). Amylopectin and amylose have been successfully separated 
using size-exclusion chromatography (SEC). However, amylopectin, 
due to its extremely high molecular weight, elutes in the exclusion 
volumes of the SEC columns (Sullivan et al 1992). This makes the 
use of calibration standards for the estimation of its molecular 
weight not feasible. The absolute molecular weight of both starch 
polymers has been successfully determined by combining a multi-
angle light scattering (MALS) detector with SEC columns (Aberle 
et al 1994; Fishman et al 1996; Bello-Perez et al 1998; You et al 1999; 
You and Lim 2000; You and Izydorczyk 2002). This technique may 
provide accurate determination of the molecular weight of the 
starch components, provided that adequate starch solubilization and 
separation of amylose and amylopectin have been achieved, and 
that complete recovery of starch after the chromatographic elution 
can be ensured. Despite continuous efforts to enhance the resolving 
power of SEC columns, improvements in separation of starch poly-
mers are still possible and remain desirable. Also, the SEC tech-
nique fails to provide information about the distribution of molecular 
weight in amylopectin because this polymer elutes as a relatively 
narrow peak in the void volume of all SEC columns. Even when 
pore diameters of the SEC stationary phase are relatively large com-
pared with the sample particle diameter, and even when the largest 
molecules might theoretically show differing migration due to a 
combination of hydrodynamic chromatography and size-exclusion 
chromatography effects (Stegeman et al 1991), to the best of our 
knowledge, a good separation of amylopectin polymers has not 
yet been achieved. Possible shear degradation-alteration of large 

molecules such as amylopectin inside the SEC column is another 
consideration that encourages the search for a more appropriate 
separation method for the starch polymers. 

Recently, another separation technique, flow field-flow fraction-
ation (flow FFF), has been developed as an alternative to SEC and 
has proven especially applicable to separation of very high molecular 
weight polymers (Giddings et al 1992; Giddings 1995). In contrast 
to the tubular and packed SEC column, FFF consists of a thin, 
open, ribbonlike channel with no packing material. Fractionation 
takes place in a completely liquid medium. Less shearing of large 
molecules and no interactions between the eluting species and the 
packing material occur in the FFF channel. The technique is, 
therefore, more suitable for characterization of very large macro-
molecules. One wall of the channel, called the accumulation wall, is 
permeable to liquids. A liquid flow with a parabolic velocity profile is 
pumped through the channel during separation. An external field, 
perpendicular to the channel flow, called the cross-flow, is also 
applied during separation. The actual separation of macromolecules is 
a function of their differential diffusion coefficient against the cross-
flow and the parabolic profile of the channel flow. The coupling of 
flow FFF and the MALS detector makes possible the determination 
of absolute molecular weight and size of the fractionated molecules 
from flow FFF. The flow FFF-MALS system is a powerful tool 
for separation and characterization of large macromolecules such 
as polivinyl pyrrolidone (Jiang et al 2000), dextran and pullulan 
(Wittgren and Wahlund 1997). 

Recently, flow FFF has been successfully applied to separate and 
characterize such water soluble polymers as gum arabic (Picton et al 
2000), dextrans and pullulans (Viebke and Williams 2000a), �-
carrageenan (Wittgren et al 1998), and xanthan (Viebke and Williams 
2000b). To our knowledge however, only a few studies have utilized 
the FFF technique to separate and characterize starch polymers. 
Lou et al (1994) obtained only a partial separation of amylose and 
amylopectin using thermal FFF and dimethyl sulphoxide as a solvent. 
Sedimentation FFF fractionated only very large macromolecules 
(50–500 nm) and, therefore, was applicable to amylopectin only 
(Hanselmann et al 1995). Most recently, Roger et al (2001) indicated 
that fractionation of starch polysaccharides using flow FFF coupled to 
MALS and RI detectors was a promising alternative to the 
SEC/MALS/RI system. The FFF/MALS/RI system was used to 
separate corn starch polymers with varying amylose-amylopectin 
ratios. The authors initially used a high cross-flow to elute amylose 
then reduced cross-flow to elute amylopectin. A frit outlet was 
used to remove 50% of the channel flow between the end of the 
channel and detector to increase detector signal. This allowed 
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measurement of the average molecular weight and radius of 
gyration for amylopectin, but no data could be obtained for amylose 
due to the low signal that was generated by the amylose. Also, the 
repeatability of the results was not confirmed in their study. In our 
laboratory, we have developed an automated frit inlet-frit outlet 
(FIFO) flow FFF procedure for the fractionation of wheat proteins 
(Stevenson et al 1999). Using recycled frit and cross-flow, this pro-
cedure eliminates the need for stop-flow relaxation, gives superior 
sensitivity and reproducibility (higher detector signal-to-noise 
ratio), and provides much higher potential throughput relative to 
conventional flow FFF techniques. In this article, we describe the 
application of this procedure to the fractionation and characterization 
of barley starch amylose and amylopectin. 

MATERIALS AND METHODS 

Normal and zero amylose (waxy) barley starches were isolated 
from hull-less barley cvs. Falcon and CDC Alamo, respectively, 
according to the recently published procedure (You and Izydorczyk 
2002). Bovine serum albumin (BSA, Sigma Chemical, St. Louis, 
MO) was used to normalize the photo diodes located around the 
scattering cell in the MALS detector and to obtain the delay 
volume between MALS and RI. Three pullulan standards, P-200 
(molecular weight 212,000), P-800 (molecular weight 788,000), 
and P-1600 (molecular weight 1.66 × 106) (Shodex Standards P-
82, Showa Denko, Tokyo, Japan), were used to examine the flow 
FFF-MALS-RI system. All water was purified through a water 
purification system (Millipore, Mississauga, ON, Canada) before use. 

Sample Preparation 
Pullulans were dissolved in distilled water (2 mg/mL), filtered 

through 0.45-�m membrane (Pall Gelman Laboratory, Ann Arbor, 
MI) and injected into a flow FFF-MALS-RI system. 

Granular normal and zero amylose barley starches were gela-
tinized in 90% DMSO and precipitated with ethanol (Jane and Chen 
1992). Various methods for starch solubilization were considered, 
particularly microwave heating at 140–150°C (Bello-Perez et al 
1998) and autoclaving at 121°C (You and Lim 2000). Because of 
previous positive experience with dissolution of starch by autoclaving 
(You and Izydorczyk 2002), purified starches (4 mg) were redis-
solved in boiling water (8 mL) for 5 min, autoclaved at 121°C for 
20 min, and centrifuged for 5 min at 8,000 � g. This treatment 
resulted in 75–80% solubilization as determined by measuring the 
total carbohydrate content (Dubois et al 1956) in the supernatant.  

Apparatus and Procedures 
Flow-FFF was performed using a model 1000-FIFO universal 

fractionator (PostNova Analytics USA, Salt Lake City, UT) as 
described previously (Stevenson et al 1999). The frit inlet (FI) was 
used for hydrodynamic relaxation to replace stop-flow relaxation 
and the frit outlet (FO) was used to remove eluent at the channel 
outlet to concentrate sample going to the detector (Fig. 1). Eluent 
removed through the frit outlet was recirculated through a pump 
back to the frit inlet, while cross-flow through the membrane was 
recycled through a pump back into the cross-flow to maintain 
pressure stability. The channel dimensions were length 27.7 cm, width 
2.0 cm, and thickness 0.0254 cm. A YM-10 cellulose membrane 
(Amicon, MW cutoff 10,000 Da) was placed on top of the 
accumulation wall inside the flow FFF channel. Sample solutions 
were injected through an injection valve (model 7725, Rheodyne) 
with a 20-�L sample loop. The fractionated macromolecules from 
flow FFF were monitored by MALS (Dawn DSP, Wyatt Technology, 
Santa Barbara, CA) and RI (Waters 410, Waters, Mississauga, 
ON, Canada) detectors, which were calibrated using toluene and five 
different concentrations of NaCl solution, respectively. Calculations 
of the weight-average molecular weight (Mw), z-average root-
mean-square (RMS) radii of gyration (Rg) were performed using 
the Astra 4.72 software (Wyatt Technology, Santa Barbara, CA). 
The Berry extrapolation (first-order) was used to calculate Mw and 
Rg. The dn/dc values of 0.148 and 0.146 mL/g were used for 
pullulan standards and starches, respectively. Water containing 
0.002% FL-70 and 0.005% sodium azide was used as a mobile 
phase. It was filtered through 0.2-�m and then 0.1-�m nylon mem-
branes (Osmonics Inc., MN), and degassed with stirring under 
vacuum for at least 2 hr. Three Shimadzu LC-10AD dual-piston 
pumps (Man-Tech Sci., Guelph, ON) were used to provide 
channel, cross, and frit flows for the flow FFF-MALS-RI system. 

The effect of various cross-flows (0.5–1.0 mL/min) and frit 
flows (1.4–2.7 mL/min) at a fixed channel flow of 0.2 mL/min on 
the sample profile was examined using pullulan P-1600. The flow 
conditions applied to investigate the separation of various pullulan 
standards were channel flow 0.2 mL/min, cross-flow 1.0 mL/min, 
and frit flow 1.4 mL/min. A mixture (1:1) of pullulans (P-200 and 
P-1600) was also injected into flow FFF-MALS-RI system with 
the flow conditions of channel flow 0.2 mL/min, cross-flow 0.6 
mL/min, and frit flow 1.4 mL/min. 

The effect of various cross-flows (0.1–0.4 mL/min) on the 
eluting profiles of normal and zero amylose starches with a 
channel flow of 0.1 mL/min and frit flow of 1.0 mL/min was 

 

Fig. 1. Flow FFF-MALS-RI system and diagram of flow FFF channel (inset).  
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examined. To separate amylose and amylopectin molecules in a solu-
tion of normal barley starch, two different cross-flows were applied 
during the measurement. The initial cross-flow was 0.35 mL/min, 
and then, after the elution of amylose molecules (12 min), the cross-
flow was reduced abruptly to 0.1 mL/min to allow amylopectin 
molecules to elute. This procedure was also applied to zero amylose 
starch. The amylopectin fractions of normal and zero amylose starches 
were examined with various cross-flows from 0.08–0.2 mL/min 
after the initial cross-flow of 0.35 mL/min for 12 min. 

Sample recoveries were calculated from the ratio of the mass 
eluted from the channel as determined by the RI detector and the 
mass injected as determined by measuring the total carbohydrates 
(Dubois et al 1956). All treatments were done a minimum of two 
times on different days. 

RESULTS AND DISCUSSION 

Pullulan standards with average molecular weight of 0.2 × 106, 
0.78 × 106, and 1.6 × 106 were initially used as model carbohydrates 

to assess the efficiency of the FIFO flow FFF/MALS/RI system 
and to aid in designing conditions for separating starch polymers. 
Preliminary studies showed that a channel flow of 0.2 mL/min and 
a frit flow of 1.4 mL/min provided the best resolution without 
overly long running times (data not shown). A value of 7 for the 
ratio of frit to channel flows gave efficient hydrodynamic relaxation at 
the entrance to the channel and concentrated the pullulans in the 
channel outlet by removing most of the eluent through the frit 
outlet. This increase in component concentration greatly increased 
signal-to-noise ratios of the RI and MALS detectors allowing 
straightforward determination of concentration and molecular size 
parameters. 

The effects of various cross-flows on the elution profiles of the 
largest pullulan standard (P-1600) are shown in Fig. 2A. As the 
cross-flow increased from 0.5 to 1.0 mL/min with constant channel 
(0.2 mL/min), and frit (1.4 mL/min) flows, the elution of pullulan 
molecules was delayed. In agreement with theory (Giddings and 
Caldwell 1989), the magnitude of the applied cross-flow deter-
mines the relative position of the molecules in the FFF channel 
and, consequently, their elution time. Symmetrical peaks with normal 
(Gaussian) distribution were obtained with higher rates of cross-
flow; however, the elution time was longer. Lower cross-flows 
significantly reduced the elution time and caused the appearance 
of a small shoulder peak at the lowest retention time. This shoulder 
peak may be an overloading phenomenon where some of the 
components are displaced into faster moving regions where elution 
occurs earlier than expected (Benincasa 2000). Different rates of 

 

Fig. 2. A, Effects of various cross-flows on elution profiles of pullulan 
standard (P-1600); channel and frit flows 0.2 and 1.4 mL/min, 
respectively. B, Effects of various frit flows on elution profiles of 
pullulan standard (P-1600); channel and cross flows 0.2 and 0.6 mL/min, 
respectively.  

 

Fig. 3. Elution profiles of different pullulan standards (P-200, P-800, and 
P-1600) with channel, frit, and cross-flows of 0.2, 1.4, and 1.0 mL/min, 
respectively.  

 

Fig. 4. Elution profile of a mixture of pullulan standards (P-200 and P-
1600) with channel, frit, and cross-flows of 0.2, 1.4, and 0.6 mL/min, 
respectively.  
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the cross-flow also affected the accuracy of the calculated average 
molecular weights. With the cross-flows of 1.0 and 0.8 mL/min, the 
calculated Mw were in good agreement with the expected value, 
while less accurate values were obtained with lower cross-flows, 
probably because of the presence of the void peak. The effects of 
various frit flows with fixed channel (0.2 mL/min) and cross flows 
(0.6 mL/min) on the elution profiles of P-1600 are shown in the 
Fig. 2B. The higher frit flow facilitated faster elution of pullulan 
molecules, but it was accompanied by the appearance of the void peak. 
Again, higher rates of the frit flow lowered the accuracy of Mw 
determination. 

Figure 3 shows the elution pattern of three different pullulan 
standards, run separately, using a cross-flow of 1.0 mL/min with a 
channel flow of 0.2 mL/min, and a frit flow of 1.4 mL/min. P-200 
eluted first with a retention time (tr) of 9.3 min, followed by P-800 
with tr of 23 min and P-1600 with tr of 34 min. Calculated 
molecular weights of 224,000, 868,000 and 1.6 × 106 g/mol for P-
200, P-800, and P-1600 pullulan standards, respectively, were in 
good agreement with the values provided by the manufacturer. 
Sample recoveries were >97%. 

The fractogram of a pullulan mixture containing P-200 and P-
1600 is presented in Fig. 4. Although it appears that only partial 
separation of the two pullulans was obtained under the conditions 
described above, calculated average molecular weights of the species 
eluting at a tr of 2–8 min (206,000 g/mol) and 8–25 min (1.2 × 106 
g/mol) corresponded relatively well with the expected values. 

Separation of Starch Components 
Because of the large differences in the molecular weight between 

pullulan and starch polymers, it was necessary to change the 
elution conditions for the latter. Upon application of a cross-flow 
�0.5 mL/min, quantitative elution of starch molecules was not 
achievable within acceptable analysis time, as indicated by contin-
uous but low signal from the RI detector (results not shown). It 
was necessary, therefore, to apply a lower cross-flow. Recently, 

Jiang et al (2000) also reported that lower cross-flows were more 
suitable for elution and measurement of high molecular weight water-
soluble polyvinyl pyrrolidone (Mw up to 107). To maintain good 
resolution, the authors also implemented lower channel flow to com-
pensate for the lower cross-flow. In our studies, the ratio of frit to 
channel flows was kept within the range of 7–10, as recommended 
by the FFF manufacturer (Post Nova Analytics USA, Salt Lake 
City, UT), and frit and channel flows of 1.0 and 0.1 mL/min, respec-
tively, were applied. Figure 5 shows the effects of various cross-
flows (0.1–0.4 mL/min) on the RI profile of the eluting polymers 
in normal starch under these conditions. No separation of amylose 
and amylopectin was achieved with 0.1 mL/min cross-flow, as 
indicated by the appearance of one fairly symmetrical peak with 
an elution time of 2–10 min. Average values of Mw of 133 × 106 
g/mol and Rg of 183 nm (Table I) for this material have no real 
meaning because no separation of amylose and amylopectin was 
accomplished. A significant decrease in the size of this peak (to 
�35% of the original size) and the appearance of peak tailing were 
observed with increasing cross-flows from 0.1 to 0.3 mL/min. A 
further increase of the cross-flow to 0.4 mL/min caused only a 
small shift of the major peak’s retention time. Generally the retention 
time (tr) of the major peak slightly increased with increasing rate 
of cross-flow (Table I). 

It appears that higher cross-flows delayed the elution of the 
high molecular weight starch polymers. This was demonstrated by 
the substantial decrease of the average Mw and Rg of molecules 
eluting at tr 2–10 min with increasing cross-flows from 0.1 to 0.35 
mL/min (Table I). Only a slight decrease of Mw was observed with 
the increase of the cross-flow to 0.4 mL/min. The Mw and Rg of 
the species eluting at tr 2–10 min on application of the cross-flow 
�0.35 (Table I) correspond to the molecular dimensions of 
amylose polymers (You and Lim 2000; You and Izydorczyk 2002). 

TABLE I 
Weight Average Molecular Weights (Mw) and Root Mean Square Radii of Gyration (Rg) of Normal and Zero Amylose Starches 

After Application of Various Cross-Flows 

Cross-Flow 
Normal Starch Zero Amylose Waxy Starch 

(mL/min) tr (min) Mw (g/mol × 10–6) Rg (nm) Mw (g/mol × 10–6) Rg (nm) 

0.1 6 133 � 7.1 183 � 9.9 187 � 8.5 197 � 5.4 
0.15 6.8 58 � 9.9 192 � 7.1 156 � 36 205 � 1.4 
0.2 7.5 30 � 3.5 178 � 15 191 � 27 234 � 0.7 
0.25 8 11 � 2.3 189 � 13 164 � 25 240 � 5.7 
0.3 8.3 2.9 � 0.5 163 � 7.1 216 � 43 270 � 22 
0.35 8.5 2.1 � 0.3 117 � 27   
0.4 8.9 1.9 � 0.1 123 � 18   

 

Fig. 5. Effects of various cross-flows on elution profiles of normal barley 
starch with channel and frit flows of 0.1 and 1.0 mL/min, respectively.  

 

Fig. 6. Effects of various cross-flows on elution profiles of zero amylose 
starch; channel and frit flows of 0.1 and 1.0 mL/min, respectively. 
Cumulative molar mass distribution of zero amylose starch is shown in 
the inset.  
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It is likely, therefore, that application of the cross-flow �0.35 
mL/min causes an initial retention of most of the amylopectin 
molecules inside the FFF channel while allowing the complete 
elution of amylose molecules. Eventually, slow elution of amylo-
pectin occurs, but the process is very long, as indicated by 
elevated RI baselines (Fig. 5). Application of substantially lower 
cross-flow (0.1 mL/min), on the other hand, causes coelution of 
both small and large molecules. 

Various cross-flows were also applied to elute the waxy barley 
starch containing no amylose (Fig. 6). With a very low cross-flow 
(0.1 mL/min), the elution of amylopectin was achieved within 24 
min. The peak, however, was rather asymmetrical, with a portion 
of the material being eluted at a later stage. With increased cross-
flow (0.2 mL/min), the elution of amylopectin was obtained within 
50 min. The elution profile showed a broader distribution of 
molecular weights (Fig. 6, insert) at increased cross-flow rates. At 
higher cross-flow rates, the elution of the entire population of amylo-
pectin molecules was not achieved within a reasonable time. These 
results indicate, therefore, that on application of appropriate cross-
flow, it is feasible to obtain information about the molecular weight 
distribution in amylopectin. This has not been possible with size-
exclusion chromatography because with the majority of SEC packing 
materials, amylopectin elutes as a narrow peak in the void volume. 
These results also support the contention that on application of a 
cross-flow �0.3 mL/min the species eluting at tr 2–10 min contain 
mainly amylose. 

The results presented above make it evident that efficient 
separation of amylose and amylopectin cannot be achieved with 
the application of any single rate of the cross-flow. The experi-
mental conditions were, therefore, altered to allow application of 
an initial cross-flow of 0.35 mL/min for the first 12 min, followed 
by substantial reduction of the cross-flow to 0.1 mL/min. A clear 
separation of polymers was obtained when a sample of normal starch 
was subjected to these elution conditions, as indicated by the 

appearance of two well-resolved peaks, one at tr 3–12 min, and the 
other eluting only a few minutes after the change of the cross-flow 
at tr 15–35 min (Fig. 7, top). Strong signals were obtained from 
both the RI and MALS detectors (Fig. 7). The average Mw and Rg 
of the polymers eluting in the first peak were 2.3 × 106 g/mol and 
107 nm, respectively. These values clearly imply the presence of 
amylose polymers in the first peak. The average Mw and Rg of 
amylopectin polymers eluting in the second peak were 280 × 106 
g/mol and 260 nm, respectively (Table II). Previous studies, which 
employed the SEC-MALS-RI system for the separation of amylose 
and amylopectin in barley starches, estimated the Mw of the 
fractions corresponding to amylose and amylopectin at 5.67 × 106 
g/mol and 226 × 106 g/mol, respectively (You and Izydorczyk 
2002). Considerable difference in the Mw of the amylose fraction 
in particular, as estimated on the basis of the SEC and the flow 

 

Fig. 7. Refractive index (RI) (top) and light scattering (LS) (bottom) 
fractograms of normal barley starch. Separation of amylose and 
amylopectin on application of two cross-flows: 0.35 mL/min (12 min) 
followed by 0.1 mL/min.  

 

Fig. 8. Elution profiles of normal barley starch with constant initial 
cross-flow (0.35 mL/min) followed by various second cross-flows (0.08–
0.2 mL/min).  

 

Fig. 9. Refractive index (RI) (top) and light scattering (LS) (bottom) 
fractograms of zero amylose starch: initial cross-flow 0.35 mL/min (12 
min) followed by 0.1 mL/min.  
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FFF, may reflect substantial differences in the efficiency of separation 
of starch polymers achieved by these two techniques. In the SEC-
MALS-RI system, the estimation of Mw of amylose may be 
affected by amylopectin polymers eluting in the same region as 
the amylose fractions. Similar discrepancies in the Mw of gum 
arabic polysaccharides estimated with SEC-MALS-RI and flow 
FFF-MALS-RI systems were recently reported by Picton et al 
(2000). Recently, Roger et al (2001) have also used two different rates 
of the cross-flow, 0.6 mL/min followed by a stepwise decrease to 
0.1 mL/min, to achieve separation of amylose and amylopectin by 
flow FFF. Elution of polymers was obtained faster (11 min) than 
in our experiments (35 min). However, the elution of amylose was 
obscured by the presence of a void peak; also, the signal from the 
light scattering detector was too low to afford characterization of 
this polymer. 

Comparison of the areas under the two peaks indicated that the 
low molecular weight species eluting in the first peak constituted 
46.8% of the entire population eluted under the above conditions. 
These values are not in good agreement with the total amylose content 
(26%) in the normal barley starch as measured previously by 
potentiometric iodine titration (You and Izydorczyk 2002). Because 
only 70.3% of the total sample was recovered, it is possible that a 
portion of the amylopectin was retained in the FFF channel and 
was not eluted under the experimental conditions. It is also possible 
that, due to problems with incomplete solubilization of starch, the 
material applied to the FFF channel contained a different pro-
portion of amylose and amylopectin compared with that in the 
native starch samples. 

To optimize the elution of amylopectin, different rates of the 
second cross-flow (0.08–0.20 mL/min) were tested using a sample 
of normal barley starch (Fig. 8). A decrease of the second cross-
flow to 0.08 mL/min slightly improved the amylopectin recovery 
and shortened the elution time. On the other hand, increasing the 
rates of the second cross-flow progressively extended the elution 
of amylopectin over a broader range of volume and afforded a better 
insight into the distribution of molecular weights in amylopectin. 
Recovery of amylopectin was, however, progressively reduced. 

Another barley starch sample containing no amylose was also 
eluted under the two different cross-flow conditions used for the 
separation of amylose and amylopectin. As shown in Fig. 9, only 
one peak corresponding to the high molecular weight amylopectin 
fraction was observed. The average Mw and Rg were 360 × 106 
g/mol and 267 nm, respectively (Table II). The sample recovery, 
however, was only 50%. Slightly lower values of Mw (299 × 106 
g/mol) and Rg (262 nm) for the same sample were obtained using 
the SEC/MALS system (sample recovery was 71%) (You and 
Izydorczyk 2002). The low sample recovery obtained with the 
FFF technique is not fully understood, although we have shown 
before that the high rate of cross-flow has a particularly negative 
effect on the recovery of amylopectin (Fig. 8). Such low sample 
recovery raises a question whether the Mw obtained from this ex-
periment was representative of the whole population of amylo-
pectin chains injected into the channel. Because the average Mw of 
amylopectin obtained with the FFF technique was higher than that 
obtained for the same sample with SEC (which had substantially 

higher recovery), it is rather unlikely that the high molecular weight 
amylopectin chains were specifically retained in the channel and 
therefore not eluted and measured by the detectors. These results 
show, however, that the recovery problems in the FFF technique 
are mostly associated with amylopectin. Similar observations have 
been made in SEC studies (Bello-Perez et al 1998; Yokoyama et al 
1998). It appears that the low recovery of amylopectin in the SEC 
column or FFF channel is associated with difficulties in solubilizing 
and maintaining this polymer in solution. The behavior of amylo-
pectin in solution and its tendency for aggregation, especially under 
conditions of shear stress as generated by the combining effects of 
channel, frit, and cross flows, is not sufficiently understood. More 
research is needed to optimize the FFF conditions (especially finding 
the optimum ratio of the channel to frit to cross flows) to obtain 
better sample recovery without loss of resolution. Repeated gelatin-
ization of amylopectin in DMSO followed by precipitation with 
ethanol might improve solubilization and dispersity of amylopectin in 
solution. 

Molecular conformations of amylose and amylopectin polymers 
from normal starch were examined by plotting log Rg versus log 
Mw (Fig. 10). The slope of the line corresponds to the exponent � 
in the equation Rg

1/2 = KMw
�, and is related to the conformation of 

polymers in solution (Astra for Windows User’s Guide). Theo-
retically, the values of � are assigned to sphere, random coils, and 
rigid rods, and are 0.33, 0.50, and 1.0, respectively (Astra for 
Windows User’s Guide). For amylose, rather scattered data points 
were obtained when log Rg versus log Mw was plotted but the 
calculated � value of 0.6 for the slope suggested a very different 
conformation than that obtained for amylopectin (� = 0.3). The 
above results are in a good agreement with theoretical predictions 

 

Fig. 10. Distribution of Rg and Mw for amylose and amylopectin polymers.  

TABLE II  
Weight Average Molecular Weights (Mw), Root Mean 

Square Radii of Gyration (Rg), and Sample Recoveries 
of Separated Amylose and Amylopectin from Normal  

and Zero Amylose Starches by Two Cross-Flows 

  
Normal Starch 

Zero Amylose Waxy 
Starch 

 Amylose Amylopectin Amylose Amylopectin 

Mw (g/mol × 10–6) 2.3 � 0.1 280 � 7.8 – 360 � 9.9 
Rg (nm) 107 � 5.6 260 � 14 – 267 � 2.8 
Recovery (%) 70.8 � 2.0 50.0 � 4.0 
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because amylopectin, due to its branching characteristics, assumes 
a more compact conformation in solution than amylose. 

CONCLUSIONS 

The results of the present study indicate that flow FFF-MALS 
offers the means for separation and size characterization of starch 
polymers. The key factor determining good polymer resolution is 
using two appropriate rates of the cross-flow; the initial higher rate of 
the cross-flow allows elution of only amylose, and the subsequent 
lower cross-flow affords elution of amylopectin. Appropriate rate 
of the second cross-flow allows better insights into the distribution of 
molecular weights in amylopectin. The use of the FIFO mode 
eliminated the requirements for stop-flow relaxation and pressure 
balancing and resulted in a more stable baseline, enhanced reso-
lution, and better reproducibility of the molecular weight measure-
ments. The enhanced signals obtained due to the application of the 
FIFO mode enabled the proper characterization of amylose. In 
addition, recycling the eluent through the FIFO mode creates the 
potential for automation of the system. However, further optimi-
zation is still needed to improve the recovery of the amylopectin 
molecules in particular. Also, development of appropriate strategies 
ensuring complete solubilization of starch in water is required to 
obtain valid characterization of both polymers, amylose and amylo-
pectin, using the flow FFF/MALS/RI system. 
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