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Abstract

Peptide adsorption occurring on conventional anion- and cation-exchange membranes is one of the
main technological locks in electrodialysis (ED) for hydrolysate demineralization. Hence, the peptide
fouling of monovalent anion (MAP) and monovalent cation (MCP) permselective membranes was
studied and compared to conventional membranes (AMX-SB and CMX-SB). It appeared that the main
peptide sequences responsible in fouling were TPEVDDEALEKFDK, VAGTWY and VLVLDTDYK
for both anionic membranes; and ALPMHIR and TKIPAVFK for both cationic membranes. However
based on the MS-MS results, the fouling was about 97-100 % lower for MAP than AMX-SB and 95-
100 % lower for MCP than CMX-SB. This was explained by the differences in charge sign
distribution at the membrane surface. Consequently, monovalent membranes can represent a very
interesting opportunity for treatment of hydrolysate solution in electrodialytic processes by practically
eliminating peptide fouling. At our knowledge, it was the first time that such a demonstration was

done.
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1. Introduction

Whey protein hydrolysates (WPH) are excellent sources of bioactive peptides with functional
properties such as antihypertive, antidiabetic or antibacterial activities 2. Bioactive peptides must be
separated from the total WPH into smaller fractions to be used in food applications. In other cases, the
WPH should be desalinated for human consumption purposes. Fractionation and purification of WPH
are achieved by using membrane technologies such as ultrafiltration, nanofiltration * * ° or
electrodialysis (ED) °. However, peptide fouling is one of the main drawback in the membrane

industry. Membrane cleaning and replacement may cost 20-30% for the pressure-driven membrane

processes and 40-50% for the ED process " ®.

Recent studies showed that conventional food-grade anion-exchange membranes (AMX-SB) and/or
cation-exchange membranes (CMX-SB) are exposed to fouling in presence of a WPH either in static
1% or in hydrodynamic conditions during an ED process ''. Fouling was mainly due to a few peptides
which could establish electrostatic interactions with the membranes, and that even with no current
applied. The nature of the membrane interface is a predominant parameter in peptide fouling. Thereby,
fouling may be different concerning membranes having particular interfaces and different
characteristics. Many studies investigated the organic fouling resistance of membranes after surface
modifications by grafting specific compounds for PES and PVDF '% '3 1% 151617 and for anion-
exchange membranes " '* using model foulants. The monovalent ion permselective membranes are
another category of ion-exchange membranes allowing the migration of their oppositely-charged
monovalent ions through these last while retaining the polyvalent ions. The monovalent anion
permselective (MAP) membranes are made of a resin including positive charges which is covered by a
very thin and highly cross-linked negatively charged layer on its surface. Inversely, monovalent cation
permselective (MCP) membranes are made of resin including negative charges coated with a thin

positive charge layer ' %°.

Such layers on the membrane interface are able to separate ions with the
same charge sign but different valences. The MAP are highly permeable only to monovalent anions
like chloride ions whereas the MCP are highly permeable only to monovalent cations like sodium
ions. With these particular layers on their interfaces, the MAP and MCP may have interesting
resistance in peptide fouling. Nonetheless, there is no study dealing with the fouling of such

membranes with model peptide solutions or complex peptide mixtures.

In this context, the aim of the present work was (1) to investigate the WPH fouling on MAP and MCP
according to the pH, (2) to identify the characteristics and sequences of potential fouled peptide and
(3) to compare that fouling in terms of quantity and peptide sequences with the conventional

9,10, 11

membranes from previous studies carried-out with the same WPH and in the same static and ED

conditions.



2. Materials and methods

2.1. Materials

Food grade Neosepta monovalent anion permselective membranes (MAP) and monovalent cation
permselective membranes (MCP) were purchased from Astom (Tokyo, Japan). The HCI 1.0 N and
NaOH 1.0 N were obtained from Fisher Scientific (Nepean, ON, Canada). NaCl and Na,SO,; were
supplied by ACP Inc. (Montréal, QC, Canada). A BiPRO whey protein isolate (WPI), provided by
Davisco Foods International (Eden Prairie, MN, USA) was used for the production of the whey
protein hydrolysate (WPH). According to the manufacturer, the WPI composition was 92.7% of
protein, 5.0% moisture and 2.3% salt (sodium, potassium, calcium, phosphorus and magnesium).
Proteins in WPI consist of 68-75% B-lactoglobulin, 19-25% o-lactalbumin and 2-3% bovine serum
albumin. The BiPRO WPI was hydrolyzed with pancreatic bovine trypsin (reference number: T9201)
purchased from Sigma - Aldrich (St.Louis, MO, USA). Then, the hydrolysate was heated at 80°C
during 30 min in order to inactivate the enzyme and avoid further breakdown of peptides *' and freeze-
dried. The final WPH was composed of 89% peptides and 11% salt. Rhodamine B dye was purchased
from Sigma-Aldrich (St.Louis, MO, USA).

2.2. ED cell configuration

A 500 mL solution of 0.5% (w/w) WPH supplemented with 0.4% (w/w) NaCl (final composition:
44.5% peptides and 45.5% salt) was demineralized by ED. The ED cell was a MicroFlow type cell
from ElectroCell Systems AB (Tdby, Sweden) using a Xantrex power supply (HPD 60-5, QC,
Canada). Four MAP and five MCP membranes of surface area of 10 cm? were used. The
compartments defined three closed loops containing the feed solution (0.5 % WPH), the salt ion
recovery (0.20 M NaCl) and the electrode-rinsing solution (0.14 M Na>SOs). Each closed loop was
connected to an external plastic reservoir, allowing continuous recirculation at a rate of 100 mL/min
for each compartment (Figure 1). The current-tension curve of this system was determined according

to the method of Cowan and Brown ** and the limiting current was reached at 11 V.
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Figure 1: Electrodialysis cell configuration for demineralization of the WPH solution

2.3. Protocol
In this study, the objective was to compare and to identify the peptide fouling of monovalent ions
MAP and MCP membranes with previous results of conventional AMX-SB and CMX-SB membranes

%19 and hydrodynamic '' conditions and using the same model peptide solution

in the same static
(WPH). In static conditions, membranes were simply soaked in BiPRO WPH whereas in

hydrodynamic conditions, membranes were stacked in an ED cell for demineralization.

2.3.1. Static conditions

Four virgin MAPs of 10 cm? were soaked overnight in 100 ml of a 0.5% (w/w) WPH solution after
adjusting the initial pH of 8.2 at three different pH values (2, 6 and 10) in order to potentially promote
the peptide-membrane interactions. Then, the membranes were rinsed with distilled water and half of
them were analyzed. The second half was soaked in 20 mL of a 2.0% (w/w) NaCl desorption solution
during three hours in order to remove potential peptides responsible for the fouling **. Afterwards,
both membranes were rinsed and analyzed. The NaCl desorption solutions were recovered and freeze-
dried for peptide identification by UPLC-QTOF. The same protocol was carried-out for MCP
membranes. The peptide fractions previously obtained for AMX-SB ? and CMX-SB ' membranes
were re-analysed for peptide identification in the same conditions and with the same equipment as

MAP and MCP to be able to compare the UPLC-QTOF results.



2.3.2. Hydrodynamic conditions

A 0.5 % WPH solution was demineralized at pH 6 during 60 min at a voltage of 4.5 V (underlimiting
current density) using an ED cell (Figure 1) as in ''. After ED treatments, MAPs and MCPs were
recovered and half of them were soaked separately in 20 mL of 2.0 % (w/w) NaCl in order to remove
a potential peptide fouling. The NaCl desorption solutions were recovered and freeze-dried for peptide

identification by UPLC-QTOF.

2.4. Analysis and chemicals

2.4.1. Nitrogen content of membranes

Membranes were analyzed in terms of nitrogen content using the Dumas method as described in °.
Briefly, membrane samples were combusted at 950°C with pure oxygen and the product of
combustion (gases) containing nitrogen oxides was heated to 850°C in a second furnace for complete
oxidation and collected in a ballast tank. Helium was used as a carrier and nitrogen oxides were

converted to molecular nitrogen and quantified.

2.4.2. Peptide concentration in NaCl desorption solutions
The peptide concentrations in the NaCl desorption solutions were determined using uBCA™ protein
assay kit (Pierce Biotechnology Inc., Rockford, IL, USA). Assays were conducted as recommended by

the manufacturer.

2.4.3. Peptide identification in freeze-dried NaCl desorption solutions

The freeze-dried NaCl desorption solutions were analyzed by UPLC-QTOF for peptide identification
as described in ''. Moreover, the freeze-dried NaCl desorption solutions of AMX-SB and CMX-SB in
static conditions *'* were reanalyzed using this new UPLC-QTOF method in order to be comparable.
Freezed-dried desorption solutions were dissolved with 1.5 mL of UPLC grade water to optimize
peptide concentration for mass UPLC-MS analyses. RP-UPLC analyses were performed using a 1290
Infinity II UPLC (Agilent Technologies, Santa Clara, CA, USA). The equipment consisted of a binary
pump (G7120A), a multisampler (G7167B), an in-line degasser and a variable wavelength detector
(VWD G7114B) adjusted to 214 nm. Diluted peptides were filtered through 0.22um PVDF filter into a
glass vial. The sample was loaded (5uL) onto an Acquity UPLC CSH 130 1.7um C18 column (2.1mm
1.d.x150mm, Waters Corporation, Milford, MA, USA). The column was operated at a flow rate of
400pL/min at 45°C. The gradient consisted of solvent A (LC-MS grade water with 0.1% formic acid)
and solvent B (LC-MS grade ACN with 0.1% formic acid) starting at 2% B and ramping to 35% B in
40 min, then ramping to 85% B to 40.50 min, holding until 42 min, then back to initial conditions until
45min. A hybrid ion mobility quadrupole TOF mass spectrometer (6560 high definition mass
spectrometry (IM-Q-TOF), Agilent, Santa Clara, USA) was used to identify and quantify the relative
abundances of the tryptic peptides. All LC-MS/MS experiments were acquired using Q-TOF. Signals



were recorded in positive mode at Extended Dynamic Range, 2Ghz, 3200m/z with a scan range
between 100-3200m/z. Nitrogen was used as the drying gas at 13.0 L/min and 150°C, and as nebulizer
gas at 30psig. The capillary voltage was set at 3500 V, the nozzle voltage at 300 V and the fragmentor
at 400 V. The instrument was calibrated using an ESI-L low concentration tuning mix (G1969-85000,
Agilent Technologies, Santa Clara, CA, USA). Data acquisition and analysis were carried out using
the Agilent Mass Hunter Software package (LC/MS Data Acquisition, Version B.07.00 and
Qualitative Analysis for IM-MS, Version B.07.00 with BioConfirm Software).

2.4.4. Statistical analyses

All analyzes were performed in triplicate and three independent repetitions were done for each pH
conditions and ED experiments. Data were subjected to one way analyses of variance (ANOVA).
Tukey tests were also performed on data using SigmaPlot software (Version 12.0) to determine which

treatment was statistically different from the others at a probability level p of 0.05.

2.4.5. Fluorescence

Fluorescence images were taken using a LSM700 Zeiss confocal microscope (Carl Zeiss Canada,
North York, ON) equipped with a 20x/0.8 plan-apo objective and a 555 nm laser. The CMX-SB and
MCP cationic membranes were soaked overnight in a 10°® M rhodamine solution and then rinsed.
Images are a collection of 5x5 tiles where each tile is a 7 images z-stack covering 42 pm in depth.
Images are stitched for a final size of 1.47 mm and processed as a maximum intensity projection to
remove depth irregularities in the membrane texture. Orange channel is the rhodamine dye while gray

channel is the non-fluorescent transmitted light.



3. Results

3.1. Static conditions

3.1.1. Nitrogen content

Control MAP membrane contained 3.01 = 0.01 g N/100g dry membrane (Table 1). After soaking in
WPH solutions, the nitrogen content was kept constant from pH 2 to pH 6 with a very small increase
trend at 10 with respective values of 3.00 = 0.02, 3.03 £ 0.03 and 3.05 + 0.02%. No statistical
differences were observed for pH 2 and 6 vs control, while a statistical difference, close to the
probability level, was observed between the control and pH 10 (ppuio = 0.046). After soaking in NaCl
solutions, nitrogen contents at pH 2, 6 and 10 did not show any significant differences with the control
MAP membrane. Concerning the conventional AMX-SB °, the nitrogen content was 2.05 £ 0.04 % for
the control membrane whereas after soaking in WPH solution, it showed the same upward tendency
with values of 2.00 = 0.02, 2.15 £ 0.02 and 2.31 + 0.02 at pH 2, 6 and 10, respectively with significant
differences for pH 6 and 10.

Control MCP membrane contained 0.82 + 0.03 g N/100g dry membrane (Table 1). After soaking in
WPH solutions, the nitrogen content increased significantly to 0.88 + 0.02 and 0.90 + 0.04 % at pH 2
and 6 (ppu2 = 0.040 and ppus = 0.022), respectively and no change was observed at pH 10. After
soaking in the salt solutions, the nitrogen contents were not significantly different meaning that
nitrogen content returned at its initial value after desorption. Concerning the conventional CMX-SB '°,
the control membrane contained 0.60 + 0.04 %N. After soaking in WPH solution, the same tendency
of fouling was observed with a maximum nitrogen content at pH 6 (1.29 = 0.03%), lower at pH 2

(0.87 £ 0.03%) whereas no fouling was detected at pH 10 (0.67 + 0.06%).

Table 1: Nitrogen content (%) of monovalent anion permselective (MAP) and monovalent cation

permselective (MCP) membranes before and after soaking in peptides and salt solutions

Step / Membrane MAP MCP
Control 3.01+0.01 0.82£0.03
Soaked in WPH at pH 2 3.00£0.02 0.88 £ 0.02
Soaked in WPH at pH 6 3.03+£0.03 0.90£0.04
Soaked in WPH at pH 10 3.05+£0.03 0.83+£0.02
Soaked in NaCl at pH 2 2.98 +0.03 0.83 £0.05
Soaked in NaCl at pH 6 3.01+0.05 0.82 £0.04

Soaked in NaCl at pH10 3.01+£0.03 0.83+0.04




3.1.2. Peptide concentration in NaCl desorption solutions

After soaking MAP membranes in NaCl desorption solutions, the peptide concentration significantly
increased when increasing pH with respective values of 1.4 +0.0,3.9+0.1,9.0 = 1.1 mg/L at pH 2, 6
and 10 (Table 2). Concerning the MCP membranes, the peptide concentration was significantly higher
at pH 6 than pH 2 and 10 with respective values of 5.3 £ 0.3, 3.7 + 0.6 and 2.4 £ 0.4 mg/L.
Concerning the conventional membranes in the same static conditions at pH 2, 6 and 10, the peptide
concentrations reported by * ' were 3.2 + 0.4, 10.7 + 3.3 and 68.6 + 8.3 mg/L for AMX-SB and 12.1 +
0.4,21.1 £0.6 and 5.1 = 1.2 mg/L for CMX-SB. Therefore, it appeared that fouling was hindered by
using the MAP and MCP membranes compared to conventional membranes. Indeed, fouling was 70-
88 % lower for MAP than AMX-SB at pH 6 and 10 and 70-75% lower for MCP than CMX-SB at pH

2 and 6 which are the main pH conditions for fouling.

Table 2: Peptide concentration in salt solutions after monovalent anion permselective (MAP) and

monovalent cation permselective (MCP) membrane desorption

Peptide concentration (mg/L) MAP MCP
pH 2 1.4+0.0 3.7+0.6
pH 6 39+0.1 5.3+0.3
pH 10 9.0+1.1 24+04

3.1.3. Peptide identification in salt solutions

Desorption NaCl solutions were analyzed by UPLC-QTOF for anionic membranes (AMX-SB and
MAP) (Figure 2, Tables 3 and 4) and for cationic membranes (CMX-SB and MCP) (Figure 3, Tables 4
and 5). For a same pH condition, it appeared that the total signal abundance was 97-100% lower for
MAP than AMX-SB and 95-100% lower for MCP than CMX-SB. Therefore, peptide fouling was
eliminated or drastically lowered using monovalent ion permselective membranes instead of

conventional ones.
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Figure 2: MS-MS profiles of NaCl desorption solutions after peptide desorption from fouled AMX-SB
membranes at (a) pH 2, (b) pH 6, (c) pH 10 and from MAP membranes at (d) pH 2, (e) pH 6, (f) pH 10



Table 3: Identification of peptides found in NaCl solutions after peptide desorption

from AMX-SB membranes previously soaked at pH2, 6 and 10

Peak Retention . Molecular weight (Da)
] . Peptide sequence % abundance
number time (min) Theoretical  Observed
12 17.0 VAGTWY 695.3279 695.3278 >99 %
4 7.4 IDALNENK 915.4661 915.4658 8.2+0.6
7 12.4 TPEVDDEALEK 1244.5772 1244.5769 159+8.9
11 14.9 not identified - 1436.6666 28+1.1
TPEVDDEALEKFDK 1634.7675 1634.7678
12 16.9 28.7+5.1
& VAGTWY & 695.3279 & 695.3275
13 17.2 VLVLDTDYK 1064.5753 1064.5748 341114
16 26.4 VYVEELKPTPEGDLEILLQK 2312.2515 2312.2529 5.2+0.5
17 27.2 SLAMAASDISLLDAQSAPLR 2029.0513 2029.0514 5125
3 7.3 GLDIQK 672.3806 672.3802 10.1+1.3
4 7.5 IDALNENK 915.4661 915.4658 11.4+1.8
6 11.8 LIVTQTMK 932.5365 932.5360 2.4+0.8
7 12.4 TPEVDDEALEK 1244.5772 1244.5769 5.1+0.8
8 12.8 not identified - 430.2249 3.4+0.6
9 13.4 IPAVFK 673.4163 673.4166 43+0.2
10 13.8 SFNPT 564.2544 564.2901 43+0.2
TPEVDDEALEKFDK 1634.7675 1634.7676
12 16.9 19.5+2.7
& VAGTWY & 695.3279 & 695.3275
13 17.2 VLVLDTDYK 1064.5753 1064.5747 27.6+2.1
15 22.3 not identified - 750.3700 5.2+3.8
16 26.5 VYVEELKPTPEGDLEILLQK 2312.2515 2312.2514 3.0+1.3

17 27.2 SLAMAASDISLLDAQSAPLR 2029.0513 2029.0516 3.7+1.1




Table 4: Identification of peptides found in NaCl solutions after peptide desorption

from monovalent anion permselective (MAP) membranes previously soaked at pH 2, 6 and 10

Peak
number

Retention
time (min)

Peptide sequence

Molecular weight (Da)

Theoretical Observed

% abundance

pH2 (Area : none)

4 7.6 IDALNENK 915.4661 915.4662 42+1.3
7 12.4 TPEVDDEALEK 1244.5772 1244.5767 125+1.1
11 15.0 not identified - 429.2359 74+1.7
12 16.9 TPEVDDEALEKFDK 1634.7675 1634.7649 48.8+15
& VAGTWY & 695.3279 & 695.3276
13 17.3 VLVLDTDYK 1064.5753 1064.5762 22.1+2.6
16 26.5 VYVEELKPTPEGDLEILLQK 2312.2515 2312.2521 3.6+0.0
17 27.2 SLAMAASDISLLDAQSAPLR 2029.0513 2029.0508 1.5+0.2
3 7.4 GLDIQK 672.3806 672.3802 2.8+0.6
4 7.5 IDALNENK 915.4661 915.4663 9.210.6
7 12.4 TPEVDDEALEK 1244.5772 1244.5759 3.3+£0.7
12 TPEVDDEALEKFDK 1634.7675 1634.7646 46.5 + 4.2
& VAGTWY & 695.3279 & 695.3282
13 17.2 VLVLDTDYK 1064.5753 1064.5750 341127
16 26.5 VYVEELKPTPEGDLEILLQK 2312.2515 2312.2520 2.4+0.5
17 27.2 SLAMAASDISLLDAQSAPLR 2029.0513 2029.0517 1.6+0.3

No peptide detected

pH 6 (Area: 34 + 5 x10°AU)
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Figure 3: MS-MS profiles of NaCl desorption solutions after peptide desorption from fouled CMX-SB
membranes at (a) pH 2, (b) pH 6, (c) pH 10 and from MCP membranes at (d) pH 2, (e) pH 6, (f) pH 10



Table 5: Identification of peptides found in NaCl solutions after peptide desorption

from CMX-SB membranes previously soaked at pH 2, 6 and 10

Retention . Molecular weight (Da)
Peak number . . Peptide sequence % abundance
time (min) Theoretical ~ Observed
pH 2 (Area: 180 + 170 x10°AU)
3 7.4 GLDIQK 672.3806 672.3804 142+1.3
4 7.5 IDALNENK 915.4661 915.4658 89+29
6 11.8 LIVTQTMK 932.5365 932.5365 6.4+35
IPAVFK 673.4163 673.4169
9 134 20.1+4.7
& PAVFK & 560.3322 & 560.3321
12 16.9 TPEVDDEALEKFDK 1634.7675 1634.7675 13.6£7.3
12 17.0 VAGTWY 695.3279 695.328 199+7.2
pH 6 (Area: 3200 + 530 x10°AU)
1 6.0 not identified - 668.3426 46124
p 6.2 not identified - 852.4633 6.2+3.0
5 9.9 ALPMHIR 836.4691 836.4687 429+5.4
7 12.0 TKIPAVFK 902.5589 902.5586 27.0x04
IPAVFK 673.4163 673.4164
9 134 93+1.2
& PAVFK & 560.3322 & 560.3321
14 17.3 TKIPAVF 774.4639 774.464 10.1+£0.9
pH 10 (Area: 460 + 270 x10°AU)
1 6.1 not identified - 668.3432 22+18
2 6.3 not identified - 852.4638 26+15
5 10.8 ALPMHIR 836.4691 836.4687 13.0£9.8
7 12.1 TKIPAVFK 902.5589 902.5588 52.1+6.8
IPAVFK 673.4163 673.416
9 134 26.6+34
& PAVFK & 560.3322 & 560.3323
14 17.5 TKIPAVF 774.4639 774.4638 3.5+1.7

Table 6: Identification of peptides found in NaCl solutions after peptide desorption

from monovalent cation permselective (MCP) membranes previously soaked at pH2, 6 and 10

Retention . Molecular weight (Da)
Peak number . . Peptide sequence % abundance
time (min) Theoretical ~ Observed

pH2 (Area : none)
No peptide detected
pH 6 (Area: 150 + 21 x10°AU)

1 5.8 not identified - 668.3437 4.2+0.4

2 6.3 not identified - 852.4644 12.4+2.0

5 10.2 ALPMHIR 836.4691 836.4693 59.2+4.1

7 12.3 TKIPAVFK 902.5589 902.5598 15.9+0.6
IPAVFK 673.4163 673.4178

9 13.4 48+2.0
& PAVFK & 560.3322 & 560.3322

14 17.4 not identified - 262.1297 3.5+0.6

pH 10 (Area : none)
No peptide detected




3.2. Hydrodynamic conditions
A WPH solution was demineralized at pH 6 using a voltage of 4.5 V (underlimiting current density) in

an ED cell.

3.2.1. Nitrogen content
Both MAP and MCP membranes in contact with the WPH and soaked NaCl desorption solutions did
not present any significant differences with their respective controls in terms of nitrogen content

(Figure not shown).

Concerning the conventional AMX-SB and CMX-SB membranes, the same observation was noticed
and no fouling was detected in the same conditions ''. It was important to note that the contact
duration between the membranes and the WPH in hydrodynamic condition was drastically different
from those in static conditions: only one hour compared to overnight. Consequently, the contact
duration in hydrodynamic conditions might have been too short to notice an extra nitrogen content, or
since the MAP and MCP already contained 3.00 and 0.82 % of nitrogen in their matrices, respectively,
the technique might not have been sensitive enough to notice an extra nitrogen content which was
already below the lower limit of detection **. Furthermore, it was not possible to extend the duration of

the ED treatment in order to work in the same conditions as ' and for comparison purpose.

3.2.2. Peptide concentration in NaCl desorption solutions

In hydrodynamic conditions, the peptide concentrations in the NaCl desorption solutions were 3.0 +
0.5 and 2.9 + 0.4 mg/L for MAP and MCP, respectively. Concerning the conventional membranes in
the same underlimiting conditions ', it was about 13.4 and 21.8 mg/L for AMX-SB and CMX-SB,

respectively.

3.2.3. Peptide identification in salt solutions

In hydrodynamic conditions, the desorption NaCl solutions did not show any peak by UPLC-QTOF
profiles for both MAP and MCP (Figures not shown). Therefore, fouling was negligible/absent with
permselective membranes on the contrary to conventional ones in the same underlimiting conditions.
Indeed, for conventional AMX-SB, 70 % of the total abundance were due to four peptides sequences
as TPEVDDEALEKFDK, VLVLDTDYK, TPEVDDEALEK and IIAEK. For conventional CMX-SB,
the ALPMHIR and TKIPAVFK sequences represented 80 % of the total abundance.

3.2.4. Demineralization rate
The demineralization rate was 6.1 &+ 0.4 % with the permselective MAP and MCP whereas it was 6.2 +

1.6 by using the conventional AMX-SB and CMX-SB in the same conditions ''. Therefore, the



demineralization rate was similar since MAP and MCP are permeable to the monovalent Na” and CI

ions.

4. Discussion

The main objective of the present study was to compare the peptide fouling between conventional and
monovalent ion permselective membranes. Concerning anionic membranes, it was found that the
higher the pH, the higher the peptide fouling for both permselective MAP and conventional AMX-SB
?. However, peptide fouling was drastically decreased on the permselective ones than conventional
membranes, since the total relative abundance for MAP were extremely low (about 95-100 % lower)
compared to AMX-SB (Figure 2) by UPLC-MS. The nitrogen contents (by Dumas method) (Figure 4)
and uBCA results confirmed this decrease but in a lower extend with respective decreases of 63-81 %
and 57-88 % according to the pH conditions. Such difference in fouling decrease were due to the
sensitivity of the three methods used: uBCA is a colorimetric technique and may not be as accurate as
the MS-MS ., and the analyses of nitrogen contents could not detect very low variation of nitrogen.
Moreover, most of the peptide sequences found on the AMX-SB were found on the MAP membranes
with the same order of proportion according to the pH but at drastically low abundances (Tables 3 and
4). At pH 6, the TPEVDDEALEK, TPEVDDEALEKFDK and VLVDTDYK sequences represented
about 78 and 83 % of the total abundance for the AMX-SB and the MAP membranes, respectively.
These peptides carried negatively charged D and E residues (pK.=4.0) which could interact
electrostatically with the membrane positive charges (Table 7) as previously explained in details for
anion-exchange membranes by Persico et al. ® according to the physicochemical properties of the
peptides, the amino acid place into the peptide sequence and the 3D structure of the peptides.
Concerning the cationic membranes, fouling was the highest at pH 6, lower at pH 2 and none at pH 10
for both permselective MCP and conventional CMX-SB '°. Once again, peptide fouling was really low
with a total relative abundance of peptides for MCP decreased of about 95-100 % lower compared to
CMX-SB (Figure 3). Fouling was 79-100 % lower for MCP than CMX-SB by comparing the nitrogen
content (Figure 4) and 44-75 % lower for MCP according to the uBCA results. The identified
sequences were the same between both membranes excepted at pH 2 and 10 for MAP probably
because the peptide abundances were too low (Tables 5 and 6). At pH 6, the TKIPAVFK, ALPMHIR,
IPAVFK and PAVFK sequences represented about 73 and 80 % of the total abundance for the CMX-
SB and the MCP membranes, respectively. These peptides carried positively charged K (pK.=10.5)
and R (pK,=12.5) residues which interacted electrostatically with the negative groups of the CMX-SB
and MCP membranes (Table 7) as explained in details for cation-exchange membranes by Persico et

al 10



Table 7: Global charges of peptides recovered in the desorption solutions

Anion-exchange membranes Cation-exchange membranes
Peptide sequence Global charge Peptide sequence Global charge
GLDIQK 0 ALPMHIR +1
IDALNENK -1 TKIPAVFK +2
TPEVDDEALEK -4 IPAVFK +1
VAGTWY 0 TKIPAVF +1
TPEVDDEALEKFDK -4
VLVLDTDYK -1
VYVEELKPTPEGLEILLQK -2
SLAMAASDISLLDAQSAPLR -1

0.8

3 pH2
B pH6
B pH10

0.6

0.4

0.2

AMX MAP CMX MCP

Nitrogen content from peptide (gN/100g dry membrane)

Figure 4: Nitrogen content coming from fouled peptides on the different membranes

compared with already published data in static conditions (Adapted from ® 1°)

This decrease in fouling for permselective MAP and MCP membranes is due to the presence of a thin
layer oppositely charged with their respective matrix. Indeed, a fluorescence capture using a positively
charged rhodamine B of the MCP surface is shown and compared with CMX-SB (Figure 5). It
appeared that the CMX-SB was totally recovered by the rhodamine B in yellow which demonstrates

that its charges were homogeneously distributed. However, most of the MCP surface did not interact



with the rhodamine. Therefore, its thin layer would have repulsed peptides which could potentially
interact with the rest of its matrix underneath. Nonetheless, permselective membranes were fouled by
peptides oppositely charged to the charges inside their respective matrix. Therefore, these peptides
interacted with the membrane charges located under the thin layer. The rhodamine B was present all
over the surface of the conventional CMX-SB whereas it was only detected in scattered cavities
(probably crosslinking polymers) for MCP. Therefore, the thin layer over the matrix of MCP was not
homogenous and did not cover completely its matrix. Consequently, a few peptides could get adsorbed

into the cavities where the charges were reachable.

Figure 5: Fluorescent MCP (left) and CMX (right) surfaces using rhodamine B

The peptide fouling was especially different for the cationic membranes at pH 6 with 0.70 + 0.03 and
0.10 £ 0.02 gN/100g for CMX-SB and MCP, respectively. Indeed for CMX-SB, it was hypothesized
that a first layer of peptides interacted electrostatically with the negative membrane charges and then,
a second layer of peptides interacted hydrophobically with the peptides from the first one. Concerning
the MCP, since there is a thin positive membrane layer onto its matrix, most of peptides could not get
adsorbed so the first electrostatic layer of peptides was very low. Consequently, the second
hydrophobic layer could not take place due to the lack of required peptides from the first layer. The
same mechanism of action and explanation should applied to the MAP membrane although we did not

find an efficient negatively-charged fluorophore to be used for anionic membranes.

Conclusion
Peptide fouling over monovalent ion permselective membranes was studied and compared with
conventional ones. Monovalent permselective membranes can be used to avoid fouling in ED

processes working with peptide solutions. Indeed, it was demonstrated that peptide fouling was



overwhelmingly reduced using monovalent permselective membranes. As expected, the presence of a
thin layer oppositely charged to the membrane matrix modified the equilibrium between peptides and
the membrane surface. Nonetheless, since the thin layer did not completely cover the membrane
matrix, a few peptides could reach it. In static conditions during 24 h, fouling was very low with
permselective membranes compared to conventional ones. In hydrodynamic conditions, no more
fouling was detected after 60 min of demineralization with monovalent selective membranes in

comparison with conventional ones.
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