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Abstract

Polymer molecular parameters such as hydrodynamic size are expected to be invariant regardless of the technique used to measure then
and to vary only, to some extent, with the solvent power and the polymer structure and properties as predicted from polymer chemistry. The
hydrodynamic size of five pullulan standards derived from FIFFF in solutions of different ionic strength appears to correlate well to molecular
mass as expected for neutral polymers for all fractions except that of lower mass. The correlation also holds for large amounts of injected
sample even though with a slope which increases with rising polymer load. The evidence that the same result is obtained also for low sample
amounts but with a higher cross-flow rate is interpreted as the manifestation of the presence of hydrodynamic interactions in concentrated
polymer systems.
© 2004 Elsevier B.V. All rights reserved.
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Polysaccharides

1. Introduction glucosyl or maltosyl substitution which, however, does not
affect its solution behavior which appears to be that of a flex-
For their specific biosynthetic pathways polysaccharides, ible, statistical coil. Unless produced under carefully con-
widely present in any living system, are generally found as trolled fermentation conditions, pullulan shows considerable
broadly-disperse mixtures often heterogeneous in structurevariability in molecular masa\). It appears that molecular
and composition. Besides vegetable and animal systems, sevmass (and in general the yield and composition of micro-
eral micro-organisms such as fungi, bacteria and algae, pro-bial exopolysaccharides) strictly depends on the fungal strain
duce polysaccharidd4]. Of all microbial polysaccharides as well as on the incubation conditiof8§. Growth time in
the pullulan synthesized by the polymorphic fundhigre- particular, is reported to affect molecular mass which seems
obasidium pullulanss probably the most studied. The role to decrease with increase in incubation time, probably due
of this polysaccharide in the cycleAf pullulanshas notbeen  to cleavage of the polysaccharide chain by an extracellular
unequivocally elucidated and some authors favour its func- amylolytic enzyme.
tion as a cell wall component while others support its action ~ Even though dextran is often used as a standard for poly-
as a protecting agent from harsh environmental conditions mer analysis, pullulan, commercially available as fractions of
[2]. Unlike the most commo-linked microbial polysac-  narrower distribution and in a broad molecular mass range,
charides, the neutral pullulan appears to be a linegiucan generally exhibits more symmetric distributions and is a pre-
of maltotriose units, possibly with occasional branching of ferred standard polymer in aqueous solutions. Here, pullulan
has been employed as a test material to study the elution be-
* Corresponding author. Tel.: +39 (0)349 3423344; fax: +39 06 490631 havior of neutral water-soluble polymers in flow field-flow
E-mail addressmariaanna.benincasa@uniromal.it (M.-A. Benincasa). fractionation (flow FFF).
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FFF, a flow-assisted analytical technique is clustered in expressed g$].
the same category of separations as chromatography for the _b
particular combination of the flow structure and field, similar Do =AM )
to that found in that methodolod¢]. Much like more fre- In Eg. (3) the coil compactness is expressed by the
quently used chromatographic techniques the transport flowb-exponent predicted to be around 0.5 for ideal systems at
carrying species along the separation chamber is continu-@-conditions and increasing in the presence of strong inter-
ous and orthogonal to the externally applied field. The latter, actions between the polymer and the solvent that would lead
interacting with some component-specific property, induces to molecular enlargement. CombinationExds. (1) and (3)
compression of the sample particles (or molecules) on onegives:
of the channel wall denominated the accumulation wall. The 0
thickness of the zone results from the combined effect of , _ AbeV 1 (4)
the compressing field and the dispersing action of diffusion. we Ve
It is demonstrated that the outcome of these phenomena is Eq. (4)appears to be valid under any experimental con-

a steady-state concentration distribution of molecules expo-gition. However, since the rigorous mathematical treatment
nential in nature, highest at the accumulation wall and de- of the partitioning mechanism in FFF considers rigid parti-

creasing away from it, toward the center of the chaifiel ~  ¢les without volume and mass, it is assumed that no volume
The position of the migrating sample cloud is identified s forbidden to the particle displacement under the diffusive
by the exponential constadtgiven by the ratigR7/ F with or convective action. The ideal situation would then occur

& being the Boltzmann constafitthe absolute temperature  \hen dilution of the migrating zone were infinite. While,
andF the force exerted by the field. For its dependence on i practice, this can not be achieved, it is possible to adjust
the ratio of energy and force, which givethe dimensionof  the working parameters to minimize non-ideal effects. This
length, this parameter is viewed as the zone mean elevationyay pe obtained for instance by both injecting the smallest
above the accumulation wall. In the parabolic distribution possible amount of sample and/or reducing compression by
of the transport fluid velocities, higher elevation of the sam- e field. Both these procedures by allowing the sample to
ple envelope translates into a higher migrating velocity. For gjstribute into a larger volume would enhance dilution. The
convenience thé value scaled to the channel thicknegs plug extension along the migration axigarising from the

is most commonly used in the equations. The dimensionlessjongitudinal diffusion in the presence of differences in con-

parametet. = £/w in flow FFF may be obtained fromg.  centration along the channel) also contributes to increase the

(2): zone volume. A number of other factors contribute to modify
vo 1 this volume from that initially injected\{,j. Among these

A=D 2T (1) the hydrodynamic dispersion due to the non-uniform flow

profile across the channel is recognized as the dominant fac-
Considering tha¥® andw? are channel geometrical pa- tor in zone broadeninfy]. The overall breadth of the zone is
rameters, therefore instrumental constahts) FIFFF only given by summing the variances of all the independent pro-
depends on the particle diffusion coeffici&nand cross-flow  cesses occurring during elution. Even though a number of
rateVe. Ifthe latter also is kept constant the only parameter de- factors (particle longitudinal diffusion, sample distribution
termining the value of is the specific molecular diffusivity.  across the channel before relaxatj8h finite volume of the
Stokes and Einstein studies showed that at zero concentrationnjected sample pluff], unequal particle velocity due to the

the diffusion coefficienDg is related to the particle radi® non-uniform flow profile and different elution rates of species
as: with different molecular size in polydisperse samgleg])
AT by independently contributing to this value should be added
e (2) up to get the total variandd 1], the latter results to be well

. . _ o ) represented also simply as:
Rp is unambiguously determined only for rigid spherical par-

ticles (at molecular level well represented by globular pro- 0~ = Gi%j + Ur%eq"‘ Ugoly (5)
teins) and may vary for polymers in solution to a different
extent depending on the system properties. For flexible chain
macromolecules in particular, molecular size is defined as
the average of all possible conformations of same free en-
ergy and varies with the calibre of intra-particle interactions
relative to the interactions between the polymer and solvent. 1 /ViniL 2
At constant temperatufgthe solvent power is, therefore, the  %ini = 1_2< 0 >
primary factor affecting the molecular size of random coil

polymers in infinitely dilute solutions. Physical-chemistry of It is seen thats, in Eq. (6)only depends on the volume
macromolecules indicates a power correlation betwRgn of the injected sample since the lengtland volumeV® are
henceDg, and the molecular mass of flexible chain polymers constant for a given channel. This term may therefore be

since the influence of the first two processes may become
negligibly small under specific operating conditions (higher
eluent velocity and relaxation procedure). The first term in
Eqg. (5)may be calculated:

(6)
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minimized and made constant if the same low sample volume as the ratio of the numbe\ of the effective segments in a
Vinj is injected. This procedure however has the drawback of polymer chain to the volumé of each coil. Since for an ideal
limiting the injected mass or increasing the initial sample chain the latter depends dhas a 3/2 powec* results to be
concentrationaﬁeq and G§o|y are the terms more strongly  proportional toN~/2, This translates into a sharp decrease
affecting band spreading, the first one for its dependence onof the polymer critical concentration &kincreases. Consid-
the carrier mean velocity and sample diffusivity, the second eration of the excluded volume for self-avoiding chains gives
for the contribution to zone enlargement by differences in the a power dependence of as N~%° and consequently with
polymer size and masMj i.e. polydispersityu. the same rate on molecular weight. Since in a polymer chain
Zone width (hence the factors affecting it) is considered N > 1 the threshold density for the critical concentration is
here for its role in determining the sample bi-dimensional fairly small. Concentration may influence macromolecules’

concentration during elutiofi 2]. dynamics well before* is reached. The diffusivity (as well as
5 other parameters such as viscosity) of polymers in solutions
—(z—-2 —x i i i i
c(x, 2) = coo€Xp ( 5 ) exp| =~ @) of increasing concentration has been widely stu@i€e-16]
20 AW to determine molecular parameters such as chain flexibility
[13].
In Eq. (7)zis the longitudinal axis andthe distance across The concentration driven co-operative mechanism (ther-

the channelcgo, the highest concentration attained at the modynamic force) contributing to determine the band thick-
accumulation wall in the center of the Gaussian distribution ness in flow FFF, would tend to enhance diffusivity as

is found from: concentration increases. On the other hand, however, in the

Vinjcini L absence of other effects such as electrostatic interactions, the

0= ———— 8 coil mobility is expected to decrease as concentration rises
N 2762V 0 Y P

because the hydrodynamic perturbations on the surrounding

wherecin; is the concentration of the sample solution before medium deriving from the presence of other macromolecules
injection.Eq. (8)shows thatgg may largely exceed the poly-  may retard the diffusive motion (hydrodynamic interactions)
mer initial concentration sinck is always lower than unity  [15,16] Hence various correlations are found for the effect
and decreases as retention increases. The maximum concerof concentration orD of polymers depending on the dif-
trationco however is achieved at the accumulation wall before fusive mechanism investigated, the properties of the poly-
elution begins, i.e. when under the effect of the field alone mer solution, the concentration range and sample molecular
the sample is exponentially distributed across the channelmass.
thickness. Under this conditiap ~ cinj/A and a remarkable In this work, we report the study of the influence of sam-
magnification of the initial concentration is registered. ple volume and concentration on the retention of the neutral

From the above equations, it appears that the volume andpullulan carried out in solutions of different ionic strength on
concentration of the injected sample would change the zonefive polymer fractions of varying molecular mass.
concentration but would not directly affect retention. Un-
der linear conditions we should then expect only a different
detector response &4, andciyj increase but no change in 2. Experimental
retention parameters. If, in the presence of the so-called over-
loading phenomena retention is affected, and if we assume The retention behavior of the pullulan standards P10, P50,
that all the above equations still apply under these conditions P100, P200 and P400 (Showa Denko K.K., Tokyo, J), was
then it should also be assumed that the increased concentrastudied in a flow FFF system from Postnova Analytics (Salt
tioninfluences the only parameter responsible of the retentionLake City, UT, USA). The channel obtained from a sheet of
leveli.e. in flow FFF, the particle diffusive motion. The over- mylar had a length of 29.75 cm, a breadth of 2.0 cm, and
all molecular displacement occurring under these conditions, a thicknessv of 0.0254 cm. The PLBC membrane of regen-
which has been termed “apparent diffusivity” and is treated erated cellulose from Millipore (Bedford, MA, USA) had a
through an apparent diffusion coefficieDgpp, would then molecular weight cut-off of 3kDa. The two HPLC pumps
represent the outcome of multiple mechanisms but the sim-used to drive the channel and field substreams were respec-
ple thermal energy-induced motion of isolated particles in an tively a Shimadzu LC-9A (Kyoto, Japan) and Perkin-Elmer
undisturbed medium. Series 2 (Norwalk, CT, US). The system set-up comprised

Of the different concentration regimes recognized in poly- also a variable back-pressure regulator (Alltech Associates,
mer chemistry for macromolecules in solution only the Deerfield, IL, USA) on the channel line and a constant pres-
dilute regime is governed by properties of individual macro- sure regulator (Upchurch, Oak Harbor, WA, USA) setting
molecules. Since the threshold regime between the dilute andthe back-pressure of the cross-flow. Sample injection was
semidilute (or concentrated) solution is determined by the performed through a silicon septum placed in a tee-union to
concentration where coils just touch each other the critical avoid limitations in the injected volume. Sample solutions,
concentratiorc* is of the same order of magnitude as that whose concentration is specified in the text for each experi-
of the monomers in each coil. This concentration is obtained ment, were also filtered through a 0 48 zero dead volume
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filter placed after the injection port. The concentration profile Table1 N , )
of the eluting band obtained by a differential refractive index Pullulan diffusion coefficient®® (x 10~ cm?s™)

detector RID 10-A from Shimadzu was recorded on computer Watef! WateP  0.02% NaN®  0.2% Nan¢
by in-house software package. Distilled water, deionized and p10 11.44+0.56 105 956
filtered through an ion-exchanger/ultrafiltration device from P50 5.57:0.12 42 345
USF (Ransbach-Baumbach, D) and aqueous salt solutions o100 3.88:0.05 35 293 256
P200 2.65£0.05 235 221 194

NapSOy (Carlo Erba_, Mi, IT) served as carriers. All the Qata P400 1.80L 0.05 160 140 134
were processed using the temperature measured during th§he temperature for the FIFFF experiments was away€20
experiments.

2 Diffusion coefficient and standard deviations obtained from flow FFF.

b Data from referencfi 8], obtained by the boundary formation method.

¢ Data from referencl?], obtained by PCS for the P50-400 samples
and free diffusion for the P10.

3. Discussion d Data from referencf23], obtained by DLS.

The elution profiles of five narrowly-disperse fractions of
pullulan standards with molecular masses of 12,200, 48,000,tions of the same polymgL7]. This procedure is followed
100,000, 186,000 and 380,000 Da shownFiig. 1 were even though diverse methodologies respond to different dif-
acquired by injecting p.g of each sample, except for the fusive mechanisms, as in the case of the boundary formation
380,000 Da fraction, for which 5459 were used. All sam-  acting in a concentration gradient, and photon correlation
ples were dissolved in water which also served as the carrierspectroscopy (PCS) where differences in concentration are
liquid. The good reproducibility of the elution curves is man- ruled out a priori. Itis, therefore, not surprising that values of
ifested by the invariant size distribution of three runs of the the diffusion coefficient reported for the pullulanTable 1
186, 000 Da fraction displayed in the inset of the same figure. differ as much as 30%, with this discrepancy varying with
The size distribution, rather than the time-based fractogram, molecular mass. The valuesDfp, reported for the five pul-
is plotted since molecular dimension is the physico-chemical lulan standards have been determined as the average of 5-10
parameter expected to be invariant even if differences in independent FIFFF runs of 3@ injection load for each
the flow conditions were registered, the latter being ac- polymer fraction under experimental conditions identical to
counted for during conversion of the elution curve to size those ofFig. 1 To allow a consistent treatment of the experi-
distribution. mental curves the data and standard deviations were evaluated
Diffusion data widely available in polymer literature may at the retention time corresponding to the first moment of the
be obtained using diverse analytical techniques. In some casélaussian best fit of the eluted peak. This procedure has been
however, because of the limited range of applicability of each applied throughout this work even though, due to the high

technique, different methods are utilized for differshirac- symmetry of the pullulan peaks, differences betweentthe
determined in this way and that calculated at the response

maximum were negligible. Inspection dable 1shows that
I 55 000 the values 0Dgpp derived from flow FFF are closer to those
obtained using the free boundary formation method in the
same aqueous mediuyiB]. This result is not surprising if it
is considered that in both methods the diffusive mechanism
e acts in a concentration gradient.
w030 The power law expressed Wy. (3) relating the diffu-
DIAMETER (nm) . .. .
sion coefficient to the polymer molecular mass, manifests
the macromolecules’ conformation through the value of the
b exponent, which may be obtained from the slope of the
linear correlation between the logarithm of paramé&end
M. For the pullulan this correlation, and the corresponding
regression coefficient, obtained from the retention parame-
ters of 3ug of each polymerkEq. (1) is seen to change de-
pending on whether the 1200 Da fraction is considered
(Fig. 2b) or not (a). The value of 0.546 for the slope ob-
70 tained in water for the four highdvl polymers, which is
t TIME (min) in good agreement with independent dgt8] decreases to
0.537 if the 12200 Da fraction is included in the calcula-

RELATIVE RESPONSE

380000

DRI RESPONSE
(Computer Units)

Fig. 1. FIFFF fractogram of five pullulan standards of the nominal molec- tions. The even lower value of 0.535 obtained Considering
ular mass shown. Injected sample concentration was always 1mg/mL. : )

V = 0.2 mL/min andV, = 0.6 mL/min with the water eluent. Differential only the t\NO_lOWEIM polymers (12 000 and 43000) W_OU|d
refractive index detection. In the inset: size distribution obtained from re- Suggest a different conformation of the shorter chain pullu-
peated elutions of @g of the pullulan 186000 Da. lans. This speculation, in agreement with results reported by
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4-Point Correlation

3.1. Influence of the injected mass and solvent ionic
strength

As argued in the introduction the sample concentration
Cinj and volumeViy; determining the effective concentration
and width of the eluting bandgs. (7) and (8)are not ex-
pected to affect retention as long as the system follows an
ideal behavior. The profiles of the pullulan,430, 100,000
and 380 000 Da registered in water for increasing injected
volumes at the constaah; of 5 mg/mL, illustrated irFig. 3a,

Log D

'6'84.6 48 50 52 54 56 contradict this expectation. The increase in retention time

(a) LogM with injected volume (i.e. mass) is clearly more pronounced
for the higher molecular mass polymer fractions. Indeed,

5-Point Correlation while the lowestM compound shows a slight change in the

-5.8 -
1 peak maximunt; only for the 20Qug load, the same effect

on the 380,000 Da polymer appears already withwg5n-
jection. Larger loads of this sample involve an overall peak
shift to highert, and evident band broadening. The use of
an electrolyte solution of 75 mM ionic strength does not sup-
press all influence of sample mass on retention as shown in
Fig. 3b even though it reduces peak shifts for all the fractions
and more substantially for the 380,000 Da polymer. A more
quantitative picture of these results is obtained by plotting the
hydrodynamic diameter of the three standardBigf 3a and

b as afunction of the injected masg.in Fig. 4was evaluated
following the same procedure described for the datigf2

Log D

(b)

Fig. 2. Log-log plots of apparent diffusion coefficient vs. molecular mass
obtained at different ionic strength for the pullulan 48,000, 100,000, 186,000
and 380,000 Da (a). (b) Five-point log—log correlation including the value
for the 12,000 Da fractiom =water, = 7.7 mM,0=15mM,O =75mM

ionic strength of the NeSO4 aqueous solution.

other authorg17,18]is confirmed by investigation in solu-
tions of 7.7, 15 and 75 mM ionic strength where the differ-
ence in theb-value when the 12 kDa polymer is considered
is even more remarkable. In particular, thexponent grad-
ually increases the many more highdrstandards are in-
cluded in the correlation. Consideration of the two lower
polymers only, for the lop—logM plot decreases the slope

and usingeq. (2) for both the water carrier and the aqueous
solution of N@SOy of 75 mM ionic strength. For the calcu-
lations the measured temperature and corresponding solvent
viscosity were always used. As evidenthig. 4 the pres-
ence of the electrolyte brings about an overall reduction of
the measured molecular dimensions which is more substan-
tial for the largerM polymer whose higher chain flexibility
allows the coil to respond more remarkably to the lower sol-
vating power of the salt solution. In any case the conspicuous
response of the 38@00 Da polymer to increasingin; is

the clearest indication of the trend of increasing measured
molecular size with sample load common to all the polymer
fractions as shown ifrig. 3a and b. These results call for

to less than 0.4. Accordingly, the 5-point correlation coeffi- further discussion. The effect of the injected mass displayed
cientR2 worsens remarkably compared to that given by the in these figures cannot be considered typical for any poly-
4-point fit and goes from 0.9990 to 0.97. Several mecha- mer system. It has been shown that the behavior of charged
nisms may be claimed to explain the behavior of the lowler  polymers in concentrated solutions at low ionic strength is
pullulan particularly considering that the greater departure of opposite of that seen here with retention decreasing as the
the diffusion coefficient data appears in solutions of higher amount injected is raisgd9,20] Therefore, in the case of

| than water. Polymer-ion interactions specific only to poly- polyelectrolytes D-values increase accordingg1]. Con-

mer fractions of lower dimensions are known for other poly- trariwise the FFF retention level of neutral polymers is con-
mers [19 and references therein] and would well apply to this sistently seen to increase with sample load regardless of the
polymer. However, a more complex molecular architecture type of field employed12,22] This inference is confirmed

for this polysaccharide than that of a regularly linear, flexible here by the behavior of the pullulan in agueous FFF, a sample
homopolymer in the whole molecular weight range may be system which only shares with previous systéir#22]the

also taken into accoufit8] and may better supportthe previ- neutral nature of the polymer.

ous hypothesis. Altogether these results convey the idea that The least-square best fits for the dateaf. 4, reported
more extensive investigations would be needed to definitely in Table 2 allow extrapolation ofi, at zero concentration.
shed light on the composition and behavior of the pullulan These values listed ifiable 3together with the dimensions
polysaccharide. obtained from the low load experimentskfy. 1 show that
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WATER
_ 48 000 100 000 380 000
2
30 0 100 15|0
TIME (min)
I=75mM
48 000 _ 100 000 . 380 000
200 g
<
3 15
=17 45 pg
(b) 30 0 10 20 30 40
TIME (min)

Fig. 3. (a) Retention profiles of pullulan 48,000, 100,000 and 380,000 Da

obtained in water at increasing injected sampleyoriBmg/mL in all

experiments. Flow conditions and detection abit 1 (b) Fractogram of the same pullulan fractions of part (a) registered in aquee8©Naf | = 75 mM.

Same line style corresponds to the same injected amount.

the latter differ by 5—-9% in water from those numerically
extrapolated to infinite dilution. In particular measured and
extrapolatedl, are comparable in both eluents for the lower
M fractions but differ rather remarkably for the 380 Da
standard in water. This observation further support the evi-

380 000

Diameter (nm)

50 100 150 200 250
Injected Mass ( ug)

Fig. 4. Hydrodynamic diameter measured by flow FFF for the pullulans
48,000, 100,000 and 380,000 Da plotted versus injected load. Carrier liquids
were water (open circles) and ap80;, solution ofl =75 mM (solid circles).

Cinj = 5mg/mL throughout.

dence ofFigs. 3 and 4hat the influence of the sample in-
jected mass depends on the polymer characteristics as well
as on the solvent properties. The stronger interactions be-
tween macromolecules and a good solvent in general do not
facilitate polymer analysifl2,19,20,21]

Table 2
Correlations between measured hydrodynamic diamegrand injected
mass (nnj) obtained in aqueous solutions of different ionic strength

Sample Water lonic strength 75 mM
P50 dp =7.29 + 0.003763y dn = 6.92 + 0.00406B%y;

P100 dn = 10.53 + 0.009%h dh = 10.21 + 0.007 9y
P400 dn = 26.46 + 0.0893thyy; dnh = 23.71 + 0.04118yy;
Table 3

dn (nm) measured for g of sample atin; = 1 mg/mL and values extrapo-
lated to zero mass from the plotsfefy. 4

Sample Water lonic strength 75 mM
3pg Extrapolated 39 Extrapolated
144 7.3 7.3 6.9
P100 111 105 109 102
P400 233 265 236 237
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Because of the linear dependence of the diffusion coeffi- Table 4
cient on molecular dimensionEq. (2), when correlated to Correlation of the logarithms af, andM for pullulan obtained from FIFF
. ’ in wat
molecular mass the logarithmdyf for a polymer atzerocon- &'

centration is expected to fit a linear function with the same 'niected massig) Logdn r
slope of the lod>—logM plot: 200 Q780 logM-2.768 0993
100 Q714 logM—2.475 0992
logdn = log A" + b’ log M 9) 45 0677 logM-2.316 0994
15 0644 logM-2.164 0993
Th m rrelation is not n rily expected for con-
e same correlation is not necessarily expected for co Extrapolated to zero .833logM-2.114 0994

centrated solutions unless it is assumed that a scaling mech

Sample concentration = 5mg/mL.

anism still acts under conditions where the particle motion
might be affected by various interactions between particles or
with a perturbed surrounding medium. In this case it should
then, also be assumed that these interactions have a scalin
pattern. The linear data reductions obtained from experiments
at increasing polymer load iRrig. 5a and b fit very well the
experimental values as confirmed by the correlation coeffi-

expansion in more concentrated solutions. Nevertheless, the
ood correlation between molecular dimensions and mass
geveals that molecular hydrodynamics still follows a scaling
pattern in concentrated solutions of pullulan. This rules out
the presence of aggregation which is generally a random pro-
cients reported iTfables 4 and S-urther inspection of these cess. Furt_her supportto the abser_1ce of aggr_egation Is offered
results shows that the slope of the plots rises as the injectecP_y the evidence that, as theorechIIy predicted, molec_ular
size decreases when the pullulan is in electrolyte solutions

amount increases which ironically implies that the separa- id bols irFi her than i bol
tion selectivity improves the farther the conditions are from .(SO' symbols irFig. 4) rather than in water (open symbols

ideality. These experimental evidences deserve a more deln Fig. 4). To the.cor?trary, aggregation W.h'Ch .prO(Ijuces.pa'r—
tailed analysis. The increasing values of thexponent for ticles of larger size is generally emphasized in higher ionic
more consistent sample amounts can not be interpreted instrength solutions. It is also noted that the increase obthe

this case according to polymer theory as indicative of molec- value for larger Saf“p'e loads is more "mited ir_1 salt solutions
ular elongation6] since no mechanism would justify coil and the value obtained from the.g load with a dilute sample
solution more closely approaches that found by extrapolation

WATER to zero sample mass.
L8 From these results it would appear that sample concen-
T tration is reflected into the terms lédg andb’ of Eq. (9)as
1.5 7 » additive contributions to the correspondent values at infinite
dilution. The logA’ term valid at any polymer concentration
~ 131 is, therefore, broken down as l&g+ loga with the former
§‘ referring to ideal solutions and the latter accounting for con-
1.0 tributions other than those considered in theory. By similar
i considerations thlg exponent is equaled to+ @ with b the
0.8 - - - . value at zero concentratioBiq. (9)made explicit forA’ and
45 475 5 525 55 575 b’ becomes:
@ LogM
16 Ionic Strength = 75 mM logdh =logA 4+ blogM + loge + @ logM (20)
¥ where logA + blogM would account for the molecule’s
1.4 4 undisturbed dimensions and the og® log M would give an
estimate of contributions due to concentration. These contri-
< 12l butions in the present study are quantified bykthend logA’
% plots versus the amount of injected sample. The correlations
~ obtained ardy = 0.63691 + 7.318 10~4 mnj in water and
1.0
Table 5
0.8 : i : i Logdn—logM correlation for pullulan from flowFFF in 75 mM ionic strength
450 475 500 525 550 575 solution
(©) LogM Injected massy(g) Logdh r2
200 0687 logM—2.341 0997
Fig.5. Logarithm of the hydrodynamic diameter of pullulan measuredinwa- 1gg 0667 logM—2.268 0994
ter (a) and at 75 mM ionic strength (b) correlated to the logarithm of molecu- 45 0625 logM—2.088 0997
lar weight. The corresponding equations are reportd@bies 4 and 5The 15 0596 logM—1.956 0999
plots from (a) to (b) in each diagram refer to injected amounts of 200, 100,
45 and 15.g, respectively. The lowest plots (square symbol) are obtained EXtrapolated to zero -890logM-1.925 0998

by extrapolation to zero concentration.

Sample concentration = 5mg/mL.
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b’ = 0.59593 + 5.0786< 10~* myy at| = 75mM; logA’ 48 000
= —2.1336— 0.00325my,; in water and log\' = —1.9573

— 0.002168myy; at 75 mM ionic strength. Considering that
the coefficientdR? for theb’ plots were 0.9924 in water and
0.91469 in salt solution and for the 1é§ 0.9909 in water

and 0.8976 at 75 mM ionic strength higher order terms have
not been considered. In th® expression the coefficient of
the variablemi,; would represent the value df in Eq. (10)

per unit mass increase whereas the coefficient in thé'log
expression would be the gradient of leger unit mass. The
above treatment should only be considered a phenomenolog-
ical approach since any rigorous investigation should refer to
the polymer concentration rather than mass. Such a treatment
is complicated in FFF by the continuous change of concentra- 0
tion during elution and the strong gradients in the same zone
as shown irkq. (7) Itis, however, worth noting that scaling
laws are still followed for the elution of large amounts of ana-
lyzed polymer Fig. 5 which implies a non-random effect of

the sample mass on the measured hydrodynamic parametergent and number of such interactions. By contrast, the 100%
Our interpretation is that these results reflect the effect of hy- apsojute recoverje4] obtained for these pullulans and the
drodynamic interactions i.e. the perturbation on one particle ¢o(relation found between molecular parameters and molec-
motion by the flow field created by a nearby particle’s move- jar mass are not consistent with a mechanism involving ran-
mentin the same liquid medium. These interactions predicted yom interactions of the sample polymer with the membrane
to retard macromolecules’ motion as concentration increasesmaterial. As a matter of fact the logarithmic plots and the
were shown to follow a scaling modgl5,16] On these as-  ¢orresponding functions ifig. 7show that the flow FFF ex-
sumptions the value dflower in elec_;trolyte solution tha_m in trapolated hydrodynamic size of the three pullulanBigf 6
water (Tables 4 and pmay be considered as the manifesta- g still well correlated to the polymer molecular mass when
tion of the decreased solvating power of the medium on the g higher cross-flow rate is used. However, in this case the
macromolecules as it is expected from the general scalingsjope increases in a similar fashion to that obtained with large
theory of polymer chemistry. amounts of injected samplEify. 5). Considering that a higher
field intensity reduces the sample envelope thus increasing
the effective concentration during elution, the highemlue
obtained a¥; = 1.2 mL/min simply reflects the higher sam-
ple concentration much in the same way as it manifested
djargerminj as seen irFFig. 5 This is a logical interpretation

of the consistent behavior shown by the pullulan anytime a

Measured diameter (nm)

48 000 9.0
100 000 14.4
186 000 21.3

100 000

186 000

YT
T T T T T 1

0 20 40 60 80 100 120
TIME (min)

Fig. 6. Elution profiles of gug of the pullulan standards shown in the labels.
All the conditions as ifrig. 1except forV; = 1.2 mL/min. Thed, measured
for each polymer is reported in the inset.

3.2. Effect of the flow conditions

Egs. (1) and (43how that the level of retention in FIFFF is
solely determined by the field intensity and particle charac-
teristics. The latter for the same macromolecule are expecte
to be invariant if measured under different flow conditions.
The hydrodynamic parameters of the 480, 100 000 and
186, 000 Da pullulans, their correlation to M and sample
recovery have been studied in experiments differing from | -
that of Fig. 1 only for the field intensity. As illustrated in log dy = 0.635 log M- 2019 12 = 1000
Fig. 6 the elution profiles of these polymers obtained with

1.4

Ve = 1.2 mL/min appear to have the expected symmetric pro- - 1.2
file well reproducing the theoretical Gaussian function as ':0
determined by computer fit. Lack of peak distortion hence 3
would suggest the absence of non-ideal secondary effects. 10

V= 0.6 mL/min

Nevertheless, the measured hydrodynamic sizes, showninthe oy = 0320 log M- 1350 P2 = 0998

sameFig. 6, differ by 13—35% from those measured for the
same fractions at half cross-flow rate and reporteliinie 3
The hydrodynamic diameter of the 1880 Da pullulan, not

shownthere, was 16.2 nm. Sample interactions with the mem- 0'84'6 " 48 50 52 54

brane are often claimed to be responsible of similar behavior. Log M

Such phenomena however, expected to yield incomplete sam-

ple recovery and p033|_bly to lead to peak_ distortion, should Fig. 7. Logdn—logM plots for three pullulans obtained varying the cross-
also break the correlation between retention parameters andiow rate.v = 0.2 mL/min in all experiments with the water eluent. DRI for
molecular mass since elution, ite.would depend onthe ex-  3ug injection of each polymer.
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change in the experimental conditions led to a raise of the b
effective concentration of the eluting sample. b’

It would look from all the above results that using larger Cinj
sample loads would only offer the advantage of enhanced de-cgg
tector response, thus reduced signal-to-noise ratio, and better
separation selectivity. However the increased retention time c*
may result in a big penalty in the analysis of highsamples dnh
that would elute in broader zones and with unacceptably long D
elution times. In this instance the increased band width would Dg
limit the detection enhancement given by the higmgy. In Dapp
addition to this the sample parameters obtained under suchg]
conditions would not correctly reveal the polymer nature and f
properties.

4. Conclusions

ZZrr ST

Eventhough retentionin FFF may be affected by anumber Ry
of experimental parameters, under carefully tuned work con- t0
ditions neutral polymersin aqueous flow FFF show a behavior t,
very close to that of ideal systems. Such a conclusion is basedr’
on measurements of the apparent diffusivity of five pullulan U
standards extrapolated from low-load flow FFF which result v
to be well in agreement with reported data obtained by other V;
techniques. Not surprisingly the agreement appears to be parVip;
ticularly good with results from the free diffusion method \°
which, unlike other methods, acts under a concentration gra-x
dient, a condition similar to that experienced by molecules w
in FFF. When low sample concentration is used, even small z
departures from the theoretically predicted correlation be- Z
tween sample parameters may not be meaningless but rather
stemming from effective differences in the sample proper-
ties. By contrast, when experimental conditions that enhance
the zone concentration are used, molecular parameters mea-
sured from FIFFF do not remain invariant as predicted from K
FFF theory and would be expected from polymer chemistry.
Their change however for the pullulan polysaccharide does oo
not appear to be random or uncorrelated to the sample prop- "
erties. The theoretically predicted relationship between the
diffusivity derived equivalent size and molecular mass is still neq
followed, even though with correlation constants increasing

. Upoly
as the amount of sample increases. These results can not be
explained on the basis of random mechanisms of molecular
aggregation or polymer—-membrane interactions. The inter-
pretation based on the hydrodynamic interaction model pre-
dicting a retardation of a molecule’s free diffusing movement

exponent scalin@® to M at infinite dilution
exponent scalin@® to M in concentrated solutions
sample concentration before injection
concentration at centre zone at the accumulation
wall

polymer critical concentration

particle hydrodynamic diameter
diffusion coefficient

diffusion coefficient at infinite dilution
apparent diffusion coefficient
Boltzmann constant

friction coefficient

force exerted by the field

characteristic thickness of solute zone
channel length

polymer molecular mass

number of polymer segments

radius of spherical particle

void time

retention time

absolute temperature

field-induced velocity

volumetric channel flow rate

volumetric cross-flow rate

volume injected

void volume

channel transverse coordinate

channel thickness

axial coordinate

downstream distance of the zone

Greek symbols

correcting factor in the Aterm of Eq. (9)

fluid viscosity

retention parameter

polymer polydispersity index

standard deviation in zone spreading due to injected
volume

standard deviation in zone spreading due to non-
equilibrium effects

standard deviation in zone spreading due to sample
polydispersity

exponent defined by — b

withincreased concentration seems to better explains the datdReferences
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