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Abstract

Yeasts are widely used in several areas of food industry, e.g. baking, beer brewing, and wine production. Interest in new analytical methods
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or quality control and characterization of yeast cells is thus increasing. The biophysical properties of yeast cells, among which
re related to yeast cell capabilities to produce primary and secondary metabolites during the fermentation process. Biophysica
f winemaking yeast strains can be screened by field-flow fractionation (FFF). In this work we present the use of flow FFF (FlF

urbidimetric multi-wavelength detection for the number–size distribution analysis of different commercial winemaking yeast varie
se of a diode-array detector allows to apply to dispersed samples like yeast cells the recently developed method for number–size (o
nalysis in flow-assisted separation techniques. Results for six commercial winemaking yeast strains are compared with data o
tandard method for cell sizing (Coulter counter). The method here proposed gives, at short analysis time, accurate information on
f cells of a given size, and information on the total number of cells.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Yeast is widely used in several areas of food industry. The
enusSaccharomycesis the most frequently employed in
aking, beer brewing, and wine production. In winemaking,

he transformation of grape juice into wine is essentially a mi-
robial process driven by yeast[1]. The availability of ready-
o-use, commercial strains ofSaccharomyces cerevisiaeand
accharomyces bayanushas prompted their widespread use

n wine production. Significant improvements in the quality
f wine are related to the “best” selection of yeast strains to be
sed as fermentation starters[2]. Moreover, several advan-

ages such as fast start, uniform and full fermentation, low
evels of residual sugars, and total microbiological control
ave been observed[3]. For these reasons the development
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of methods for the identification and characterization of y
is needed.

Field-flow fractionation (FFF) is a family of flow-assiste
separation techniques able to fractionate and charac
macromolecular and supramolecular species from m
molecules to micron-sized particles, among which cells[4].
In the past few years, different FFF subtechniques have
applied to separate yeast cells[5–7]. New methodologies fo
the characterization of commercial active, dry winema
yeast by sedimentation FFF (SdFFF) were developed.
were based either on centrifugal SdFFF[8] or on gravita
tional FFF (GrFFF), the low-cost subset of FFF that
ploys Earth’s gravity to generate the applied field[9–11].
Such methods were proved able to fingerprint different c
mercial winemaking yeast strains, and to follow biophys
modifications of the yeast cells that reflect into difference
the fractographic profiles. Since yeast cell biophysical
tures such as size, shape, and density can be related
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Nomenclature

A absorbance (–)
b optical cell path length (cm)
c sample mass concentration (g cm−3)
d particle diameter (cm)
de elution-equivalent diameter (cm)
dx size distribution percentiles (�m)
f(d) mass–size distribution (g cm−1)
fn(d) number–size distribution (particles cm−1)
Fc FlFFF cross-flow rate (cm3 min−1)
Fin FlFFF longitudinal flow rate (cm3 min−1)
K extinction coefficient (cm2 g−1)
m mass of eluted particles (g)
mp particle relative refractive index (–)
n refractive index of the dispersing medium (–)
n0 eluted particle number (–)
np particle refractive index (–)
N particle number concentration (particles cm−3)
Q extinction efficiency (–)
Rx correlation coefficients
Sd diameter-based size selectivity (–)
tr retention time (s)
V0 void volume (cm3)
Vr retention volume (cm3)
Vr1 extrapolated retention volume for a particle of

unit diameter (cm3)
x size parameter (–)
y input values for system solution
α particle density (g cm−3)
λ incident wavelength in the dispersing medium

(cm)
λ0 incident wavelength in the vacuum (cm)
τ turbidity (cm−1)

bility [12] and growth cycle of the yeast cells, the obtained
fractograms can be eventually related to aspects of wine-
making yeast quality and, consequently, to the quality of
wines.

Quantitative information is generally important for the
applicability of FFF methods to cell characterization. For
instance, sample recovery evaluation is a fundamental req-
uisite for the applicability of FFF methods to living cells
[13]. The quantitative response, in terms of size and num-
ber of the fractionated cells, is thus needed to develop an
effective FFF approach for the characterization of commer-
cial yeast varieties. To obtain quantitative response from FFF
of yeast samples, a method is first of all required to convert
the turbidimetric response obtained from the UV/vis detector
to mass, volume or number of the fractionated cells. Differ-
ent approaches, based on the derivation of the Beer–Lambert
law for flow-through turbidimetric measurements, have been
developed for the application to FFF analysis of dispersed

samples[14–17]. These methods require the evaluation of
the analyte optical properties either by experimental calibra-
tion with monodispersed standard samples[14], or by pre-
diction through an optical model[15,16]. Because the ex-
tinction properties of dispersed samples are size-dependent,
calibration-based methods should however require monodis-
persed standards, the availability of which is often limited. On
the other hand, the extinction coefficient of dispersed sam-
ples can generally be predicted by applying a model such
as the Mie scattering theory or other simpler, approximate
approaches that can be applied only within limited domains
of sample features[18]. However, any model-based predic-
tion of the optical properties of dispersed analytes requires
either the exact knowledge of sample specifications (i.e. size,
shape, refractive index, density) or restriction of the range of
experimental and instrumental conditions within which the
optical properties can be considered relatively constant[15].
For complex samples such as yeast cells the above requisites
are hardly met.

The GrFFF approaches up to now developed for winemak-
ing yeast characterization have mostly resulted into qualita-
tive fingerprinting of the yeast strains, because of evident
differences of the fractogram profiles due to differences in
all the cell biophysical features, among which size. Yeast cell
size is an important physical parameter since it can be related
t ation
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erformance[12]. Nevertheless, the complex dependenc
rFFF retention on all the biophysical features of sample

icles has hindered the direct conversion of cell retention
nto yeast cell size. This was confirmed when GrFFF–UV
ractograms of winemaking yeast samples have been
ared to size data obtained with uncorrelated methods
s Coulter counter[11] and, finally, when centrifugal SdFF
as coupled with flow cytometry[8].
Flow FFF (FlFFF) shows simpler than other FFF te

iques for sizing purposes, since FlFFF retention is relat
ndependent of density. This is because of the non-spe
ydrodynamic field across the channel, which is gene
y the application of a secondary mobile phase flow
rives sample components towards the channel accumu
urface[19]. FlFFF can fractionate cells with analysis ti
horter than in GrFFF, according to the hydrodynamic ra
f the analyte particles and independently of cell density[20].
sing FlFFF then allows to better develop quantitative
ethods for directly sizing yeast cells.
In this work, we present FlFFF with UV/vis diode-arr

etection (DAD) to obtain quantitative characterization
ifferent commercial winemaking yeast varieties via the
ependent evaluation of their particle size–number dist

ion and optical properties of the yeast cells. UV/vis D
llows to apply the original method for quantitative an
is in flow-assisted separation of dispersed samples, w
e have recently developed and up to now tested just w

ew FFF cases[21]. The method experimentally obtains
ptical properties of the analyte without requiring stand

or calibration or a model that needs knowledge of sam
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specifications, and it then allows to independently obtain the
mass–size (or number–size) particle distribution (what we
named the particle size–amount distribution, PSAD[14]) of
the analyte from a single separation experiment. The method
is based on the fundamental property of the extinction ef-
ficiency to be a function of the ratio between the diameter
of dispersed, spherical particles and the incident wavelength,
when the particle relative refractive index (i.e. the ratio be-
tween particle refractive index and refractive index of the dis-
persing medium) is constant[18]. The use of UV/vis DAD
is thus the first requisite since the method requires to register
turbidity as a function of the incident wavelength. Conver-
sion from retention volume to the size of fractionated yeast
cells is then obtained through the evaluation of size selectiv-
ity via calibration with standards of known size and shape.
In our case, the calibration procedure makes use of standard
spherical, rigid polystyrene (PS) particles whose shape is dif-
ferent than yeast cell shape. Since retention in FlFFF is de-
pendent on particle shape, the cell size is expressed in terms
of “elution-equivalent diameter”, which is here defined as
the diameter of a standard, spherical particle that is eluted
at the same retention volume as the cell. Once the cell re-
tention volumes have been converted into elution-equivalent
cell size values by means of the obtained elution-based size
selectivity, the method is applied to the multi-wavelength,
t tain
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brane with a 1000 Mr cutoff. The channel was held in vertical
position to prevent the influence of gravity on the perpendicu-
lar field. Nominal channel dimensions were 30.0 cm in tip-to-
tip length and 2.0 cm in breadth, with a 0.0207-cm thickness.
Nominal channel volume was 1.41 cm3. Sample injection was
made at an injection flow rate of 2.0 cm3 min−1 through a
Rheodyne valve, model 7125 (Rheodyne, Cotati, CA), with
a calibrated loop volume of 17.83± 0.06�L (N = 30). The
longitudinal flow rate (Fin) was always 4.0 cm3 min−1, and
it was generated by an SSI Series II pump (SSI, State Col-
lege, PA). The required external field was generated by a
mobile phase cross-flow rate (Fc) of 1.0 cm3 min−1, which
was delivered by a Varian pump, model 2510 (Varian, Walnut
Creek, CA). Two 4-way valves were employed: the first valve
to switch between the two cross-flow modes (recirculating,
non recirculating), the second valve to switch between the
two longitudinal flow modes (direct and back-flushing). One
6-way Valco valve model E60-230 (VICI, Onsala, Sweden)
was employed to switch between stop-flow mode and run
mode. The stop-flow time was 85 s. For channel cleaning,
a back-flushing step at 10.0 cm3 min−1 with the cross flow
switched off was applied after each elution. Mobile phase
was pure Milli-Q grade water produced by Simplicity 185
(Millipore, Bedford, MA) added with 0.02% (w/v) sodium
azide (NaN3, Sigma–Aldrich, Steinheim, Germany), 0.1%
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SAD (as number–size distribution) analysis. The final p

em in independently obtaining the extinction efficiency
umber–size distribution functions for each sample is so
y solving a non-linear equation system, by means of th
erical method we have proposed and tested in a pre
aper[21]. Six different yeast strains from different spec
f Saccharomyces were analyzed, and the size distrib
esults were compared to sizing data obtained throug
lectrosensing zone technique (i.e. the Coulter counter,
reference method for particle-size distribution (PSD) an
is of particles, among which cells. Though CC is an ind
ethod for PSD analysis, and it is not as accurate as an

ute method like microscopy, CC is widely used for rou
SD analysis because of its operation simplicity and s
nalysis times. In this work, we aim, in fact, to evaluate, ra

han the absolute accuracy of the FlFFF/PSAD sizing dat
orrelation degree existing between the FlFFF/PSAD re
nd the results obtained through a widely-employed me

or routine PSD analysis.

. Experimental

.1. FlFFF

The FlFFF system was similar to the system employe
revious work[22]. The channel was a prototype version
ived from the commercial model F-1000 Universal Fract
tor (FFFractionation LLC, Salt Lake City, UT). The accum

ation wall was made of a sheet of regenerated cellulose m
w/v) Triton X-100 (Fluka, Buchs, Switzerland) and 3 m
hosphate-buffered saline (PBS) at pH 7.4. The UV/vis

ector was the model UV6000LP DAD spectrophotom
Thermo Finnigan, Austin, TX) operating at a wavelen
ange of 250–700 nm. The cell path length was meas
ith a spectroscopic standard, as described in a previous

23]. The result was 4.6± 0.3 cm. Detection parameters a
ignal acquisition were controlled by the ChromQuest C
atography Software (version 2.51, Thermo Finnigan).

.2. Samples

Size calibration in FlFFF was performed w
IST/traceable, polystyrene (PS) standard microsph

Duke Scientific, Palo Alto, CA) of 2.013± 0.025�m,
.063± 0.027�m, 4.000± 0.033�m, 6.992± 0.050�m,
nd 9.975± 0.061�m diameter. Coulter counter instr
ental calibration was performed with 18.5-�m Calibration
tandard PS Latex (Coulter Electronics Ltd., Luton, B
ngland). Yeast samples were six different types of activ
inemaking yeast from different species ofSaccharomyce.
rom Saccharomyces cerevisiae: Intec Red and Inte
erevisiae. FromSaccharomyces uvarum: Uvaferm UVA.
rom Saccharomyces bayanus: Intec Bayanus, Vitilevur
nd Uvaferm PM. They were supplied by Tensum Ibérica,
.L. (Martorell, Barcelona, Spain). For FlFFF, the sam
ere dispersed using sonication (2 min) at 0.1% (w/v

sotonic NaCl, centrifuged at 1000 rpm for 3 min to disc
ossible culture broth residues, and then centrifuged a
t 6000 rpm for 6 min to precipitate the yeast cells. A

his process, yeast cells were cleaned twice with the iso
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NaCl and re-suspended in 1 mL of the carrier liquid, they
were kept at 4◦C before analysis, and sonicated for 30 s
before injection into the FlFFF system. All injections were
made at room temperature.

2.3. CC analysis

CC size measurements were performed using a Multisizer
II (Coulter Corporation, Hialeah, FL) set for 256-channel
analysis. Aperture size was 70�m (measure rank: from 2 to
60% of the nominal aperture size) and the aperture current
was 1600�A. Yeast samples were dispersed in PBS before
the measurements, and then diluted with the conducting fluid
Isoton II solution (Coulter Corporation). Intec Bayanus, In-
tec Cerevisiae and Vitilevure yeast samples were dispersed
at a concentration of 0.05% (w/v), and diluted 1:1000 in Iso-
ton II. Intec Red (dispersed at 0.2%, w/v), Uvaferm PM and
Uvaferm UVA (both dispersed at 0.3%, w/v) were diluted
1:10,000 in Isoton II. The analytical volume was 500�L,
and the average of three replicates was considered (N = 3).

3. Methods

3.1. Conversion from retention to size
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In fact, particles such as yeast cells can be different from
the standard particles not only in density but also in other
biophysical features (e.g. shape, rigidity, budding) and, then,
in terms of the hydrodynamic behavior. As a consequence,
Eq. (3)can be used for FlFFF sizing if a definition of elution-
equivalent diameter (de) is introduced. The elution-equivalent
diameter can be defined as the diameter of a rigid, spherical
particle which is eluted at the same retention volume as the
sample particle.Eq. (3)can be then re-written as:

de,i =
(

Vr,i

Vr1

)−1/Sd

(4)

which can be used in FlFFF sizing of yeast cells with size
calibration performed with standard, spherical particles such
as PS beads. OnceSd is determined with PS beads of known
size, cell size in terms ofde can be then obtained from FlFFF
retention.

3.2. Multi-wavelength PSAD analysis

The method for PSAD analysis with multi-wavelength tur-
bidimetric detection has been fully presented in a recent paper
[21]. Since the first application to a real sample such as yeast
cells is here for the first time presented, we describe here
below the method fundamentals for this specific application.
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The first step required for the application of the PS
ethod is the conversion from retention volume to cell s
ells are eluted in FFF according to the steric/hyperl

st/hyp) mechanism[24], for which a theoretical relationsh
etween retention and size of the sample particles is not
ble. The conversion can be thus performed by experim
etermination of the diameter-based size selectivity,Sd (–),
hich is defined as:

d =
∣∣∣∣∂ logVr

∂ logd

∣∣∣∣ (1)

hereVr (cm3) is the particle retention volume andd (cm) the
article diameter[25]. It has been experimentally found th

n st/hyp FFF, logVr linearly depends on logd [22,26–28].
ithin the size range in which it is independent ofd, Sd can

e determined as the absolute value of the slope of a
egression plot of logVr versus logd:

ogVr = −Sdlogd + logVr1 (2)

hereVr1 (cm3) is the extrapolated retention volume fo
article of unit diameter.Eq. (2)can be rearranged as:

i =
(

Vr,i

Vr1

)−1/Sd

(3)

hereVr,i (cm3) is the retention volume of thei-th digitized
oint in the fractogram.Eq. (3) gives conversion of rete

ion volume values into particle diameter values (di ). Since
n FlFFF retention is independent of sample density, siz
ectivity can be determined with standard particles of den
ifferent from sample particle density.
The turbidity of a dispersed sampleτ (cm−1) can be expe
mentally obtained from the instrumental signal of a UV
etector that operates as a turbidimeter[17]:

= 1

b
ln (10)A (5)

hereb (cm) is the optical cell path length, andA (–) the
nstrumental absorbance signal. We can expressτ as:

= ln (10)Kc (6)

herec (g cm−3) is the sample mass concentration, anK
cm2 g−1) the sample extinction coefficient, which we prov
o be independent ofc in a broad range of dilute dispersio
29].

In a dispersion of spherical particles,τ is a function o
article diameterd, number concentration of the particlesN
particles cm−3) and of the dimensionless quantityQ (–), the
xtinction efficiency[18].

= π

4
d2NQ (7)

A fundamental property ofQ states that, at constant p
icle shape,Q is a function of the typeQ(x, mp), wherex
s the size parameter defined asx = πd/λ, in which λ (cm)
s the incident wavelength in the dispersing medium, w
s λ = λ0/n whereλ0 (cm) is the wavelength in the vacuu
ndn (–) the refractive index of the dispersing medium[18].
he parametermp (–) is the particle relative refractive inde
efined asmp = np/n, wherenp (–) is the particle refractiv

ndex. At constantmp, Q = Q(x). Then, by combiningEqs. 6
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and 7one gets

K = 3Q(x)

2 ln (10)αd
(8)

whereα (g cm−3) is the particle density.
When in flow-assisted, size separation of dispersed sam-

ples the retention time axis can be converted into sample size
values via a model or an empirical relationship, the PSD of
the sample can be obtained by transformation of the analyti-
cal signal recorded as a function of time, as shown in previous
work [30]. In the case of FlFFF with turbidimetric detection,
the expression ofτ in Eq. (6)can be rewritten as a function
of the retention volumeVr and of the massm(g) of the eluted
particles:

τ = ln (10)K
∂m

∂Vr(d)
(9)

From the definition of mass–size distributionf(d) (g cm−1)
one gets:

f (d)
def= ∂m

∂d
= ∂m

∂Vr(d)

∂Vr(d)

∂d
(10)

By combiningEqs. (9) and (10), and substituting the expres-
sion forK in Eq. (8), we obtain:
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which neither absorb light at a specific wavelength nor show
different absorbance values at different incident wavelengths.
Second, to applyEqs. (13) and (14)to non-standard particles,
it must be assumed that thede values for the eluted particles
correspond to their optical diameter values, which are used in
Eqs. (13) and (14). In fact, the optical diameter is the diameter
of a circle with the same surface area as the average cross-
section of the particle.

It must be finally pointed out that, sincefn(d) is not a nor-
malized frequency function, the obtained number–size dis-
tribution actually is also a function of the total number of the
eluted particlesn0 (–), since:

∞∫
0

fn(d)dd = n0 (15)

Application of the method thus requires that, in order to
compute fn(d), the eluted particle number (n0) after the
separation–detection process is determined by an indepen-
dent measurement.

3.3. Data handling

Raw data of multi-wavelength fractograms were exported
as a text file through the proprietary detector software. The
t nce,
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(d) =
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r
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he correspondent expression for the number–size dis
ion fn(d) (particles cm−1) can be easily obtained by dividin
q. (11)by the particle mass (�/6)d3�. It results in the fol

owing:

n(d) = 4τd

πd2Q(x)

∂Vr(d)

∂d
(12)

When turbidimetric detection is performed throug
V/vis DAD, τ can be recorded as a function of bothVr
ndλ. If we assume thatVr values can be converted into p

icle size values as described in the previous section, we
= τ(d, λ). Hence,

n(d)Q(x) = fn(d)Q

(
πd

λ

)
= y(d, λ) (13)

(d, λ) = 4τ

πd2

∂Vr

∂d
(14)

In Eq. (13), they(d, λ) values are the experimental valu
rom which the values forfn(d) andQ(x) can be computed.Eq.
14)shows that they(d, λ) values can be obtained by expe
entally measuring the turbidity valuesτ (Vr,λ). Conversion

rom retention to size then givesτ (d(Vr), λ) and∂Vr(d)/∂(d).
etails on the numerical procedure to handle the experi

al values ofτ (Vr, λ), and to solve the system inEq. (13), are
iven in Ref.[21], and summarized in the next section.

Some conditions must be given for the application ofEqs.
13) and (14)to real samples. First, they are valid for partic
f constant relative refractive index (mp), that is for particle
ext file is a matrix of spectrophotometric signal (absorba
ij ), retention time (tr,i , (s)) and wavelength (λ0,j ) values
xperimental data were converted into a suitable form,
sed as input data for the numerical solution of the sy

n Eq. (13) through the following steps of a home-writt
atlab routine (Matlab 6.0, The Mathworks, Natick, MA

λ0,j values are divided by the mobile phase refractive
dex n to convertλ0,j values in air intoλj values in the
dispersing medium;
tr,i values are converted to retention volume valuesVr,i ,
via the elution flow rate (Fin) value;
correction for baseline drift is performed, and the void p
is removed by extrapolating the profile from the sad
point between the void peak and the first sample pe
zero atVr,i = V0;
fractogram noise due to pump instability is removed f
the absorbance signal by filtering the frequency trasfor
theVr domain. In fact, we have proved that the numer
method is able to reduce noise intensity, either in ca
white noise or noise proportional to the signal inten
[21]. Nonetheless, structured noise in theVr (or diameter
domain is not affected by the numerical treatment, a
must be removed before the system solution;
Vr,i values are converted to elution-equivalent diam
valuesde,i via Eq. (3);
Aij values are divided by ln(10)b, whereb is the cell path
length, to obtain the turbidity valuesτij (seeEqs. (5) and
(6);
τij values are converted toyij values (i.e. the product offn
andQ), via Eq. (12);
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– di , λj vectors andyij matrix are used as input data of the
system given byEq. (13)in the discretized form:

f (di)Q

(
πdi

λj

)
= y(di, λj) (16)

– solution of the system inEq. (16)is performed through the
numerical routine we developed, optimized and tested in
previous work[21].

4. Results and discussion

4.1. FlFFF–DAD/PSAD of yeast strains

Conversion of retention volume (Vr) to elution-equivalent
diameter (de) values was performed throughSd evaluation
(Eq. (3)). Calibration was performed with a mixture of PS
standard particles in the diameter range 2–10�m to cover the
diameter range of yeast cells. Under the chosen flow condi-
tions (Fin = 4.0 cm3 min−1,Fc = 1.0 cm3 min−1, recirculating
mode[22]), as predicted for the st/hyp elution mode the PS
particles were eluted in reversed order with respect to size,
with the largest particles eluted first[24]. Linear regression
analysis ofVr values at the peak maxima versus particle di-
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Fig. 1. FlFFF fractograms for different winemaking yeast samples. Exper-
imental conditions are given inSection 2. (a) Uvaferm UVA (dashed line);
Intec Red (thin line); Intec Bayanus (thick line); (b) Vitilevure (dashed line);
Intec Cerevisiae (thin line); Uvaferm PM (thick line).

should not be significantly different from strain to strain. Val-
ues forQclose to unity were also found for other type of cells
(human red blood cells[21]), in agreement with the scatter-
ing theory of non-absorbing particles[18]. The solutions for
fn (Fig. 3) gave what we call the PSAD profiles.

4.2. FlFFF–DAD/PSAD versus CC/PSD analysis

The information content from the PSAD profiles was eval-
uated by comparing the results obtained through a reference
sizing technique like CC. The same samples whose PSAD
profiles are reported inFig. 3were then analyzed through CC
to get CC/PSD analysis. The results are reported inFig. 4.
meter (d) values (seeEq. (2)) gave: logVr (cm min ) =
(1.07± 0.05)logd (�m) + (1.65± 0.04) (R2 = 0.996,P =
5%,N = 10). TheSd value thus results to be 1.07± 0.05.
his value agrees with theSd values already found by us
revious FlFFF work on PS micron-sized particles, wh
ade use of the same FlFFF channel[22].
Yeast samples were fractionated under the same flow

itions used for the PS standards, and multi-wavelength
ograms were recorded in theλ range 250–700 nm.Fig. 1
hows the fractograms obtained for the six strains at a se
avelength (330 nm). Baseline resolution between void
nd yeast cell band was obtained in all cases, and the e

ime of the yeast cells was always lower than 6 min. S
nalysis time values are slightly shorter than those obta

n previous work on centrifugal SdFFF of yeast[8], and abou
en times shorter than those of GrFFF[9–11]. This confirms
he ability of FlFFF to achieve fractionation of micronsiz
articles at the shortest fractionation times[22,28].

Multi-wavelength fractograms were numerically p
essed as described inSection 3.3. The required value ofn0
seeEq. (15)) was obtained by evaluation of sample recov
ample recovery was determined by off-channel injectio

he same sample amount injected to obtain the fractog
s the ratio between in-channel and off-channel peak a
esults of the numerical solution were the sample extinc
fficiency (Q) and the number–size distribution (fn) functions
hich are respectively shown inFigs. 2 and 3. TheQprofiles

esult not to be significantly different from strain to stra
ith Q values around unity atx = 40. This is not surprising
inceQbasically depends, at a givenxvalue, on particle shap
nd on the value of the relative refractive index of cells, w
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Fig. 2. FlFFF–DAD/PSAD of different yeast types. OutputQ functions: (a)
Uvaferm UVA (dashed line); Intec Red (thin line); Intec Bayanus (thick
line); (b) Vitilevure (dashed line); Intec Cerevisiae (thin line); Uvaferm PM
(thick line).

It is worth to mention that CC measures the particle volume,
and thus gives cell size in terms of volume-equivalent di-
ameter, that is the diameter of a sphere of same volume as
the cell. Nonetheless, FlFFF retention of yeast cells depends
on the cell hydrodynamic behavior, which itself depends not
only on cell size but also on the other, different biophysi-
cal features of the cells, such as cell shape, rigidity and sur-
face characteristics. As a consequence, beingSd determined
with spherical PS particles, the obtained PSAD profiles are
functions of the elution-equivalent diameter (de). High cor-
relation degree between FlFFF–DAD/PSAD and CC/PSD
analysis data, that is between volume-equivalent and elution-
equivalent diameter values, could prove that, in the case of
yeast cells,de is not significantly affected by the cell shape,
while it mostly depends on the cell volume. To compare
CC/PSD and FlFFF–DAD/PSAD analysis, size distribution
percentiles (d10, d25, d50, d75, d90) were calculated and com-
pared.Table 1lists the obtained percentile values, and the Ta
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Fig. 3. FlFFF–DAD/PSAD of different yeast types. Outputfn functions: (a)
Uvaferm UVA (dashed line); Intec Red (thin line); Intec Bayanus (thick
line); (b) Vitilevure (dashed line); Intec Cerevisiae (thin line); Uvaferm PM
(thick line).

percent relative deviations between the corresponding per-
centile values obtained by the two methods. The run-to-run
standard deviation for three repeated runs are also reported for
each method. The percent relative standard deviation values
(%R.S.D.) calculated for the two methods are comparable,
with values ranging from 0.25 to 3% for FlFFF–DAD/PSAD,
and from 0.1 to 2.5% for CC/PSD. The %R.S.D. values for
FlFFF–DAD/PSAD were also comparable to the %R.S.D.
values found in previous work on GrFFF ofS. cerevisiae
for run-to-run variation of the peak area and retention ra-
tio values[11]. In most cases ofTable 1, the percent rela-
tive deviations between the methods ford25, d50 andd75 are
lower than 10%. It must be recalled that differences as low as
10% in size are quite often obtained by independent methods
for PSD analysis[31]. For the Vitilevure and Intec Bayanus
strains, the higher percent relative deviation values could be
explained by observing the void peaks of the relevant frac-
tograms inFig. 1. The two fractograms, in fact, present high
void peaks, and relatively intense bands at low elution vol-
ume (Vr from 2 to 6 cm3). These intense signals could be due

Fig. 4. CC/PSD analysis of different winemaking yeast samples. Experi-
mental conditions are given inSection 2. (a) Uvaferm UVA (dashed line);
Intec Red (thin line); Intec Bayanus (thick line); (b) Vitilevure (dashed line);
Intec Cerevisiae (thin line); Uvaferm PM (thick line).

to unretained and poorly retained sample components of, re-
spectively, smaller size than whole cell size like cell debris,
proteins or cell metabolites residues, or bigger size like possi-
ble cell aggregates[9]. It is noteworthy that such components
possibly present in the yeast samples might be separated by
FlFFF from whole, single cells, as not to affect PSAD anal-
ysis. Since CC is not a separation technique, the presence
of non-cellular components or cell aggregates in the sample
may in fact affect CC/PSD analysis. As far as thed10 and
d90 values are concerned, higher percent relative deviation
values were found in some cases. This finding could confirm
that CC/PSD analysis may be affected by the presence of non-
cellular sample components or by cell aggregates. Otherwise,
thed10 andd90 values obtained by FlFFF–DAD/PSAD could
be less accurate than the other percentile values, since they
are more affected by the accuracy of the baseline correc-
tion in the multi-wavelength fractograms. This is due to the
effect of noise level at the front and the end of the fractogram
on the accuracy with which the number of the largest and
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smallest cells is determined, being these cells respectively
eluted at the front and at the tail of the fractogram. It must
be also noted that FlFFF–DAD/PSAD profiles were not cor-
rected for band broadening. Band broadening contribution in
the fractograms directly reflects into apparent contribution to
the resulting PSAD profiles. As a consequence, even though
from percentile analysis the FlFFF–DAD/PSAD profiles do
not appear significantly broader than the CC/PSD profiles,
possible band broadening effects able to affect to some extent
the accuracy ofd10 andd90 values from FlFFF–DAD/PSAD
analysis cannot be a priori excluded.

Good correlation between FlFFF–DAD/PSAD and
CC/PSD results can finally estimate the ability of the two
methods to comparably detect size differences in the yeast
cell populations. The correlation coefficients were calculated
between percentile values at each percent level (dx ) for the
six yeast strains. The results wereR10 = 0.665,R25 = 0.740,
R50 = 0.731,R75 = 0.670 andR90 = 0.330, whereRx is the cor-
relation coefficient for thedx data set. At-test onRx values
proved that, in all cases exceptR90, correlation is significant
at the 95% confidence level.

5. Conclusions
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