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The aim of this work was to characterize starch polysaccharides using asymmetrical flow field flow fractionation
coupled with multiangle laser light scattering. Amylopectins from eight different botanical sources and rabbit
liver glycogen were studied. Amylopectins and glycogen were completely solubilized and analyzed, and high
mass recoveries were achieved (81100.0%). AmylopectirM,, Rs, and the hydrodynamic coefficient (the

slope of the log-log plot of Rg vs M;) were within the ranges 1.65.18 x 1% g mol?, 163-229 nm, 0.37

0.49, respectively. The data were also considered in terms of structural parameters. The results were analyzed by
comparison with the theory of hyperbranched polymers (Flory, Pridciples of Polymer ChemistrnCornell
University Press: Ithaca, NY, 1953; Burchard, Wiacromolecules1977 10, 919-927). This theory, based

upon the ABC model, has been shown to underestimate the branching degrees of amylopectins. However,
quantitative agreement with the data in the literature was found for amylopectins when using the ABC model
modified by the introduction of a multiplying factor, determined from previously described amylopectin structures
in terms of the number of branching point calculations.

Introduction gel SW. G2000 from TosoHaas (Stuttgart, Germany) results
from the combined effect of hydrodynamic chromatography
Starch is the principal storage carbohydrate polysaccharide (HDC) occurring in the void volume on the one hand and size-
in higher plants, being the end product of photosynthesis. Its exclusion chromatography (SEC) on the other haBacause
main uses are foods and feeds for energy but also for its of this, further improvements are necessary to obtain the entire
functional properties. Starch is used as a thickening, stabilizing, distribution of amylopectin to achieve its complete structural
or gelling agent in food products. These properties are deter- characterization. Flow field flow fractionation (FFFF) is an
mined by macromolecular characteristics and the conformation aimost universal technique, the selectivity of which is based
in solution of the polymers used. Although food safety is now on the diffusion coefficient. The fractionation range covers a
stringently controlled at the European level, the control of proad band of molecular or particle sizes fromb0 nm
qualitative properties is still a bottleneck for both users and (depending on the membrane cutoff) up to&0. FFFF is a
consumers. The exploration of biological variability is reinforced chromatographic method that does not involve a stationary
by an opportunity to create new genotypes using results from hhase  Separation takes place in a laminar flow and is caused
genomic studies. In this context, the characterization of starch by a field force that is represented by a flow perpendicular to
macromolecules is of considerable importance to their assessina carrier flow (crossflow). Asymmetrical FFFF (AFFFF) is a
ment. variant of FFFF that only uses one permeable wall as the
Starch consists of a mixture of twa-glucans built mainly  accumulation wall (afritcovered by an ultrafiltration membrehé).
upona-(1,4) linkages. Amylose is essentially linear, whereas AFrpF experiments are based on three successive phases: (i)

gmylopelctin has a branched structure with @6 a-(1,6) setting of the samples by injection/relaxation/focusing, (ii)
linkages! They also have different weight average molar masses, elution, and (i) backflushing. During the first phase, the flow

radii of gyration, and hydrodynamic radiMy ~ 16°~10° g is directed to enter the channel via the inlet, the only outlet

mol™%, Rs ~ 10-60 nm, ancRy ~ 10-30 nm for amylose and .. e .

— ’ e i eing through the membrane. The sample is introduced into the
~ 106— 1 Ro~Ry ~ . . o

My~ 1°~10° g mol " and 200 nm for amylopecti. channel during this phase and focused at the position in the

gh?]?ehf)ogfgﬁgﬁggiigi’iﬁiﬁ; iﬁ%ﬁ;ﬂ'z?s ﬁu?ﬂggtl'z\gl)ﬁhannel determined by the counteracting flows, where the axial
y high-pert ; . natograpny velocity is zero. Sample components move to equilibrium height

combined with multiangle laser light scattering (MALLS)The . .

T ? . ; o over the membrane. The next phase is elution, where the flow

limitation of HPSEC columns s their low exclusion limit enters the channel from the inlet and leaves both through the

regarding amylopectin size. The fractionation of amylopectin b tina th f d th h th r? |

in silica gel HPSEC columns with low porosity such as TSK memprane (Cfe"?‘ Ing the Cross| OW). an roug € channe

outlet. The carrier flow is laminar into the channel, so the
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distance from the membrane. This corresponds to the normalamylopectins, and the relationship betwegiwhich is the ratio
mode operation under which small particles are eluted first. between the molar mass of the linear and branched polymer at
According to the AFFFF theor§; 1! the elution time in normal  the same elution volume) argy;. Later, branching character-

modet;; (or the retention ratidR = ty/t;, wherety is the void istics were evaluated for nonfractionated degraded potato
time) is related to the translational coefficient of diffusibn starche¥"25and SEC-fractionated native starcHassing light
of theist slice scattering fogy determination and the theory of hyperbranched
structures for branching evaluation. These studies dealt with
R=tyt, ~ 6DiV0/FCW2 Q) total starch, including amylose populations without or with
incomplete fractionation of the samples.
whereF. is the crossflow ratey the channel thickness, aivg A new approach for studying branching features is to gain

the void volume. FOR < 0.44 the error in eq 1 is less than insight into the characterization of branched polymers such as
10%1° For polydispersed samples, working with a crossflow amylopectin. The basic organization of amylopectin branching
gradient would enable better fractionation of the entire sample is described in terms of outer chains (A), which are glycosid-
than with a constant crossflow. For a linear regression of ically linked to an inner chain (B), defined as chains bearing

crossflow with time ti could be expressed s other chains as branch&&mylopectin is constituted by short
chains (S) including external (A) and internal (B) chains (degree
t = toan T (teng — Lsard{ 1 — €XP[=((t, WZFC(Start)/(DiVO) - of polymerization (DPs) of 1520), by long B chains (L) (DP

of 40—45), and some very long chains B (DP higher than 60).
Short chains are organized in clusters. The cluster model
structure proposed by Frer‘éhand RobiR® is now largely
accepted. According to this, amylopectin is made of clusters
' that bring together all short chains, the clusters being linked by
long chains with an average DP of 2083 units between two
successive clusters. The main difference as a function of
botanical origin is the ratio between the short and long chains
(S/L). This ratio is~5 for tubers and 810 for cereal starché?.
Cluster regions where all branching points are located are
defined as branching zone clusters (BZ&<}luster geometry

tstar))/ (tend - tstarp]} (2

wheretgiartis the time corresponding to the start of the gradient
andtenq is the time corresponding to the end of the gradient
tend > B > tstart

FFFF has been used to investigate the fractionation of
compounds with a high molecular si¥such as gum Arabi&
ethylhydroxyethyl cellulosé! native starché86 and amy-
lopectinst” and chemically modified starché%.2° Roget® and
Youl® employed symmetrical FFFF devices. However, You'’s

proceduré® generated very low elution recovery (50%) for (the distance between two-(1,6) linkages in the BZC and the

barley starch with zero amylose content. Usmg an AFFF.F number and length of linear chains inside the cluster) determines
system presents an advantage when compared with symmetrical

FFFF deviced® The injection procedure enables better separa-athe .development of crystallinity ms'de_ the starch grarifle. )
tion because the sample forms a narrow band at the beginning Pifférent methods have been described to study amylopectin

of the measurement. Van BruijnsvoSrised an AFFFF device ~Pranching characteristics; most of them are based upon selective
with a small channel thickness (130n) that produced the ~ €nzymatic hydrolysis of the macromolecule followed by char-
hyperlayer fractionation of amylopectins in addition to an acterization of the hy(jrolyzed fragmer_lts. Bertoft accessed the
overloading effect, so molar mass values presented high standargtructural characteristics of amylopectin through a sequence of
deviations. Studies concerning cationic amylopeétifusing selective enzymaﬂcl hydrolyses followed by characterization of
an AFFFF device with a standard channel thickness (25) the fragments at different stages by SEC anaff/si¥. The
revealed relatively good fractionation of these compounds, Problem of branching concentration was approached using
which presented average molar masses that were 10 times lowe}iMited a-amylolysis to isolate clusters by the preferential
than those of corresponding native amylopectins. A few Nydrolysis of long B chains. A cluster was then an arrangement
programmed field separations of polymers have been pub-©f branch points sufficiently close together to hindeamylase
lished42L and they open interesting perspectives for polydis- digestion of the connecting segmefts?3The intermediate
persed samples such as amylopectins. However, the two majod€xtrins were isolated and successively treated with phospho-
drawbacks mentioned in most publications should also be rylase ands-amylase to produce,f-limit dextrins in which
pointed out: the state of solubilization and incomplete recovery the external chains were reduced to maltosyl and glucosyl
of the injected sample. Complete solubilization of the starch Stubs*»* More recently, a group of additional structural
sample in the eluent without macromolecular degradation is a Parameters were developed by Yacaking account of the
prerequisite for determining the molecular weight distributions Hizukuri approact and also working with the chain length
of amylose and amylopectin and their average molar masses(CL) distribution and relationships between branch péfits
using any technique. In most cases, elution recovery rates arl® describe the branch density and branching pattern of
not mentioned in publications. Moreover, some authors reported @mylopectin. Branch density was calculated from the average
84—100% recovery for maize starch®92—95% recovery for chain length CL) of amylopectin, and branching patterns were
jet-cooked cationic amylopectiigand 66-89% recovery for expressed in terms of the average number of branches per
hydroxyethyl waxy maize starché%,the two latter cases  cluster, the modal cluster repeat distance, and the modal distance
corresponding to macromolecules with lower molar masses thanbetween adjacent branch points in the cluster. During that work,
neutral native amylopectins. HPSEC was used to study debranched amylopectin and de-
Yu and Rollingg? approached the amylopectin branching branchedg-limit dextrin to access the structural features of
parameter (or shrinking factoryy, defined by Zimm and amylopectin$® A recent methodology was also developed to
Stockmaye®® as the ratio between the square of the radius of interpret the molecular weight distributions of debranched
gyration of the branched polymer and the square of the radiusamylopectins obtained by fluorophore-assisted capillary elec-
of gyration of the corresponding linear polymer for the same trophoresis (FACEJ® In this methodology, a simple model for
molar mass. To achieve this goal, they used HPSEC separatiorpolymer synthesis was used. It was considered that the only
coupled with low-angle laser light-scattering detection on native events occurring are random chain growth and stoppage (@ﬁ?
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processes are not chain-length-specific), so the number of chaingA 350 um polyester spacer and a pure cellulose membrane with a cutoff
with a degree of polymerizatioN, P(N) is linear in In P(N) point of 10 000 Da from Celgard LLB (Charlotte, NC) were used.
with a negative slope giving the ratio of the stoppage and growth During all AFFFF experiments, the sample was introduced into the
rates. The plot of InP(N) versusN could be divided into channel using a 10@L loop injector (Valco Instruments Co., Inc.,
characteristic regions corresponding to different growth stagesHouston, TX). The two on-line detectors comprised a MALLS
of the amylopectin molecule. These regions could be assignedinstrument (Dawn DSP-F) fitted with a KS flow cell and an Hge
to specific enzymatic processes in starch synthesis, including'aser ¢ = 632.8 nm) (Wyatt Technology Corporation, Santa Barbara,
determination of the ranges of the degrees of polymerization A) and an ERC-7515A refractometer (Erma, Tokyo, Japan). Prior to
that are subjected to random and nonrandom processes. All of!se: the carrier (Millipore water containing 0.2 g’Lsodium azide)
these experimental approaches are long and tedious and rathef@s carefully degassed and filtered through Durapore GV @2
unsuited to the characterization of a large series of Samplesmembrane.si(lMllllpore). The carrier was eluted initially at a flow rate
generated by postgenomic research. of 1 mL min .folr channel flow in ). The crossflow ) was then
Branching degree could also be determined by NMR analy- set it 1 mL min®, and the channel flow raté4,) was set at 0.2 mL.
sis3% However, this method only produces an average value gq;nmplfeo:,vt;w: ;?gﬁéz'zggdf : t:Tc:E ?ﬁfgilizzt':nﬁ?;ﬁwg iﬂ?ergijénThe
Igrl;[lrl]\/?Rb:;12;2:?rger?]?a?lrtz.e'lt)l'le:i?;eotfhtehree ;)?gst)e:?g::? dnya;[/Iv(;ns F:kr]llj);pump was stopped, the sample was allowed to relax and focus for 60

o X - s, For elution,Fo, was set at 1 mL mint, andF; was reduced from
the complete structural characterization of native amylopectins, g 4 15 o mL min for 400 s. after which it was maintained at 0 mL

including their branching features, using a size fractionation min-1 for 875 s. Sample recoveries were calculated from the ratio of
technique. To achieve this, AFFFF separation in combination the mass eluted from the channel (integration of the DRI signal) and

with MALLS and differential refractive index (DRI) techniques

and data analysis using polymer science theories (ABC three-

functional polycondensation mod®l.Zimm and Stockmayer

the injected mass. The injected masses were determined using the
sulfuric acid-orcinol colorimetric method?

Data ProcessingM,, My, the polydispersity indexyl,/M;,, andRs

theorf3) were used. The struct_urgl properties of eight amy- (nm) were established using ASTRA software from WTC (version
lopectins and starches and rabbit liver glycogen were analyzed.4 90,07 for PC}4 After processing the light-scattering (LS) and DRI

Glycogen is ano-glucan built mainly upor-(1,4) linkages
that has a randomly branched structure with 8.0941,6)

profiles using the ASTRA software, quantities, M;, and Rg
(mass concentration, molar mass, and radius of gyration oftthe

linkages™ It was used as a reference because of its highly densesiice, respectively) were obtained. was calculated from the DRI

branched structurg-42This method, which takes-23 h, would

enable the characterization of native amylopectins while avoid-

ing lengthy and successive degradation steps.

Experimental Section

Materials. Starches containing amylopectin only were used: waxy
maize starch (Roquette Fes, Lestrem, France), waxy rice starch
(Remy Industries, Leuven-Wijgmaal, Belgium), waxy barley starch
(5.4% amylose content) (Primalco Ltd., Finland), waxy wheat (Lima-

response. A value of 0.146 mL-gwas used as the refractive index
increment (d/dc) for glucansM; andR; were obtained at each slice of
the elugram peak using the Berry extrapolation of the light-scattering
equation (with a first-order polynomial fit) for light scattered to the
zero angle

2
) i

®3)

grain, Chappes, France), and amylose free (amf) potato starch (LyckebyWhereK is the optical constan®; is the excess Rayleigh ratio of the

Stakelsen Food & Fiber AB, Kristianstad, Netherlands). Manioc,

solute, 4 is the wavelength of the incident laser beam, & the

normal maize, and smooth pea amylopectins were obtained after the@ngle of observation. The Berry extrapolation method was used rather

thymol complexing of corresponding starches. Rabbit liver glycogen
was obtained from Fluka (Saint Quentin Fallavier, France). Pullulan
(P50) was purchased from Showa Denko K.K. (Tokyo, Japan).
Monodispersed bovine serum albumin (BSA) was purchased from
Sigma Chemical Company (St. Louis, MO). The water used was
produced using a Milli-RQ-6-plus and Milli-Q-Plus purification system
(Millipore, Bedford, MA).

Sample Preparation.Rabbit liver glycogen, pullulan, and BSA were
directly solubilized in water containing 0.2 g Lsodium azide at room
temperature. Prior to injection into the AFFFF-MALLS system, they
were filtered through 0.4Bm Durapore membranes (Waters, Bedford,
MA). As previously described,starches were dimethylsulfoxide-

pretreated, dried, and solubilized by microwave heating under pressure.

Amylopectins were directly solubilized by microwave heating under

pressure. Each sample suspension in water at a concentration of 0.5 g

L=t was heated for 40 s (maximal internal temperature reached,
152°C) at 900 W. Amylopectin and starch solutions were then filtered

through 5um Durapore membranes. Carbohydrate concentrations were

determined by the sulfuric aciebrcinol colorimetric method® Sample
recoveries were calculated from the ratio of the initial mass and the
mass after filtration.

AFFFF-MALLS. The AFFFF equipment, including the asym-
metrical channel, Control-Box V3, Flow box P2.1, and the valve box,
was obtained from Consenxus (Ober-Hilbersheim, Germany). The
channel geometry was trapezoidal with a tip-to-tip length of 286 mm

and breadths at the inlet and outlet of 21.2 and 4.7 mm, respectively.

than classic Zimm extrapolation because it enables a more accurate
extrapolation in the event of a very large polymer $iz@nly the seven
lower angles were used (from 28 90°) for extrapolation My, My,

the My/M, ratio, andRs were calculated using the summations taken
over one peak

M

2.©
= @

IZ c/M,
.z oM,

My, =—— ()
2 ¢
I
The root-mean-squareaverage radius of gyratioRs was
2
z GM; Ry

— |
Re=—"— (6)

B Z cM;
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Table 1. Solubilization and Elution Recoveries, Weight Average Molar Masses (My), z-Average Radii of Gyration (Rg), and Polydispersity
Indices (Mw/M,) Determined by AFFFF-MALLS?

solubilization elution My x 1078 Re

recovery (%) recovery (%) (g mol) (nm) Mol M,
waxy barley starch 100.0 92.7 1.88 + 0.06 1825+ 1.8 1.22 £ 0.06
waxy rice starch 96.7 93.9 2.30 £ 0.17 2122+ 3.8 1.42 £0.13
waxy wheat starch 99.2 100.0 2.27 £0.09 198.3+2.3 1.13 £ 0.06
waxy maize starch 97.7 94.8 3.18+£0.21 2289+ 3.3 1.09 £+ 0.09
amf potato starch 100.0 100.0 1.05 + 0.02 1659 +£1.0 1.16 + 0.03
normal maize amylopectin 97.9 88.1 2.42 £0.10 207.0+2.1 1.31 £+ 0.07
smooth pea amylopectin 100.0 81.7 1.47 £ 0.04 163.2+ 1.5 1.21 £+ 0.07
cassava amylopectin 100.0 86.7 1.37 +£0.04 170.7+ 1.4 1.44 £ 0.05
rabbit liver glycogen 100.0 100.0 0.17 £ 0.02 295+1.2 1.43 £0.038

2 These values were taken over the whole peak.

An interdetector delay volume of 180 was determined by injecting (a) il _ 1.E+09
monodispersed BSA. Normalization of the photodiodes was achieved 0.9 M,
using a low molar mass pullulan standard (P50) representative of any i
a-glucan. = 08 ol
= -
< 07 '-E
Results and Discussion 2 06 o
2 05 - 1E+08 @
The solubilization recovery rates (Table 1) of eight amy- § 0.4 g
lopectins and starches containing amylopectin only were & E
between 96.7% for waxy rice and 100.0% for waxy barley b s
starch, amf potato starch, smooth pea amylopectin, and cassav™ 02
amylopectin (mean, 99%). Elution recoveries, which represented 0.1
the percentage of macromolecules percolating through the oyl il _ _ _ _ _ 1E+07
AFFFF system, ranged from 81.7% for smooth pea amylopectin S e e o D o S 7l
to 100.0% for amf potato starch and waxy wheat starch (mean, B ook (at)
92%). The high sample recovery values obtained here indicate
that the fractionation response was quantitative for all of the (b) 1 1.E+09
samples. This solubilization mode was thus considered as g4
enabling the representative structural characterization of starches
Elugrams, Distributions, and Relations between Molar & i M. —
Masses and RadiiOn the DRI and LS responses, a void peak < 0.7 S
appeared at an elution volum¥f of ~4.75 mL (Figure 1). 2 06 E
The void peak probably contained a small part of the polymer § 05 1E+08 8
sample. Because of the good recovery values achieved, itg ae £
corresponded to a minor fraction of the polymer sample (lesss ™ 5
than 8% on average). Amylopectin and starch elugrams revealeds 03 S
one DRI peak and one LS peak corresponding to amylopectin™ 0.2
which overlapped at an elution volum&; of 15—-16 mL, 0.1
depending upon the injected sample (Figure 1). No additional 1 E+07
peak corresponding to the amylose fraction was observed, excep =
for waxy barley starch which presented in addition a little
amylose peak a¥; = 7.5 mL. It should be noted that for this Elution volume (mL)
sample only the amylopectin peak was considered in the Figure 1. Elugrams (LS 90° responses) of amylopectins and their
following. molar masses versus the elution volume (V): (a) waxy wheat starch

The glycogen elugram revealed one DRI peak at an elution ggg:\)/:”:m"‘}’l?ggggﬁ]SES;;;)@%Q?t(r:)r]al‘ri‘;fegoﬁ)c’reséaeﬁht(hbe'at'g %%Cj

VOlume.‘ of 10 mL and Or.]e I.‘S peak at an elution volume of 12 responses, and the thick lines the molar masses.

mL (Figure 2). The distribution of molar masses clearly

demonstrated two slopes that could correspond to two compo-
nents.

Both M; (Figures 1 and 2) anBg; increased with the elution
volume ) for each amylopectin and glycogen population. This
meant tP(Ya)t separation )t/oopll place in ?h)(/a ngrmaﬁ)l ApFFFF elution Rei = [KTVY/tomnWPF (St tyat (tena — tstard IN(teng —
mode. AFFFF produced a good fractionation of amylopectins tstard/ (teng — t1} (8)
and glycogen that allowed us to obtain detailed macromolecular
characteristics on the distributions. The relationship between T yse elution volumes instead of retention times, the retention
the hydrodynamic radiusR{;;) of fractioni andt; (or V;) was times () were replaced in eq 8 by elution volumes: = V,;
obtained by combining the well-known StokeSinstein relation andto = Vo, sinceFou = 1 mL min~L. For a polymer structure

that remained stable throughout the distribution, the ratio
D; = kT/67nRy; (7) between the radius of gyration and the hydrodynamic raqhiucs’[sv

wherek is the Boltzmann’s constant, the temperature, ang
the viscosity of the solvent with eq 2



2524 Biomacromolecules, Vol. 8, No. 8, 2007 Rolland-Sabaté et al.

1 1.E+08 (a)

0.9

08 | B c

0.7 - Y
A

0.6
0.5
04 |
0.3
0.2
0.1 1

0

1+ 1.E+07

Molar mass (g.mol'1)

(b) B C ®
Y Y

A
1.E+06 B I
6 8 10 12 14 16 18 B C A A

I C B c

Elution volume (mL)

Figure 2. Elugrams (LS 90° (i) and DRI (ii) responses) of rabbit liver A B C
v Y !

LS 90°and DRI responses (A.U.)

glycogen and its molar masses (iii) versus the elution volume (thick

line). Y A
Table 2. Structural Characteristics of the Polymers Studied: vg A B C A *
Values and Fractal Dimensions? B C ' C
VG dig i I A

waxy barley starch 0.45 2.22 2.05 A B c

waxy rice starch 0.43 2.33 2.15 B c I

waxy wheat starch 0.44 2.27 2.17 I A

waxy maize starch 0.37 2.70 2.52 A B

amf potato starch 0.49 2.04 2.05 B C A _(

normal maize amylopectin 0.39 2.56 2.28 Y c

smooth pea amylopectin 0.43 2.33 2.12

cassava amylopectin 0.42 2.38 2.05 ’g c

rabbit liver glycogen 0.682/0.40¢  1.475/2.50¢ NDY Y

2The experimental errors are 0.01 for v¢ values and 0.05 for fractal
dimensions. ? Value obtained from the low molar mass fraction. ¢ Value
obtained from the high molar mass fraction. ¢ ND: not determined. Figure 3. Glucosyl unit considered as a three-functional monomer
(a) and branching in the ABC three-functional polycondensation
= Rgi/Ryi) could be considered as constant in a first approxima- model“° (b).
tion. The p factor depended on polymer structure. For amy-
lopectin, thep values obtained were within the range of 1 (charge repulsion inducing an increase in the free volume of

1.52 A power-law relationship was expected according to the the polymer), because of the presence of phosphate groups on

empirical equation fol; dependence of the molar mass potato starch (0.1%)With respect to rabbit liver glycogen, the
plot of the radius of gyration versus the molar mass exhibited
Ry = KHMi”H 9) two slopes, leading to tweog values: 0.68 and 0.40, which

corresponded to the low molar mass region and the high molar

By plotting the gyration radius and the molar masses of the mass region, respectively (Table 2). This resulted from an
same fraction, structural data could be determined from the overlap of two populations in the distribution. The values

exponentrg in the equation obtained here (Table 2) were in good agreement with data in
the literature obtained for mussel glycogen (0.74 and 0.30 for
Rg = KGMiVG (10) the low molar mass region and high molar mass region,

respectively}! Even though the 0.40 value was higher than the

The values forvg and vy depended on polymer shape, value obtained by lodh for the high r_nolar mass fraction of
temperature, and polymesolvent interactions:g = vy = 0.33 glyco_gen (0.30), the vaIl_Je c_>f 0.40 pointed to a high branching
for a sphereyg = vy = 0.5-0.6 for a linear random coil, and dgnslty for glycogen. This difference may have been due to the
vs = vy = 1 for a rod. A very good fit of experimental data  ©rigin of the macromolecule.

was achieved using eq 10. The values calculated from the Kratky Diagrams. Amylopectins and glycogen are very
amylopectin peak ranged from0.37 to 0.49 for the amylopec-  highly branched macromolecules, so their structure could be
tins studied (Table 2). These values were in good agreementapproached using the theory of hyperbranched macromolecules,
with data in the literatur@45 The lowestrg values (0.37) were  as initiated by Flor§f and Erlander and Fren¢hHyperbranched
observed for waxy maize and normal maize amylopectins. Thesemacromolecules are considered to arise from a polycondensation
amylopectins were therefore the most dense and probably hadeaction of monomers containing one, so-called functional, group
a high degree of branching when compared to the other A and at least two other functional groups, B and C (Figure 3).
amylopectins studied. The average of thevalues obtained Reactions can only proceed with the focal group A and one
for other amylopectins was 0.40, showing that these macro- of the two other groups, where B may have a higher reactivity
molecules were less dense (i.e., less branched) than those fronthan C. On average, much longer linear chain sections between
maize. The highests value (0.49) (obtained for amf potato  branching points occur when C has a lower reactivity than B,
starch in pure water) was probably due to a polyelectrolyte effect and a strictly linear chain is obtained when the reaction OCt,IS:V
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Figure 4. Kratky plots for waxy maize starch (¢), amf potato starch Figure 5. Plot of light scattered intensity, /(q) versus the wave vector,
(O), and cassava amylopectin (a) for Rg; = 220 nm; u = gRG;, q is g, for waxy barley starch (O) and normal maize amylopectin (H).
the scattering vector magnitude. Theoretical curves are also reported Determination of d. The line is shown as a guide.
according to the three-functional polycondensation ABC model for a
linear coil with C = 1 (dotted line) and a branched coil with C =0 (structure that independently of the length scale displays the
(full line). same behavior), the fractal dimensiah) (gives an impression

can be fully suppressed. These structures are called hyper-of the molecular architectur®.Fractal dimension denotes the

branched because due to chemical constraints a very highgeometric dimension of the bodies. Because the amylopectin

branching density becomes possible without gelation. In this structure was stable throughout the distribution (linearitiR@f

statistical model, also referred to as the ABC model proposed versusVi), it was possible to calculate a global fractal dimension

by Burchard’® the branching points are not distributed in a (dsg).5° Equation 10 can be rewritten“as°

random way within the macromolecule. In amylopectin, the

reducing end group establishes a focal end group A, which due M, =K'g RGilva = K'GRGidfg (12)

to the specificity of biosynthesis enzymes can only react with

the hydroxyl groups B and C in thes@nd G positions of the . : : .

ring. A reaction with B is 25 times more frequent than one with ?éfg"fslﬁgeﬂé‘ 5eod using the proportionality betweeniand drg

C. If both B and C groups react, then a branching point is The theory of fractals relates again the asymptotic slope of

created. The resulting polymer presents a number average degreffght scattered intensity(q) versus the wave vectog)at large

of polymerization DP;) that depends on the reactivity of the  qvalues to a fractal dimensid# This second fractal dimension

focal end group. The corresponding particle scattering factor (d;) was calculated at larggvalues for the lod(q) linear zone

P(u) was given by Burchard for amylopectin (Figure 5)°21(q) describes the angular distribution of scattered
_ 21712 light, sod; values make it possible to obtain structural features

P(u) = (1 + CU/3)K[1 + (1 + C)u%/6)3 (12) free of My, and Re.

where the inverse of denotes the number of branches of the In fact, amylopectin could not be considered as having a

polymer andu = gRs, with g the wave vectord = 4zn sin- simple fractal structuré For intermediategRs values (up to

(6/2)/7., wheren is the solvent index of refraction). The scattering 8), the observation window corresponded to several branching

factor provides information on the shape of the macromolecule. generations at a scale higher than the cluster. This led to different

TheC value depends on molar mass and branching probaf#fllity. slopes for(q) versusg, and only a smaltj domain (lower than

C has a value of 1 for a linear coil and O for a hyperbranched one decade) enabled the observation of a fractal object, in

structure containing an infinite number of branching points. It agreement with the theory of hyperbranched macromoleétiles.

is possible to approach the structure and branching of amy- So, in the present experimenigiRs range (up to 6)d; was

lopectin using Kratky plots, when the scattering factor is plotted found from the internal structure and corresponded to several

versusu. branching generations at a scale higher than the cluster
The Kratky diagrams for amylopectins were obtained by contrasted witttg, which was related to the global structdpe.
superimposing?(u) values obtained at five radii of gyration Thed; values were between those obtained for a statistically

(Rai), 150, 160, 180, 200, and 220 nm, throughout the length branched molecule swollen in a good solveitf 2) and those
of the elugram for the same amylopectin (Figure 4). The patterns specific to a nonswollen branched cail € 2.5). These values
obtained were characteristic of branched polymers, with a were close to those obtained previously for waxy maize and
maximum value at] = 2.5. The results followed the model of  potato amylopectin without fractionation of the macromolecules
hyperbranched molecules (ABC modélyith C = 0, indicating or after HPSEC separatidor sedimentation FFF separatiti.
that the amylopectin fractions analyzed were highly branched It was then possible to classify the amylopectins as a function
so that the number of branches could not be calculated usingof their swelling in the solvent. Theyy values were systemati-
this approach. The same patterns were obtained for all of thecally higher than thel; values, except for amf potato amy-
amylopectins studied, in each case observed at five radii of lopectin. Thedsyy values exhibited the same tendencydasind
gyration. This meant that all of these amylopectins behaved like were close to 2.5, thus highlighting highly branched molecules,
hyperbranched molecules with an infinite number of branching except for cassava, waxy barley, and amf potato amylopectins,
points throughout their distributions. It was impossible to which revealed behavior similar to that of statistically branched
discriminate any amylopectins using these diagrams. molecules swollen in a good solvent. The exception was waxy
Fractal Dimensions. Two fractal dimensionsdg and dy) maize amylopectind; > 2.5), which had a fractal dimension
were determined (Table 2). Considering self-similar objects close to 3, this value being characteristic of a compact spEBr\e?
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Figure 6. Amylopectin and glycogen structures. These two a-glucans are both mainly built upon a-(1,4) linkages and have a branched structure
with 5—6% and 8% o-(1,6) linkages, respectively, for amylopectin! and glycogen.*! (a) Amylopectin structure according to French2” and Robin28
for waxy maize amylopectin; (b) amylopectin structure according to French?’ and Robin28 for potato amylopectin; (c) amylopectin structure
according to Hizukuri;3¢ and (d) glycogen Whelan structure.*2

(indicating its very high branching density). The differences were in good agreement with data in the literattté>4Maize
betweendiy andds; could be explained by heterogeneity in the amylopectins exhibited the highedt, andRs values, followed
amylopectin structure. According to these fractal dimensions, by waxy wheat amylopectin, waxy rice amylopectin, cassava
the internal structure appeared to be less branched than thatnd smooth pea amylopectins, and finally amf potato amy-
shown by the global structure. These findings were in agreementlopectin, which had the lowed#, and Rg values (Table 1).
with the cluster model for amylopectin architectd?es.37.52 My andRs were 1.39x 107 g mol-! and 28.7 nm, respectively,
which contrasts with the compact and homogeneous Whelanfor rabbit liver glycogen.

structure proposed previously for glycodé(Figure 6 d). The The average shrinking factaiy (or branching parameter)

exception was again amf potato amylopectin, for the reasons, a5 define@ as the ratio between the mean-square radius of

mentioned above. Thus, the greater the difference betdgen gy ation of branched and linear polymers with the same molar
and di, the more heterogeneous the amylopectin structure. joqq

Normal maize and cassava amylopectins revealed the most

heterogeneous structures, followed by waxy barley, rice, maize _R 2

starches, smooth pea amylopectin, and finally waxy wheat v = GW(br)/ Gw(lin) (13)
starch, which appeared to have the least heterogeneous structure. _

These differences could be related to the lengths of the internalwhere Ry, are the weight average radii of gyration, the
linear chains of amylopectin. subscripts br and lin denoting branched polymer and corre-
Average Molar Masses, Radii, and Branching Parameters. ~ sponding linear one, respectivetyy was calculated using the

Amylopectin M, and R ranged from 1.05 to 3.2k 10° g ratio of R2GwmryR%ew(in) determined by AFFFF-MALLS for
mol~! and from 163 to 229 nm, respectively (Table 1). These macromolecules with a molar malgl,. R2cyin) Was determined
values were close to those previously obtained by HPSEC andfor each sample using the relationship established for syntEe[Bi\(}
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Table 3. Branching Parameters Determined by the Simple ABC However, amf potato amylopectin appeared to be the least
Model as Proposed by Burchard*$% Using Eq 15 branched, with a longer chain length, in contrast to smooth pea

Iu B B/DP,, DP./B BD (%) and waxy barley amylopectins, which exhibited the highest
waxy barley starch 0.031 76363 0007 1516 0.7 degree of branching. Waxy maize amylopectin appeared to b_e
waxy rice starch 0.030 8266.7 0.006 171.3 0.6 more branched than amf potato amylopectin, so the amylopectin
waxy wheat starch 0.031 80948 0006 1727 06 branching degrees determined by this method followed the same
waxy maize starch 0.027 10096.0 0.005 194.0 0.5 d the b hi d btained by N¥IRnd
amf potato starch 0.055 2392.4 0.004 2703 0.4 order as the branching degrees obtained by NvIRnd even
normal maize amylopectin  0.030 8586.8 0.006 173.6 0.6 if the shrinking factors determined were consistent with other
smooth pea amylopectin ~ 0.035  6221.8 0.007 1455 0.7 structural characteristics, the branching degrees obtained with
cassava amylopectin 0041 43881 0005 1881 05 the ABC model and applied to AFFFF-fractionated amylopectins
rabbit liver glycogen 0.012 52522.0 0.495 20 495 . . . .

were not consistent with the branching degrees obtained by

_ @Average shrinking factor (gu), average number of branching points NMRS39 or after sample deramificatid->® The ABC model
(B), branching probability (B/DP.,), average number of glucosyl units in a thus underestimated the number of branching points of amy-
linear chain per branching point (DP,/B) and branching degree (BD). lopectins, as had already been suggeé‘téélThe explanation

i ) 3 given for this was the heterogeneity of amylopectin branching,
amyloses in aqueous media (Rolland-Salea®., resultstobe 5 excluded volume effect (which was not incorporated into
published) the theory), and a neglect of chain stiffné43>57The branching

_ 3 063 degree obtained for glycogen was extremely high when com-
Row(in =5-96x 10 °M,, (14) pared with the value of 8.0% previously determined chemically
for glycogen?! This overestimation was in agreement with
The average shrinking factog, rose from 0.027 for waxy  results obtained previously for nonfractionated glycogens
maize amylopectin to 0.055 for amf potato amylopectin ysing the ABC modet! One possible explanation for this could
(Table 3). It was shown previousfthat in amylopectin and  again be the heterogeneity of branching density linked to
glycogen thegw value fell when the average branching degree glycogen biosynthesis, which is probably much more complex
increased and that the average branching degree increased ithan the idealized model used, which was based on a statistical
line with the molar masses. It should then have been possibleprocesg!
to rank the amylopectins in terms of their branching degrees as  |f the Robir?® model for amylopectin structure is considered
a function of their averaggw values. The amf potato amy-  (Figures 6a and 6b), then each B chain carries two clusters with
lopectin appeared to be the least branched amylopectin and with gnd 4.5 chains per cluster for potato and waxy maize
the highesigy value, in contrast to waxy maize amylopectin, amylopectins, respectively (corresponding to 7 and 10 chains
which was the most branched amylopectin. Glycogen exhibited per B chain group, including the B chain). In view of the fact
the lowest averaggu value, in agreement with its branching  that previous calculations using the ABC model could only
degree (8.0%} and in contrast with that of waxy maize detect the branching points between long B chains, and then
amylopectin (4.8%§° The gu values obtained were consistent multiplying B by 7 and 10, respectively, it would thus be
with the other structural characteristics determineg \(alues possible to obtain the “total” number of branching points in
and fractal dimensions). In the case of amylopectin, the ABC the macromolecule. Applying this model (Table 4), the average
three-it;r:;:tlonal polycondensation model (ABC model) gave, pnymbers of glucosyl units in a linear chain per branching point
for gu*® (DP./Brr)were 38.6 and 19.4 for amf potato and waxy maize
_ _ _ amylopectins, respectively. In Table 4, values are calculated
Ov = RZGw(br)/RZGW(Iin) =4{[1+2 B)llz]/[l 1+ usir)1/g g mean valug for theynumber of chains per B group (8.50).

2B)Y3J% (15) These modified values for chain lengtbR,/Byr) and branch-

~ ing degree (BRR) were entirely consistent with the values
where B is the average number of branching points. From obtained previously by NMR or after debranching?—5¢
eq 15, it was then possible to determine the number of branching When considering the Hizukdfi model for amylopectin
points per macromolecule. The average number of glucosyl unitsstructure (Figure 6c), each B3 chain carries 14 A and B1 chains
per branching point (for two arms) was represented by the ratio and two B2 chains each cgréd A and B1 chains; thus each
DP./B. The average number of branching points for amy- long B chain (B2+ B3) carries 8.33 chains on average. Under
lopectins,B, decreased from 1.0¢ 10* for waxy maize to 0.24  this model, the average numbers of glucosyl units in a linear
x 10* for amf potato amylopectin (Table 3DP,/B, corre- chain per branching poinDP./Bmn) were between 32.4 and
sponding to an average chain length, increased from 145.5 for17.5 for potato and smooth pea amylopectins, respectively
smooth pea amylopectin up to 270.3 for amf potato amylopectin. (Table 4). These modified chain lengiBR,/Bm) and branch-
These values were lower than those obtained previously bying degree values (BRy) were in agreement with the results
Aberle2® However, they were higher than the values of the obtained previously by NM® or after debranchirf§ 56 and

average chain IengttC_L), 18—-34, determined previoust§ 56 were very close to those obtained with the Robin model
after debranching of the samples. The branching degree ag(Table 4). So, in the figures that follow, the “modified” ABC
determined by NMR is the ratio of the number af(1,6) model corresponds to a model whé&&alues were calculated
linkages to the total number of links in the molecéfleso the using the Hizukuri structure, multiplying values obtained with

value of the branching degree determined by NMR could be eq 15 by a factor of 8.33 to obtain the “total” number of
compared to the branching degree determined using the ABCbranching points.

model. The average branching degrees obtained for the amy- The branching degrees obtained placed most amylopectins
lopectins studied, when fitting the data with the ABC model, in the same order as that reported in the literatffg.>¢
were very low (lower than 1%) when compared with the Surprisingly, waxy maize amylopectin, which had the highest
branching degree determined previously by NMR: 4.8% and number of branching points (Table 3) and exhibited the highest
4.1% for waxy maize and potato amylopectins, respectit®ly. density in terms of fractal dimensions (Table 2), did E:%V
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Table 4. Modified Values for the Average Number of Glucosyl Units in a Linear Chain per Branching Point (ﬁW/BmR and ﬁW/BmH), the
Average Number of Branching Points (Bmr and Bmy), and the Branching Degree (BDmr and BDmy) Using Theoretical Amylopectin
Structures as Proposed by Robin?® and Hizukuri36a

Robin model® Hizukuri model
ﬁW/BmR BmR BDmr (%) ﬁW/BmH BmH BDmn (%)

waxy barley starch 17.8 6.5 x 10* 5.6 18.2 6.4 x 104 5.5
waxy rice starch 20.2 7.0 x 10* 5.0 20.6 6.9 x 104 4.9
waxy wheat starch 20.3 6.9 x 104 4.9 20.7 6.8 x 104 4.8
waxy maize starch? 22.8 8.6 x 10* 4.4 233 8.4 x 10* 4.3

(19.4) (10.0 x 10%) (5.2)
amf potato starch? 31.8 2.0 x 104 3.1 32.4 2.0 x 104 3.1

(38.6) (1.7 x 109 (2.6)
normal maize amylopectin 20.4 7.3 x 10* 4.9 20.8 7.2 x 10* 4.8
smooth pea amylopectin 17.1 5.3 x 10* 5.8 175 5.2 x 10* 5.7
cassava amylopectin 22.1 3.7 x 10* 4.5 22.6 3.7 x 10* 4.4

2 The subscripts mR and mH denote the values obtained after calculations using theoretical amylopectin structures as proposed by Robin and Hizukuri
respectively. » Under the Robin model, a mean value was used for comparisons between samples, the values in parentheses representing the values
calculated according to the Robin structures proposed for waxy maize (see Figure 6 a) and potato (see Figure 6 b) amylopectins, respectively.

demonstrate the highest branching degree. Another interesting
inconsistency was that smooth pea amylopectin presented the 0.055
highest branching degree (Table 4), even though its shrinking
factor and fractal dimensions (Table 2) showed that this
molecule was not the most dense.

Applying the ABC model to amylopectin thus did not allow
determination of the total branching degree of this molecule. 0.035
This method only highlighted the branching points correspond-
ing to longer linear B chains, i.e., the number of B chain bearing
cluster anchorage points. The branching points belonging to
clusters were not observed. Thus, working with native amy-
lopectins, it was impossible to access the branching density of 0.015
clusters using this technique. The branching values determined @
using the ABC model corresponded to internal branching ABC model
characteristics and also included structural information on 0.005
clusters, but a separate study was impossible. For most of the 1000 21000 41000 61000 81000 101000
amylopectins studied values were in the same order &s Number of branching points
values; the higher th&, the higher thed; (Tables 2 and 3). Figure 7. Average shrinking factor (gw) versus the average number
This confirmed thaB contained information about the internal  of branching points (B) according to the ABC model (black line) and
structure of amylopectin, such as long-chain branching. It was the “modified” ABC model (gray line). Corresponding data from the

th ible t K th | fi f fi f thei literature are also reported. Chemical data®! for glycogen, NMR3 data
us possible to ran € amylopectins as a function of their ¢, waxy maize, normal maize, and potato amylopectins (2); de-

internal branching density usinB values; the higher th@& branching data from Caldwell and Matheson5® for waxy maize, normal
values, the higher the number of anchorage points of B chainsmaize, waxy rice, waxy barley, and waxy potato amylopectins (O);
carrying the clusters, or long-chain branching density. However, debranching data from Shi and Seib* for waxy maize, waxy rice,
by applying the ABC model while taking account of known and waxy barley amylopectins (x);' debranching dgta from Yun a_nd

Matheson®® for glycogen, waxy maize, normal maize ,and waxy rice

amylopectin structures, it was possible to determine the average, 1 ionectins (0). The values of the average number of branching

branching degree values for amylopectins, in line with data in pgints calculated from the literature were obtained by combining the
the literature?®>3-¢ DP,, value determined here for each macromolecule and corre-
The plot ofgy versus the average number of branching points sponding data from the literature.3941.345556 |n the “modified* ABC
(B) (Figure 7) shows the difference between the ABC model mod_el, _B values were (_:alcula_ted using the Hizukuri structure,'36
« e 5 multiplying B values obtained with eq 15 by a factor of 8.33 to obtain
and modlf!ed ABC_: mod_el. TheB values calculated from o umber of branching points.
corresponding data in the literat&?&%-56 are also reported. The
latter fitted well with the “modified” ABC model for amylopec-  more complicated model including these differences in the
tins, but the fit with ABC models was particularly poor for calculations would improve the determination of the branching
glycogen. Thus, for amylopectins, the relationship betwggen  degree.
and the number of branches was approached using the “modi- Branching Parameter Distributions. Zimm and Stockmayer
fied” ABC model, but no clear link was found betwegp and developed an equation using a random three-functional poly-
the branching degree (results not shown). The model used wascondensation model, based on a linear growth of chain branches.
however simple for amylopectins. Amylopectin branching The branches become forked at the same average length with a
structures were heterogeneous and differed as a function ofgiven probability, and this occurs for each new branch genera-
botanical origin, as shown by the two models proposed for waxy tion. In the case of narrow polymer fractions, the shrinking factor
maize and potato amylopectin by Ro¥ifFigures 6a and 6b). ~ of theith slice @) is thus given b§?
However, in the model used, the same “mean” amylopectin 2 1
branching structure was considered for all of the samples. A 9= RZGi(br)/RZGi(Iin) =[(1 + n/7)"" + 4n/9n] (16) c

1~ Potato amylopectin
A O

0.045 “Modified” ABC model

0.025

Waxy maize amylopectin

DV
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0.100 - ~ T - Table 5. Exponent of the Power-Law Relation between the
S IS odified Zlme agg_szggrckmayer Shrinking Factor (g;) and the Molar Mass (M) Obtained from the
e i RIS S Slope of the Log—Log Plot of g; versus M; for Amylopectins and
Glycogen
exponent of the power-law relation
between g;and M;
_ waxy barley starch —0.31
= waxy rice starch —-0.38
. N\ waxy wheat starch —0.34
"“"\*\ Ny waxy maize starch —-0.51
Ghvooge NG A amf potato starch -0.32
N normal maize amylopectin —0.48
_ Modified Zimm and Stockmaye‘r“ smooth pea amylopectin —0.39
\ model - BD=6% cassava amylopectin —0.45
0.010 rabbit liver glycogen —0.37
1.E+07 1.E+08 1.E+09
Molar mass (g.mol) . .
Table 6. Molar Mass of a Branching Unit (Mp), Number of
Figure 8. Shrinking factor (g) versus molar mass (M) along the Glucosyl Units in a Linear Chain per Branching Unit (DPy), and
distributions for amf potato (i), smooth pea (i), and waxy maize (i) Branching Degree BD (BDzsg) Determined for the Amylopectins
amylopectins and glycogen (iv). The gray lines represent the theoreti- Studied Using the Zimm and Stockmayer Equation, Replacing the
cal response of the “modified” Zimm and Stockmayer model for two Exponent —0.5 by the Corresponding Exponent Determined for
branching degrees (BDs) constant along the distribution 3% (up) and Each Amylopectin (Table 5)
6% (down). The “modified” Zimm and Stockmayer model corresponds
to a model where n; values were calculated using the Hizukuri Mo DPo BDzse (%)
structure,3® multiplying n; values obtained with eq 16 by a factor of waxy barley starch 358 22 45.3
8.33 to obtain the “total” number of branching points. waxy rice starch 3280 20.2 4.9
waxy wheat starch 1156 7.1 14.0
wheren; is the number of branching points of ttik slice. From :2?;23?;;?;? 3%23 222:2 12:2
eq 16, itis then possible to determine the number of branching ormal maize amylopectin =~ 24782 153.0 0.7

points per macromolecule for each slice of the elugrams.Con-  gyq6th pea amylopectin 3957 24.4 41
sidering a constant branching degree along the whole distribu-  cassava amylopectin 14988 925 11
tion, one could postulate

the decrease @ with M; differed for each amylopectin. A better
fit was obtained if the exponent0.5 was changed to a free
parameter. This exponent was obtained from the slope of the
with Mj = Mon; and Mo the molar mass per branching unit.  jog—log plot of g; versus molar mass (Figure 8 and Table 5).
From eq 17, one could determine the molar mass of one The exponents obtained ranged frerl.3 for barley and potato
branching unit Mo) and then the average number of glucosyl amylopectins to-0.5 for waxy and normal maize amylopectins
units per branching point (R which corresponds to the ratio  (Table 5). According to these results, maize amylopectin data
DPR,/B. It previously has been shown that the shrinking factor fitted well to the “modified” Zimm and Stockmayer model, in
has a dependence on the number of branching points, which iscontrast with other amylopectins and glycogen. The change in
very similar with the ABC three-functional polycondensation this exponent could be due to differences in the amylopectin
model and the Zimm and Stockmayer motfethe curves branching structures as a function of botanical origin. It was
overlapping for a number of branching points higher thah 10 noticeable that for amylopectins, these exponents were ranked
For this reason, the Zimm and Stockmayer equation was usedthe same way ady; i.€., the lower the exponent, the higher the
for slice analyses. diy (Tables 2 and 5). This exponent may therefore be linked to
The plot of experimentad; versus molar massVj) along the global amylopectin structure. Tlgeplot for glycogen was
the distributions showed thgtdecreased when the molar mass clearly below the amylopectig plots, thus emphasizing its very
increased (Figure 8). These results were consistent with thosehigh branching density and/or very different branching pattern.
previously obtained on nonfractionated hydrolyzed amylopec- Branching degrees (Bfgg) were calculated fitting eq 17 with
tins25 The Zimm and Stockmayer equation approached a power-the corresponding exponents determined for each amylopectin
law dependence fag; versus molar mas$/;) with an exponent and glycogen (Tables 5 and 6). B values ranged from 0.5%
of —0.5, and the position of the “modified” Zimm and to 45.3% in waxy maize and barley amylopectins, respectively.
Stockmayer model theoretical curve depended on the branchingBranching degrees were underestimated for waxy maize, normal
degree (Figure 8). The “modified” Zimm and Stockmayer model maize, and cassava (as in the simple ABC model) and
corresponded to a model whetevalues were calculated using overestimated for potato, wheat, and barley amylopectins when
the Hizukuri structuré® multiplying n; values obtained witheq ~ compared with data in the literatu?&33-5¢ Rice and smooth
16 by a factor of 8.33 to obtain the “total” number of branching pea amylopectins presented values closer to those in the
points. Amylopecting; distributions were between the “modi- literature. The BRsg value obtained for glycogen was overes-
fied” Zimm and Stockmayer model theoretical curves corre- timated (value higher than 100%). Thus changing the various
sponding to branching degrees of 3% and 6%, which was in exponents for the power-law linking; and the number of
line with the results obtained on average values using the branching points was not sufficient to take account of branching
“modified” ABC model. Using all of the amylopectin data, a heterogeneity in the calculations.
power-law dependence fa; versusM; with an exponent of Optimization of the Procedure. Different analytical condi-
—0.46 rather than-0.5 was found with am? of 0.83. In fact, tions were tested before choosing the method described |&B\§

g = [(@ + M/TM) 2 + 4 M/9M] 2 (17)
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(b) Figgre 1Q. Light-scattering_ response for waxy maize s_tarch injected
0.08 at five different concentrations: 0.50 g L™ (50 ug) (i), 0.25 g L™
i (25 ug) (i), 0.16 g L1 (16 ug) (iii), 0.10 g L1 (10 ug) (iv), and
0.07 0.08 g L™ (8.0 ug) (v). Corresponding injected masses are in
_§ 0.06 4 parentheses.
= 0.
©
; 0.05 and caused noisy signals affecting the radii and masses. The
2 0.04 final concentration chosen was 0.50 g!L corresponding to
; ‘ an injected mass of 50g.
£ 0.03 - Additional Remarks. It should be noted that after replacing
S 0.02 the membrane with a new one differences were observed
E ’ between the elugrams. The overloading effect occurred earlier
0.01 1 and caused peak distortion as from the injection of b6
0 ‘ (Figure 10). Recovery rates were lower§0%), but the average

1.E+07 1.E+08 1 E+09 molar masses obtained were the same whemgl®as injected.
The second membrane was not obtained from the same supplier
but from Millipore. The differences observed may have been
F]icgurefg- OVef'Oadi”% effeCtr-] @) Néz;fma"zed "th'sgaﬁefing response due to the membrane supplier. In fact, differences in the
or am potato starch at three different |njecte concentrations: H H F _
0.50 g L2 (50 ug) (i), 0.25 g L2 (25 ug) (ii), 0.10 g L (10 ug) (ii). membrane surface may have explained this behavior: Interag
(b) Differential molar mass distribution of amf potato starch at the tions between thQ sample and membrane were more marked in
three different injected concentrations: 0.50 g L™ (50 ug) (i), 0.25 g the case of the Millipore membrane (lower recovery), so sample

L1 (25 ug) (i), 0.10 g L~ (10 ug) (iii). The corresponding injected retention behavior differed.
masses are in parentheses.

Molar mass (g.mol")

Experimental Section. Various elution conditions were tested Conclusions

with Fou et at 1 mL mint. A constantF; was shown to be

unsuitable for amylopectin fractionation: The peaks were very ~ AFFFF-MALLS enabled the structural characterization of
broad even at aR. of 0.2 mL mirr™. A linear F; gradient was amylopectins, including their branching features, and highlighted
more appropriate in that case. ThRgstart) and gradient slope the differences between them as a function of botanical origin.
were adjusted from 1 to 0.2 mL mih and from 50 to 200 s  These findings agreed well with other data in the literature. One
per 0.1 mL min?, respectively, to determine the optimum of the advantages of this method was that it was less time-
separation conditions, as described in the Experimental Section.consuming than the other methods generally used to study the
And to evaluate the overloading effect, amylopectins were structures of amylopectins. Maize amylopectins were the largest,
injected at three different concentrations (0.50, 0.25, and most dense, and most branched. By contrast, amf potato starch
0.10 g 1) (Figure 9). The classic AFFFF retention model could was the smallest, least dense, and least branched amylopectin.
not cope with high polymer concentrations, as interactions The other amylopectins studied presented intermediate values
between neighboring particles could modify their spatial for mass, size, and density. It was more difficult to determine
distribution. This overloading effect has been described for differences between them because these values were less
certain polymers (polystyrenes, glutenin, cellulose, and cationic contrasted. Waxy barley, waxy rice starches, and smooth pea
potato amylopectin) and particles (hard spheres): It causesamylopectin were highly branched. Comparisons of fractal
distorted elugrams and earlier or later retention times dependingdimensionsd; and global fractal dimensionsk§) made it

on the analyte and elution conditioh%1°:20.5860 Qverloading possible to highlight differences between internal and global
may result in an absence of fractionation of the polymer and amylopectin structures as a function of botanical origin. The
affect the determination of molar mass and hence structural structure of waxy wheat starch appeared to be more homoge-
data? Retention times and elution recoveries were the same atneous than those of the other amylopectins studied, while normal
the three concentrations. Molar masses and polydispersities werenaize and cassava amylopectins appeared to be the most
very similar at the three concentrations (Figure 9). These heterogeneous.

observations mean that the overloading effect was limited. In  Using the ABC model, which took into account known
fact, the limiting factor was the refractometric response. With amylopectin structures (the “modified” ABC model), it was
low injected masses, refractometric responses were noisypossible to evaluate the amylopectin branching degree with
because they were very close to the refractometer detection limitresults that agreed well with those in the literatéfe* 56 The CDV
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inconsistencies highlighted for waxy maize and smooth pea gu, average shrinking factor or average branching parameter
amylopectins could be explained by the model used, which gy, ratio between the m.olar mass of the linear and branched
considered the same branching structure for all amylopectins.polymer at the same elution volume
Thus this only provided an evaluation of the total branching 7, VISCosity of the S(_)Ivent_
degree of amylopectins. It was possible to rank the amylopectins (0, light scattered intensity
as a function of the number of the anchorage points of B chains K, Boltzmann's constant
carrying the clusters (or long-chain branching density) uging K, optlcallconstant
values: amf potato starck cassava amylopectis smooth fG' Kn, IKG, (r:]on]:stﬁnt.s dent | b
pea amylopectirc waxy barley starch, waxy wheat starch, waxy Mwavle ength o fc ti élatnhCI I_ent aser beam
rice starch, normal maize amylopectinwaxy maize starch. M" Tq%gr Tn?sioer bl’aI’1SCIf(1:i$1 unit
Nevertheless, on the basis of native amylopectins, the ABC =5© P 9

. . . - Mn, number average molar mass
model did not generate detailed information on cluster branching .

o . = M,, weight average molar mass
patterns because it did not take into account the amylopectin " /x5 : -
; . . N M,/M,, polydispersity index

branching pattern. The relationship between the shrinking factor ve, vu, hydrodynamic coefficients
and molar mass diffe_red in all of _the amylopecting studiedz N,,sol\,/ent index of refraction
probably because their structures differed as a function of their . hymber of branching points of thith slice in the Zimm
botanical origin. However, taking into account the exponents and Stockmayer equation (eq 16)

linking the shrinking factor and the molar mass did notimprove  p(N), number of chains with a degree of polymerizatign
determinations of the branching degree using the ABC and  p(u), particle scattering factor
Zimm and Stockmayer models. g, wave vectorg = 4zn sin(0/2)/A.

p, structure factorp = Rgi/Rui.

R, retention time

Rg, z-average radius of gyration

Rai, radius of gyration of theth slice

Rewmn, Weight average radius of gyration of the branched
polymer

Raiwn, radius of gyration of theth slice for the branched
polymer

Rew(in), Weight average radius of gyration for the correspond-
ing linear polymer

Reiginy, radius of gyration of théh slice for the corresponding
linear polymer

R4, average hydrodynamic radius

Ry, excess Rayleigh ratio of the solute

T, temperature

teng time corresponding to the end of the gradient

0, angle of observation

to, void time

ti, retention time of theth slice

tstars time corresponding to the start of the gradient

u=gRe.

Vo, void volume

Vi, elution volume of thath slice

w, channel thickness
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B, average number of branching points in the ABC three-
functional polycondensation model (eq 15)
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theoretical amylopectin structures as proposed by Robin

BD, branching degree

BDn, branching degree obtained using theoretical amy-
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BDzsg, branching degree obtained using the Zimm and
Stockmayer equation
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