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Abstract — In the food industry there is a clear trend towards the production of speciality products
with a high added value. Electro-membrane filtration (EMF) can be used to separate and concentrate
these products from complex solutions. With EMF, lysine was separated from a model solution and
a protein hydrolysate both containing leucine. The lysine fraction in the permeate ranged from 0.86
to 0.96. The lysine transport rate and purity were improved by increasing the potential difference from
20 V to 40 V. Reduction of the transmembrane pressure from 2 to 0.5 bar improved the purity at a prac-
tically unchanged lysine transport rate. An enriched fraction of antibacterial cationic peptides (e.qg. lac-
toferricin-B) could be produced from a lactoferrin hydrolysate using EMF. Isolation of these bioac-
tive peptides is normally expensive due to the complex nature of the hydrolysate feed. EMF has the
potential to become an attractive (partial) isolation technology.

electro-membrane filtration / dairy / food / lactoferricin / separation

1. INTRODUCTION from complex solutions such as protein
hydrolysates. For the production of these
components chromatographic techniques

The current trend in the food industry is : ? L X
are usually required. Since this is capital

to produce speC|aI|_ty products W!th a hlghintensive, alternative easily up-scalable tech-
added value, especially nutraceuticals. Con-

X . : nologies are under investigation.
sequently, there is an increasing need for

isolating and purifying high-value compo- Membrane filtration (ultrafiltration or
nents (e.g. amino acids, bioactive peptides)anofiltration) can be used to separate

* Correspondence and reprints. bargeman@nizo.nl
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ampholytes (amino acids, peptides and prc 2. MATERIALS AND METHODS
teins) selectively from complex solutions
by manipulating the charge interactions 2.1. Membrane module
between the components and the membrat
surface [4, 5, 7, 9, 16-19, 21]. This can b«  The membrane filtration module (Fig. 1)
achieved by adjusting the pH or by adaptinccontains a high-voltage power supply to
the salt composition of the feed. Even amingorovide the required electric field strength.
acids of similar size (e.g. leucine and lysineThe field strength over the membrane can
can be separated with high selectivitype measured (Fig. 1). During the experi-
[17,18]. The highest selectivity is obtainedments the anode was situated in the elec-
when size exclusion is (almost) absent antrode compartment next to the feed/concen-
the Donnan exclusion mechanism domitrate compartment and the cathode was
nates [18]. placed in the electrode compartment next to
) o the permeate compartment. A polymeric
The separation efficiency can also beNTR 7450 (Nitto-Denko, Shiga, Japan,
manipulated and improved by the intrOdUC'MWCO 1 kgmo|—1) ﬂat_sheet membrane
tion of an external potential difference ovenyas used for the separation of leucine and
the (nanofiltration, ultrafiltration or micro- |ysine from a model solution and a protein
filtration) membrane [2, 6, 15, 20]. This washydrolysate. Isolation of cationic peptides
originally proposed to reduce concentratiorfrom a LF hydrolysate was done with a more
polarisation of proteins at the membranepen polysulphone flat-sheet membrane
surface, thereby increasing the permeat(MwCO 10 kgmol-Y) to minimise size
flux [10, 13, 14, 22]. Recently this hasexclusion. The installed membrane area was
received more and more attention for theg 908 n3. The electrode compartments were
production of speciality products due to théseparated from the feed/concentrate and the
effect of the electric field on retention of permeate compartment with a CMX and an
charged components. Van Nunen [20] estiAMX jon-exchange membrane, respec-
mated, on the basis of_pllot-scale (0.25 Mtively, from Tokuyama Soda, Tokyo, Japan.
membrane area) experiments, that the cospH indicators were placed in all collec-
for separating the proteins lipase antjon/supply beakers (Fig. 1) to monitor the
lysozyme with a multi-compartment elec-pH variations as a result of water splitting

tro-membrane filtration (EMF) system reactions at the ion-exchange membranes.
would be around 50 Euro per kg protein

produced.

. . 2.2. Feedstock solutions
Because of the industrial need for alter-

native cost-effective separation methods fo A model solution containin rOXi-
the production of high-value products anc el osem?r? liIL—Oll CS ir? n? ?ppu? ;
our knowledge on the effects of charge inter ely o eucine (molecula

actions between membranes and these CO|Weight 131 gmol) and lysine (molecular

. { g
ponents on the separation efficiency, we hayVe1gNt 146 gnol) was prepared by dis
solving analytical-grade leucine and lysine

performed initial experiments with EMF to (Sigma, St-Louis, MO, USA) in reverse

study the possibilities of this process. Th(osmosis permeate of de-mineralised water

separation of the amino acids leucine (Leu ; .
and lysine (Lys) from a model solution a”dr(sRé)vafﬁﬂ?j water). The pH was adjusted to

a commercial protein hydrolysate and the
isolation of antibacterial cationic peptides A 1% w/w casein hydrolysate solution
(in particular lactoferricin-B, Lfcin-B) from containing approximately 3 mmbt! lysine

a peptic hydrolysate of lactoferrin (LF) areand leucine was prepared by dissolving
presented in this article. casein hydrolysate (Pepticase, Sheffield
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Figure 1. Schematic representation of the EMF test-rig (E electrode compartment, P permeate com-
partment, C concentrate/feed compartment).

Products, Norwich, USA) in RO de-min. lytical grade, obtained from Merck, Darm-
water. The pH of the solution was 7.3.  stadt, Germany) solution in the electrode

Bovine LF was kindly supplied by Domo compartments. A NSO, solution is pre-

Food Ingredients (Beilen, The Netherlands)fé"red over NaCl to avoid the production of
A 5% w/v aqueous solution of LF was Cl, at the anode. The concentrate, perme-

adjusted to pH 3.0 with 1.0 mbttHCI and ate and electrode solution were circulated

digested with 3% w porcine pepsin A (Ecover beakers at a circulation rate of

- - 175 Lh™1, 50 Lh~tand 50 Lh™%, respec-
3.4.23.1, 445 Wngsolid, from Sigma)iw ' - '
of substrate forgl—h at 37 °C I-?eati)ng ap\./ely. The unit was thus operated batch
. wise not only for the feed/concentrate and

\?v%hclf(r)r:olli—q]m;gg ?g]rLrﬁitr'lrgégEiﬁeHr?aZ'_oelectrode solution, but also for the permeate.

, . . Due to this operation mode the lysine selec-
tion. The_ digest was centrifuged at 16 @90 tivity can not be determined. The lysine frac-
for 15 min and the supernatant was retameﬁi

; . on in the permeate, however, gives an indi-
and freeze-dried. The dried hydrolysate wagiq of the selectivity. This fraction is

re-dissolved in twice-distilled water (0.8% defined as:

w/v final concentration) and the pH was c(Lys)p

adjusted to 8.5. Subsequently the hydrolysate = (1)
was centrifuged again. The supernatant was c(Lys), + c(Leu),

used as feed solution for the EMF system.Where ¢(Lys) represents the lysine

concentration and c(Ley}he leucine
2.3. Experiments and methods concentration in the permeate. The pH of
the feed (concentrate) and in some cases of
All experiments (Tab. I) were carried outthe permeate (Tab. I) was adjusted continu-
at 25 °C with a 0.01 mdl~* Na,SO, (ana- ously and kept between 4 and 8 for the
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Table I. Summary of the experiments (RO demin. water: reverse osmosis permeate of de-miner-
alised water, V: potential difference set—point of the power supply, C: concentrate, P: permeate).

Exp. Feed Permeate solution \% TMP PH

No. at start of run V) (bar) adjustment
1 Leu/Lys model solution 0.01 mbi Na,SO, 40 2 CandP

2 Leu/Lys model solution 0.01 mar! Na,So, 40 0.5 CandP

3 Leu/Lys model solution RO de-mimater 40 0.5 C

4 Leu/Lys model solution ~ 0.01 mat! Na,SO, 20 2 C

5 1% w/w casein hydrolysate RO de-min. water 40 0.05 CandP
6 0.8% w/w LF hydrolysate RO de-min. water 40 0.05 CandP

leucinelysine separation experiments. In this We operated with transmembrane pres-
pH range leucine has no net charge, whereasires (TMP) and potential difference
lysine has a net positive charge (Fig. 2)set—points for the power supply between
During experiments 3 and 4 (Tab. 1) the pH0-05-2 bar and 20-40 V (average electric
of the permeate exceeded 10 only durin%IeIOI strengths between the electrodes
the final 10 min and 30 min, respectively.P&tween 570-1140 V/m), respectively. At
Since the net charge of lysine remained +}he start of some experiments the permeate

. : . 1
in the concentrate and remained positive i ection was filled with a 0.01 ma

. . a,S0, solution (also used for the electrode
the per_meate d_unng the major part of th.esgompartments), whereas for other experi-
runs (Fig. 2) neither a reduction in the lysing . nis RO de-min. water was used to check

transport to the permeate compartment NQhe effect of the conductivity of the perme-
an inverse lysine transport is expected. Fojte on the selectivity of the separation. This
the isolation of cationic peptides from theresulted in a conductivity ratio, defined as
LF hydrolysate, the pH of the feed/concenthe conductivity of the liquid in the perme-
trate was kept at 8.5 while the pH of the perate compartment over the conductivity of
meate was kept between 4 and 7. the liquid in the feed/concentrate compart-

—
1

------ Lysine

N
N
. Leucine

N

1] N

Net charge amino acid (-)
[—]

) Figure 2. The net charge of

leucine and lysine as function

23 456 7 8 9101 of the pH, determined on the
pH () basis of pK values.
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ment of 5 for operation with 0.01 mbtt through the membrane, as the reduction rate
Na,SO, and below 0.01 for operation with of the lysine concentration in the concen-
RO de—min. water using the lysine andrate was practically independent of hdP
leucine model solutions. Other operatingduring these batch experiments (Fig. 3a). In
conditions are listed in Table I. contrast, the transport of the neutral leucine
molecule decreased when a loWafP was
applied probably due to a lower water flux.
Operation at a loWwrMP thus resulted in

; ; .2 higher lysine fraction in the permeate
The amino acid analyses were done wit Fig. 3b). At aTMP of 0.5 bar a lysine frac-

an amino acid analyser (type 4151, LKB} . | .
Biochrom Cambridg)t/a UK().y geptides of thelion. f, as high as 0.96 was obtained (Fig. 3b)
: i starting from a lysine fraction in the feed of

LF hydrolysate were analysed by reversed® ; e h .
phasye HF)!LC [11]. Mass )éjeterr%/ination of0-5 (Fig. 3a). This implies that the selectiv-

eptides was performed on a Waters HPLA Of the process is very high. Increasing
gy?tem conngcted on-line to a Quatro |fhe TMPto 2.0 bar resulted in a reduction of

triple quadrupole instrument (LC-MS) the lysine fraction of about 0.1 to approxi-

(Micromass, Cheshire, UK) as described else@tely 0.86. In both situations the lysine
where [12]. However, in this case a Wide-COncentration in the permeate was higher

pore G 250x 20 mm column (Bio-Rad Lab- than in the feed solution. Lysine could thus
oratories, Richmond, CA, USA) was used be isolated and concentrated simultaneously.
Peptides were eluted with linear gradient of Reduction of the potential difference set-
solvent B in A going from 10% to 30% in point from 40 V to 20 V reduced the lysine
25 min at a flow-rate of 1.0 mL-mih Sol-  transport more than twofold (Fig. 4a). The
vent A was a mixture of acetonitrile-water-relatively high lysine transport rate reduction
trifluoroacetic acid (100:900:1, v/iv/v) and was in line with a relatively high change in
solvent B contained the same componentge measured potential difference over the
(900:100:0.8, v/v/v). Identification of most membrane. On the basis of this observation
of the peptides in the permeate fraction wagnd the independence of the lysine trans-
performed by reversed-phase HPLC angort on theTMP, we conclude that the driv-
LC-MS using reference peptides prepareghg force for transport of the positively
at NIZO [11]. The peptide with mass 2096¢harged lysine was mainly governed by the
was identified by electrospray ionisation-electrical field strength as intended. Daufin
tandem mass spectrometry (ESI-MS/MSkt 4. [2] described the transport of charged
using a Quatro Il triple quadrupole massparticles in terms of the ratio of the electro-
spectrometer (Micromass) under the samgigration over the flux (UE/J, where U, E
conditions as reported previously [12]. Theand J are the electrophoretic mobility, the
sequence of other newly identified peptides|ectrical field strength and the flux). On
was obtained by combining the N-terminaline pasis of water fluxes reported for NTR
sequence [11] and molecular mass data angy50 ysing 0.01 mdl-* and 0.1 moL !
matching these to the known sequence qQgycine or lysine solutions [18] a UE/J ratio

2.4. Analytical methods

bovine LF [8]. in excess of 45 is estimated for lysine trans-
port at a potential difference set-point of
3. RESULTS AND DISCUSSION 40V and 2 bar operating pressure. This sup-

ports our observation, that the lysine trans-
3.1. Separation of leucine and lysine port is mainly governed by electromigra-
from the model solution tion and thus the electrical field strength in
the feed/concentrate compartment. How-
A reduction of theTMP from 2.0 to 0.5 ever, the use of this ratio implicitly assumes
bar hardly affected the transport of lysinethat diffusion and the electro-osmotic flow
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Figure 3. The effect of the
TMP on the leucine and
lysine transport from the
concentrate to the perme-
ate @) and the lysine frac-
tion in the permeateb].
(Leu,c and Lys,c: leucine
and lysine concentration in
concentrate, Leu,p and
Lys,p: leucine and lysine
concentration in permeate).

Figure 4. The effect of the
potential difference on the
leucine and lysine transport
from the concentrate to the
permeated) and the lysine
fraction in the permeate
(b) atTMP = 2.0 bar (Leu,c
and Lys,c: leucine and
lysine concentration in con-
centrate, Leu,p and Lys,p:
leucine and lysine concen-
tration in permeate).
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ity on the leucine and lysine E.
concentrations in the con- =
centrateg) and the fraction 0.7 - - -
fin the permeateb| at 0 50 100 150 200
TMP = 0.5 bar and 40 V Time (min)
(description exp. 2 and 3 as
listed in Tab. I). (b)

can be neglected. Since the observed fluseduced more with progressing of the run. In
through the membrane @MP = 2 bar for combination with a relatively stable leucine
operation without an external electrical fieldconcentration in the concentrate and leucine
was below 7 km~2h~1 [18] it is question- transport to the permeate, the lysine frac-
able whether diffusion can be neglectedion in the permeate was reduced with pro-
entirely in relation to convection. The rela-gressing of the run, especially for operation
tive importance of the electric field over theat high potential difference set point.
applied pressure difference for lysine transAlthough the pH of the permeate was not
port may therefore be overestimated by thedjusted at the low potential difference, this
high ratio UE/J. The leucine transport ratemost likely did not affect the observed
was also slightly lower for operation at low change in lysine transport rate and lysine
electrical field strength, possibly due to afraction in the permeate, as explained earlier.
lower electro-osmotic flow. The reduction in

potential difference set point from 40 to  Operation with 0.01 mdl~ Na,SQ, in

20 V consequently resulted in a lysine fracthe permeate compartment at start of the
tion decrease of 0.04 (Fig. 4b). This differ-run resulted in a significantly higher lysine
ence in the lysine fraction in the permeate fransport rate (Fig. 5a) than operation with
reduced with progressing of the runs. Due t&®RO de-min. water. The use of a permeate
a higher initial transport rate for lysine at awith higher conductivity enhanced the lysine
high electrical field strength, the lysine con-transport rate as a result of an increase in
centration in the concentrate was reducedlectric field strength in the feed/concentrate
faster during batch wise operation. As acompartment at an unchanged potential dif-
result the lysine transport rate for operatiorierence set-point over the electrodes and thus
at higher electrical field strength wasa higher driving force for transport of
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charged components (€.9. [20]). The leucinge g. |oading the permeate compartment with
transport rate was hardly affected by the perg sojution with higher conductivity before
meate conductivity at start of the run, ashe start of the run).

expected. Consequently the lysine fraction,
f, was significantly higher, when filtration . L .
was started with a liquid with high conduc- ~ 3-3 Isolation of cationic peptides

tivity (0.01 molL-2Na,SO, solution) in the from a lactoferrin hydrolysate
permeate chamber (Fig. 5b). However, since . )

the leucine concentration relative to the Cationic peptides could be separated suc-
lysine concentration in the permeate wa§essfully from a LF hydrolysate. The HPLC

very low for both cases, the difference inanalysis of the total permeate collected after
lysine fraction was Ieés thain= 0.05 180 min of operation revealed a seven-peak

(Fig. 5b) profile (Fig. 7). Five peptides (Tab. Il) had
B been previously found in an antibacterial

fraction obtained from a LF hydrolysate by
cation-exchange chromatography [11],
including the potent bactericidal peptide
Lfcin-B (fragments 17-41 or 17-42 of LF)
[1]. Interestingly, the combination of the

Lysine and leucine could also be sepaN-terminal sequence and MS data revealed
rated from a casein hydrolysate at a lysinghat the peptides eluting at 41.2 min also
fraction in the permeate as highfas0.95 correspond to the fragments identified as
(Fig. 6). This fraction is similar to the max- fcin-B, but in the oxidised form (Met
imum fraction obtained with our leucine/ MetO). All the identified peptides in the
lysine model solution, starting with similar EMF permeate had a net positive charge.
lysine fractions in the feed of 0.5. The per-At least three of the identified peptides, the
meate concentrations of all the other amindieterodimer with mass 2430 (Tab. 1) and
acids, apart from arginine were similar tofragments 17-41 and 17-42 (Lfcin-B), have
that for leucine. This observation is in linebeen shown to be antibacterial [1,3,11]. The
with conclusions from Daufin et al. [2], who Lfcin-B transport rate was relatively low
studied the separation of amino acids frongFig. 8). Nevertheless, we have shown that
a model solution. Lysine can thus bewith EMF, cationic peptides can be sepa-
removed from the casein hydrolysate with aated selectively from a LF hydrolysate with
high selectivity. However, the lysine trans-a product composition similar to that
port rate through the membrane was sulebtained by cation-exchange chromatogra-
stantially lower than found for our model phy [11]. Operating conditions can be fur-
solution. The transport rate can be improvether optimised to improve the separation
by optimisation of the process conditionsefficiency and transport rate.

3.2. Separation of leucine and lysine
from a casein hydrolysate
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Figure 7. Reversed-phase HPLC chromatograms of the permeate obtained after 180 ma) &ihdiF (
the LF feed solutiond) (Tab. I1).

Table II. Mass determination and peptide identification of the peptic LF fragments obtained in the
permeate compartment after EMF during 180 min.

Peak Retention Observed Theoretical Net Sequence Identified
No.# time mass mass charge positio by
34.3 2096 2096.4 +4 271-288 This work
2 38.6 1568 1568.8 +2 618-631 This whrk
4276 not identified
3 394 2430 2430.8 +3 (1-16)-S-S-(45-48) [11]
39.9 2248 2248.7 +5 267-285 [11]
41.2 3140 3139.8 +8  17-41 (oxidised Met)  This vork
3211 3210.9 +8  17-42 (oxidised Met)
6 44.0 3123 3123.8 +8 17-41 [1,3,11]
3194 3194.9 +8 17-42
7 46.2 2636 2637.1 +5 267-288 [11]

@ Average mass values.

b LF sequence [8].

¢ ldentified by electrospray ionization—tandem mass spectrometry.

d |dentified by combining the N-terminal sequence and the molecular mass data.
€ See Figure 7.
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4. CONCLUSION

Electro-membrane filtration can be used!]
to separate the amino acids leucine and
lysine not only from model solutions, but
also from a protein hydrolysate at a lysine
fraction in the permeate of approximately2]
0.96. This implies that the selectivity for the
separation of leucine and lysine with EMF is[3]
very high. A transmembrane pressure
increase from 0.5 to 2.0 bar results in a
reduction of the lysine fraction of about 0.104]
to 0.86 at practically unchanged lysine trans-
port rate. An increase in the applied poten-
tial difference from 20 to 40 V results in a
more than twofold increase in lysine trans{s]
port rate and a lysine fraction increase of
0.04 in the permeate. Increasing the con-
ductivity of the solution in the permeate g
compartment at the start of the run results in
a higher lysine transport rate and a higher
lysine fraction in the permeate. 7

With EMF a fraction enriched in antibac-
terial cationic peptides can be produced from
a LF hydrolysate. The composition of the
fraction produced is similar to that obtained
with classical cation-exchange chromatog-[8]
raphy.
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