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Abstract

Interest in low-cost, analytical-scale, highly efficient and sensitive separation methods for cells, among which bacteria, is
increasing. Particle separation in hollow-fiber flow field-flow fractionation (HF FlFFF) has been recently improved by the
optimization of the HF FlFFF channel design. The intrinsic simplicity and low cost of this HF FlFFF channel allows for its
disposable usage, which is particularly appealing for analytical bio-applications. Here, for the first time, we present a
feasibility study on high-performance, hyperlayer HF FlFFF of micrometer-sized bacteria (Escherichia coli) and of different
types of cells (human red blood cells, wine-making yeast fromSaccharomyces cerevisiae). Fractionation performance is
shown to be at least comparable to that obtained with conventional, flat-channel hyperlayer FlFFF of cells, at superior
size-based selectivity and reduced analysis time.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction hollow-fiber (HF) membranes as cylindrical, micro-
column channels for FlFFF was reported in 1974 [2].

Field-flow fractionation (FFF) is a family of Sample separation in HF FlFFF is structured by the
separation techniques able to fractionate, either on an force generated by the radial flow through the porous
analytical or on a micro-preparative scale for further wall of the HF membrane. Since there is no influx
characterization, a broad range of macromolecular, from a secondary flow generator as in conventional,
nano- and micrometer-sized particles [1]. Among the symmetrical FlFFF [3], the flow pattern in the HF
FFF techniques, flow FFF (FlFFF) shows the highest FlFFF channel recalls the one in asymmetrical FlFFF
separation versatility. Classical FlFFF separators (AsFlFFF) [4]. In HF FlFFF the flow that enters the
have a flat channel design, with the ribbon-like HF channel inlet is divided into two parts: part of the
channel cut out from a thin plastic foil (spacer) with flow penetrates the HF inner wall as radial flow and
rectangular profile and tapered ends. FlFFF employs the rest exits from the HF channel outlet as axial
a secondary, transverse flow as external field. Other flow. Sample components are separated because they
than a classical, flat-channel design, the idea of are driven to different positions toward the inner wall

of the HF membrane by the force exerted by the
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spherical polystyrene latex (PS) standards [5–10]. the latest version of channels for hyp HF FlFFF lies
Further work was made at the separation of few in the instrumental simplicity and low cost. These
proteins and water-soluble polymers [11,12] and features allow, in perspective, for disposable usage.
synthetic organic-soluble polymers [13]. Significant Disposable HF FlFFF separators can be particularly
improvements in particle separation by HF FlFFF appealing for analytical and micro-preparative sort-
have been shown in recent work, where efficiency ing of cells, for which either sterility or the absence
normally achieved by conventional, flat FlFFF chan- of sample carry-over are fundamental aspects. As a
nels has been achieved through the optimization of consequence, the extension of HF FlFFF to mi-
the HF FlFFF channel and system design. Increase in crometer-sized analytes opens up new perspectives in
separation speed and resolution has been first ob- the field of cell sorting.
tained for nano-sized particles [14] with further Cell sorting is an outstanding topic in many fields,
extension to a size as high as 1mm [15]. from diagnostics and biotechnology, to stem cell-

In the case of submicrometer-sized particles, the assisted therapy and transplants. Since the early
sample components having small diameter have 1980s, the possibility to develop FFF-based cell
higher diffusion coefficients. By the action of the sorting was established by Caldwell and co-workers
radial flow they reach an equilibrium distance from in a pioneering work where they demonstrated the
the fiber wall that is located further away than possibility to separate different types of cells of
sample components of bigger size, and they are different characteristics [19]. More than a decade

´eluted first. Therefore, the elution order follows the later, Chmelık and co-workers employed gravitation-
increase in particle size, and it is referred to as al FFF (GrFFF) to sort mouse bone marrow stem
normal mode [14]. Normal mode was the first elution cells that were re-transplanted after irradiation [20].
mode studied in FFF, although ‘‘anomalous’’ re- It was due to the extensive work of Cardot and
tention of supramicrometer-sized particles was ob- co-workers [21] the development of biocompatible
served since early experimental FFF [16]. Large FFF instrumentation [22] for cell separation as well
particles undergo, in fact, a negligible influence of as the definition of sterilizable separators and appro-
diffusion in reaching their equilibrium positions priate methodological procedures to collect viable
across the channel. Larger particles protrude to faster and reusable purified cells [23,24]. Bacterial cell
streamlines of the parabolic flow profile than small sorting by separation methods is also of great interest
particles do, and they are then swept down the since bacteria are used in diverse fields. Very recent-
channel earlier. The elution mode is, in fact, reversed ly, high-performance FFF-based cell sorting has been
with respect to the elution of submicrometer-sized shown for mixtures of fimbriated/non-fimbriated
particles. The definition of ‘‘normal’’ and ‘‘re- Escherichia coli (E. coli) used for whole-cell vac-
versed’’ mode thus retains the definition logic of cines [25]. The very first examples of HF FlFFF
classical liquid chromatography, although it refers sorting of submicrometer-sized bacteria have been
only to the elution order. In reversed mode, particles also recently reported. Different serotypes of deacti-
tend to migrate at an elevated position from the vatedVibrio cholerae (V. cholerae) used for whole-
surface of the channel wall, at which they form a cell vaccines have been efficiently fractionated and
narrow layer (hyperlayer) because of the effect of partly distinguished with performance comparable to
hydrodynamic lift forces [17]. The elution mecha- that of classical FFF with flat channels [26].
nism is referred to as hyperlayer (hyp). The reversed In order to explore the possible use of hyp HF
mode with hyperlayer retention mechanism was FlFFF for cell sorting, in this paper it is for the first
applied in different FFF techniques to the frac- time presented a feasibility approach to hyp HF
tionation of a wealth of particulate samples, at high FlFFF of micrometer-sized bacteria and of two
size-based selectivity and short analysis time. Only different types of micrometer-sized cells. Well-char-
very recently, however, a wider selection of mem- acterized model samples are employed. Mixtures of
branes for HF FlFFF channels has been shown fimbriated/non-fimbriatedE. coli strains used for
suitable for hyp HF FlFFF [18]. With respect to whole-cell vaccines are fractionated at performance
conventional, flat-channel FFF, the key advantage of comparable to that previously obtained with flat-
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channel FFF [25]. High-performance separation of This can be expressed with the following, well-
fresh human red blood cells (HRBCs) and wine- known equation [29]:
making yeast from Saccharomyces cerevisiae

log t 5 log t 2 S log d (2)r r1 d(S. cerevisiae) is also shown. Results were obtained
with two different types of HF membranes: poly- where t is the extrapolated retention time of ar 1
sulfone (PSf) and chlorinated polyvinylchloride particle of unit diameter andS is the diameter-basedd
(cPVC). Mobile phase composition was studied in selectivity, which is defined as
order to possibly reduce cell–HF membrane interac-

d log ttions. High sample recovery and negligible sample r
]]S 5 (3)U Ud d logdcarry-over are found for HRBCs, as well as high

sensitivity in monitoring osmolarity effects on their
Since in hyp FlFFF retention is theoreticallymorphology. HRBCs and wine-making yeast are also

independent of particle density but shows dependentsized by HF FlFFF calibration with PS. For HRBCs,
on shape, from linear regression on retention timeresults agree with size data obtained for HRBCs by
data obtained for standard particles of known sizeuncorrelated, standard methods of clinical analysis.
(e.g., PS) it is possible to determine the size-basedIn the case of wine-making yeast, qualitative agree-
selectivity and, then, the particle diameter (or particlement is found with data obtained in previous work
diameter distribution) of polydisperse, unknown par-by uncorrelated sizing methods [27,28].
ticulate samples if the particle aspect ratio is not too
high. By rearranging Eq. (2) one gets the expression
to obtain the particle size of a given sample under

2 . Basic theory conditions for whichS is a constant:d

21 /St dr
]Particle retention in HF FlFFF follows the basic d 5 (4)S Dtr1principle of FFF. Theory of HF FlFFF retention has

been described in the literature [14,15,18]. For the In addition, the experimental parameters obtained
reader’s convenience, the fundamental expressionsfrom the calibration (S , t ) can be used to predictd r 1

derived in the previous work on hyp HF FlFFF [18] the particle diameter at which transition from normal
are hereafter reported. to reversed elution mode occurs [18]:

Retention ratio, that isR5 t /t , can be expressed0 r 1 / (11S )d4kTtr1as: ]]]]d 5 (5)S Di 3phr Ut Sf 0 d

d
]R52g ? (1) wherek is the Boltzmann constant,T the tempera-r f ture,U the radial flow velocity at the fiber wall, and

h is the carrier viscosity. With supramicrometer-where d is the particle diameter,r the inner fiberf
sized particles eluted in hyp HF FlFFF,S valuesdradius, andg is the hydrodynamic correction factor,
have been always found higher than unity [18], as itan empirical parameter that is related to particle
is the case of conventional, flat-channel hyp FlFFFmorphology, field strength, and linear flow velocity
[30]. The corresponding values ford have beeniof the mobile phase [18,29]. As with flat-channel hyp
found in the range 0.3–0.8mm, and dependent onFlFFF, retention of supramicrometer-sized particles
flow-rate conditions [15,18].depends on hydrodynamic lift forces, which play an

important role in lifting particles away from the HF
inner wall. Lift forces effects are yet difficult to be

3 . Experimentalfully described from first principles. As a conse-
quence, particle retention in hyp HF FlFFF cannot be
predicted from theory. A calibration procedure is 3 .1. HF FlFFF channel
commonly used to work out an empirical relationship
between retention time (t ) and particle diameter (d). The HF channel was built up as previouslyr
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Table 1
Types of HFs

Type of HF material M cutoff HF inner Manufacturerr

radius (mm)

Polysulfone (PSf) 30 000 0.410 SKU (South Korea)
Chlorinated PVC (cPVC) 50 000 0.440 Sambo (South Korea)

described [14,15,18,26]. HFs were made of PSf or Flow conversions were made by using four- and
cPVC. The fiber radius and theM cutoff values are three-way switching valves, as illustrated in Fig. 1.r

listed in Table 1. Channel length was always 24 cm. Flow rates at all waste outlets (V , V , Fig. 1) wererad out

adjusted with the use of SS-SS2-VH Nupro metering
3 .2. HF FlFFF configuration and operations valves (Nupro, Willoughby, OH, USA) (valves 1, 2,

Fig. 1), and flow-rate values were measured by
For this work, the HF FlFFF system configuration burettes and chronometer. Before sample injection,

already reported in a previous work [26] was modi- the injection/ focusing/ relaxation flow patterns (step
fied as shown in Fig. 1. The new scheme is proposed a) were set via a three-way, tee valve (Hamilton,
to allow for easier management of the complete run Reno, NV, USA) (valve 3, Fig. 1) and a four-way,
cycle. The cycle is constituted of three steps, each diagonal flow valve (Upchurch, Oak Harbor, WA,
step corresponding to different flow-rates and flow USA) (valve 4, Fig. 1). The HPLC pump (pump 1,
patterns: (a) sample injection/ focusing/ relaxation, Fig. 1) and the syringe pump (pump 2, Fig. 1) were

21(b) channel elution, (c) system flow-feedback. set at 0.180 and 0.050 ml min , respectively. The
During steps b and c, one HPLC pump generates sample focusing/ relaxation process was then carried

the required channel flow-rates, while for step a a out for 3–5 min. The sample focusing position is
second, syringe pump was also used. The HPLC dependent on the chosen ratio between the flow-rates
pump was the Model 422 (Bio-Tek Kontron, Milan, generated by pumps 1 and 2, which, respectively,
Italy) and the syringe pump was the Model Pump11 enter the HF channel from the outlet and the inlet.
(Harvard Bioscience, Holliston, MA, USA). Sample The focusing point was determined as previously
injection was made via a Model 7125 injection valve described [18].
(Rheodyne, Cotati, CA, USA) equipped with an The elution flow pattern (step b) was set by
external 5.0-ml polyether ether ketone (PEEK) loop. turning off pump 2, and acting on valve 3 and valve

4, while pump 1 was set at a flow-rate (V ) of 3.0 mlin
21min . These operations generate pressure pulses

and variations of the mobile phase flow-rate that are
responsible for the intense transient (void) peak
observed at the beginning of the fractograms further
reported in all figures. The required radial (V ) andrad

axial (V ) flow-rate values were pre-set by tuningout

valves 1 and 2. The flow-feedback step (step c) was
set when the sample elution was finished. For system
flow-feedback, the flow-rate from pump 1 was

21increased to a value of 6.0 ml min and the flow
pattern then reversed for at least 1 min from the
detector outlet to the HF channel inlet, via valve 4.
This caused the detector cell, the HF channel and the
injection loop be back-flushed at high flow-rate andFig. 1. Scheme of the HF FlFFF system. (1,2) Metering valves;
without field (V 50) for system clean-up before the(3) ‘‘Tee’’ valve; (4) four-way diagonal valve; (5) injector; (6,7) rad

pressure gauges. next run.
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The model UV 6000 LP (ThermoQuest, Austin, tetrasodium ethylenediamine tetraacetate, 1.3% tri-
TX, USA), high-sensitivity diode-array UV/Vis de- ethanolamine, and 1.0% polyethylene glycol 400.
tector equipped with a fiber optic (FO) guide light- Tris 0.125% (w/v) was added, if necessary. For fresh
pipe cell was employed. Cell pathlength was mea- HRBCs the mobile phases were PBS solutions (pH
sured with a spectroscopic standard, as described in 7.4) prepared at different osmolarity, added with
previous work [26]. It resulted to be 4.5560.32 cm. 1 mM cholic acid.

3 .3. Samples and mobile phases
4 . Results and discussion

For selectivity measurements, PS spherical stan-
dards from Duke Scientific (Palo Alto, CA, USA) 4 .1. HF FlFFF of E. coli
were employed. Nominal diameters were
3.06360.027, 4.00060.033, 5.99060.045mm, here- In order to test separation performance, size-based
after referred to as PS 3, 4, 6. selectivity was first measured in HF FlFFF with PSs

Two different strains of deactivatedE. coli from of different size. The HF membrane was PSf.
SBL Vaccin AB (Solna, Sweden) were analyzed: a Regression analysis on Eq. (2) gives logt 5r

2fimbriated CS5 strain (batch No. 0398) and a non- (1.0860.06)–(1.560.1)logd (r 50.94, n512) for
21 21fimbriated strain used for vaccine placebo (XC113 V 52.65 ml min , V 50.35 ml min , V /out rad out

A2). Original samples were diluted in the mobile V 57.57. The so-obtained size-based selectivityrad

phase before the injection.E. coli were injected in a value (S 51.560.1) is very high and comparable tod

range of approximately 5000–20 000 cells. the values obtained in the previous work on hyp HF
Fresh human blood was drawn from donors under FlFFF of supramicrometer-sized PS, under similar

clinical control. Samples were collected in EDTA- flow-rate conditions and with the PSf HF channels
containing tubes to inhibit coagulation. A 2-fold [18]. Calculation of particle elevation at these flow-
dilution was then performed in isotonic phosphate- rate conditions has been also performed [18]. It has
buffered saline (PBS) (150 mM, i.e., 300 mOsm; pH been therein shown that PS particles migrate at a
7.4) and samples were stored at 48C. They were distance from the channel wall which is much larger
analyzed within 4 days after further 1500–150-fold than the particle radius. This supports that the current
dilution in the chosen mobile phase. HRBCs were HF FlFFF mechanism is hyperlayer.
injected in a range of 7000–70 000 cells for each Run-to-run reproducibility has been one of the
run. Certified determination of average HRBC con- major concerns in HF FlFFF, because of the possible
centration and average HRBC number distribution membrane deformation during usage [14]. From
were obtained for all blood samples by standard previous work it is in fact known that PSf HFs are
methods of clinical analysis. softer than cPVC and PAN HFs, and consequently

Commercial, dry wine-making yeast cells (Sac- they could be more easily deformed during usage,
charomyces cerevisiae, strain INRA Narbonne 7013, because of the backpressure generated by the HF
from Gist-Brocades, Casteggio, Italy) were resus- FlFFF system. This deformation can be particularly
pended for 1 h in ultrapure water (Simplicity, severe at the relatively high flow-rate conditions used
Millipore, Bedford, MA, USA). Samples were stored for hyp HF FlFFF. However, it has been also shown
at 48C and then diluted in the mobile phase before that when PSf HF channels were employed for HF
the injection of approximately 100 000 cells. FlFFF ofV. cholerae [26], no significant membrane

For PS, deactivatedE. coli and yeast samples, the deformation occurred even after several runs, be-
well-known solution for particle separation in FFF cause of the very low backpressure generated by the
was used: FL-70 0.1% (v/v) (1.2 mOsm), NaN used light-pipe detector cell. Such a detector cell has3

0.002% (w/v) (0.62 mOsm). FL-70 is the trade name been then used in the present work as well. No
(from Fisher Scientific, Fair Lawn, NJ, USA) of a significant variation of retention times was observed
mixture of ionic /non-ionic surfactants made of 3.0% for HF FlFFF of PS with the HF PSfM 30 000r

oleic acid, 3.0% Na CO , 1.8% Tergitol, 1.4% channels, under the same flow-rate conditions used2 3
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for the S determination. Channel life-times were not 4 .2. HF FlFFF of HRBCsd

significantly different from those of HF channels in
cPVC and PAN (ca. 30 runs). However, a systematic 4 .2.1. Retention
comparison between different types of HFs as it was HRBCs are among the most characterized cells in
performed in the first paper on hyp HF FlFFF is biology. It is thus not surprising that HRBCs have
beyond the aims of this first application of hyp HF been the workhorse for FFF of cells. Since more than
FlFFF to cells. a decade Cardot and co-workers have used HRBCs

E. coli are rod-shaped cells, with fimbriated cells as model sample for FFF of cells [21]. Investigation
showing ‘‘pili’’ on the membrane [31]. Mixtures of on the influence of the ‘‘multi-polydispersity matrix’’
the fimbriated and non-fimbriated strains here em- on retention, as well as on the optimization of the
ployed for HF FlFFF have been previously sorted by FFF systems and analysis procedures for fresh cells,
GrFFF and AsFlFFF [25]. In that work, a detailed was performed by means of extensive studies of
description of the elution mechanism shows that HRBCs in GrFFF and sedimentation (Sd) FFF. In
these cells are eluted in the hyperlayer mode. For fact, very few examples of FlFFF of HRBCs have
both fimbriated and non-fimbriated cells the average been up to now reported [32,33].
cell length has been, in fact, measured by scanning In Fig. 3 the dependence of HF FlFFF retention of
electron microscopy (SEM) on fractions collected HRBCs on the ratio between outlet flow-rate (V )out

after AsFlFFF. Cells resulted to be ca. 2mm in and cross-flow-rate (V ) is shown. Because of therad

length and 0.7mm in width, which correspond to an hyperlayer mechanism, retention depends on the
aspect ratio of about 2.7. Separation between fim- balance between the force generated by the radial
briated and non-fimbriatedE. coli has been thus flow-rate and lift forces, which increase with increas-
shown to be due to differences in surface features ing the channel flow-rate [18]. The retention be-
rather than differences in size. Fig. 2 shows HF havior shown in Fig. 3 agrees with the hyperlayer
FlFFF of the fimbriated (CS5 0398 strain) and the mechanism. Retention levels decrease with increas-
non-fimbriated (XC113 A2) cells. Flow-rate con- ingV /V , because of the increasing contributionout rad

21ditions were V 52.56 ml min , V 50.44 ml of lift forces. Moreover, theV /V values corre-out rad out rad
21min , V /V 55.81. A very large difference in spond, in all cases, to conditions under whichout rad

retention between the strains can be observed, even particles of same size as HRBCs migrate at a
higher than previously observed in AsFlFFF of distance from the HF wall far larger than their size
fimbriated/non-fimbriatedE. coli [25].

Fig. 3. HF FlFFF of HRBCs. Injected cells: 70 000. Effect of
21V /V on retention: (1)V 52.80 ml min , V 50.20 mlout rad out rad

21 21 21Fig. 2. HF FlFFF ofE. coli. (1) Fimbriated strain C55 0398. (2) min ; (2)V 52.76 ml min ,V 50.24 ml min ; (3)V 5out rad out
21 21Non-fimbriated strain XC113 A2. Mobile phase: FL-70 0.1% 2.73 ml min ,V 50.27 ml min . (a,b) Repeated runs. Mobilerad

(v /v), NaN 0.002% (w/v), Tris 0.125% (w/v). Flow rates: phase: isotonic PBS (300 mOsm), cholic acid 1 mM. cPVC HF3
21 21V 52.56 ml min ;V 50.44 ml min . PSf HF channel. channel.out rad
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[18]. It is finally noteworthy the generally short leaflet [37]. BAs dissolve in the membrane by
analysis time, which makes hyp HF FlFFF very intercalation of their molecules into the hydrophobic
competitive with respect to other FFF techniques interior and they then influence both shape and
used for HRBCs. The drastic reduction of the resistance to hemolysis. It was determined that the
channel volume in HF FlFFF with respect to flat FFF solubilization degree of HRBC lipids in 1 mM BA
channels shows, thus, the advances in performance/ solutions is as high as 3%, with corresponding
analysis time ratio which are typical of microcolumn percent of hemolysis [37]. For all the above reasons
separations. Reproducibility is also good, as shown cholic acid was then used as surfactant and detergent
by the repeated runs performed at the highestV modifier in the mobile phase for HF FlFFF ofrad

value (case 3, a and b). Good reproducibility and HRBCs at a concentration far below its CMC value.
negligible sample carry-over have been already It is also known that BAs are generally adsorbed on
observed for HF FlFFF of deactivatedV. cholerae apolar surfaces like the reversed-phases used in
[26]. HPLC [38]. Lipophilicity of the cholic acid can thus

be used also to polarize the relatively hydrophobic
4 .2.2. Sample recovery and limit of detection surface of the HF channel and to reduce adhesion

Sample recovery in HF FlFFF of HRBCs can test between HRBCs and the inner surface of the HF
quantitative performance of HF FlFFF for cell channel. BAs can also complex calcium and mag-
sorting. For FFF of fresh cells, the dramatic effect of nesium in aqueous solutions [39]. Their use is
possible cell adhesion on the accumulation wall of therefore interesting to also inhibit blood cell coagu-
the channel is, in fact, generally known. This can be lation.
particularly serious in HF FlFFF where the focusing/ Absolute recovery in HF FlFFF can be evaluated
relaxation procedure is required before sample elu- by the ratio between the band area values obtained
tion. Minimization of HRBC-channel adhesion was for in-channel and off-channel sample injections. If
studied by Cardot and co-workers [34]. The use of band areas are the same, the absolute recovery is, of
plastic (hydrophobic) channel walls and the addition course, total (100%). The presence of linear recovery
of bovine serum albumin (BSA) to the mobile phase can be ascertained by the evaluation of fractogram
were therein shown to increase cell recovery in area values obtained for the injection of different
SdFFF. However, in HF FlFFF the BSA could not be sample masses. It is noteworthy to recall that a high,
added to the mobile phase because it was retained absolute recovery allows for micro-preparative scale
under the flow-rate conditions used for HRBCs. applications, while non-linear recovery may suggest
Otherwise, the use of surfactants in the mobile phase sample carry-over, a drawback in the separation of
can damage the HRBC membrane. In this work, for biosamples. In Fig. 4 are reported the HF FlFFF
the first time the use of cholic acid in the mobile fractograms obtained for different numbers of in-
phase for FFF of HRBCs is shown. Bile acids (BAs) jected HRBCs. The HRBC concentration in the fresh

9are amphipathic steroids from the catabolic pathway blood sample was measured to be 4.34310 HRBCs
–1of cholesterol in the liver. Lipophilicity and de- ml . Fractogram a corresponds to an injection of

23tergent properties of BAs depend on the molecular 70 000 HRBCs that gave an area of 5.77310 min,
structure [35]. Particularly, the critical micellar con- while the injection of 7000 HRBCs gave an area of

23centration (CMC) of the cholic acid (3a,7a,12a- 0.669310 min (fractogram b). In order to de-
trihydroxy-5b-cholan-24-oic acid) in PBS is in the termine the absolute recovery, the same number of
range of 11–16 mM [35]. Such a relatively low HRBCs injected to obtain the fractogram a was also
CMC value indicates high detergent properties. injected off-channel. The so-obtained peak gave an

23Lipophilicity of cholic acid is also relatively high, area of (8.560.2)310 min. The absolute recovery
even in the salified form at which it is present in PBS results to be relatively high: 78% of the 7000
(pH 7.4) [36]. HRBC membrane has an asymmetric injected HRBCs. From the ratio between the area
lipidic composition. The outer layer contains, above values of the a/b fractograms in Fig. 4, non-linear
all, phosphatidylcholine, whereas phosphatidylethan- recovery is, however, observed: (a) 68% recovery of
olamine and phosphatidylserine are in the inner 70 000 HRBCs; (b) 78% recovery of 7000 HRBCs.
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was stopped, as shown in Fig. 4. This indicates that
some reversible cell–channel adhesion during the
analysis contributed to recovery losses. Otherwise,
the possible onset of irreversible cell–channel adhe-
sion is known to be very critical in cell sorting by
FFF. However, the values of absolute recovery here
found can be satisfactory in all cases if the possible
disposable usage of the channel is considered.

4 .2.3. Morphological analysis
Morphology indexes of HRBCs are known to

depend on medium osmolarity [41]. The osmolarity
Fig. 4. Quantitative analysis in HF FlFFF of HRBCs. Injected

effects on HRBCs elution in SdFFF were studied bycells: (a) 70 000; (b) 7000. Mobile phase: isotonic PBS (300
21 Cardot and co-workers [42]. Fig. 5a reports the effectmOsm), cholic acid 1 mM. V 52.73 ml min ,V 50.27 mlout rad

21min . cPVC HF channel. of a reduction in the mobile phase osmolarity on HF
FlFFF retention of HRBCs. As expected, with re-
spect to the elution in isotonic PBS (case 2),

Otherwise, this finding may indicate that the lower reduction and increase in retention are observed,
the number of injected cells, the higher the absolute respectively, in hypotonic (case 1) and hypertonic
recovery. In fact, the injection of 7000 HRBCs (Fig. PBS (case 3). It is moreover known that the HRBC
4, fractogram b) gives a signal intensity that is sphericity index can be defined as:
comparable to the signal intensities typically ob-

2 / 3tained in FFF for the injection of a comparable 4.84V
]]]I 5 (6)number of HRBCs [22,23], and that appears to be S

above the limit of detection. This finding suggests
whereS is the mean surface of the HRBC membranethat increase in sample recovery may be obtained by
andV the mean HRBC volume. It changes from 0.7the injection of an even lower number of cells. The
in isoosmolar (300 mOsm) solution (i.e., PBS 150limit of detection was determined with supramic-
mM) to 1.0 in 170 mOsm solution (i.e., PBSrometer-sized PS standards, since it is known that in
85 mM) [41]. When I51.0 the HRBC is perfectlythis size range the optical extinction properties of
spherical and, therefore, its hydrodynamic diameterparticles are relatively independent of their chemical

1 / 3corresponds to 1.24V . The average HRBC volumecomposition [40]. Different and known masses of PS
in isotonic medium was given, for the supplied fresh4 were run under the same flow conditions used for
blood sample here employed, by means of standardHRBCs, and peak areas were measured. Regression

23 methods of clinical analysis (i.e., Coulter counter). Itanalysis gave: area [mAU min]5(7.660.1)310
3mass [ng]1(0.660.2) (n57). This gives a limit of resulted to beV590.4 mm which, from Eq. (6),

detection for PS 4 of 120 ng, which corresponds to corresponds to an average HRBC surface ofS5139
23500 particles. A systematic study on sample re- mm . This latter value is in excellent agreement with

covery and limit of detection values in HF FlFFF of data reported in the literature, which givesS5140
2cells is beyond the aims of the present paper. mm [41]. With the mobile phase osmolarity for

Optimization of the mobile phase composition with whichI51.0 (PBS 85 mM), the value ofS is known
the choice of the most suitable BA modifier and to be equal to the HRBC surface in isotonic con-
relevant concentration is in progress. All the work ditions [41]. The average diameter for spherical
was performed with the cPVC of HF membranes. In HRBCs can be thus calculated as 6.6mm. With
order to optimize HF FlFFF for HRBCs further work respect to GrFFF and SdFFF, in hyp HF FlFFF
is also needed to compare different types of HFs. In retention depends on the hydrodynamic diameter and
all the HRBC fractograms, a low-amplitude band shape of particles but it is independent of particle
after the main band was also observed when the field density. As a consequence, if the effects of different
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1.37. From this size-based selectivity value one can
then convert the retention time axis to the diameter
axis to calculate the average hydrodynamic radius of
spherical HRBCs from retention time of the peak
barycenter. This results to be 7.2260.06mm, which
agrees with the diameter value above calculated from
the average HRBC surface when HRBCs become
spherical (170 mOsm, that is PBS 85 mM). In fact, it
should be considered that the standard method of
clinical analysis employed for the evaluation of the
average HRBC volume (i.e., Coulter counter) gives a
number-average value, whilst the value obtained
from conversion of the HF FlFFF band barycenter is
a cross-section distribution average [40]. Its conver-
sion to a number-average value would, indeed, give a
lower value, in closer agreement with the number-
average value determined by Coulter counter. This
conversion, however, requires the application of
turbidimetric methods in flow-assisted separation
techniques [40], which is beyond the aim of the
present paper. Possible differences in HRBC flex-
ibility with respect to PS and the possible errors in
retention time measurements at such short analysis
times must be also taken into account. Results
obtained from Fig. 5a,b demonstrate the interesting
capabilities of hyp HF FlFFF for morphological
sorting of fresh cells like HRBCs.

4 .3. HF FlFFF of yeast

Fig. 5. Morphology-based sorting of HRBCs by HF FlFFF. cPVC
Active dry wine yeast is currently employed as aHF channel. Injected cells: 70 000. (a) Mobile phase: PBS, cholic

acid 1 mM; (1) hypotonic (225 mOsm); (2) isotonic (300 mOsm); starter for commercial wine production. SdFFF
(3) hypertonic (450 mOsm). (b) Mobile phase: PBS 85 mM, showed suitable to monitor the growth of yeast cells

21 21cholic acid 1 mM. V 52.73 ml min , V 50.27 ml min .out rad by fractionation after cultivation [43]. Sanz and co-Comparison with PS (dashed line); conversion fromt to diameterr
workers have recently employed GrFFF to fraction-scale by Eqs. (2) and (3).
ate and distinguish different types of commercial,
dry wine-making yeast fromS. cerevisiae [27,28].

particle flexibility are not taken into account, in 170 Fig. 6 reports HF FlFFF of a commercial strain of
mOsm the spherical HRBCs (I51.0) should be dry wine-making yeast fromS. cerevisiae. The HF
eluted at the same retention time as PS of same size. membrane used was PSf ofM 30 000. The fractog-r

Fig. 5b reports the HF FlFFF fractogram of HRBCs ram of a mixture of PS obtained at the same flow-
in PBS 85 mM (170 mOsm) compared to the rate conditions used for the yeast sample is superim-
fractogram of a mixture of PS standards of known posed in Fig. 6. These flow-rate conditions were
diameter, which was obtained under the same flow- those employed for the regression analysis with PS
rate conditions used for HRBCs. From the PS discussed in Section 4.1, from whichS 51.560.1d

mixture fractogram, regression analysis gives logt 5 was obtained. From thisS value one gets (Eq. (4))r d
2(1.0960.01)–(1.3760.02)logd (r 50.999, n59), the hydrodynamic diameter of the yeast cells as

from which the size-based selectivityS results to be 4.860.3 mm. Although yeast cells cannot be consid-d
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optimization in hyp HF FlFFF is also required for
high throughput of sorted cells. Towards this end, the
use of BAs as surfactant and detergent modifiers in
the mobile phase has shown interesting features in
the case of HRBCs. Work is in progress to test
BA-modified, optimized mobile phases for HF FlFFF
of HRBCs and of other cells.

HF FlFFF can be also used to isolate and recog-
nize few bacteria and other cells in complex samples.
In this case, however, highly specific and ultra-
sensitive detection methods must be coupled with HF
FlFFF.

5Fig. 6. HF FlFFF of wine-making yeast. Injected cells:̄10 .
Comparison with PS (dashed line). Mobile phase: FL-70 0.1%
(v/v), NaN 0.002% (w/v), Tris 0.125% (w/v). Flow rates:3

21 21 A cknowledgementsV 53.0 ml min ,V 50.34 ml min . PSf HF channel.out rad

Hollow fibers were kindly supplied by SKU and
ered as perfectly spherical, this value is comparable Sambo (South Korea).E.coli strains were supplied
to the cell size of other types of wine-making yeast by SBL Vaccin AB (Solna, Sweden), within Leonar-
from S. cerevisiae, which has been determined by the do-EXCHANGE 2001, financial program for re-
Coulter counter measurements performed in previous searchers mobility from the University of Bologna to
GrFFF of wine-making yeast [27,28]. It is notewor- small and medium enterprises within the EU. LC’s
thy that HF FlFFF shows here, with quite shorter research stay at the Department of Chemical En-
analysis time, a fractionation performance that is, at gineering, Yonsey University, Seoul (South Korea),
least, comparable to that obtained in SdFFF or was kindly supported by the Faculty of Science of
GrFFF of yeast cells. the University of Bologna and by Yonsei University.

Fresh blood samples were supplied and clinically
tested by the Department of Internal Medicine and

5 . Conclusions Gastroenterology, University of Bologna. E. Whit-
more-Carlsson, SBL Vaccin, is duly acknowledged

Different types of cells have been fractionated for accurate details on sample specifications and the
with performance at least comparable to that of helpful discussion. Thanks also goes to M. Massari
conventional, flat-channel FFF methods. The intrin- for the experimental work performed, and to A. Roda
sic features of the HF FlFFF channels here employed for the helpful discussion on the properties of bile
indicate, for hyp HF FlFFF, interesting perspectives acids.
for cell sorting, firstly because of the low cost and
short analysis time. Secondly, with respect to SdFFF
and GrFFF that have been up to now the most
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