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ABSTRACT

Commercial glucooligosaccharide mixtures (Polycose) and polysaccharide hydrolysates (acid and enzymatic) were fractionated by
hydrophilic interaction chromatography and observed by pulsed amperometric detection. Seven pesks were observed when 625 ng of
glucose oligomers in Polycose were fractionated. The between-run precision of retention times (n = 10, 100 ug, 15 peaks) ranged from a
relative standard deviation (R.S.D.) of 0.09 to 0.40%; between-run precision of pesk areas (n = 10) for the same separations had vaues
that ranged from 2.66 to 14.4%. Injection-to-injection time was 48 min. When polysaccharide hydrolysates were fractionated using a
gradient program capable of resolving al of the oligosaccharide species, dextran-derived a-(1—6)-glucooligosaccharides were retained
to a greater degree than amylose-derived «-(1-—4)-glucooligosaccharides, which were retained to a greater degree than f-(2—1)-
fructooligosaccharides derived from inulin. Excluding the peaks that eluted before glucose or fructose, 25 to 35 pesks were observed
after fractionation of the hydrolysates. Differences in elution profiles were observed between acid and enzymatic hydrolysis products of
the same polysaccharide as well as between hydrolysis products of different polysaccharides. In conjunction with high-performance

size-exclusion chromatography, the method demonstrated the effect of preheating starch before hydrolysis with isoamylase.

INTRODUCTION

Hydrophilic interaction chromatography (HIL-
IC) [1,2] describes the separation of polar molecules
on a variety of hydrophilic bonded supports [3—12].
The mechanism by which carbohydrates are sep-
arated, as determined on slica bonded amine col-
umns [7,11], appears to result from the partitioning
of the carbohydrate between the amine-bound wa-
ter layer and the mobile phase.

Glucose oligomers are used in medicine, biomed-
ical research and the biotechnology industry. Con-
sequently, a variety of chromatographic procedures
have been devised for their separation and analysis.
Size-exclusion chromatography has been used to

Correspondence to: Dr. Andrew S. Feste, Children’'s Nutrition
Research Center, 1100 Bates Street, Houston, TX 77030, USA.

0021-9673/93/$06.00

fractionate oligomers of amylose, cellulose, pullu-
lan and dextran [13]; oligomers with a degree of
polymerization (DP) between 1 and 20 have been
resolved, and differences in the retention times of
o-(1-4)- and a-(1-6)-glucosidic linkages have
been observed. Cation-exchange supports loaded
with either Ag* or H* counterions have been used
to fractionate degradation products in biomass hy-
drolysates [14], enzymatic starch digests [15], and
malto-, cello-, galacturonic- and chitooligosaccha-
rides [16] (oligomers < DP 14 were resolved). Glu-
cooligomers have been separated on a C,g-bonded
vinyl acohol copolymers support using akaline
eluents, and oligomers up to DP 23 were resolved
[17]). Chromatography of cellooligosaccharides on a
silica-bonded C {4 column resulted in the resolution
of oligosaccharides up to DP 30, and 10 pmol of
cellotetraose were detected electrochemicaly after
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passage through a cellulase-based enzyme reactor
[18]. Glucooligosaccharides (up to DP 35) werere-
solved on a3-um amine-bonded silica support [10],
and a polyamine-bonded polymer support was used
to separate dextran oligosaccharides up to DP 8
[19]. High-performance anion-exchange chroma-
tography resolved glucooligosaccharides and poly-
saccharides (DP > 50) using akaline eluents fol-
lowed by pulsed amperometric detection [20]. The
same methodology was used to analyze isoamylase
digests of amylopectin from various sources, and
plots of concentration versus DP served as chro-
matographic “fingerprints’ [21].

In a previous study [22], 33 ug of a glucooligo-
saccharide mixture with added monosaccharide
were fractionated by HILIC on a Protein-Pak 60
column and 19 peaks were resolved; fractionation
and column reequilibration required 90 min. The
objectives of the present study were (1) to decrease
the fractionation time of glucooligosaccharides in
Polycose and to submit to HILIC nanogram
amounts of Polycose, (2) to determine the retention
times of enzyme and acid hydrolysates of polysac-
charides using identical gradient conditions, and (3)
to demonstrate the potential of HILIC and high-
performance  size-exclusion  chromatography
(HPSEC) as chromatographic tools in the investiga-
tion of starch structure.

TABLE |
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EXPERIMENTAL

Materials

The custom-packed Protein-Pak 60 column was
from Waters (Milford, MA, USA). The Bio-Gel
SEC-60 XL and guard columns were purchased
from Bio-Rad (Richmond, CA, USA). Inulin (from
chicory root), amylose (Type Ill, from potato),
amylopeetin (from corn), starch (soluble ACS re-
agent, from potato), dextran (clinical grade, pro-
duced by Leuconostoc mesenteroides), trifluoroace-
tic acid (TFA), dextranase (EC 3.2.1.11, from Pen-
icillium sp.), and isoamylase (EC 3.2.1.68, from
Pseudomonas amyloderamosa) were purchased from
Sigma (St. Louis, MO, USA). Acetonitrile (HPLC
grade) and sodium hydroxide solution, 50% (w/w),
were obtained from Fisher Scientific (Houston, TX,
USA).

Hydrophilic interaction chromatography
Chromatography was performed on a Waters
860 system; the system configuration was described
previoudly [22]. A Waters custom-packed Protein-
Pak 60 column (150 mm x 7.9 mm |.D., 10 um)
was used to separate a commercialy available mix-
ture of glucooligosaccharides (Polycose) and acid
and enzymatic hydrolysates of polysaccharides. A
temperature control unit (Waters) was used to

GRADIENT ELUTION CONDITIONS FOR THE FRACTIONATION OF OLIGOSACCHARIDES

Oligosaccharides Time (min)  Acetonitrile (%, v/v) Water (%, viv)
Glucose polymers 0 67 33
from Polycose [ 67 33
8 60 40
10 60 40
17 55 45
19 55 45
27 50 50
37 50 50
38 67 33
48 67 33
Oligosaccharides 0 67 33
from acid and 10 67 33
enzymatic hydrolysates 65 50 50
of amylose, 75 50 50
amylopectin, starch, 76 67 33

dextran and inulin 86 67
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maintain the column temperature at 25°C. Samples
(10-25 ul) were injected by a Waters Model 710
Wisp autoinjector and separated by gradient elu-
tion a 1 .O ml/min using two Waters Moddl 510
pumps, the gradient programs for the elution of the
oligosaccharides are described in Table |. Solvents
were sparged with helium and maintained in a heli-
um atmosphere. Postcolumn eluate was delivered
into a 3-way PTFE mixing tee and mixed with 0.5
M sodium hydroxide which was delivered a a flow-
rate of 0.6 mi/min (helium, at 4.13 bar). After mix-
ing, the peaks were detected with a Waters Model
464 pulsed el ectrochemical detector equipped with
a gold working electrode. The potentials and time
periods were set as follows. El was 0.1 V, E2 was
0.6V, E3was-0.6V, T1was500ms, T2 was 166
ms, and T3 was 83 ms. For all fractionations, the
detector was set at 2.0 uA except where otherwise
specified.

High-performance size-exclusion chromatography

Starch and isoamylase digests of starch were
chromatographed on a Bio-Gel SEC-60 XL column
(300 mm x 7.5 mm I.D., 13 um) equipped with a
guard column. Samples (10 ul) were injected and
eluted isocratically at 1.0 mi/min; Milli-Q water was
the mobile phase. Polysaccharides were detected
with the Model 464 detector, and with the exception
of the detector setting (5.0 uA), al other detector
parameters were identical to those described for
HILIC.

Partial acid hydrolysis

Amylose, amylopectin and starch (20 mg each)
were mixed separately with 10 ml of 0.1 M TFA and
hydrolyzed for 15.0 min at 100°C [10]; after hydrol-
ysis, the solutions were centrifuged at 3600 g for 3.0
min to remove insoluble polysaccharide. The super-
natant was lyophilized, and the dry materia was
weighed and redissolved in Milli-Q water to afinal
concentration of 10.0 mg/ml. Dextran (20 mg) was
hydrolyzed with 10.0 ml of 0.3 M TFA for 30 min a
100°C [10]; after centrifugation and lyophilization
of the supernatant as described above, the dry ma-
terial was weighed and redissolved in Milli-Q water
to afina concentration of 10.0 mg/ml. Inulin (20
mg) was mixed with 10.0 ml of 0.1 A4 TFA and
hydrolyzed for 15 min at 30°C. This solution was
centrifuged and the supernatant lyophilized as
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above; the material was weighed and redissolved in
Milli-Q water to a final concentration of 10.0 mg/
ml.

Enzymatic hydrolysis

Amylose, amylopectin and starch (100 mg each)
were digested with isoamylase, with modifications,
as previoudly described [21]. Briefly, the polysaccha-
rides were suspended separately in 0.025 M sodium
acetate buffer, pH 4.5, to a final concentration of
10.0 mg/ml. Isoamylase (35 000 U, 5.54 ug) was
added and the mixtures were hydrolyzed for 16 h at
45°C. After hydrolysis, the mixtures were heated at
100°C for 5.0 min, then cooled to ambient temper-
ature. The mixtures were centrifuged for 3.0 min at
3600 g, the supernatants were lyophilized, and the
hydrolysates were resuspended in Milli-Q water to a
fina concentration of 10.0 mg/ml. In a separate ex-
periment, starch was digested with isoamylase as
stated above, except that before the addition of en-
zyme, the substrate was heated at 100°C for 5.0 min
and then alowed to cool. The mixture was centri-
fuged for 3.0 min at 3600 g , lyophilized, and was
resuspended in Milli-Q water to a final concentra-
tion of 10.0 mg/ml. In one set of substrate controls,
one sample was heated for 5.0 min at 100°C while
the other was not; both samples were then centri-
fuged (3.0 min, 3600 g), lyophilized, and resuspend-
ed to a final concentration of 10.0 mg/ml. In the
second set, one sample was heated at 100°C for 5.0
min while the other was not; both samples were
then incubated, without enzyme, for 16 h at 45°C.
After centrifugation (3.0 min, 3600 g) and lyophil-
ization of the supernatant, the dried material was
resuspended in Milli-Q water to a final concentra-
tion of 10.0 mg/ml. Dextran (100 mg) was dissolved
in 10.0 ml of 0.1 M potassium phosphate buffer, pH
6.0 and 50 pl of dextranase (50 ug, 10 U) was added.
The mixture was heated for 15.0 min at 37°C [23],
and the enzyme was deactivated by heating at 100°C
for 5.0 min. After the mixture cooled, it was cen-
trifuged (3.0 min, 3600 g), lyophilized, and resus-
pended to afinal concentration of 10.0 mg/ml. Af-
ter each aforementioned treatment, 10 ul of sample
were submitted to HPSEC, 25 pul to HILIC.

Separation of a commercial glucose polymer mixture
Polycose was added to Milli-Q water to a concen-
tration of 10.0 mg/ml then diluted to concentrations
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of 2.5, 1.25, 0.625 and 0.0625 mg/ml. The solutions
were injected separately onto the Protein-Pak 60
column and fractionated by the gradient program
described in Table I. The detector sensitivity was set
between 0.2 pA and 10.0 pA.

Precision studies

To determine reproducibility of the fractionation
of glucooligosaccharides, five samples of the Poly-
cose mixture were separated by HILIC on two con-
secutive days; the within-run (n = 5) and between-
run (n = 10) precision of the retention times and
peak areas were determined. A 10-ul volume con-
taining 100 ug of the Polycose mixture was injected
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and fractionated using the gradient program de-
scribed in Table I. The detector sensitivity was set at
10.0 pA.

Determination of retention times of oligosaccharides
Srom polysaccharide hydrolysates

A 25-pl volume of the amylose (n = 3), dextran
(n = 3), and inulin acid hydrolysates (3 hydroly-
sates, 1 injection) were fractionated by HILIC using
the gradient program described in Table I. The de-
tector sensitivity was set at 2.0 yA.

Statistical methods
Analysis of variance for repeated measures and
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Fig. 1. The gradient elution HILIC fractionation of nanogram to microgram amounts of Polycose. The tracings depict the fractionation

of Polycose in the following amounts: 100 ug (a), 25 ug (b), 12.5
were 10.0 uA (a), 2.0 4A (b), 1.0 gA (c), 0.5 A (d) and 0.2 uA (ea

#g (c), 6.25 ug (d), 1.25 ug () and 0.625 ug (f). The detector settings
nd f). The gradient elution conditions are described in Table I, and the

retention times of the peaks are listed in Table I[. PAD = Pulsed amperometric detection.
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trend analysis (BMDP2V statistical software pack-
age) were used to compare species (dextran, amy-
lose, and inulin hydrolysates) across peaks. A mul-
tiple comparison procedure [24] was then used to
isolate differences between species a specific peaks.

RESULTS AND DISCUSSION

Precision studies and chromatography of ng to pug
amounts of glucose polymers

After separation of 100 ug (Fig. |a) and 25 ug
(Fig. 1 b) of Polycose by HILIC, 15 peaks were ob-
served; injection of 12.5 ug (Fig. Ic) and 6.25 ug
(Fig. 1d) of materia resulted in the detection of 14
peaks. Fractionation of smaller amounts of Poly-
cose resulted in the detection of fewer peaks: 8
peaks for 1.25 ug (Fig. le), and 7 peaks for 625 ng
(Fig. 1f). The within-run precision values of the re-
tention times (Table I, » = 10, 100 ug, 15 peaks)
were from 0.05 to 0.37% relative standard deviation
(R.S.D.); the values for the between-run precision
of the retention times were 0.09 to 0.40% R.S.D.
(Table I1). Vaues for the within-run precision for
peak areas were from 1.14 t0 6.19% R.S.D.; thir-

TABLE 1l
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teen of the peaks had values less than 5.0% R.S.D.
The between-run precision values of peak areas
were from 2.66 to 14.4% R.S.D.; nine peaks had
values less than 4.10% R.S.D. A previous report
described the separation of glucose polymers on
aqueous size-exclusion columns by HILIC [22]; of
those columns, the Protein-Pak 60 (diol-bonded sil-
ica) resolved 19 peaks when 33 ug of aglucooligo-
saccharide mixture (Polycose) with added monosac-
charides were fractionated by gradient elution; 90
min were required to separate the glucose polymers
and reequilibrate the column (300 mm x 7.9 mm
[.D.). In addition, the a factors (ratio of capacity
factors) for the separation of DP 1 through DP 7
were larger than were required for baseline resolu-
tion. In the present study, a custom-packed Protein-
Pak 60 column (150 mm x 7.9 mm 1.D.) was used
to shorten the analysis time, and an atered gradient
program was used to decrease the a factors for the
separation of DP 1 through DP 7. Theinitia start-
ing condition was reduced from 70% agqueous ace-
tonitrile [22] to 67% aqueous acetonitrile; the gra-
dient dope was not significantly altered. The reduc-
tion in column length enabled the resolution of 15

WITHIN-RUN AND BETWEEN-RUN PRECISION OF RETENTION TIMES (f;) AND PEAK AREAS FOR THE GRADIENT
ELUTION SEPARATION OF GLUCOSE POLYMERS ON THE PROTEIN-PAK 60 COLUMN

Peak Within-run (n = 5)

Between-run (n = 10)

no.*

tx (min) Area (uV/s) te (min) Area (uV/s)
Mean R.S.D. (%) Mean RSD. (%) Mean R.S.D. (%) Mean R.SD. (%)
1 7.83 0.05 11 229 981 6.19 7.82 0.09 9 712 271 144
2 9.07 0.24 16357890 342 9.04 0.21 14 975 394 8.91
3 10.4 0.23 11 749 878 1.33 10.4 0.30 11 265 174 4.08
4 119 0.37 7 276 845 141 119 0.26 7 090 427 3.62
5 134 0.33 5935 130 1.20 134 0.40 5773 448 3.06
6 147 0.30 8 164 714 3.50 147 0.21 8 549 155 4.02
7 159 0.28 6 401 022 3.32 159 0.20 6 582 857 2.69
8 17.2 0.24 3 055 016 1.22 17.2 0.28 2 945 452 4.09
9 18.6 0.22 1968 951 114 18.6 0.38 1 854 749 2.66
10 19.7 0.22 1419 840 1.32 19.8 0.21 1311 617 823
11 21.0 0.21 1 053 027 2.85 21.0 0.24 986 847 5.88
12 22.0 0.20 765 165 1.96 22.0 0.19 745 510 3.99
13 231 0.19 508 647 1.95 23.0 0.14 491 572 3.41
14 24.0 0.19 292 153 532 23.9 0.18 300 886 6.00
15 24.7 0.18 150 921 4.95 24.7 0.17 157 175 6.81

“ For pesks see Fig. la
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Fig. 2. Retention times of polysaccharide-derived oligosaccha-
rides after HILIC. Oligosaccharides from dextran (O), amylose
(@) and inulin (Cl) were prepared as described in the Experi-
mental section and fractionated by gradient elution as described
in Table I.

peaks within 26 min and an injection-to-injection
time of 48 min. The lower starting concentration of
acetonitrile reduced the « factors for the separation
of DP 1 through DP 7 without sacrificing baseline
resolution (Fig. 1). The gradient used for fraction-
ation of glucooligosaccharides in Polycose (Table 1)
was adso used to fractionate glucooligosaccharides
and glucose polymers in hydrolysates of amylose,
amylopectin, starch, and dextran (data not shown).
Fructooligosaccharides fractionated with the same
gradient, however, were not completely resolved
(data not shown).

Retention times of polysaccharide hydrolysates

The retention times observed for the oligosaccha
rides and polysaccharides derived from polysaccha-
ride hydrolysates are depicted in Fig. 2. The compo-
sition, bond type, and linkage position of the oligo-
saccharides studied are listed in Table III. The ob-
jective of this experiment was to determine the effect
of composition and linkage position on the reten-

TABLE Il

A. S Feste and |. Khan [/ J. Chromatogr. 630 ( 1993 129- 139

tion times of the different oligosaccharide and poly-
saccharide species. These retention times were de-
termined using the same gradient elution program
rather than an isocratic mobile phase, which re-
quires inordinately long fractionation times for oli-
gosaccharides of DP 10 to DP 30. The gradient de-
picted in Table | was chosen because it enabled res-
olution of the fructooligosaccharides obtained from
acid hydrolysis of inulin; the gradient used for the
fractionation of glucooligosaccharides in Polycose
was not able to resolve the fructooligosaccharides
in the inulin hydrolysate. For the oligosaccharides
obtained from hydrolysates of amylose and dex-
tran, the numbering of peaks was initiated with glu-
cose (peak 1); for the oligosaccharides obtained
from the hydrolysis of inulin, the numbering of the
peaks was initiated with fructose (peak 1). The re-
tention times of the oligosaccharides derived from
the acid- and enzymatic hydrolysis of amylose,
amylopectin and starch were identical; consequent-
ly, only the retention times of the amylose-derived
oligosaccharides are depicted in Fig. 2. The R.S.D.
of the retention times of the oligosaccharides de-
rived from dextran, amylose, and inulin had vaues
that ranged from 0 to 0.56% (80% < 0.36), O to
0.82% (88% <0.30), and 0 to 0.60 (72% <0.38),
respectively. Although peak number cannot un-
equivocaly be eguated with DP (except for DP 1 to
DP 10 for a-(1— 4)-glucooligosaccharides, data
not shown), it is likely that they correspond. Even
so, each species of oligosaccharide (all peaks within
a series) clearly exhibited different retention times (p
< 0.001) when fractionated using identical gradient
elution conditions. Glucose (peak 1, Fig. 2) pro-
duced by hydrolysis of amylose and dextran had a
retention time of 8.42 min, and fructose (pesk 1,
Fig. 2) produced by hydrolysis of inulin had a reten-
tion time of 7.65 min. Subsequent comparisons at

GLYCOSIDIC BOND TYPE, LINKAGE POSITION, AND COMPOSITION OF THE POLYSACCHARIDES STUDIED

Polysaccharide

Glycosidic bond type, linkage position and composition

Linear a-(1—4)-glucopyranosyl units with few o-(1—6)-glucopyranosyl units

Amylose

Amylopectin Linear a-(1-—4)-glucopyranosy! and branched a( 1—6)-glucopyranosyl units
Dextran Linear a( 1—6)-glucopyranosyl units

Starch Amylopectin-amylose (80:20)

Inulin

Linear B-(2—1)-fructofuranosyl units with termina a( | —1)-glucopyranosyl




A. S. Feste and |. Khan / .l. Chromatogr. 630 (1993) 129-139

PAD response

PAD response

T
40 50 60 70
Minutes

YT T T T
0 10 20 30

Fig. 3. HILIC of amylose hydrolysates. Elution profiles of the
products of acid hydrolysis (8) and isoamylase hydrolysis (b).
Hydrolysates were prepared as described in the Experimenta
section and chromatographed using the gradient elution pro-
gram depicted in Table I.

specific peaks (for peaks 2-25) indicated differences
between all three species (p < 0.001; p represents
the probability value based on analysis of variance)
a al pesks, i.e., the retention time of any peak (2-
25) was significantly different for all three species.
The data clearly demonstrate that a-(1—6)-gluco-
oligosaccharides (dextran) were retained to a great-
er degree than the a( 1—4)-glucooligosaccharides
(amylose, amylopectin, and starch), which in turn
were retained to a greater degree than B-(2—1)-
fructooligosaccharides (inulin). When a( 1—4)- and
o-(1—=6)-glucooligosaccharides were separated on
an amine-bonded silica column using an isocratic
mobile phase composition of 57% (v/v) acetonitrile
in water, similar results were obtained [10], i.e.,
a-( 1-6)-glucooligosaccharides were retained to a
greater degree than were the a-(1—4)-glucooligo-
saccharides.

HILIC of the hydrolysates of amylase, amylopectin,
dextran, and inulin

HILIC of the glucooligosaccharides obtained by
partial acid hydrolysis of amylose (Fig. 3a) revealed
30 glucooligosaccharide peaks, whereas HILIC of
the glucooligosaccharides obtained by isoamylase
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hydrolysis of amylose (Fig. 3b) reveaded 28 gluco-
oligosaccharide pesks. The chromatogram depicted
in Fig. 3b was not expected; amylose is comprised
of a mixture of linear, a~(1—4) linked molecules
and molecules with a limited number of long-chain
branches involving -( 1 - 6) linkages [25]. Enzymat-
ic hydrolysis with isopamylase should not, therefore,
have resulted in the profile observed (Fig. 3b).
When amylose was digested under similar condi-
tions without enzyme (0.025 M sodium acetate, pH
4.5, 45°C, 16 h, data not shown), peaks 14 were
produced to the degree observed in Fig. 3b; how-
ever, peaks 5-20 were present in minor amounts
and did not resemble the profile in Fig. 3b. Al-
though the amylose preparation was supposed to be
essentially free of amylopectin, a comparison of
peaks 5-28 in Fig. 3b with peaks 5-33 in Fig. 4b
(isoamylase digest of amylopectin) revedls a simi-
larity in the elution profiles. It is likely, therefore,
that the amylose preparation contained amylopec-
tin. In a previous study that used a slica-bonded
amine column to fractionate partiad acid hydroly-
sates of amylose, 32 peaks were resolved [10]. When
anion-exchange chromatography was used to frac-
tionate a mixture of short-chain amylose, approxi-
mately 46 peaks were resolved;, maltodextrins pre-

PAD response

PAD response

0

Minutes

Fig. 4. HILIC of amylopectin hydrolysates. Elution profiles of
the products of acid hydrolysis (a) and isoamylase hydrolysis (b).
Hydrolysates were prepared as described in the Experimenta
section and chromatographed using the gradient elution pro-
gram depicted in Table I.



136

pared from Amylo-Waxy maize were resolved into
approximately 85 peaks [20]. The fractionation of
amylose hydrolysates in this communication and on
the silicabonded amine column [10] used acetoni-
trile-water eluents, while the fractionation of the
glucose polymers on the anion exchange column
used akaline eluents [20]. The greater solubility of
glucose polymers in akaine solution was respon-
sible for the observation of the greater number of
pesks observed after anion exchange analysis [20].

Fractionation of the partial acid hydrolysis prod-
ucts of amylopectin resulted in the separation of 29
peaks (Fig. 4a). Equal amounts of amylose and
amylopectin were acid-hydrolyzed and fractionated
using identical conditions; athough the peaks were
not quantitated, the amylopectin peak areas were
smaller than the amylose peak areas, which indicat-
ed that the amylopectin was hydrolyzed less com-
pletely than the amylose. In addition, the relative
intensity of peak areas for pesks 2-30 (Figs. 3a, 4a)
was different for both hydrolysates. The elution
profile of the fractionated enzymatic hydrolysates
of amylopectin (Fig. 4b) was substantially different
from the profile of the fractionated acid hydroly-
sates; a total number of 33 peaks were separated
and the relative intensity of the peak areas of peaks
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Fig. 5. HILIC of dextran hydrolysates. Etution profiles of the
products of acid hydrolysis (8) and dextranase hydrolysis (b).
Hydrolysates were prepared as described in the Experimenta
section and chromatographed using the gradient elution pro-
gram depicted in Table I.
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[-33 was different from that of the pesk areas of
peaks 1-30 observed after acid hydrolysis. Anion-
exchange chromatography with alkaline eluents
was used to egstimate the chain-length distribution
of amylopectin obtained from various sources [21].
Fifty-five to sixty pesks were resolved; as was the
case with glucose polymers derived from amylose
[20], the enhanced solubility of the higher-molec-
ular-mass polymers in the alkaline mobile phase re-
sulted in the greater number of peaks [21]. Al-
though only 33 pesks were observed after HILIC
(Fig. 4b), the elution pattern (peaks 1-33) closely
resembled the patterns obtained after anion-ex-
change analysis [21].

Fractionation of the partia acid hydrolysis prod-
ucts of dextran resulted in the resolution of 30
peaks. When compared to the elution profiles of
acid hydrolysates from amylose (Fig. 3a8) and amy-
lopectin (Fig. 4a), the profile of the dextran acid
hydrolysates (Fig. 5a) was quite different; in gener-
al, smaller amounts (that is, lower relative intensity
of pesk areas) of the products represented by peaks
[-9 were produced by acid hydrolysis of dextran. In
addition. the differences in the relative intensity of
peak areas for pesks 2-30 (Fig. 53) were less pro-
nounced than for the acid hydrolysates of amylose
(Fig. 3a) and amylopectin (Fig. 4a). Twenty-seven
peaks were resolved after fractionation of the dex-
tranase hydrolysis products (Fig. 5b). In contrast to
the results from acid hydrolysis, much less of pesk !
(glucose) was produced by enzymatic hydrolysis
with dextranase. Chromatography of partial acid
hydrolysates of dextran on slica-bonded amine [10]
and anion-exchange [20] columns resulted in the
resolution of approximately 28 and 40 peaks, re-
spectively.

Inulin represents a group of polymers called
“fructansa’; they are polymers comprised of
p-(2— 1)-D-fructofuranosyl units which contain ter-
minal p-glucosy! residues [26]. The conditions for
the partial acid hydrolysis of inulin were much mil-
der than for the other polysaccharides. After frac-
tionation of the hydrolysis products, 35 peaks were
resolved; pesk 1 was fructose. Including the three
peaks that eluted before fructose, the tota number
of peaks observed was 38 (Fig. 6).

HILIC of starch hydrolysis products

The elution profile obtained after fractionation

of the acid hydrolysates of starch (Fig. 7a) closely



A. S. Feste and I. Khan / J. Chromatogr. 630 (1993) 129-139

30 40 50 60 70
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Fig. 6. HILIC of inulin acid hydrolysis products. Inulin was hy-
drolyzed as described in the Experimental section and the oligo-
saccharides were fractionated using the gradient elution program
depicted in Table I.
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resembled the elution profile of the amylose acid
hydrolysates (Fig. 3a); atotal of 30 peaks were re-
solved. Very little hydrolysis occurred when starch
was digested with ispamylase for 16 h at 45°C (Fig.
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Fig. 7. HILIC of gtarch hydrolysates. Elution profiles of acid
hydrolysate (a), isoamylase digest without preheating (b) and
isoamylase digest with prehesting (c). Hydrolysates were pre-
pared as described in the Experimental section and chromato-
graphed by the gradient elution program depicted in Table I.
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7b). However, when starch was heated for 5.0 min
at 100°C, cooled to ambient temperature, and then
reacted with isoamylase, hydrolysis occurred (Fig.
7¢). Potato starch contains approximately 80%
amylopectin and 20% amylose [25], and the elution
profile of the isopamylase digest of starch (Fig. 7¢)
resembled the elution profile obtained after frac-
tionation of the isoamylase digest of amylopectin
(Fig. 4b). Twenty-six peaks were observed (Fig. 7c).
Starch granules are comprised of amorphous re-
gions that are susceptible to hydrolysis and crystal-
line regions that are resistant to hydrolysis [27]. The
crystalline regions may exist as a consequence of the
presence of double helical chains formed between
adjacent amylose molecules or adjacent clusters of
chainsin either the same or neighboring amylopec-
tin molecules[27]. In addition, an amylopectin-rich
zone may be located near the surface of the granule
[27]. When potato starch in warm water was heated
to approximately 70°C, amylose of relatively low
DP was released and a high-molecular-mass g-amy-
lolysis limit fraction could be extracted [28]; heating
the starch enabled isoamylase hydrolysis, which
might have occurred as aresult of (1) hydrolysis of
released species, or (2) hydrolysis of a newly ex-
posed region of the heat-ruptured granule that con-
tained amylopectin.

HPSEC of starch and starch hydrolysis products
The Bio-Gel SEC-60 XL column reportedly ex-
hibits a fractionation range of M, 40 000 to
8 000 000 for polyethylene glycols, and its range
was estimated at M, <200 000 000 daltons for
globular proteins [29); the support is made up of a
hydrophilic, hydroxylated polyether. When starch
was left at ambient temperature for 5.0 min, then
fractionated by HPSEC, one peak at 12.2 min was
observed (Fig. 8a). However, after starch was ex-
posed to 100°C for 5.0 min, the HPSEC elution pro-
file revealed the presence of species that eluted at
4.34,5.60,6.77 and 12.1 min. (Fig. 8d). These prod-
ucts could represent the low-DP and high-DP spe-
cies that were released when potato starch was heat-
ed at 70°C [28). Fig. 8b represents the elution profile
of starch after 16 h at 45°C, while Fig. 8e represents
the elution profile of starch after it was heated at
100°C for 5.0 min, then at 45°C for 16 h. The €ution
profiles are identical. Heating (16 h, 45°C) caused
the solubilization of the species depicted in Fig. 8b;
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Fig. 8. HPSEC of starch and hydrolysis products. Fractionation of starch that was not preheated (a), starch that was not preheated, but
was then heated at 45°C for 16 h (b), isoamylase digest of starch that was not preheated (c), starch that was preheated (d), starch that
was preheated, then further heated at 45°C for 16 h (e) and isoamylase digest of starch that was preheated (f). Samples were prepared

and chromatographed as described in the Experimental section.

these species do not, however, serve as substrates
for isoamylase (Fig. 7b). Because the preheated
starch produced the same elution profile after 16 h
at 45°C (Fig. 8e) as did the starch that was not pre-
heated (Fig. 8D), it is possible that the products re-
leased by heat rupture of the granule (Fig. 8d) are
aggregates and that heating for 16 h at 45°C may
cause dissociation and thereby result in the elution
profile depicted in Fig. 8¢. If so, then the products
observed after heat pretreatment (Fig. 8d and e) are
probably not substrates for isoamylase. When isoa-
mylase was added to starch that was not preheated,
and the mixture was then incubated, the elution
profile changed (Fig. 8¢c), and species were observed
whose molecular masses were apparently higher
(4.84, 5.42 and 6.27 min). Although significant isoa-
mylase hydrolysis did not occur (Fig. 7b), limited
hydrolysis could have yielded the products ob-

served (Fig. 8c). Addition of isoamylase to starch
after the heat pretreatment (Fig. 8f), resulted in an
elution profile that was different from those depict-
ed in Fig. 8a and e. Aside from the alteration in
retention times, the peak at 12.3 min had a much
larger peak area than the peak with the same reten-
tion time in any of the other chromatograms (Fig.
8a and e). The peaks at 12.3 and 13.9 min could
represent species that were formed by hydrolysis of
accessible regions of the starch granule that con-
tained amylopectin; other products included the oli-
gosaccharides depicted in Fig. 7c. Although the in-
terpretations of the data depicted in the elution pro-
files in Figs. 7 and 8 are not conclusive, this commu-
nication demonstrates the utility of HILIC and
HPSEC as tools for investigating starch structure.
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CONCLUSIONS

Nanogram to microgram amounts of glucooligo-
saccharides were fractionated within 26 min. The
method and the conditions described for the frac-
tionation of Polycose have potentia use for the
manufacturers of infant formulas. When the gra-
dient program was dtered to enable the resolution
of oligo- and polysaccharides from different poly-
saccharide hydrolysates, the retention behavior of
the column was significantly different for the differ-
ent polysaccharide hydrolysates that were fraction-
ated. Although the lower solubility of higher-mo-
lecular-mass glucose polymers in acetonitrile-water
eluents may not alow the fractionation of polymers
of DP >35-40, retention time precision and chro-
matographic resolution using different gradient
programs demonstrate the utility of HILIC. Fur-
thermore, these two chromatographic techniques,
HILIC and HPSEC (with pulsed amperometric de-
tection), will be powerful tools for the investigation
of polysaccharide structure.
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