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ABSTRACT: Electrodialysis with ultrafiltrationmembrane (EDUF) is a technology based on the separation of molecules according
to their charge and molecular mass. Some works have already successfully demonstrated the recovery of bioactive peptide fractions.
However, the impact of ultrafiltration membrane (UFM) material, used in the EDUF system, on the peptide migration has never
been studied. Consequently, the objectives of this work were (1) to evaluate the effect of two different UFM materials on the
selective separation of peptides from a snow crab byproduct hydrolysate by electrodialysis with ultrafiltration membranes and (2) to
determine the effect of UFM material on their potential fouling by peptides. It appeared that, after 6 h of EDUF separation using
polyether sulfone (PES) and cellulose acetate (CA) UFM, peptides with low molecular weights ranging from 300 to 700 Da
represented the most abundant population in the KCl1 (compartment located near the anode for the recovery of anionic/acid
peptide fractions) and KCl2 (compartment located near the cathode for the recovery of cationic/basic peptide fractions) permeates.
Peptides with molecular weights ranging from 700 to 900 Da did not migrate during the EDUF treatment. Moreover, only CAUFM
allowed the recovery of highmolecular weightmolecules (900-20000Da) in both KCl compartments. Peptides desorbed fromPES
and CA UFM after 6 h of EDUF separation had low molecular weights and belonged mainly to the 600-700 Da molecular weight
range. These peptides represented a low proportion of the peptides initially present in the snow crab byproduct hydrolysate with
individual molecular weight range proportions from 1.52 ( 0.31 to 10.2 ( 2.32%.

KEYWORDS: electrodialysis with ultrafiltration membranes, ultrafiltration membrane fouling, peptide migration, peptide separation,
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’ INTRODUCTION

Electrodialysis with ultrafiltration membrane (EDUF) has
been developed and patented by Bazinet et al.1 and consists of
ultrafiltration and ion-exchange membranes stacked together in a
conventional electrodialysis cell. The ultrafiltration membrane
(UFM) molecular weight cutoff (MWCO) allows the concen-
tration and purification of solutes according to their sizes, and the
electrodialysis (ED) process allows a selective separation of
molecules according to their electrical charges. However, during
a separation by EDUF, no pressure is applied in the electro-
dialysis cell, and the electrical field is the only driving force of this
technology.

EDUF technology showed several potential applications for
the food industry, notably for the separation and recovery of
bioactive compounds from diverse raw matrices. Labb�e et al.
performed themigration and selective recovery of catechins from
green tea, which are antioxidant molecules.2 Recently, a cranber-
ry juice enriched with natural phenolic antioxidant compounds
was obtained by Bazinet et al.3 The fractionation of a β-
lactoglobulin hydrolysate was performed by Poulin et al. and
allowed the simultaneous separation of acid and basic bioactive
peptides by stacking 20 kDa MWCO cellulose acetate (CA)
UFMs.4 Firdaous et al. isolated an angiotensin converting

enzyme (ACE) inhibitor peptide fraction from alfalfa white
protein hydrolysate by stacking a 10 kDa MWCO polyether
sulfone (PES) UFM in the EDUF cell.5,6 Doyen et al. identified
an anticancer peptide fraction from snow crab byproduct hydro-
lysate after a selective separation by EDUF with 20 kDa MWCO
CA UFM stacked in the system.7 However, the impact of the
UFM material with the same MWCO on the peptide migration
during EDUF separation has never been studied. In addition,
even if the fouling phenomenon is quite low during the separa-
tion by EDUF due to the absence of pressure in the EDUF
cell,3-6 some interactions between the PES or CA UFM and the
peptides in solution may appear during the separation and could
create a weak fouling on and inside the UFM, which could
influence peptide migration. Indeed, PES and CA UFMs present
some differences in their structures and performances. CA is
obtained by acetylation of cellulose, which can be performed
with different acetylating agents such as acetic anhydride, acetyl
chloride, and ketene.8 In terms of performance, CA membranes
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have excellent hydrophilicity, which is very important in mini-
mizing fouling and for good resistance to chlorine and solvent.9

However, CA material presents several drawbacks such as its low
resistance to aggressive cleaning, its low oxidation and chem-
ical resistance, and poor mechanical strength.10 PES contains
repeated ether and sulfone linkages alternating between aromatic
rings.11 PES material provides high rigidity, superior strength,
and dimensional stability.11 However, PES material is more
hydrophobic than CA material; consequently, during pressure-
driven filtration, PES membranes fouled more seriously than
hydrophilic CA membranes.12 Consequently, the differences
between the PES and CA materials could have an impact on
peptide migration, peptide-peptide aggregation, and peptide-
membrane affinity.

The aim of the present work was (1) to compare the impact of
PES and CA UFMmaterials on peptide selective migration from
snow crab byproduct hydrolysate and (2) to evaluate the impact
of the UFM material on membrane potential fouling during
EDUF separation.

’MATERIALS AND METHODS

Chemicals. NaCl and Na2SO4 were obtained from Laboratoire
MAT (Qu�ebec City, QC, Canada). KCl was purchased from ACP Inc.
(Montreal, QC, Canada), and 1.0 M HCl and 1.0 M NaOH solutions
were obtained from Fisher Scientific (Montreal, QC, Canada).
RawMaterial. The snow crab byproduct hydrolysate was obtained

from the Aquatic Products Technology Centre (CTPA, MAPAQ, Gasp�e,
QC, Canada) and was prepared according to the procedure described
previously.13 Briefly, the snow crab byproduct consisted of cephalothorax,
shells, and digestive systems, which were enzymatically hydrolyzed at
pH 9.0 with the proteolytic enzymes blend Protamex. After the recovery
of the peptide fractions, different steps of pressure-driven membrane
filtration were performed for the purification and concentration of pep-
tides (ultrafiltration and nanofiltration processes). The initial concen-
tration of peptides in the snow crab byproduct hydrolysate was 100 g/L
measured on a wet basis. The water content was 87%, no lipids were
present, and the ash content represented 2.12% (w/v).
Electrodialysis Cell and Configuration. The electrodialysis

cell used for this experiment was an MP type cell (100 cm2 of effective
surface area) manufactured by ElectroCell Systems ABCo. (T€aby, Sweden)
with one Neosepta CMX-SB cationic membrane (Tokoyuma Soda Ltd.,
Tokyo Japon), one Neosepta AMX-SB anionic membrane (Tokoyuma
Soda Ltd.), and two ultrafiltration membranes with aMWCO of 20 kDa.
The UFM materials were PES (GE, France) and CA (Spectrum Labo-
ratories Inc., Rancho Dominguez, CA).

TheUFMplacednear the anodewas namedUFM1, and theUFMplaced
near the cathode was named UFM2. The electrodialysis configuration
presented in Figure 1 was the same as the one used by Doyen et al.7 The
configuration was formed of four compartments. Two of them contained
1.5 L of KCl solution (2 g/L) for the recovery and concentration of
peptides (the KCl1 and KCl2 compartments were located near the
anode and the cathode, respectively), one compartment containing the
electrode 20 g/L Na2SO4 rinsing solution (3 L) and the other the feed
solution (snow crab hydrolysate, 3 L). The solutions were circulated
using four centrifugal pumps, and the flow rates were controlled using
flow meters. The permeate and feed solution flow rates were 2 L/min,
whereas the flow rate of the electrode solution was 6 L/min.
Protocol. Electroseparation was performed in batch process using

a constant voltage difference of 2 V/cm (voltage of 7 V applied and
electrodialytic cell thickness of 3.5 cm). The duration of the treatment
was fixed at 360 min to obtain a large electrodialytic migration and
sufficient quantity of peptides. A 1:10 dilution ratio was achieved for the

feeding compartment by mixing 1 L of the snow crab byproduct hydro-
lysate, at 10% (w/w) peptide concentration, to 9 L of distilled water. The
anode, a dimensionally stable electrode (DSA), and the cathode, a 316
stainless steel electrode, were supplied with the MP cell. The anode/
cathode voltage difference was supplied by a variable 0-100 V power
source. The system was run in a cold room at a constant temperature of
4 �C to minimize microbial contamination and proliferation.

The EDUF treatment was performed at pH 9, a value that showed,
in previous work, the highest peptide recovery yield.7 The pH of the
hydrolysate and permeate solutions (KCl1 and KCl2) was adjusted
before each run with 1.0 M NaOH and controlled afterward to pH 9.
Three replicates at pH 9 of each condition (separation with PES and CA
UFM) were performed. Volume of 10 mL samples of hydrolysate and
KCl solutions were collected before voltage was applied and every hour
during the treatment. Conductivities of KCl and hydrolysate compart-
ments were taken every hour during the 6 h of separation to follow the
solution mineralization or demineralization process taking place dur-
ing the separation. Following each 6 h EDUF treatment, the electro-
dialysis cell was dismantled and PES and CA UFM1 and UFM2 were
soaked in a 0.17 M NaCl solution (10 g/L) overnight with agitation.
Such higher ionic strength is used to decrease electrostatic attractions
between charged proteins and oppositely charged material. Conse-
quently, this soaking would allow the recovery of electrostatically
adsorbed peptides at the UFM surface.14,15 Solutions, which con-
tained NaCl and peptides desorbed from the UFM surface, were
freeze-dried to perform mass spectrometry analyses. After the UFM
desorption by NaCl solution, the electrodialysis cell was reassembled
and a cleaning-in-place with enzymatic solutions was performed according
to the procedure of Doyen et al.7 to ensure the recovery of the process
performances.
pH Measurements. A pH-meter model SP20 (Thermo Orion,

West Chester, PA) was used with a VWR Symphony epoxy gel comb-
ination pH electrode (Montreal, QC, Canada).
Solution Conductivity. Conductivity of KCl solutions and snow

crab byproduct hydrolysate was measured using a YSI conductivity meter,
model 3100, with a YSI immersion probe model 3252, cell constant K =
1 cm-1 (Yellow Springs Instrument Co., Yellow Springs, OH).

Figure 1. Configuration of the electrodialysis with ultrafiltration mem-
brane cell according to Doyen et al. 7. UFM, ultrafiltration membrane;
AEM, anion-exchange membrane; CEM, cation-exchange membrane.
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Total Peptide Determination in Liquid Samples. The pep-
tide concentrations in the KCl1 and KCl2 solutions, recovered during
and after 6 h EDUF treatments, were determined using BCA protein
assay reagents (Pierce, Rockford, IL). Assays were conducted on micro-
plates by mixing 25 μL of the sample with 200 μL of the working reagent
followed by incubation at 37 �C during 30 min.7 The microplate
was then cooled to room temperature, and the absorbance was read at
562 nm on a microplate reader (THERMOmax, Molecular Devices,
Sunnyvale, CA). Concentration was determined with a standard curve in
a range of 25-2000 μg/mL of bovine serum albumin (BSA).
Total Peptide Determination in Freeze-Dried Samples.

The KCl1 and KCl2 solutions were lyophilized to concentrate their
contents. The final concentrations of peptides in KCl1, KCl2, and
hydrolysate fractions after the 6 h EDUF treatment were obtained by
total nitrogen determination. Total nitrogen was analyzed by combus-
tion of a 150 mg sample of KCl and hydrolysate lyophylized powder
using a LECO-FP528 carbon and nitrogen analyzer (LECO, St. Joseph,
MI).16,17 Nitrogen concentrations in the samples were converted into
peptide percentage by multiplying the nitrogen result by a factor of 6.25,
the value commonly used for crude proteins.16,18

Peptide Molecular Weight and Profiles. The molecular
weights of peptides present in the KCl1 and KCl2 permeates and
in the hydrolysate solution were analyzed by mass spectrometry as
previously described by Firdaous et al.6 The freeze-dried samples
recovered as described above were dissolved in HPLC grade water
and injected into an Agilent 1100 series at a final peptide concentration
of 50 μg/mL. Peptides were analyzed with a Luna 5 μm C18 column
(2 mm i.d. � 250 mm, Phenomenex, Torrance, CA). Solvent A, tri-
fluoroacetic acid (TFA) at 0.11% (v/v) in water, and solvent B,
acetonitrile/water/TFA (90%/10%/0.1% v/v), were used for elution
at a flow rate of 0.2 mL/min. A linear gradient of solvent B, from 2 to
100% in 110 min, was used. Detection of the peptide bonds was per-
formed with DAD G1315A detector at a wavelength of 214 nm.5,19

The peptide abundance in percent was determined with the MS
results. For each peptide fraction (initial snow crab byproduct hydro-
lysate and KCl1 and KCl2 liquid fractions recovered after EDUF
separations), the surface under the curve of each peak detected after
MS analysis was summed. Afterward, peptides were separated according
to their molecular weight and were classified in the different molecular
weight ranges. The equation used follows, where Ab represents the
abundance in percent of peptides in the molecular weight range X-Y
Da, SX-YDa the peak surface of peptides with molecular weight in the
range X-Y Da, and Stotal the peak surface of all the peptides in the
fraction (initial snow crab byproduct hydrolysate and KCl1 and KCl2
liquid fractions recovered after EDUF separations):

Ab ð%Þ ¼ ðSX - YDa=StotalÞ � 100

Peptide electromigration, in percent, was determined with the MS
results. The surface under the curve of each peak detected withMS of the
permeate solution was compared to the surface of the corresponding peak
on the chromatogram of the snow crab byproduct hydrolysate solution.
The equation used follows, where Tr represents peptide migration in
percent, Spermeate the surface of a given peak in the permeate, and Shydrolysate
the surface of the corresponding peak in the feed solution at time 0:

Tr ð%Þ ¼ ðSpermeate=ShydrolysateÞ � 100

Membrane Thickness Measurements. Membrane thickness
was measured using a Mitutoyo Corp. digimatic indicator (model ID-
110ME, Japan) and a digimatic mini-processor (model DP-1HS, Japan)
specially designed for plastic film thickness measurement. The resolu-
tion was of 1 μm and the range of 10 mm.
Membrane Electrical Conductivity. The membrane electrical

conductivity was measured according to the method of Bazinet and

Araya-Farias, using a specially designed clip from the Laboratoire des
Mat�eriaux �Echangeurs d’Ions (Universit�e Paris XII, Cr�eteil, Val de Marne,
France).20

Molecular Weight and Distribution of Peptides Desorbed
from UFM. The peptides desorbed from the surface of the UFM after
the membranes had been soaked in 0.17 M of NaCl were analyzed by
mass spectrometry as described under Peptide Molecular Weight and
Profiles. The freeze-dried samples recovered were dissolved in HPLC
grade water and injected into the system as previously described in the
same section, and abundance and peptide migration of peptide fractions
recovered after desorption by NaCl solution were determined with
equations described there also.
Statistical Analyses. All experiments were carried-out in triplicate.

The electrical conductivity data of the UFM, the evaluation of peptides
on the surface and inside the PES and CAUFM, and the peptide content
in freeze-dried KCl1 and KCl2 samples were subjected to a Student t test
using SAS software version 9.1 (SAS Institute Inc., Cary, NC). The
Student t test is used for the comparison of two mean responses. The
KCl1 and KCl2 compartments' conductivity data and the peptide
migration data as a function of time were subjected to a repeated-
measure analysis of variance (ANOVA) using SAS software version 9.1
(SAS Institute Inc.). Significant differences were declared at a probability
(P) level of R = 0.05.

’RESULTS AND DISCUSSION

Solution Conductivity. During the separation, the evolutions
of conductivity in the KCl1 and KCl2 compartments were similar
for both UFM materials with linear decreases during the 6 h of
separation (Figure 2a,b). These decreases corresponded to
similar demineralization rates of 49.8% for PES UFM (from
2.72 ( 0.06 to 1.36 ( 0.09 mS/cm) and 48.5% for CA UFM
(from 2.79 ( 0.06 to 1.35 ( 0.07 mS/cm). These results are in
accordance with the cell configuration. Indeed, Kþ and Cl- ions
from the KCl1 solution migrated, respectively, into the hydro-
lysate and into the electrolyte solutions on the cathode side. Kþ

and Cl- ions from the KCl2 solution migrated, respectively, into
the electrolyte solutions on the anode side and into the hydro-
lysate solution (Figure 1). The anions and cations present in the
hydrolysate have migrated, respectively, to the electrode solu-
tions on the anode and cathode sides.
This decrease in conductivity over time was similar to earlier

observations by Poulin et al.4 and by Doyen et al.7 with snow
crab byproduct hydrolysate separated by EDUF with CA UFM
material for the same electrodialysis cell configuration. In con-
trast, the conductivity in the hydrolysate solution increased
linearly over time during the 6 h of EDUF separation to reach
a 21% mineralization (Figure 2c), irrespective of the UFM material
used (PES or CA). As observed and explained in previous studies,
the mineralization observed in the feeding solution could be due
to the presence of Kþ ions migrating from the KCl1 compart-
ment and Cl- ions migrating from the KCl2 compartment.4,7

Total Peptide Determination in Liquid Samples. No sig-
nificant difference was observed between the two types of UFM
material studied during EDUF separations (P g 0.5087). The
peptide concentration was dependent only on the duration of
EDUF separation (P < 0.0001) and of the recovery compartment
(KCl1 and KCl2) (P e 0.0160). Indeed, in the KCl1 compart-
ments, similar peptide concentrations were recovered at 92.0 (
30.0 and 105.0( 21.0 μg/mL for PES andCAUFM, respectively
(Figure 3a). In the KCl2 compartments, whatever the UFM
material used, no peptide was detected until 180 min of migra-
tion (Figure 3b). However, afterward, from 180 to 360 min of
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separation, the peptide concentration increased slowly, with
highest peptide concentration recovery in the KCl2 PES from
300 min, which was probably due to the UFM material used.
The results observed with the KCl1 and KCl2 compartments can
be explained by the fact that the initial snow crab byproduct
hydrolysate contained, at pH 9,more negatively charged peptides
as observed by Doyen et al. for the same matrix.7 Moreover, as

the concentration of cationic/positively charged peptides was
lower in comparison with anionic peptides, the duration of EDUF
separation to obtain cationic peptide migration was longer than
that needed for anionic peptides. Thus, the detection of cationic
peptides in the KCl2 compartment appeared only after 180 min
of separation. These authors obtained a peptide migration flux of
7.13( 1.10 g/m2

3 h in the KCl1 compartment after 6 h of EDUF

Figure 2. Evolution of conductivity of KCl1 and KCl2 permeates and snow crab byproduct hydrolysate at pH 9 during 6 h of EDUF with PES or CA
ultrafiltration membrane material.
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separation at room temperature, whereas in the present study pep-
tide migration fluxes of only 2.29( 0.75 and 2.62( 0.05 g/m2

3 h
were reported in the KCl1 compartment with PES andCAUFMs
with the same EDUF configuration and duration conditions.
However, the separations were performed at a different tem-
perature; 4 �C in the present study versus room temperature.7

Consequently, as anticipated, a decrease in temperature during
the separation has lowered the peptide migration by reducing its
electrophoretic mobility due to the increase of solution viscosity.
With respect to the EDUF separation performed with β-

lactoglobulin and alfalfa white hydrolysates, relatively similar
peptide concentrations, recovered in the KCl compartments,
were measured.4,5

Total Peptide Determination in Freeze-Dried Samples.
The KCl1 samples recovered after EDUF separation with PES
and CAUFMs contained, respectively, 17.88( 0.45 and 17.12(
0.47% of peptide on a dry basis. For the KCl2 samples recovered
after EDUF separation with PES and CA UFM, the peptide
proportions were 11.83( 0.56 and 10.53( 0.37%, respectively.

These results confirm those obtained with BCA protein assay, for
total peptide migration, performed on liquid samples after 6 h of
treatment.
Peptide Profiles. Initially, peptides of low molecular weights

in the 300-700 Da range were the most prevalent in the hydro-
lysate (64.3%). Peptides in the 700-1000 and 1000-20000 Da
molecular weight ranges represented 3.97 and 31.7%, respec-
tively, of the total peptide found in the snow crab byproduct
hydrolysate, which had previously been obtained by nanofiltra-
tion on a 1 kDa MWCO (Figure 4). As the pore size distribution
is expressed in terms of Gaussian normal distributions,21 peptides
with molecular weights higher than the MWCO could migrate
through the membrane of nanofiltration and could therefore be
recovered in the permeate in limited quantity.22 Moreover, the
recovery of high molecular weight peptides could be due to a
peptide-peptide aggregation reaction.23,24

No significant difference in abundance for the peptides in the
300-700 Da molecular weight range and recovered in the KCl1
PES and CA and KCl2 PES and CA compartments was observed

Figure 3. Evolution of the peptide concentration in the (a) KCl1 and (b) KCl2 compartments during EDUF treatment at pH 9 with PES or CA UFM
material.
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except for peptides in the 500-600Damolecular weight range in
the KCl2 CA compartment, which was lower than the other com-
partments (Figure 5). Moreover, peptides of the 300-700 Da
molecular weight range were the most abundant in the KCl1 and
KCl2 compartments, whatever the membrane material used
(Figure 5), with an average of about 90%. This suggests that
EDUF is a selective technology for the separation of peptides
with different molecular weights. Indeed, peptides in the 300-
700 Da molecular weight range were the ones with the highest
migration rate (Table 1). The high peptide migration rates
observed for peptides in the KCl1 PES and CA compartments
compared to the KCl2 compartments (Table 1) confirmed
results obtained with BCA protein assay for the total peptide
concentration determination (Figure 3). However, the peptide

migration rates in the KCl1 CA compartment were higher than in
the KCl1 PES compartment. Similar peptide migration rates
were observed for KCl2 PES and CA compartments.
The absence of migration for peptides in the 700-900 Da

range after EDUF separation with PES and CA UFM material
may perhaps be explained by the net peptide charges, which were
not sufficient to allow their migration, or by peptide interactions
with UFM material.
A small proportion of high molecular weight range peptides

(900-15000 Da) was detected in the KCl1 and KCl2 CA
compartments in comparison with respective PES compartments
(Figure 5), with migration rates ranging from 3.11 ( 0.01%
(5000-10000 Da) to 24.4( 11.8% (900-1000 Da) (Table 1).
Peptide-peptide interactions may account for the recovery of
high molecular weight peptides in the KCl compartment. These
interactions may be caused by the fact that limiting current
density value was reached and surpassed in the EDUF system.
Indeed, when the limiting current density is exceeded, the water
is dissociated into Hþ and OH- ions at the AEM interface and
with a lower intensity at the cation-exchange membrane (CEM)
interface.25 Consequently, even if the pH of KCl compartments
was maintained at pH 9, the pH of the KCl1 solution at the AEM
andCEM interfaces, whereHþ ions were in larger concentration,
drastically decreases. Consequently, this acidic pH may induce
peptide-peptide hydrophobic interactions.26 Furthermore, the
fact that peptides with high molecular weight were recovered
only after separation with CA UFM could be explained by the
difference in electrostatic repulsions due to the difference in
UFM material.
Membrane Electrical Conductivity. The membrane electri-

cal conductivity parameter is an indicator of membrane fouling
because conductivity decreases as membrane fouling becomes
more important.20,27 Hence, a significant difference between the
type of UFM used to perform EDUF separation and the controls
(new PES and CA UFM materials) would indicate a fouling at
the UFM surface and/or into the UFM.
Electrical conductivities of the PES and the CA UFM used

during EDUF were measured at the end of the three treatment
repetitions. For the CA UFM1 (0.93( 0.04 mS/cm) and UFM2
(1.03( 0.09 mS/cm), in comparison with the CA UFM control
(0.92 ( 0.01 mS/cm), no significant difference was detected
(P g 0.841 and P = 1.000, respectively). However, a significant
difference in electrical conductivity was observed between the
PES control (0.86( 0.02 mS/cm) and PES UFM1 (0.76( 0.03
mS/cm; P < 0.001) and PES UFM2 (0.80 ( 0.02 mS/cm; P <
0.001). This difference could be due to the presence of peptide
fouling at the surface and/or into the pores of the PES material.
Profiles of Peptides Desorbed from UFM. Mass spectro-

metry analyses were performed on freeze-dried samples collected
from PES and CAUFM1 and UFM2 after desorption by NaCl to
confirm the presence of peptide fouling and to characterize these
peptides in terms of molecular weight range (see Materials and
Methods for explanations). The peptides desorbed from the memb-
rane were composed mainly by peptides in the 600-700 Da
molecular weight range with an abundance of 50% (Figure 6). In
comparison with the 600-700 Da molecular weight range
concentration in the hydrolysate, the 600-700 Da peptides
desorbed from the membrane represented 10% of this initial
concentration (Table 2). This trend was observed whatever the
UFM material and position (UFM1 and UFM2 in the EDUF
system). The peptides desorbed were also composed, but with
lower abundances, by peptides from the 300-400, 400-500,

Figure 4. Distribution of peptide molecular masses initially present in
the snow crab byproduct hydrolysate.

Figure 5. Distribution of peptide molecular masses recovered from the
KCl1 PES and CA and KCl2 PES and CA compartments after 6 h of
EDUF separation.
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and 700-800 Da molecular weight ranges with respective
abundance values of 15, 24, and 16%. They showed significant
differences according to UFM material (P e 0.023 and P e
0.031) and position (UFM1 and UFM2) only in the case of PES
material (P e 0.017). The same trends were observed for
peptides in the 500-600, 800-900, 1000-5000, and 15000-
20000 Da molecular weight ranges, but these peptides repre-
sented only a very small part of the peptide population desorbed,
with an average abundance of 3%. Peptides in the 300-400 and
700-800 Da molecular weight ranges desorbed from the PES
UFM1 and CA UFM1 represented 24.15 ( 5.03 and 16.08 (
3.75% of their respective concentration in the hydrolysate. No
peptides in the 400-500 and 1000-5000 Da molecular weight
ranges were recovered after desorption from the PESUFM1; this
means that no peptide from these molecular weight ranges was
adsorbed on the membrane or that no peptide was effectively
desorbed because they were not electrostatically linked. Finally,

the peptides in the 800-900 and 15000-20000 Da molecular
weight ranges were recovered only from the PES UFM2 and the
CA UFM1, respectively. As mentioned previously, the difference
in adsorption/recovery observed can possibly be explained by
the (1) UFM net charge at pH 9, (2) their positions in the EDUF
system, and/or (3) another type of membrane/peptide interac-
tion. Indeed, the global UFM charge was generally determined by
the zeta-potential measurement. Several studies have shown that
the zeta-potential value of PES UFM and CA UFM at pH 7 is
negative.28,29 Burns and Zydney have determined that a PES
UFM with nominal molecular cutoffs of 30, 100, and 300 kDa is
negatively charged between pH values of 2.5 and 7.0.30 More-
over, Susanto et al. have shown that PES UFM with MWCO of
50 kDa is negatively charged between pH values of 4 and 10.31 As
EDUF separations were performed at pH 9, the zeta-potential of
the UFM is negative, and consequently the UFM environment
was negatively charged. Thus, repulsion or attraction phenomena
may occur. According to Figure 1, repulsion has occurred
between the UFM1 and peptides, which allowed the peptide
migration in the anionic compartment of recovery (KCl1) and
negatively charged peptides. This could explain that a lower
concentration of peptides desorbed was obtained at the surface of
PES and CA UFM1 in comparison with PES and CA UFM2
(Table 2). On the contrary, the lowest adsorption of peptides or
peptide recovery observed for PES and CA UFM2 was probably
due to electrostatic interactions between the negatively charged
membrane UFM232 and the positively charged peptides or to the
presence of other interactions such as hydrophobic ones allowing
peptide-membrane interactions.33 However, it appeared that
the peptide UFM fouling due to electrostatic interactions is not
important in comparison with the total peptide present initially
in the snow crab byproduct hydrolysate either because hydro-
phobic interactions allowed peptide-membrane links and/or
because the electric field applied in the EDUF system was
sufficient to allow peptide migration without leading to pep-
tide-UFM interactions. In summary, EDUF appears to be a
selective purification technology with a separation of low mole-
cularweight compounds (300-700Da) presenting an abundance of
about 91% after treatment irrespective of the UFMmaterial used.
The specific separation of low molecular weight peptides by
EDUF is interesting because most peptides with low molecular

Table 1. Percentages of Peptide Migration in KCl1 and KCl2 Compartments after 6 h of EDUF Separation with PES UFM
or CA UFM Material

peptide migrationa (%)

mol wt range (Da) KCl1 PES KCl2 PES total KCl1 CA KCl2 CA total

300-400 19.0( 4.22 17.7( 8.84 36.7( 13.1 39.6( 12.2 16.1( 8.57 55.7( 20.8

400-500 17.2( 4.13 11.6( 1.24 28.8( 5.37 25.1( 4.46 12.5( 1.05 37.6( 5.51

500-600 21.5( 6.07 7.82( 1.13 29.32( 7.20 42.1( 6.64 5.25( 0.96 47.35( 7.60

600-700 9.60( 2.83 5.91( 3.37 15.51( 6.20 14.4( 4.39 7.13( 4.40 21.53( 8.79

700-800 ndb nd nd nd

800-900 nd nd nd nd

900-1000 nd nd 24.4( 11.8 nd 24.4( 11.8

1000-5000 nd nd 5.70( 0.13 3.86( 0.08 9.56( 0.21

5000-10000 nd nd nd 3.11( 0.01 3.11( 0.01

10000-15000 nd nd 6.10( 0.74 nd 6.10( 0.74

15000-20000 nd nd nd nd nd
a See Material and Methods for the determination of peptide migration (%). b nd, not detected.

Figure 6. Distribution of peptide molecular masses desorbed from PES
and CA UFM with 0.17 M of NaCl after 6 h of EDUF separation.
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weight generally exhibit biological activities such as antimicrobial34

and antihypertensive35 properties. However, the peptides that
composed this molecular weight range also represented the most
adsorbed species at the UFM surface. Indeed, even if no pressure
was applied in the system, contrary to pressure-driven technol-
ogies, electrostatic interactions between the UFM material and
the peptides do also occur. Moreover, the fouling detected after
EDUF separation was very low in comparison with pressure-
driven technologies with which the formation of a strong gel layer
was generally observed.36,37 At this moment, EDUF technology
has been tested on a pilot scale for biomolecule separation.3-6

However, as the ED process was already used on an industrial
scale, the scale-up of EDUF technology for industrial use could
be developed by stacking the UFM membrane in the ED cell.6
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Pêcheries et de l’Alimentation du Qu�ebec) and the MDEIE
(Minist�ere du D�eveloppement �Economique, Innovation et Ex-
portation) is gratefully recognized.

’ACKNOWLEDGMENT

We thank Monica Araya-Farias and Diane Gagnon for tech-
nical support. We thank also Alain Gaudreau for technical help
with peptide detection by MS and RP-HPLC. We acknowledge
Eurodia Industries S.A. (Wissous, France) for providing the
commercial ultrafiltrationmembranes.We address special thanks
to the research team of the Aquatic Products Technology Centre

(CTPA, MAPAQ, Gasp�e, QC, Canada), especially Piotr Bryl, for
the preparation of the snow crab byproduct hydrolysate.

’REFERENCES

(1) Bazinet, L.; Amiot, J.; Poulin, J. F.; Tremblay, A.; Labb�e, D.
Process and system for separation of organic charged compounds. Brevet
PCT/CA2005/000337.

(2) Labb�e, D.; Araya-Farias, M.; Tremblay, A.; Bazinet, L. Electro-
migration feasibility of green tea catechins. J. Membr. Sci. 2005, 254,
101–109.

(3) Bazinet, L.; Cossec, C.; Gaudreau, H.; Desjardins, Y. Production
of a phenolic antioxidant enriched cranberry juice by electrodialysis with
filtration membrane. J. Agric. Food Chem. 2009, 57, 10245–10251.

(4) Poulin, J. F.; Amiot, J.; Bazinet, L. Simultaneous separation of
acid and basic bioactive peptides by electrodialysis with ultrafiltration
membrane. J. Biotechnol. 2006, 123, 314–328.

(5) Firdaous, L.; Dhulster, P.; Amiot, J.; Gaudreau, A.; Lecouturier,
D.; Kapel, R.; Lutin, F.; V�ezina, L. P.; Bazinet, L. Concentration and
selective separation of bioactive peptides from an alfalfa white protein
hydrolysate by electrodialysis with ultrafiltration membranes. J. Membr.
Sci. 2009, 329, 60–67.

(6) Firdaous, L.; Dhulster, P.; Amiot, J.; Doyen, A.; Lutin, F.; V�ezina,
L. P.; Bazinet, L. Investigation of the large-scale bioseparation of an
antihypertensive peptide from alfalfa white protein hydrolysate by an
electromembrane process. J. Membr. Sci. 2010, 355, 175–181.

(7) Doyen, A.; Beaulieu, L.; Saucier, L.; Pouliot, Y.; Bazinet, L.
Demonstration of in vitro anticancer properties of peptide fractions from
a snow crab by-products hydrolysate after separation by electrodialysis
with ultrafiltration membranes. Submitted for publication.

(8) Tosh, B.; Saikia, C. N.; Dass, N. N. Homogeneous esterification of
cellulose in the lithium chloride-N,N-dimethylacetamide solvent system:
effect of temperature and catalyst. Carbohydr. Res. 2000, 327, 345–352.

(9) Qin, J.-J.; Li, Y.; Lee, L. S.; Lee, H. Cellulose acetate hollow fiber
ultrafiltration membranes made from CA/PVP 360 K/NMP/water.
J. Membr. Sci. 2003, 218, 173–183.

(10) Sivakumar, M.; Mohan, D. R.; Rangarajan, R. Studies on cellu-
lose acetate-polysulfone ultrafiltration membranes: II. Effect of additive
concentration. J. Membr. Sci. 2006, 268, 208–219.

(11) Rahimpour, A.; Madaeni, S. S. Polyethersulfone (PES)/cellulose
acetate phthalate (CAP) blend ultrafiltration membranes: preparation,
morphology, performance and antifouling properties. J. Membr. Sci.
2007, 305, 299–312.

(12) Choi, J. G.; Bae, T. H.; Kim, J. H.; Tak, T.M.; Randall, A. A. The
behavior of membrane fouling initiation on the crossflow membrane
bioreactor system. J. Membr. Sci. 2002, 203, 103–113.

Table 2. Molecular Weight Ranges and Proportions (Expressed as Percentage of Their Initial Concentrations in the Feed
Hydrolysate) of Peptides Desorbed from PES and CA UFM with 0.17 M NaCl after 6 h of EDUF Separation

peptide desorbed (% of initial concentration)

mol wt range (Da) PES UFM1 PES UFM2 total CA UFM1 CA UFM2 total

300-400 5.51( 0.91 3.80( 0.33 9.31( 1.24 3.60( 0.45 2.70( 1.22 6.30( 1.67

400-500 nda 1.78( 0.54 1.78( 0.54 3.17( 0.71 3.54( 1.07 6.71( 1.78

500-600 nd 3.81( 1.21 3.81( 1.21 nd 1.52( 0.31 1.52( 0.31

600-700 4.73( 1.22 4.82( 1.09 9.95( 2.31 4.85( 1.11 5.36 ( 1.21 10.2( 2.32

700-800 5.37( 1.77 1.11 ( 1.17 6.48( 2.94 2.69( 2.23 3.44( 0.98 6.13( 3.21

800-900 nd 3.76 ( 0.98 3.76( 0.98 nd nd

900-1000 nd nd nd nd

1000-5000 nd 8.52( 4.65 8.52( 4.65 4.33( 1.43 2.59( 0.77 6.92( 2.20

5000-10000 nd nd nd nd

10000-15000 nd nd nd nd

15000-20000 nd nd 2.56( 0.76 nd 2.56( 0.76
a nd, not detected.



1792 dx.doi.org/10.1021/jf103739m |J. Agric. Food Chem. 2011, 59, 1784–1792

Journal of Agricultural and Food Chemistry ARTICLE

(13) Beaulieu, L.; Thibodeau, J.; Bryl, P.; Carbonneau, M. �E.
Characterization of enzymatic hydrolyzed snow crab (Chionoecetes
opilio) by-product fractions: a source of high-valued biomolecules.
Bioresour. Technol. 2009, 100, 3332–3342.
(14) Jones, K. L.; O’Melia, C. R. Protein and humic acid adsorption

onto hydrophilic membrane surfaces: effects of pH and ionic strength.
J. Membr. Sci. 2000, 165, 31–46.

(15) Pujar, N. S.; Zydney, A. L. Electrostatic effects on protein
partitioning in size-exclusion chromatography and membrane ultrafil-
tration. J. Chromatogr., A 1998, 796, 229–238.
(16) Chaudhry, A. S. Enzymic and in sacco methods to estimate

rumen degradation of food protein in cattle. J. Sci. Food Agric. 2007, 87,
2617–2624.

(17) Uan, D. G.; Cheng, M.; Wang, Y.; Tang, J. Dielectric properties
of mashed potatoes relevant to microwave and radio-frequency pasteur-
ization and sterilization processes. J. Food Sci. 2004, 69, 30–37.

(18) Sullivan, H. M.; Bernard, J. K.; Amos, H. E.; Jenkins, T. C.
Performance of lactating dairy cows fed whole cottonseed with elevated
concentrations of free fatty acids in the oil. J. Dairy Sci. 2004, 87, 665–
671.
(19) Stachelhaus, T.; Mootz, H. D.; Bergendahl, V.; Marahiel, M. A.

Peptide bond formation in nonribosomal peptide biosynthesis. Catalytic
role of the condensation domain. J. Biol. Chem. 1998, 273, 22773–22781.

(20) Bazinet, L.; Araya-Farias, M. Effect of calcium and carbonate
concentrations on cationic membrane fouling during electrodialysis.
J. Colloid Interface Sci. 2005, 281, 188–196.
(21) Lafreniere, L. Y.; Talbot, F. D. T.; Matsuura, T.; Sourirajan, S.

Effect of poly(vinylpyrrolidone) additive on the performance of poly-
(ether sulfone) ultrafiltration membranes. Ind. Eng. Chem. Res. 1987, 26,
2385–2389.

(22) Bourseau, P.; Vandanjon, L.; Jaouen, P.; Chaplain-Derouiniot,
M.; Mass�e, A.; Gu�erard, F.; Chabeaud, A.; Fouchereau-P�eron, M.;
Le Gal, Y.; Ravallec-Pl�e, R.; Berg�e, J. P.; Picot, L.; Piot, J. M.; Batista,
I.; Thorkelsson, G.; Delannoy, C.; Jakobsen, G.; Johansson, I. Fractiona-
tion of fish protein hydrolysates by ultrafiltration and nanofiltration:
impact on peptidic populations. Desalination 2009, 244, 303–320.
(23) Groleau, P. E.; Gauthier, S. F.; Pouliot, Y. Effect of residual

chymotryptic activity in a trypsin preparation on peptide aggregation in a
β-lactoglobulin hydrolysate. Int. Dairy J. 2003, 13, 887–895.
(24) Groleau, P. E.; Morin, P.; Gauthier, S. F.; Pouliot, Y. Effect of

physicochemical conditions on peptide-peptide interactions in a tryptic
hydrolysate ofβ-lactoglobulin and identification of aggregating peptides.
J. Agric. Food Chem. 2003, 51, 4370–4375.
(25) Tanaka, Y. Current density distribution and limiting current

density in ion-exchange membrane electrodialysis. J. Membr. Sci. 2000,
173, 179–190.
(26) Groleau, P. E.; Lapointe, J. F.; Gauthier, S. F.; Pouliot, Y. Effect

of aggregating peptides on the fractionation of β-LG tryptic hydrolysate
by nanofiltration membrane. J. Membr. Sci. 2004, 234, 121–129.

(27) Araya-Farias, M.; Bazinet, L. Effect of calcium and carbonate
concentrations on anionic membrane fouling during electrodialysis.
J. Colloid Interface Sci. 2006, 296, 242–247.
(28) Lee, J.; Walker, H. W. Effect of process variables and natural

organic matter on removal of microcystin-LR by PAC-UF. Environ. Sci.
Technol. 2006, 40, 7336–7342.

(29) Rahimpour, A.; Madaeni, S. S.; Mansourpanah, Y. The effect of
anionic, non-ionic and cationic surfactants on morphology and perfor-
mance of polyethersulfone ultrafiltration membranes for milk concen-
tration. J. Membr. Sci. 2007, 296, 110–121.
(30) Burns, B. D.; Zydney, A. L. Buffer effects on the zeta potential of

ultrafiltration membranes. J. Membr. Sci. 2000, 172, 39–48.
(31) Susanto, H.; Balakrishnan, M.; Ulbricht, M. Via surface function-

alization by photograft copolymerization to low-fouling polyethersulfone-
based ultrafiltration membranes. J. Membr. Sci. 2007, 288, 157–167.
(32) Nau, F.; Kerherv�e, F. L.; Leonil, J.; Dauphin, G. Selective

separation of tryptic β-casein peptides through ultrafiltration mem-
branes: influence of ionic interactions. Biotechnol. Bioeng. 1995, 46, 246–
253.

(33) Bouhallab, S.; Henry, G. Transmission of a hydrophobic
peptide through an inorganic ultrafiltration membrane: effect of mem-
brane support. J. Membr. Sci. 1995, 104, 73–79.

(34) Brogden, K. A. Antimicrobial peptides: pore formers or meta-
bolic inhibitors in bacteria?. Nat. Rev. Microbiol. 2005, 3, 238–250.

(35) Wu, J.; Aluko, R. E.; Nakai, S. Structural requirements of
angiotensin I-converting enzyme inhibitory peptides: quantitative struc-
ture-activity relationship study of di- and tripeptides. J. Agric. Food
Chem. 2006, 54, 732–738.

(36) Dufr�eche, J.; Prat, M.; Schmitz, P. Effective hydraulic resistance
of the first cake layers at the membrane surface in microfiltration.
Desalination 2002, 145, 129–131.

(37) Meng, F. G.; Zhang, H. M.; Li, Y. S.; Zhang, X. W.; Yang, F. L.;
Xiao, J. N. Cake layer morphology in microfiltration of activated sludge
wastewater based on fractal analysis. Sep. Purif. Technol. 2005, 44, 250–
257.


