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Polysaccharides isolated from flaxseed meals using ethanol consisted of a sell&i#(w/w) and an insoluble
fraction (2% wi/w). The soluble fraction was dialyzed in various salt concentrations and characterized using
viscometry and light scattering techniques. Observations using a size-exclusion column coupled to a multiangle
laser light scattering (SEC-MALLS) revealed three molecular weight fractions consisting of a small ambrA)(

of large molecular weight species (1x01(f) and a large amount(69%) of small molecular weight species (3.1

x 10° Da). Dynamic light scattering measurements indicated the presence of very small molecules (hydrodynamic
radius~ 10 nm) and a very large molecular species (hydrodynamic radius in excess of 100 nm); the latter were
probably aggregates. The intrinsic viscosity], [of the polysaccharide in Milli-Q water was 1030 20 mL/g.

The viscosity was due largely to the large molecular weight species since viscosity is influenced by the
hydrodynamic volume of molecules in solution. The Smidsrod pararBetdtained was-0.018, indicating that

the molecules adopted a semi-flexible conformation. This was also indicated by the-s@pé)(from the plot

of root-mean-square (RMS) radius versus molar migg.(

Introduction portion consists of two pectin-like fractions of rhamnogalactu-
. ) o ) ronan My ~ 6.5 x 10° and 1.7 x 10* Da respectively§?

Flaxseed contains approximately 35% lipid, 30% proteins, yoyever, the molar masses of these fractions may differ
and 35% fiber, 710% of which is soluble fiber whose  gepending on the genotype and climatic conditions where the

composition varies by cultivar and geographic locafiixtrac- crop is grownt® The aim of this study was to characterize the
tion of o!l (approximately 30% w/w) from the seedsldhum physicochemical properties of flaxseed polysaccharide isolated
usitatissimum(or flaxseed) leaves behind a large amc;unt of from the meal of flaxseed grown in New Zealand. This study
flaxseed meal which is usually processed asgllvestock feted. employed simple isolation techniques that could be easily
Flaxseed meal has also been added to various food productjapied for industrial scale-up. Using both rheological and light
including muffins, bread, spaghetti, snack bars, salad toppings,scattering measurements, the flow behavior and molecular
etc.> 7 but fundamental understanding of the actual functional parameters of the biopolymer were investigated in dilute
properties of the meals in a complex food systems is not well 5o tions. Knowledge of the physicochemical characteristics of
established. In the last two decades, a number of studies havgne nolysaccharide molecules would be essential if its application

attempted to purify and characterize the protéiffsand the 55 an ingredient in food systems is to be well understood.
mucilage!’=22 Mucilage has drawn much attention mainly

because of its supposed health benefits (soluble dietary fiber,

reducing the risk of diabetes, and cholesterol lowering proper- Materials and Methods
ties)2327 and its potential physical functional properties in food
applications as a thickener and an emulsifi€¥28-30 Flaxseed Isolation of Flaxseed PolysaccharidesThe flaxseed meal used in

polysaccharide is said to resemble gum Arabic in its emulsifica- IS study was a byproduct of flaxseed oil processing using a cold
tion propertie€! In addition, it was reported to have comparable extraction method and kindly supplied by Functl_onal Whole Fpods Ltd.,
water-binding capacity to guar guth.The physicochemical New Zealand. The flaxseed was of the cultivar knowntésao.

characteristics of the polysaccharide have been studied over thé-xtraction of the mucilage was carried out by dispersing the flaxseed
last two decades, and it has been reported that the mucilage ig"°2 " Mill-Q water (water purified by treatment with a Mill-Q
a heterogeneous, polysaccharide consisting of xylose glucoseapparatus, Millipore Corp., Bedford, MA) at a water/solid ratio of 25:1

| bi h f d gal 182cid and temperature of 28C for 4 h under continuous agitation using a
galactose, arabinose, rhamnose, fucose, and galacturonic-acid. mechanical overhead stirrer (IKA, Type RW20.n, 400 rpm). The viscous

The polysaccharide was first reported by Hunt and J8rtes  iyire was centrifuged at 12 0gor 60 min at 25°C (RC5C Sorvall
contain a neutral fraction and an acidic fraction. Recent studies centrifuge and GS-3 rotor, Kendro Laboratory Products GmbH,
using ion-exchange and size-exclusion chromatography further_angenselbold, Denmark). The creamy layer at the top of the super-
revealed that the neutral polysaccharide fractief§%) is a natant was discarded, and the rest of the supernatant was subjected to
galacto-arabino-xylanMy ~ 1.16 x 10° Da) and the acidic  ethanol precipitation (95% ethanol/mixture ratio of 3:1). The precipitate
was allowed to form and left in the solvent for approximately 10 min
*To whom correspondence should be addressed. Phone: (64) 6 350,yith occasional gentle stirring. The precipitate was then recovered using
4336. Fax: (64) 6 350 5657. E-mail: K.T.Goh@massey.ac.nz. a sieve to allow excess solvent to drain. The precipitate was dispersed

TInstitute of Food, Nutrition and Human Health. . . . . - .
1 Institute of Fundamental Sciences. in Milli-Q water with continuous stirring and left overnight at 2C.

§ Fonterra Cooperative Group Limited, Private Bag 11029, Palmerston The mixture was then centrifuged (27 @®0 min, 25°C). Both the
North, New Zealand. supernatant (the soluble fraction) and the pellet (the insoluble fraction)
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were recovered. The supernatant was dialyzed (12 000 molecular weightwere carried out for each sample dilution. The experimental data

cutoff dialysis tubing) in Milli-Q water at 20C with three changes of obtained were substituted in the Huggins and Kraemer functions (see
water over a 24-h period. The tubings were then transferred to solutionseqs 1.2 and 1.3) and plotted against the polysaccharide concentration
made up of various salt concentrations (0.00, 0.01, 0.05, 0.075, 0.1,

0.5, and 1 M) and 0.02% w/v sodium azide and left for another 24 h Msp

at 20°C. The dialyzed samples were filtered through a Q&2filter c =[] + K'[#] % (1.2)
and used for light scattering measurements and intrinsic viscosity
measurements. Iny

Chemical analysis for determination of total carbohydrate was rel _ 7] + K"[n]% (1.3)

adapted from the phenol-sulfuric acid method as described by Dubois

et al. (1956). On milliliter of the sample was mixed with 1 mL of phenol . . - . -
solution (5% wiv) followed by addition of 5 mL of concentrated sulfuric ~ WhereK' is the Huggins coefficient anll” the Kraemer coefficient.
acid. This mixture was left at room temperature for 30 min prior to The linear functions were extrapolated to zero concentration to obtain
measuring absorbance at 485 nm using a spectrophotometer (Ultrospeéhe |ntr|ns_|c v_|5005|ty at the |nterce_pt. . )
2000, Amersham Pharmacia Biotech, Piscataway, NJ). The total amount DYnamic Light Scattering. The light scattering apparatus used in

of carbohydrate was determined based on a standard calibration curveiS Study has been fully described previouglin summary, a vertically
prepared using glucose. All analyses using the phenol-sulfuric acid polarized argon-ion laser (Spectra Physics 165) operating at 488 nm
method were performed in duplicate. was used to illuminate a sample maintained in a Precision Devices

Multiangle Laser Light Scattering (MALLS). The mobile phase goniometer. The measurements were made at scattering éngleging

or solvent used in light scattering experiments was 0.1 M NaCL solution between 30 and 120, and all measurements were performed gt a
containing 0.02% w/v sodium azide. The solution was filtered through coqstant temperatgre_ of 26. The scattered light was collectec_i using
a 0.22 um membrane filter (Millipore) followed by a 0.02&m a single-mode optic fiber (Thorlabs Inc., Germany), and the intensity
membrane filter and degassed under vacuum for approxignatelat autocorrelation function was obtained using a correlator.com Flex
room temperature. All glass apparatus that was in contact with the 99_0EM'12 multiple tau correlator. The measured inten_sity_ autocorre-
mobile phase and EPS samples was prewashed in 5% viv nitric acidlat'on functions were then analyzed using the regularization method
35 - 0 . .

followed by thorough rinsing with Milli-Q water to minimize contami- EOdNTdIN tq obtzl_n the S'Sr;[r'bt;’_t'onl()f decay timds Flr:jally,_ theh
nation by dust particles. The flaxseed polysaccharide sample dialyzed ydrodynamic radius, of the biopolymer was extracted using the

in 0.1 M NaCl and filtered (0.22im) was loaded into the flow cell. Stokes-Einstein relationship for the diffusion coefficieb®

The concentration of the EPS sample was determined using the phenol-

sulfuric assa$? after the filtration step. The chromatography mode used D= i — kT (1.4)
a high-performance liquid chromatography (HPLC) (GBC Scientific qu 6y R, '

Equipment Ltd, Victoria, Australia) consisted of a HPLC pump (model

LC 1150), UV detector (model LC 1200), and system organizer (model with q = (4zn/A)sin(0/2), the scattering wave vectan,= 1.34, the
LC 1440). Separation was achieved using the Shodex SB-806 HQ refractive index of waterys = 0.78 mPas, the viscosity of water at
HPLC column (Tokyo, Japan) as a size-exclusion column (SEC). This 25 °C, kg is Boltzmann’s constant, ariflis the absolute temperature.
column separates proteins from 1 to 20 000 kDa. The mobile phase

was continuously gassed with helium and passed through the HPLC . .

column at a flow rate of 0.5 mL/min at 20 psi. The eluent from the Results and Discussion

SEC column passed through the UV detector at 280 nm, the DAWN lati d ificat fEl d Pol haridesTh
DSP MALLS (Wyatt Technology, Santa Barbara, CA) photometer Isolation and Purification of Flaxseed PolysaccharidesThe

(fitted with 16 photodetectors at different angles, a helium neon laser 1S0lation procedure was carried out at ambient temperature since
with an operating wavelength of 632.8 nm, and a K-5 flow cell) and cont_amlnatu_)n Wlth proteins during extraction can be a problem
then through the differential refractive index (DRI) detector (Waters, Particularly if high temperatures are uséd:laxseed polysac-

model R401, Milford, MA). The polysaccharide sample (a0 was charide extracted from flaxseed meal yielded approximately
loaded and separated at 25 in the SEC column at a flow rate of 0.5 7.5% w/w soluble fraction and 2% wi/w insoluble fraction.

mL/min over approximately 30 min elution time. Astra software (ver- Elemental analysis showed that the freeze-dried purified soluble
sion 4.5, Wyatt Technology Corp., Santa Barbara, CA) was used to fraction was composed of 39.55% carbon, 6.56% hydrogen,
analyze the data using the Debye plot to generate molecular parameter¢0.31% oxygen, and 6.34% nitrogen. The values indicate that
including the weight-average molar mas4,§ and thez-average RMS the fraction is a polysaccharide with an empirical formula
radius ¢). These principles are explained by the Rayleigrebye- approximating CHO. The presence of nitrogen is probably
Gans light scattering model for dilute polymer soluti&ns derived from protein contaminants; however, it was previously
reported that a small percentage3(5%) is an integral part of
Ry o o the polysaccharide structut®Furthermore, a protein content
K; =M, P, — 2AcM,P, (1.1 of up to~29% has been reported to be present in the extracted
polysaccharide fraction from flaxseed méahnd it has been
suggested that composition varies with raw materials and
extraction condition$?2137.38 The insoluble fraction on the
constantc is the concentration of solutes (g/mLl,, is the weight- other hand was composed of 43.68% carbon, 6.80% hydrogen,

average molecular weigh®y is the scattering function, ank is the 31'6_2% oxygen, and 9.69% nitrogen. .
second virial coefficient. Size-Exclusion Column Coupled to a Multiangle Laser

Intrinsic Viscosity. The intrinsic viscosity ] was determined using ~ Light Scattering (SEC-MALLS). The soluble fraction was
a Cannon-Ubbelohde low-shear four-bulb capillary viscometer (vis- analyzed by SEC-MALLS. The concentration of the polysac-
cometer no. 75, S766, Cannon Instrument Co.). The relative viscosity charide solution was 5.4 107° g/mL. The chromatogram
(1)) Of the sample was measured at°’#f) and the respective dialysates ~ (Figure 1) shows three distinct light scattering peaks, namely,
were regarded as the solvent. The sample (10 mL) was loaded into thepeak 1, 2, and 3. The molecular parameters for the peaks were
capillary viscometer and allowed to equilibrate for approximately 5 determined using Zimm plots. The weight-average molar masses
min at 20°C before measuring the efflux time. Triplicate measurements (M,,) obtained from the Astra software were 1x010°, 6.7 x CDV

whereRy is the Rayleigh excess scattering, the excess intensity of light
scattered at angl (i.e., the intensity due to the solut®),is an optical
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Figure 1. Light scattering signal at 90° (&), UV signal (+), DRI signal Molar mass (Da)
(O), and molar mass distribution (—) as a function of elution volume i ]
for filtered (0.22 um) flaxseed polysaccharide solution eluted with 0.1 Figure 2. Molar mass as a function of root-mean-square (RMS)

M NaCl mobile phase through a Shodex SB-806 HQ HPLC column.
Peaks denoted as 1, 2, and 3 were selected for molar mass

radius plot for flaxseed polysaccharide solutions in 0.1 M NacCl.

determination. 1.0

105, and 3.1x 10° Da, respectively. The root mean-square radii 0.9 s 7
(r) for the three respective fractions were 61.9, 49.0, and 25.3 0.8- ® o A i
nm, respectively. The value oh@tic determined in this study 1 4 ‘o\ )
was 0.130 mL/g. The integrated areas for peaks 1, 2, and 3 of 0.71 L )
the DRI curve (segregated by vertical lines) shown in Figure 1 0.6 - L .
are approximately 17%, 13%, and 70%, respectively. The data~, 05. 1_1(0;_1) 10° 10° 1
indicated that there is only a small proportion of the large = | O

molecular weight species{L7%) (although it is probably this & 0.4 % .
fraction that is responsible for the viscosity of the polysaccharide 0.3 J
solution). In previous studies the largest molecular weight ; Q%)

fraction was known to be the neutral polysaccharide fraction ~ 0-2 ]
of arabinoxylan and the smaller molecular species belonged to 0.1 i
the acidic fractions of rhnamnogalacturonan. Although these have i

not been validated in this study, the molecular species separated 0'0'_

by the SEC column appeared to follow a trend similar to that 1E-6 1E-5 1E-4 1E-3 0.01 0.1 1
reported by other researché?dn addition, the molecular weight .

fractions were fairly close to those reported by Warren and co- time (S)

Wor!(_ers?z althoth differences in their monosaCChande_ com- Figure 3. Autocorrelation function as function of correlation time and
position and molar masses could be expected for different (inset) resulting gamma distribution G(I') as a function of I' measured
flaxseed cultivarg®#1It was also noted in the UV chromatogram at a scattering angle 6 = 90° for 0.15% (w/v) flaxseed in agueous
that the higher UV signals were observed in the smaller solution.

molecular fractions in peak 3. It is unknown at present if the
proteins were part of the polysaccharide structure and/or present
due to contamination during the isolation process. The good
emulsification properties of flaxseed mucilage as repéttedy
suggest the presence of proteins in the molecular structure
similarly to gum Arabic.

A plot of root-mean-square molecular radius (RMS) as a
function of molar mass over the range fronx41L0° to 5 x 10° A
Da for the flaxseed polysaccharide solution in 0.1 M NacCl is
shown in Figure 2. Note, below A 10° Da the technique was
too insensitive to obtain reliable RMS radii. Generally, a slope
of ~0.7 suggests a relatively stiff rodlike conformation, a value
of ~0.6 suggests a flexible random coil conformation in a good
solvent, a value of~0.5 suggests a flexible random coil
conformation in a theta solvent, and a slope~@f.3 implies a q2 (units)
compact structure resembling the shape of a sphere. The gradientigyre 4. Relaxation rates for the slow mode oy (®) and fast mode
(~0.56) obtained from the plot (Figure 2) suggests that the Iy, (W) as a function of the square of the scattering wave vector g2
molecular species may adopt a slightly stiff random coil for 0.15% (w/v) flaxseed in aqueous solution.
conformation?

Dynamic Light Scattering. Figure 3 shows the autocorre-
lation function for flaxseed aqueous solution (k303 g/mL)
measured at? = 90°. The corresponding relaxation rate
distributions obtained by CONTIN clearly show two main

5

10* 4

ow AN Lo

1E14 1E15

modes, designated as slow molbg,, and fast model s
Furthermore, these two relaxation rates varied linearly with the
square of the scattering wave vectp(Figure 4), indicating
that these two modes are diffusive. The corresponding hyEB)\-/



Flaxseed Polysaccharides

Biomacromolecules, Vol. 7, No. 11, 2006 3101

1300 900 ——y=52.5+0.9X + 289+4
/"1/" 1 =
s E§ Sa 8004 R=0.9994
2 1200 } € 1
E T — & —
— P = 700
o /},/ Y=(3.6:+0.4)e°X+1030+20 z |
E 1100 P @ 600
o R=0.98 o |
G JPte L
5 o 3 500
= o000 el Y=-(1.6+0.2)e°X+1030+10 E ]
F— R=097 ‘S 400
— C
x E-.xh__x___w_ = 1
900 B 300
L] L] Ll 1 ]
0.0000 0.0002 0.0004 0.0008 0.0008 200 L L L S
10 1 2 3 4 5 6 7 8 9 10 11 12
Concentration of flaxseed polysaccharides (g/mL) 05
Figure 5. Huggins In n/c (a) and Kraemer spo/c (X) plots for flaxseed ) L ) o [ o )
polysaccharide in Milli-Q water containing 0.02% w/v sodium azide. Figure 6. Intrinsic viscosity at infinite ionic strength determined by

extrapolation of the linear plot. S = 52.51. Error bar represents mean

Intrinsic viscosity (1030 + 20 mL/g) was estimated by extrapolation
+ standard error, n = 2.

(dashed) of linear fits (solid lines) to the intercepts. Error bar
represents mean + standard error, n = 4. Huggins constant (K') =

0.34 + 0.05: Kraemer constant (K") = —0.15 + 0.02. ~345 mL/g, which is lower than the values reported by Cui

and Mazz#& that ranged from 434 to 658 mL/g.

dynamic radii were found to be approximately 10 and greater ~ Since flaxseed polysaccharide is known to contain acidic
than 100 nm using eq 1.4. Measurements performed on moredroups, the polyelectrolyte effect of the polysaccharide fraction
dilute solutions yielded similar values, indicating that the Would be expected. Hence, with increasing ionic strengths, the
hydrodynamic radii were insensitive to polysaccharide concen- intrinsic viscosity decreased. This is because the conformation
tration. of the macromolecules was affected by the presence of salt on
There are significant differences between the dynamic light the negatively charged groups on the polymer molecular
scattering and SECMALLS observations. Dynamic light scat- Structure. With increasing concentration of counterions, in-
tering yielded two main populations, while SEC-MALLS tramolecular repulsion between equal-sign charges on the
yielded three. This is likely due to the separation by the HPLC Macromolecule backbone decreases, causing the hydrodynamic
column, allowing better resolution of the different flaxseed Vvolume to decrease as the chain becomes more cofhpact
populations by static light scattering. However, it is likely that therefore a decrease i][ Figure 6 shows that the intrinsic
the value of the hydrodynamic radius (10 nm) measured by viscosity increases almost linearly with'2 according to the
dynamic light scattering corresponds to the small molecular following equation
weight species (peak 3) detected by SEC-MALLS. In addition,
since the molecular weight of peak 3 is 3x110° and the
corresponding hydrodynamic radius is 10 nm, this could be an
indication that these molecules are relatively stiff. where f]. is the intrinsic viscosity at infinite ionic strength,
The slow mode detected by dynamic light scattering could is the ionic strength of the solution, a®is a constant.
be aggregates, which are measured by DLS but to a lesser extent From the plot the intrinsic viscosity at infinite ionic strength,
by SEC-MALLS, as the concentration used in SEC-MALLS is [7]~, for which the electrostatic repulsions are completely
much smaller than in DLS measurement. In addition, during Screened can be determined by extrapolating to the intercept at
SEC-MALLS measurements the sample underwent separationinfinite ionic strengtht® The intrinsic viscosity at infinite salt
during elution through the column. concentration, 1f].. obtained by extrapolation, was 289 mL/g.
Intrinsic Viscosity. The Kraemer and Huggins plots obtained This can then be related to the intrinsic viscosity of a neutral
by capillary viscometry for flaxseed polysaccharide in Milli-Q  polymer of similar chain length and molecular geomé#yhe
water at 20°C are shown in Figure 5 together with linear fits constantS can be used as a quantitative measure of chain
to the data. The Huggins constafitis a measure of hydrody-  stiffness between different polyelectrolytes. However, this is
namic interactions between macromolecule paffsaind usually only possible when comparisons of different polymers are made
has values between 0.3 and 0.8 with values of-0.2 for a at a constant molecular weight. The const&nis directly
polymer in good solvents and 6-8.8 for polymers in theta  proportional to the molecular weight of polymer and depends
solvents. For values above 0.8, aggregation of the macromol-on the nature of the counteriofis?2Smidsrod and Haug (1971)
ecules is likely to occut® For a random coil polymek' — K" suggested an empirical parame®&rwhich relates to chain
= 0.523 Our data shows that the flaxseed polysaccharide flexibility. The parameterB can be determined easily by
resembled a random coil conformation in Milli-Q water with obtaining the value o8 from the isoionic dilution procedures
K' — K" = 0.494 0.07. The {] of the polymer in Milli-Q of a polymer and measuring its intrinsic viscosity (molecular
water was 103@ 20 mL/g. The intrinsic viscosity was likely ~ weight does not need to be known) at one particular ionic
influenced by the large molecular species despite being presenstrength (0.1 M NaCl). The expression is written as
in a small quantity £17%). Flaxseed polysaccharide’s intrinsic
S=B([1]o1)’

viscosity is higher than gum arabie-600 mL/g}® and lies
between 1379 and 925 mL/g for locust bean gum and guar gum,

respectively®’ but lower than xanthan gum~(L680 mL/g)*® where the exponent generally varies very little between 1.2

In comparison to other values reported for flaxseed polysac- and 1.4 and 1#]o.1 is the intrinsic viscosity at 0.1 M ionic
charide, thes] value obtained herenil M NacCl solution was strength. Therefore, using the average value of 1.3 forCtB?/

7] = [n]., + SI? (1.6)
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exponenty, B can be obtained directly by measurement of the
[#] of a polymer at different ionic strengths. The paramd&er
has been found to correlate well with theoretical parameters of
chain flexibility,>3 which has been reported the to be inversely
proportional to persistence length for all polyelectrolytes. A low
value ofB is associated with stiff polymer backborfédn this
study, the paramet& for flaxseed polysaccharide obtained was
~0.018 based on an average valuevot 1.3. The parameter
[#7]o.1 is the intrinsic viscosity at 0.1 M ionic concentration,
expressed as dL/g. ThB value indicates that the flaxseed
polysaccharide was between a flexible and a semi-flexible
polymer compared to xanthan gum molecules. The latter is
known to adopt a stiff conformation and hasBavalue of
~0.005%* whereas carboxymethylcellulose known to be a
flexible chain has & value of ~0.045-0.065%°

Conclusions

Using three different techniques, viscometry and static and
dynamic light scattering, it was found that flaxseed polysac-
charide is made of slightly stiff random coil molecules. This
conclusion is supported by the slope of 0.56 of the plot of radius
of gyration against molar mass and by the Smidsrod parameter
B of 0.018 obtained by viscometric measurements. Furthermore,
dynamic light scattering has shown that flaxseed polysaccharide
is partly made of molecules with small hydrodynamic radii (10
nm) which would indicate that they are stiff random coil
molecules. Both SEC-MALLS and dynamic light scattering
showed that there is a large amount of small molecular weight
species, which resulted in a lower intrinsic viscosity, compared
to other polysaccharides generally made of much larger
molecules. From SEC-MALLS measurement, one of the frac-
tions of the flaxseed polysaccharide appears to contain protein,
as reported previously in the literature.
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