Journal of Chromatography A. 708 (1995) 263-271

JOURNAL OF
CHROMATOGRAPHY A

Characterization of size-permeation limits of cell walls and
porous separation materials by high-performance size-exclusion
chromatography

Holger Woehlecke, R. Ehwald*

Institute of Biology. Math.-Nat. Faculty I, Humbold:-University. Invalidenstr. 42. D-10115 Berlin, Germany

First reccived 12 January 1995; revised manuscript received 28 March 1995; accepted 29 March 1995

Abstract

The limiting size of macromolecules for permeation through membranes (cell walls, artificial hydrophilic
membranes) as well as size-dependent partitioning within hydrophilic matrices was investigated by HPLC-aided
analysis of dextran permeation. The method includes (1) modification of a specially prepared polydisperse dextran
probing solution (DPS) by permeation of size fractions through or into the investigated material, (2) fast flow
size-exclusion chromatography (SEC) of the modified DPS on a calibrated Superdex-200 HR-column and (3)
determination of permeability resp. partition parameters by comparison of the elution profiles of original and
modified DPSs. By this method. the mean size limit of permeation through cell walls (cut off), size permeation
parameters of hollow fibres. dialysis tubes and ultrafiltration membranes, and the size dependence of partitioning
within gel particles can be determined with high accuracy in short time.

1. Introduction

The ultrafiltration properties of microbial and
higher plant cell walls are attractive for polymer
separation [1-3] and the physiological signifi-
cance of cell wall permeability is obvious. It
refers to retention of soluble polymers in the
periplasma, crosslinking of the cell wall matrix.
exudation of enzymes and other polymers.
protoplast resistance to polymer toxins or lytic
enzymes, cell-cell recognition and many other
phenomena. The limiting size of polymers for
permeation through the cell wall matrix may be
altered in the course of extension growth and
differentiation or in response to biotic and
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abiotic stress. Little is known about such
changes, as up to now rather laborious methods
have been used to measure size limits of cell wall
permeation. These methods include observation
of the plasmolysis/cytorhysis transition [4],
identification of dye-marked polymers in the
lumen of plasmolyzed or denatured cells [5,6]
and permeation chromatography of polymers on
beds of native cells [7]. purified cell wall frag-
ments [8] and cell wall microcapsules (CWC)
[9-11]. We aimed in a convenient and fast
method for estimation of size limits of exclusion
resp. membrane permeation of polymers and
their size-dependent partitioning, which is gener-
ally applicable to different porous and gel-like
materials, especially CWC. A straightforward
methodical principle was found in the early

0021-9673/95/$09.50 © 1995 Elsevier Science BV. All rights reserved

SSDI 0021-9673(95)00407-6



264 I Woehlecke., R. Ehwald . Chromatogr. A 708 (1995) 263-271

papers of Scherer and collaborators [12.13].
These authors used a method based on GPC
fractionation of a polydisperse probing solution
of polyethylene glycol (PEG) before and after its
equilibration with isolated cell walls or intact
cells of bacteria and yeast. The applied GPC
fractionation on Biogel was time-consuming and
restricted to a small range of PEG molecular size
fractions. However, important advantages of
Scherer’s methodical principle are the possible
use of HPLC and its broad applicability to both
permeation through membranes and partitioning
within matrices. The potency of a method based
on a special dextran probing dispersion. a cali-
brated Superdex 200 column and a HPLC system
will be shown in this paper.

2. Experimental
2.1. Materials

Cell wall capsules (CWC) were prepared by
denaturation of living plant and yeast cells in
ethanol and extraction of ethanol and water-
soluble cell contents. Suspension cultured cells of
Chenopodium album L. earlier used for vesicle
chromatography [9]. the large sphaeric cells of
axcnically and autotrophically grown alga
Eremosphaera viridis De Bary (strain B 228-1 of
the collection of the Institute of Plant Physi-
ology, University Gottingen), veast cells (Sac-
charomyces cerevisiae L., ethanol production
strain “Kolin™, a kind gift of the Institute of
Food Technology, Technical University, Berlin)
harvested from an aerobic culture on a glucose/
yeast-extract mineral medium in the stationarv
phasc, as well as [-mm thick slices cut from a
13-mm  storage parenchyma cylinder of the
potato tuber Solanum tuberosum L. (cultivar
Quarta) were extracted with 96% ethanol and
kept in ethanol at 4°C until analysis. In the case
of the large algac and parenchyma cells, plas-
moptysis, i.e. bursting of the cell wall by fast
penetration of ethanol. was prevented by de-
naturation of protoplasts in 10% acetic acid
before incubation in cthanol. Ethanol-saturated
C. album cell clusters. E. viridis and S. cerevisiae

cells were dispersed in an excess of a cold (4°C)
I mM CaCl, solution for one hour. Easily
filtrable particles (swollen Sephadex gels, ex-
tracted algae cells and cell clusters prepared
from the suspension culture) were equilibrated
with the buffer used for HPLC by washing the
packed material on a sintered glass filter with at
least three bed volumes of buffer. Yeast CWCs
were cquilibrated with the buffer by repeated
centrifugation. Vesicular packing material (VP),
i.e. enzymatically purified clusters of CWCs,
trom which the protoplast residue was removed,
were obtained from the suspension culture by
the procedure earlier described [11]. Alcohol-
dried VP was obtained by saturating a fixed bed
of the packing material with a mixture of 96%
ethanol and n-propanol (9:1) and evaporation of
the liquid phase in a vacuum rotary apparatus at
a water bath temperature of 50°C.

The investigated hollow fibre for blood dialysis
consisting of regenerated cellulose [14] was ob-
tained from Kunstseidewerk Pirna (Germany),
the dialysis tube Spectra/Por 10 kD from Spec-
trum (USA). the ultrafilter flat membrane PM-10
from Amicon (USA) and the Sephadex dextran
gel beads (G 50 fine and G 75 superfine) from
Pharmacia (Sweden).

2.2, Size-exclusion chromatography

SEC was carried out using prepacked Super-
dex 200 HR 10/30 columns (30 cm X 10 mm
I.D., bed consisting of crosslinked agarose with
covalently bonded dextran, mean bead diameter
13-15 pm) provided by Pharmacia LKB Bio-
technology (Sweden), coupled to a HPLC system
(Model 5000 Bio-Rad) and a polarimetric detec-
tor (Chiralyser, IBZ Meftechnik). The sample
loop volume of the injector used was 50 ul. An
clectrolyte solution containing 0.1 or 0.01 M
phosphate buffer (pH 7). 0.1 M NaCl and 0.05%
NaN, was used as cluent. The constant linear
flow-rate was 12.7 mm/min. At this flow-rate,
with our system, thcoretical plate numbers of
4200 and 1600 were obtained from the peak
dispersion of glucose and serum albumin, respec-
tively (the plate count of the column for acetone
given by the manufacturer is 10 000).
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2.3. Calibration of the molecular size scale

A set of protein standards was used to cali-
brate the dependence of elution time on molecu-
lar size in terms of Stokes™ radius. For this
purposc, data given by Laurent and Killander
[15] were used for the following protecins: y-
globulin ~ (human), alcohol dehydrogenase
(yeast). serum albumin (human), peroxidasc
(horseradish). chymotrypsinogen (porcine). cyto-
chrome C (equine). Providers data (Pharmacia)
were available for thyroglobulin (porcine). fer-
ritin (equine). catalase (bovine), aldolasc (rab-
bit) and ovalbumin (hen). The log of the Stokes’
radius (r,) of standard proteins was plotted vs.
K,y [16] (Fig. 1). In the coursc of the experi-
ments we used three Superdex 200 HR 10730
columns which slightly differed in the elution
profile of dextran and the regression parameters
between K,, and r_. Thercfore, cach column
was calibrated separately. With one Superdex
column many chromatographic runs (more than
300) could be performed without detectable
change in the dextran clution profile.

2.4. Dextran probing solution

From a larger range of commercial prepara-
tions, the following dextran preparations were
selected as components of the DPS: dextran 162
(No. 59F-0752, Sigma). dextran 60 (control: B7).
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Fig. 1. Calibration curve of the Superdex-200 HR 1030

column based on proteins with known Stokes™ radius.
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dextran 15 (control: 1) and dextran 4 (control: B)
from Serva.

Computer-aided superposition of elution pro-
files obtained for these preparations was checked
at different mixing ratios to obtain a DPS with
nearly equal concentrations of the different size
fractions over a wide range of molecular radii
(see Results). The DPS has the following compo-
sition: 1 g/1 dextran 162, 6 g/l dextran 60, 1.5 g/1
dextran 15, and 2 g/l dextran 4. The dextrans
were dissolved in the elution buffer.

2.5, Permeation procedures

Betore dialysis of the DPS against plant CWCs
or its partitioning within gel particles, mobile
buffer was removed from the wet materials. In
the case of the potato slices this was done by
blotting on filter paper, with the other materials
by suction through a glass filter (larger particles)
or a 0.2-um membrane filter (yeast). Drained
materials were mixed with a small volume of
DPS (about 1 ml DPS per g wet mass of drained
matcerial) and incubated for the given time. By
parallel incubations in buffer it was ensured that
no optically active material was lost during the
incubation. After the incubation time a sample
(at least 200 ul) of the external liquid phase
(modified DPS) was taken and centrifuged for 10
min at ca. 3000 g to ensure absence of particles.
In the casc of easily filtrable material the modi-
fied DPS sample was taken from the outlet of an
Econo column (Biorad). whereby particles were
kept in suspension in order to avoid compression
of soft cells by cohesion forces. In the case of
veast CWCs, the modified DPS was separated
from the matrix by centrifugation (3000 g, 10
min). For sorption experiments. 0.1 g of alcohol-
dried vesicular packing matcrial was allowed to
swell in 10 ml of the DPS (final bed volume
about 6 ml). Investigation of the hollow fibres
and the dialysis tube was carried out by filling
their lumen with the DPS and dialysing the
sample for different times in a large volume of
stirred buffer. The modified DPS was taken as
retentate from the lumen. In case of the flat
ultrafiltration membranes, both permeate and
retentate samples of the DPS were obtained by
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the recommended filtration procedure (pres-
surizing the sample in the Amicon stirred cell
8050).

3. Results

The dextran probing solution (DPS) with a
size dispersion fitted to the fractionation range of
the Superdex column was obtained by mixing of
commercial dextrans as described in the Ex-
perimental section. From the symmetric and
narrow peaks obtained by rechromatography of
the eluted fractions it may be stated, that the
elution profile was not influenced by interactions
other than size fractionation (Fig. 2).

The principle of the method described in this
paper consists in comparison of the original DPS
with a modified one, which was obtained by
permeation of dextran through hydrophilic mem-
branes or by partitioning within hydrophilic
matrices. A computer was used to transform the
elution time into Stokes’ radius and to give the
concentration quotient Q =C,/C, of original
(C,) and modified (C,) DPS to all pairs of
pseudomonodisperse  dextran fractions with
equal Stokes’ radius (Fig. 3).

If a volume of the resulting DPS is equili-
brated with a similar volume of wet material
consisting of cell wall capsules (CWCs) or gel
particles, dextran fractions excluded from the
cell lumina by the impermeable wall are diluted
only by the buffer held in the surface film.
Additional dilution by the intracellular liquid
space or the intermicellar liquid is expected for
permeable dextran fractions. Therefore, Q is not
equal for all size fractions, the value being lower
for the excluded and higher for the permeable
molecules. In case of CWCs with a narrow cut-
off and a large volume fraction occupied by free
liquid within the cell, a step-like increase of Q at
Stokes’ radii between the size limits of exclusion
and permeation [10} is expected. Figs. 3 and 4
demonstrate that this has indeed been found for
CWCs prepared from highly vacuolated plant
materials (suspension cells of C. album, the
unicellular green algae E. viridis, and the paren-
chyma cells of S. tuberosum).

I Dextran 162 Dextran 4 A

Dextran 60 Dextran 15

DPS B

ettt —]
5 10 15 20 25
elution time (min)

Fig. 2. (A) Elution diagrams of 1% solutions of 4 dextrans
used as the components of the dextran probing solution
(DPS). (B) Elution diagram of the DPS. Also shown are
elution diagrams obtained by rechromatography of pseudo-
monodisperse fractions of the DPS eluate (0.1 ml) at differ-
ent elution times (peak elution volume identical with the
elution volume at sampling). The peak variance of the
pseudomonodisperse fraction at elution time 17.5 min is 0.3
nm in terms of Stokes’ radius. The concentration signal C
(arbitrary units) is obtained by a polarimetric detector. For
details of the chromatographic system see Experimental.

The difference between Q values of excluded
and permeable dextran fractions is mainly caused
by the large empty intracellular volume of the
extracted cells which forms a size-independent
dilution space for permeable molecules. The
Stokes' radius of a dextran fraction which is
diluted by 50% of the internal distribution space
(obtained as shown in Fig. 3B) may be defined as
mean size limit (MSL) of cell wall permeation. If
the matrix volume of the cell wall and cell
contents is small in comparison to the intracellu-
lar bulk liquid and the permeable compounds



H. Woehlecke. R. Ehwald ! J. Chromatogr. A 708 (1995) 263-271 267

elution time (min)
5 10 15 20 25

C2

I

, Q=Cy/C, '
[ HITHTTTITT #T
i i | |Chenopodium album ‘
% J MSL = 3.05 nm
s M roeartiddil |
1 L ‘ AT
I f
1‘LA+;+1L ,.LL L
0 9 8 7 6 5 4 3 2 1

Stokes' radius (nm) }

Fig. 3. (A) Diagrams of concentration of original (C,) and
modified (C,) DPS at different elution time. Equal volumes
of a wet (buffer saturated) packed mass of cell capsules
prepared from C. album were mixed and incubated for 30
min before obtaining the modified DPS by filtration. (B)
Diagram of the concentration quotient Q = ' /C, at differ-
ent Stokes™ radii obtained by the calibration function shown
in Fig. 1. The MSL is the Stokes’ radius obtained at the
middle of the step in the Q diagram.

have approximately reached an equilibrium
partition, the MSL is the Stokes’ radius allowing
for permeation into half of the cells. The curves
obtained with E. viridis CWCs did not show a
clear size-independence of Q at high molecular
size. This peculiarity may have been caused by a
rather high content of cell wall ghosts (collapsed
cell wall envelops of the mother cells, from
which autospores have been released) in the
preparation.

If partitioning of dextran fractions with hy-
drated gel particles is analyzed by our method,
the dependence of Q on the Stokes' radius
describes the broad size fractionation range
which is typical for uniform hydrophilic gels (Fig.
5).
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Fig. 4. Q diagrams of cell wall capsules of two different plant
materials (obtained as demonstrated in Fig. 3). Incubation
period: 30 min in case of E. viridis. 6 h in case of potato
tissue slices.

At a molecular size beyond the exclusion limit
of the gel, Q is constant (Q = C). The difference
Q — C found for permeable size fractions is
proportional to the partition coefficient of the
respective dextran fraction in the matrix (K,
value).

AQ=0Q0-C=k-K,,,

where k may be obtained as (V, =V, )/(V,; +
V..). and V, is the volume of the whole gel
sample, V.  the volume of the surface-bound
liquid and V, the volume of the DPS solution. V,,
may be derived from dilution of the excluded

fractions:

It is known that size-exclusion characteristics
of a concentrated solution of soluble high-molec-
ular-mass dextran (kept in a dialysis tube) is
similar to that of a swollen gel of crosslinked
dextran at equal dextran concentration [15].
Extracted and rchydrated yeast cells, which are
filled with a concentrated dispersion of non-
permeable protein [17], show a size fractionation
curve which is similar to that of gel materials.
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Fig. 5. Q diagrams of gel particles and ethanol-extracted
yeast. For clearness. the curves are shifted on the Q scale.

Here, because of the size-exclusion effect of the
concentrated polymers. the partition coefficient
of permeable dextran molecules is size depen-
dent. The size-exclusion limit obtained from such
a system may be interpreted as a cell wall

Table 1

parameter only with caution. It should be
checked whether the size-exclusion limit of the
included concentrated polymer solution is larger
than that of the cell wall.

In the case of yeast cells and small cell clusters
of C. album it was proved that the values
obtained for the size-exclusion limit and the
MSL did not increase significantly after an incu-
bation time of 10 or 30 min, respectively (Table
1). However, as the MSL of potato slices in-
creased slightly even after an incubation period
of 8 h. especially in case of multilayered tissue
slices or cells with thick walls, it seems to be
necessary to define the kinetic conditions before
a comparative investigation.

In good accordance with the theoretical pre-
diction, the MSL of C. album cell walls har-
vested in the stationary phase (Table 2) gives a
value between the size-exclusion limit (ca. 3.4
nm) and the size-permeation limit (ca. 2.8 nm),
which were obtained by direct permeation chro-
matography of polydisperse dextran with CWCs
obtained from the same culture [11]. Advantages
of the technique described here are the indepen-
dence of the chromatographic properties of the
investigated material, convenience, better repro-
ducibility and higher accuracy. The resolution of
the method is sufficient to reproduce small
differences in the MSL (0.1 nm) of different
batch preparations of CWCs.

In the experiments shown above, the mecha-
nism of separation by the CWC was dialysis
(diffusion through a porous membrane). If dried

Size-exclusion limit (SEL) ot denaturated and ethanol-extracted yeast cells and mean size limit (MSL) of permeation into plant

cell wall capsules

Material [ncubation time SEL. MSL (nm)
Saccharomyces S min 2.2
cerevisiae 10 min 2.2
Chenopodium album 3 min 35 3.5
150 wm cell clusters 6l min 3.5 3.4
2h 22 2.2 2.2
Solanum 4h 24 2.4 2.4
tuberosum 6 h 25 2.5 2.4
1 mm thick slices 8 h 2.6 2.6 2.6
25 h 2.8 2.8 2.8
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Reproducibility of MSL investigated for batch preparations of deproteinated vesicular packing particles (VP) and cell wall
capsules (CWC) obtained from the €. albwn cell culture (incubation time 30 min}

Batch VP (28) CWC (Y.6.) CWC (16.6)
sample
l 2 3 4 3 1 3 1 N 1 2 3 4 5

MSL (nm) 3.1 3.2 3.2 3 3.2 3.0 3.0 3.0 3.0 3.2 3.2 32 32 3.1
Average

MSL (nm) 3.16 298 318
Standard

deviation 0.055 0.045 0.045

CWCs are allowed to absorb liquid from a
polymer solution, the initial mechanism of size
separation is ultrafiltration, a mechanism which
is important for the dry column technique of
vesicle chromatography |3]. Here. Q values of
excluded polymers below | are obtained. It was
questionable whether a higher porosity of the
alcohol-dried cell wall might cause entrapping of
larger molecules at the beginning of the sorption
process (see Ref. [18]), as the size permeation
limit of the dehydrated cell wall in pure ethanol
or acetone (mcasurcd by permeation of poly-
ethylene glycol) is much larger than that of the
hyvdrated wall [19]. However. we did not find a
strong difference between the size-exclusion ef-
fects of dry and wet CWCs. The MSL of vesicu-
lar particles (VP) obtained by the sorption
experiments is only shightlv larger than that
obtained with the same material in a dialysis
experiment (Table 3).

The described method can be used to char-
acterize size separation properties for transport
through membranes of hollow fibres and dialysis

Table 3

Mean size limits (MSL) of vesicular packing particles pre-
pared from C. a/bum determined by incubation of cthanol-
dried material and moist material of the same batch preparu-
tion in the DPS (30 min)

Wet material
(dialysis)

Dried matenal
(sorption)

MSL (nm) 3.7 R 35

g
N

tubes as well as flat ultrafiltration membranes. In
our dialysis experiments with hollow fibres and
dialysis tubes (Fig. 6), the internal compartment
was filled with the DPS.

The volume of this compartment was small in
comparison to that of the stirred external com-
partment. The sample of the retentate (modified
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Fig. 6. Diagram of (./C, = 1/Q of modified DPSs obtained
by dialysis of the original DPS from a blood dialysis holiow
libre (regenerated cellulose. length 3 m. internal volume ca.
75 ul. inner diameter 190 pm) and a Spectra-Por CE dialysis
tube (cellulose ester. internal volume 2 ml, diameter 7.5 mm.
nominal molecular mass cut-off 10 000} into 200 ml of stirred
buffer. Samples of the internal modified DPS (retentate)
were obtained at the given dialysis times.
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DPS) was investigated. If a permeable com-
pound had reached equilibrium partition, its
concentration in the modified DPS (C,) de-
creased to approximately zero. As expected, the
size range of dextran molecules with incomplete
retention is clearly dependent on the incubation
time. For such experiments, C,/C, =1/Q is a
useful parameter to describe retention. As long
as 1/Q is constant, impermeability may be as-
sumed (dilution may have been caused only by
osmotic water uptake into the lumen). The
exclusion limit of the membranes (initially
strongly time dependent) may be defined by a
threshold of 95% retention, i.e. the critical
molecular size for reducing 1/Q to 95% of the
constant value.

The result of ultrafiltration through a flat

elution time (min)
5 10 15 20 25
ey . .
Cc
retentate A
permeate
2 Q=C4/C; ‘ 1/Q=C,/Cq 1
S \ 1 \ w / ‘{
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Fig. 7. (A) Diagram of the concentration of eluted dextran
from modified DPSs obtained as retentate and permeate in
comparison to the original DPS at different elution time.
Ultrafiltration membrane: Amicon PM 10. Original volume
of DPS: 10 ml, retentate volume: 3 ml. For chromatography,
the retentate was diluted with buffer (1/1). (B) Diagrams of
concentration quotients suitable for evaluation of the mem-
brane cut off by modified DPDs.

membrane is not only dependent on the porosity
properties of the membrane but also on flow-
rate, concentrations and convective flow along
the membrane surface. Separation characteristics
of ultrafiltration processes can be conveniently
studied by the described chromatographic tech-
nique, as demonstrated in Fig. 7.

Volume flow through the membrane produces
two modified DPSs: permeate and retentate.
Comparison of the modified DPSs with the
original one allows for the definition of ultrafil-
tration parameters, whereby curves of C,/C,
may be used in the case of the retentate and of
C,/C, in the case of the permeate.

4. Discussion

It should be kept in mind, that values given
here as critical molecular size parameters do not
refer to the size of the dextran molecules within
the investigated matrices, which is difficult to
estimate because of the flexibility of the highly
hydrated molecules and the influence of the
matrix on the large number of their possible
conformations [20]. Fortunately, homogeneity of
the molecular structure (branching) of the dex-
tran polymers is not essential for our method. It
was sufficient to show, that the DPS can be
separated into narrow pseudomonodisperse size
fractions with defined K, , as our size estimates
are equivalent Stokes’ radii, obtained by com-
parison with the Stokes’ radii of the proteins
used for GPC calibration. Reference to proteins
is an important aspect and seems to be justified
because (1) it has been shown that K, values of
proteins and dextrans with equal Stokes’ radius
(in water) are similar or closely related
[15,21,22] and (2) protein permeation into or
through porous materials is most significant
under both technical and physiological aspects.
Cell walls are usually strongly negatively charged
matrices. Therefore, the partition parameters
and the size permeation limit of ampholytic
polyelectrolytes as proteins in the cell wall are
not only dependent on their hydrodynamic size
but also on electrical field barriers or attraction
forces. which are strongly dependent on ion
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strength and pH [10.23]. However, as the used
DPS and GPC matrix both can be regarded as
uncharged, the described method is selective for
the steric aspect of cell wall permeability.

In the case of CWSs the step-like change of @
is continuous over a certain range beyond and
below the MSL, although for an equilibrium
partition with uniform thin-walled capsules a
sharp size limit (discontinuous step in (J) may be
expected. The width of the experimentally ob-
served step is partly explained by the variability
of individual capsules with respect to the size
limit of permeation and partly by the chromato-
graphically caused peak variance of monodis-
perse fractions. Insufficient chromatographic res-
olution would prevent a discontinuous steep
change in Q, even if the separation limit would
be a point on the size scale identical for all cells
and the permeable fractions were all in equilib-
rium. In reality, equilibrium can be approximate-
ly assumed in case of small thin-walled cells
‘(Table 1). The peak variance of a narrow (pseu-
domonodisperse) dextran fraction or of a protein
(0.3 nm in terms of the Stokes’ radius) is similar
to the variance of dQ/dr_near the MSL (Figs. 3
and 4). Obviously, the resolution of the applied
GPC system is not sufficient for an optimal
description of the small variability of the cells’
individual cut-off. Resolution could be improved
by the choice of GPC media with a more narrow
size fractionation range (and related DPSs) as
well as by further improvement of the chromato-
graphic efficiency. However, for many purposes.
the variance of the individual cells of a sample
with respect to the cell wall cut-off is less
interesting than the mean value expressed by the
MSL. Good reproducibility and resolution of
even small changes in the MSL is possible with
the described method (Table 2), and the applied
system has a broad measuring range useful for
cell wall resecarch (MSL between 2 and 7 nm).
For materials with smaller MSL of the cell wall
like Geosiphon [24] a comparable system involv-
ing a Superdex 75 column can be recommended.
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