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ABSTRACT

Associative electrostatic interactions between two oppositely charged globular proteins, lactoferrin
(LF) and pea protein isolate (PPI), the latter being a mixture of vicilin, legumin anctitionvi

was studied with a specific PPI/ LF molar ratio at room temperature. Structural aspects of the
electrostatic complexes probed at different length scales were investigated as a function of pH by
means of different complementary techniques, namely with dynamic light scattering, small angle
X-ray scattering (SAXS), turbidity measurements and atomic force microscopy (AFM).
Irrespective of the applied techniques, the results consistently displayed that complexation
between LF and PPI did occur. In an optimum narrow range of pH 5.0-5.8, a viscous liquid phase
of complex coacervate was obtained upon mild centrifugation of the turbid LF-PPI mixtuee with
maximum R, turbidity and the&-potential being close to zero observed at pH 5.4. In particular,
the SAXS data demonstrated that the coacervates were densely assembled with a roughly spherical
size distribution exhibiting a maximum extension~080 nm at pH 5.4. Equally, AFM image
analysis showed size distributions containing most frequent cluster sizes around 40-80 nm with
spherical to ellipticashapes (axis aspect ratio <2) as well as less frequent elongated to chain-like
structures. The most frequently observed compact complexes, we identify as mainly leading to
LF-PPI coacervation, whereas for the less frequent chain-like aggregates, we hypothesize that

additionally PPIPR facilitated complex existed.
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1. INTRODUCTION
Interaction of oppositely charged biopolymers in aqueous media, mostly driven by electrostatic
forces can lead to a spontaneous liquid-liquid phase separation into biopolymer-rich phase
(coacervate phase) and solvent-rich ppriagriring initial stages, the biopolymer molecules tend
to form intrapolymeric soluble complexdaurther electrostatic interaction leads to the formation
of a dense and viscous liquid phase (coacervate) from a homogeneous macromolecular solution of
poor solvewgy as a result of thermodynamic incompatibiliffhe significance of complex
coacervation ranges from its natural occurrence in biological systems, such as providing the outer
physical protection of mussels and sand castle wpfms biomedical applications, such as
scaffold based tissue engineer|fjgdrug delivery*| and various food applications, such as
biodegradable films, fat replacer and meat analgguagpe and size of biopolymers, mixing ratio,
total biopolymer concentration, chain conformation and flexibility, distribution of reactive groups
and the charge density, solvent conditions (pH, ionic strength and temperature), stirring and
pressure are important physicochemical parameters influencing the associative interaction
between the two biopolymﬂs

Although complex coacervation has been studied in a wide range of polyelectrolyte
systems, protein-protein complex coacervation is a relatively new undertaking. Understanding the
mechanism of the heteroprotein complex coacervation will open enormous opportunities for
immediate use in food and non-food applications (pharmaceuticals, cosmetics, biomedicals),

where biocompatibility is a key issue. Heteroprotein complex coacervation between cationic

lactoferrin (LF) and anionig-lactoglobuli’*°|as well as casditf|°|has captured much research

attention in recent years. Yan and co-wor)ﬁubserved that LF and BLG coacervates were

formed at very low salt concentration and narrow pH range around 5.7-6.2, which has been
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recently confirmed by Peixoto and coworkﬁsusing fluorescence intensity measurements and

nuclear magnetic resonance. On the other Hand, Anema and delﬂmb"served that the

coacervation of lactotransferrin afiedactoglobulin over a relatively wide pH range of pH 5-7.3
and higher ionic strength. Studies by Nigen et al. showed presence of both coacervation and
complexation with presence of unique micro-spherical particles betyseryme and calcium-
depletedu-lactalbumin (ap@-LA)|*‘| both processes being largely temperature depgrigent
In this study, we utilized two globular proteins: lactoferrin (LF) amdixed plant protein,

pea protein isolate (PPI). LactoferricH) is ametal-binding glycoprotein with a molar mass of 80
kDa and a high isoelectric point (pl) of ~8.5 providing it a novel feature of maintaining positive
charge over a wide range of ﬂ-lPea (Pisum sativum L.) is an important vegetable source of
protein and has attracted significant research attention because of its biological value, functional
properties in food applications, and relatively low cost. Pea protein is dominated by two major
globulin (legumin and vicilin) and one minor (convicilin) proteins. Pea protein is limited in
sulphur-containing amino acids, so it might be a strategy to complement the protein with dairy
protein, the latter being rich in all essential amino acids. To our knowledge, there are no reported
studies on heteroprotein coacervation between LF and plant protein. Nonetheless, LF/ PPI
coacervate-based biomateriagsinot only lead t@novel class of food matter, but can potentially
be employed in a wide range of applications. However, to design such a functional coacervate,
efforts must be undertaken to identify the precise range of working conditions for formation of
complexes, coacervate and their structural aspects at different length scales.

The objective of this study was to identify the conditions for creatiafbPPlheteroprotein
coacervate and complexes, which were characterized by electrophoretic mobility, diyglaimic

scattering (DLS) and turbidimetry. In addition, SAXS (small-angle X-ray scattesimd))AFM
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(atomic force microscopy) were employed to gain structural insights bR complexes and

coacervate at specified conditions.

2. EXPERIMENTAL SECTION

2.1.Materials.

The bovine lactoferrin (LF) was kindly donated by Ingredia Nutritional (Arras, France). According
to the technical specification provided by the supplier, it was purified from bovine milk and
contained 96% protein, 0.5% ash and iron saturation was 10-20%. Pea protein isolate (PPI)
(Nutralys®) was obtained from Roquette (Lestrem, France) and contained 85% protein, 7%
moisture, and 4% ash. Sodium azide was purchased from Sigma-Aldrich Chemical Company (St.
Louis, MO, USA). Milli-Q water (water purifiedf 18.2 M Q.cm by Milli-Q apparatus, Millipore

Corp., Bedford, MA, USA) was used as a solvent in all experiments. Hydrochloric acid (1 N HCI)
and sodium hydroxide (1 N NaOH) were diluted from concentrated ~37% w/v) HCl-water solution

or 10M NaOH solution (Sigma-Aldrich), respectively.

2.2.LF-PPI Complex and Coacervate Preparation.

Dispersions of LF (4 g/Land PPI (4g/L) were prepared by dissolvangexact amount of LF
powder or PPl powder in Milli-Q water, respectively for 2 h af@5using a magnetic stirrer to
ensure complete solubilisation. The dispersions were centrifuged at 20,000 x g for 30 minutes,
filtered through Whatman No. 4 filter paper and 0.22 pum syringe filter to remove any residues.
The resultant LF stock solution showed 99.8% soluble protein yield, whereas PPI showed 30%
soluble protein yield, i.e. referring to a concentration of 1.2 g/L measured by using Kjeldahl
analysis (AOAC 981.1@ Note that this soluble fraction of PPI is further on referred to as the

PPI stock solution. The mineral composition analysed using ICP-MS (Inductively Coupled Plasma



106  Mass Spectrometry) of the stock solutions was the following (g/100 g): LF: Na 0.0568, K 0.0017,
107 Mg < detection limit (0.00004), Ca 0.0022, Fe 0.025, P 0.050 and PPI: Na 0.2542, K 0.0588, Mg
108  0.0086, Ca 0.0077, Fe 0.00043, P 0.1637. Different semi-dilute concentrations of PPl working
109  solutions (0.00035-0.07 mMvere prepared by dilution of the PPI stock solution §1L.2i.e. 0.07

110  mM) using Milli-Q water. Appropriate volumes of PPl and LF at pH 7.0 were mixed for the molar
111  ratio study. The molar concentrations of LF and PPl were calculated using respective molecula
112 weights (discussed in SDS-PAGE section) and the molar ratio was based on the assumption that
113 all different fractions of PPI (legumin, vicilin, convicilin) participated equally in complex
114  formation with LFin the same ratiasthey exisédin the working solutions. For the pH study, the

115 pH of PPI/LF with a molar ratio of 0.15 (mixture of 0.007 mM PPI and 0.047 mM LF) was
116  adjusted to target pH from pH 2-9 usinjl standard HCI or NaOH as shown in Figure 1 magnetic
117  stirring conditions (500 rpm). Appropriate volumes (5.0 mL) of LF stock solution was rapidly
118 poured into an equal volume of freshly prepared PPI working solutions in a beaker followed by
119  mixing at 500 rpm. As described in previous Iiteraﬁrﬁ)r “high to low”, PPI and LF working

120  solutions at pH 9.0 were mixed and then the mixtures were rapidly adjusted to a target pH while
121 mixing. For “low to high”, LF and PPI solutions were mixed at pH 2.0 and then the mixtures were

122 adjusted to a target pH quickly while mixing. The polymer-rich phase (coacervate) was collected
123 using mild centrifugation at 500 x g for 10 minutes and characterized using AFM, SAXS and
124  TEM. Sodium azide (0.02 wt%) was added to prevent any bacterial growth in samples>only at
125 pH 7.0. No significant difference in coacervate structure were observed in terms of sizing, turbidity
126  measurements and zeta potential as compared to fresh samples without the addition of 0.02 wt%

127  azide in above-mentioned pH conditions.
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Figure 1. Schematic illustrations of steps of production of heteroprotein complex coacervate
showing the visual aspect of the viscous phase (macroscale).
2.3. Size and ¢-potential M easur ements.
The mean hydrodynamic radiusnf®f the pure protein solutions, complex and coacervate was
measured by dynamic light scattering (DLS) at 25 °C equipped with a 4 mW helium/neon laser at
a wavelength output of 633 nm. Sizing was performed at 10 s intervals in disposable plastic
cuvettes (ZEN 0040) using noninvasive backscattering at a detection angle of 173 °C. Assuming
the scattering particles to be spherical, their apparent hydrodynamic radius was calculated from
the diffusion parameters using Stokes-Einstein equation,.e. B7/(6znDT), where k is the
Boltzmann constant, T is absolute temperature yandolvent viscosity.

The-potential values of the pure protein solutions, their complexes and coacervates were
measured using a laser Doppler velocimetry and phase analysis light scattering (83)}RBsihg

disposable electrophoretic mobility cells (DTS 1060). The effective electric field, E, applied in the



144  measurement cell was between 50 and 150 V. The electrophoretic mebilitgs calculated

145  assuming spherical particles at 20 °C according using Equation 1:

1%
146 = 1
M= (1)

147  where, vis the drift velocity of a dispersed particle (m/s) and E is the applied electric field strength.

148  The{-potential (mV) was calculated via the Smoluchowski Equation 2:

_&E
" (2)

150  which is valid forr >> k1, wheree is the electric permittivity of the solvent,is the solvent

149 H

151  viscosity (Pa s), r is the radius of particle artds the Debye length. Both Z-average diameter and
152 (-potential were measured with a Zetasizer Nano ZS (Malvern Instruments Ltd, Malvern,
153  Worcestershire, UK). The results were reported as mean Z-average mean diameter &r mean
154  potential of five readings and standard deviations were calculated.

155

156  2.4. Turbidity Measurements

157 The turbidity of pure protein solutions and their complex/ coacervate were mehgardeénway

158 6715 UV-Visible Spectrophotometer (Bibby Scientific Limited, Beacon Road, Stone,
159  Staffordshire, ST15 OSA, UK) using 1 cm disposable plastic cuvette at 600 nm. Milli-Q water was
160 used as blank reference resulting in 100% transmittance. The turbidity (T) was calculated using
161  equation (¥

162 T :—Inl— (3)

I0
163 where, | is the transmitted intensity agdslthe incident light intensity.

164
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2.5. Small-angle X-ray scattering (SAXS).

Small angle X-ray scattering (SAXS) patterns were recorded in order to determine thadsise (r

of gyration) of 0.007 mM PPI stock solution, 0.047 mM LF at pH 7.0 and their complexes or
coacervates at pH 5.4, 5.8, 6.2 and 7.0, respectively. The SAXS camera set-up (SAXSpace, Anton
Paar, Austria) is described in great detail eIsevﬁaEﬁriefly, the collimation block unit vertically
focuses a line shaped beam of Curddiation with a wavelength, A = 0.154 nm on to the detector

plane. For the SAXS experiments the high resolution mode was chosen, which permits to detect a
minimum scattering vector, of 0.04 nm' (¢ = (4x/2) sinf, where2d is the scattering angle).

All studied samples were filled into the same vacuum-tight, reusable 1 mm quartz capillary to
guarantee exactly the same scattering volume. The capillary was placed in the temperature
controlled sample stage at 25 °C + 0.1 °C. All samples as well as the aqueous buffers and empty
capillaries were exposed for 120 minutes. The SAXStreat software (Anton Paar) was used to
correct the scattering patterns with respect to the position of the primary beam. The SAXS data
was further transmission-corrected by setting the attenuated scattering intensity at g = 0 to unity
and the background was subtracted using the SAXS Quant software (Anton Paar). The scattering
vector q was calibrated with silver-behenate, which has a known lattice spacing of 5.84 nm. The
reduced scattering pattern were finally analyzed with the GIFT software packagderitodit the
scattering data by Indirect Fourier Transformation (IFT), generate the Pair-Distance Distribution
Functions (PDDF) and to determine the radius of gyration of the pure proteins and their

coacervates.
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2.6.Atomic for ce microscopy (AFM) M easur ements.

Complexes, coacervate and pure proteins were investigated with an Icon Fast-Scan Bio Atomic
Force Microscope (Bruker Nano Surfaces, Santa Barbara, CA). Samples were pfepared
deposition by serial dilution of the stock solutions at the required pH. Good dispersions were
generally found at a dilution of 1x4@mes, and continuous films at 100x dilution.200f each

diluted sample was pipetted onto a freshly cleaved ruby mica disc and incubated for 5 minutes,
before rinsing with approximately 5 mL of Milli-Q water, drying by wicking onto filter paper
followed by a stream of nitrogen. The LF dtetPP1 complex at lower pH value (pH 5.4) adhered

well, but the complex at pH 7.0 would only adhere to the mica if it had been pre-treated fith Mg
ions (50uL of 5 mM MgCk solution for half an hour), the rationale being that the charge on the
complex was negative hence repelling from the mica which is also negatively charged at neutral
pH. Pure PPI did not adhere well to the mica, although lower quality images could be obtained by
drying the sample without rinsing. Samples were scanned using TESPA-V2 probes (Bruker) with
tapping mode in air, at a resonant frequency of 340-350 kHz and minimum set point, at a typical
scan rate of 3-4 Hz depending upon image size. Multiple scans across the samples were obtained
to ensure good statistics, typically aufh scan size and 1536 or 2048 pixel resolution. AFM
images were analysed using the Particle Analysis function in ImageJ (NIH). Eagh was
converted into a binary image using a manual threshold to prepare for the automated analysis. The
outline of each complex was fitted with an ellipse, with the major and raxesrdescribing the

length and width of each complex respectively. Sizing of the individual proteins was carried out

in Nanoscope Analysis software (Bruker, version 1.5) using the manual ruler tool.

10



208 2.8 Protein content, solubility curve and composition

209  Both protein stock solutions (LF and PPI) were examined after centrifugation and filtration for
210  crude protein content (AOAC 981.10). The PPI stock solution (1.2 g/L) was analyzed for its
211  solubility as a function of pH from pH The composition was assessed using sodium dodecyl
212  sulphate polyacrylamide gel electrophoresis (SDS-PAGE) technique. 50 pL of protein solution (at
213 4 g/L for LF, 1.2 g/L for PPI) was mixed with 50 pL of Laemmli sample buffer (62.5 mM Tris
214  HCI, 2% SDS 25% glycerol, 0.01% bromophenol blue, B#ercaptoethanol) and the mixture

215 was heatedo 95 ° C for 5 min. The samples were cooled to room temperature and 20 pL was
216 loaded onto SDS gels previously prepared on a Mini-PROTEAN Il system (Bio-Rad Laboratories).
217  Gels were run for 10 min at 100 mV followed by a phase of 30 minutes at 200 mV. The gels were
218  stained with Coomassie Blue R-250 [0.05% (w/v) in 25.0% (v/v) isopropanol 10.0% (v/v) acetic
219  acid] for at least 4 hours, after which they were destained with water for one hour. Gels were
220 scanned using a flat-bed scanner (Bio-Rad Molecular Imager, Chemi-Dco XRST) and the
221 intensities of the protein bands were quantified using Image LabTM software version 5.1 Beta.

222  The percentage composition of each sample was determined by scanning the areas for each band.

223

224 3. RESULTSAND DISCUSSION

225  Figure 2 shows the SDS-PAGE electrophoretogram of the LF and PPI stock solution tested.
226  Lactoferrin (LF) stock solution (0.047 mM) had protein content of 96% (K&IdNx%6.38), in

227  agreement with the specification stated by the manufacturer of which 95% was lactoferrin (Figure
228  2). On the other hand, pea protein isolate stock solution (0.007 mM) had protein content of 97%
229  (Kjeldahl, Nx6.25) and exhibited a wide variety of polypeptide subunits of molecular weight (M

230 ranging from 20 to 75 kDa, consisting of three main sets of protein subunits i.e. convicillin (72.4-

11



231  77.9 kDa, 13.5%), vicillin (28.7-47.3 kDa, 33.2%) and legumtsybunits, 40.9 kDa, 21.29%-

232 subunit, 22.3-23.1 kDa, 18.1%), which is in agreement with findings of previous ﬂh‘ﬂne

233 legumin/vicillin (L/V) ratio was 1.2 which is within the lower range of values reported in literature
234 |7_7| The solubility curve of PPI stock solution shathat the isoelectric point (pi¥ pH 4.0, which

235 isin accordance with previous repﬁs

100 e Cl— 1

I Convicillin sub units
LF [ — - e . ! (179 kDa, 12 4 ¥Da)
{80 kDa) :

} Legumin a-sub units (40 69 kDa)

LY S — ; 'r—o Vicillin major sub units (47 3

350, 28 7 kDa) and minor sub
l wity (370, 333, 318 kDa)

25 —o i =+ Legumin S-sub units
(22.3. 231 kDa)

20 ——ai

-
10—
M LF PP

236

237  Figure 2. SDS-PAGE of LF (0.047 mM) and PPI (0.007 mM) stock solutions. M is the molecular

238  weight marker (10-250 kDa).

239

240 Structure of coacervates formed by proteins with complementary charges are driven by
241  electrostatic interactions. Hence, it is obvious that pH, ionic conditions, molar ratio of the charged
242  moieties, protein characteristics (type, size, shape, molecular weight, and surfacelehsitge

243  etc. may strongly influence the kinetics and thermodynamics of complex coacervation, and most
244  of these parameters cannot be varied independently of eacﬁafﬁe&e approach toward charge

245  neutralization can be via alteration of the charge of one or both partner macroions, or atieration

246  the combining ratio (microstoichiometry) within the com;ﬁﬂn this study, we first discuss the

12
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effect of different molar ratios of PP/ LF on complex and/or coacervate formation atTtis 7.
sets the scene for understanding the effect of the pH on the structure of LF-PPI complexes and
coacervates at a fixed PPI/ LF molar ratio and identifies the boundary pH conditions leading to

LF-PPI complex coacervation

3.1. Effects of biopolymer mixing ratio on L F-PPI complex formation.

Typically, complexation occurs under solvent conditions, where both biopolymers have opposing
charges. Selection of pH 7 was justified for the biopolymer mixing ratio as LF and PPl have a net
positive and negative charge, respectively. Figure 3 shows the influence of PPI amtuitien
hydrodynamic radius and turbidity of the LF as a function of PPI/ LF ratio vaiigng0.007 to

0.15 mM at neutral pH. Almost optically clear LF-PPI solutions (Figdeunderwent a turbidity

onset at- 0.04 mM PPI solution that was measurable with increase of optical deisdy(Figure

3B). The turbidity correspond® appearance of scattering particles in the medium and the
formation of LF-PPI complexes. The @exhibited its highest value (0.39) at PPI/LF molar ratio

of 0.06, making the solution significantly cloudy indicating the maximum formation of insoluble
complexes. Beyond PPI/ LF ratio of 0,@@termediate levels of turbidity were observed with less
cloudy appearance.

To assign the macroscopic turbidity data to hetero-protein coacervation, we used DLS and
{-potential measurementés shown in Figure 3B, in agreement with the turbidity data, R
increased slowly fron1 nm to 57.6 nm as PPI/LF ratio increased by one order of magnitude
followed by maxima (~ 82 nm) a@PPI/ LF ratio of 0.06 and then a decrease. At and above the
molar ratio of PPI/ LF of 0.08, the,Reached a platealihe effect of biopolymer mixing ratio was

critical for controlling the charge balance within the mixed systems.

13
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270  Figure 3. Visual images (A) and dependence of hydrodynamic radius, Ry (bold line), turbidity
271  (dotted line) (B) on PPI/ LF ratio on mixing LF (0.047 mM) with different concentrations of PPI
272 at pH 7. Error bars represent standard deviations. R, = 8.9 = 0.13 and 41 £+ 0.51 nm and PDI
273 (polydispersity index) equals 0.12 and 0.18 for the pure LF and PPI stock solutions, respectively.
274

l,_‘
104 \
»
s 5 \
£ "
® 0
=
c '.\_
£ :
»,
v
-104 & -
.
A5 ™ T T T T
0.03 006 0.09 0.12 0.15
275 PPl LF molar ratio

276  Figure 4. Mean {-potential values as a function of PPI/ LF ratio on mixing LF (0.047 mM) with
277  different concentrations of PPI at pH 7. Error bars represent standard deviations.

278

279  Zeta potential ({), the electro-kinetic potential difference between the dispersion medium and the
280  slip plane (stationary layer of fluid attached to the dispersed particle) of moving particles

281  confirmed an associative driving force for complexation between the positively charged amino

282  acids ofLF and the negative charges on PPI at very low biopolymer concentrations (Figure 4). In

14
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absence of added PPI, 0.047 mM LF was cationic at pH 7 andpibtential was +12 mV. On
addition of PPI, the positive charge of the mixture decreased to be electrically neutral (-2.5 mV)
at 0.075 wt%.

This means that at molar ratio of PPI/ LF of 0.06, the number of positively charged amino
groups were nearly equivalent to that of the carboxylic acid groups, validating charge neutral
complex formation, in agreement with the largestiRd turbidity maxima. Above PPI/LF molar
ratio of 0.06, the negativepotential increased steadily to -12.3 mV, which might be attributed to
LF molecules being covered by PPI moieties and thus formation of soluble complexes. Similar
behavior for mixtures of LF and other proteins showing inter-protein interactions with increase in
negative charge of mixed solutions have been observed preﬁ)quelected this PPI/LF ratio
of 0.15 to investigate the behaviof rather “soluble LF-PPI complex” with almost no visible

turbidity (ODeoo <0.15) as a function of pH drift in the next section

3.2. Effects of pH on coacervate for mation.
Hetetoprotein coacervation differs from native protein self-aggregation based on the degree

of pH-dependence of complex and kinetics of aggre prit is known that coacervation

can get overshadowed by protein self-aggregation. Hence, the hydrodynamic radius of native
LF (0.047 mM),PPI (0.007 mM) and their mixtures at PPI/ LF ratio of 0.15 were measured
as a function of pH 2-9 (Figure 5A) to discriminate between self-aggregation (if any) and LF-
PPl interaction.
There was no significant change in hydrodynamic radius of LF as a function of gH (< 5
nm). In the case of PPI, the hydrodynamic radius remained below 80 nm at pH 6 to 9. However,

the particle size was higher in the acidic region with possible PPI-PPI self-aggregatiingea

15



306

307

308

309

310

311

312

313

314

315

316

317

318

maximum at pH 4 (~ 332 nm), being the isoelectric point Hhis trend agrees well with the
measured the solubility curve. In the casefPPI mixtures, the hydrodynamic radius remained
below 75 nm in all pH except at pH 5-6, where the larger aggregates seemed to appear with maxima
at pH 5.4 (Figure 5B). These large sizes might be attributed to the scattering from particles of
turbid LF-PPI mixturesThe interaction between LF and PPI did not readily lead to a new “liquid”

phase. However, when these turbid materials at pH 5.4 and 5.8 were separated by mild
centrifugation, presence of glossy, viscous liquid (Figure 5A, zoomed image in Figure 1) in the
Eppendorf tubes had the clear signature of formation of coaceryjagdssobserved in several LF-

based coacervate stu the coacervates created might have coalesced into this concentrated
viscous phase. The opacity of the viscous phase might suggest the coexistence of pure coacervates
and some degree of PPI-PPI linkage facilitated aggregates. Post pH 6.2, thes saerple

exhibiting rather “one-phase” with 35 nm sized complex.
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319  Figure 5. Evolution of hydrodynamic radius, Rn of 0.047 mM LF solution (M), 0.007 mM PPI

320  solution (®) and mixture of 0.047 mM LF and 0.007 mM PPI solutions ( A) (PPI/ LF molar ratio

321  of 0.15) as a function of pH with corresponding visual images taken after mild centrifugation of

322 the LF-PPI mixtures (A) and zoomed-in mean hydrodynamic diameter of LF-PPI mixtures in pH

323 5-7region (B). Error bars represent standard deviations.

324

325  3.3. ldentification of boundary conditionsfor coacervate formation.

326  Since complex coacervation between LF and PPI is due to electrostatic interaction between
327 oppositely charged proteinsthe charge characteristics of the individual components were
328 measured by Doppler electrophoresis in a wide pH range-é3.2.QFigure §. The-potential of

329 LF decreased from +24.8 mV to -1.5 mV as increased pH from 2 to 9 and reached zero at around

330 pH 8.5, which is the isoelectric point of LF. The isoelectric point of LF is in line with the theoretical

331 net charge and fits closely with the pl value reported prevﬂ.;sly
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343
344
345

On the other hand;-potential value of PPI changed from +23.2 mV to -28.2 mV as pH
increased and close to zero around pH 4 (pl). This is in line with the increasgataRsolubility
curve validating the aggregation of pea protein molecules near its isoelectric point. The observed
pl of PPI is within the range reported by previous autforg/hen the LF (0.047 mM) and PPI
(0.007 mM) were mixed, th&potential decreased from +32.5 mV to -18.6 mV as a function of
pH, with values approximately zero in the pH range from 5-6. Zooming in furthépbiential
values in pH 5-6, it can be observed that from pH 5-5.8&-flwgential values remained < -5 mV

and it is only at pH 6.2 and beyond, the negative charge started increasing.
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Soluble individual
40 .rw',_l,),),”"m ) Con:plox coacervate
30 . Soluble 15
= e "

20 u ;
s e 5
g 101 " g -
r— - ® 0
S 0 i S v
c c
2 . A S -5 Py
8_ -10 ° o "

A Q .

h 4 A k.l‘ 10 1

-20 4 o

PH, | PH,, ¢ A 15 ; . :
4 & 6 4 :
-30 pH,, pH, * 8 52 56 6.0 & 68 7.2
1 1 1 Y2 e 1 pH
1 2 3 4 5 6 7 8 9 10
pH

Figure 6. Mean (-potential values of 0.047 mM LF solution (M), 0.007 mM PPI solution (®) and
mixture of 0.047 mM LF and 0.007 mM PPI solutions (A) (PPI/ LF molar ratio of 0.15) as a
function of pH showing pHc, pHo1, pHmax, and pHg2 (A) and the zoomed-in mean {-potential values
of LF-PPI mixtures in pH 5-7 region highlighting the isoelectric point (') (B). Error bars represent
standard deviations.
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Although the mechanism of the complex coacervate formation is not fully understood, we
hypothesize the following sequential processes based on previous literature. Below pH 4, both LF
and PPI molecules being cationic molecules (pH> pl) appear to repel each other and this prevents
the formation ok complex between the two protein molecules.

This is in line with the low particle size, turbidity measurements and transparent appearance

of the mixed biopolymer solutions (Figure|5). Dubin, et@howed that two polyelectrolytes that

contain like (negative or positive) charge could form soluble complex. Hence, in our case, the LF
and PPl might be present as individual biopolymer molecules or as soluble complexes below pH
4. Above pH 5.0, Rgradually increased above the value that corresponds ta thfeLR or PPI

alone observed for pH < pht°| The pure (precipitate-free) coacervate formation appeared to be
initiated above pH 5.0, followed by growth of primary complexes to form quasi-neutralized
insoluble complexes (pf), with a depletion of charge at pH 5.0. Further kinetic experiments
should be performed to confirm this growth mechanism. At pH 5.44pHlectrical equivalence

was achieved between the proteins wjthotential reaching zero, the particle scattering being
highest with a steep rise im EFigure 5B) and the turbidity reaching as well its maximum. This is

seen in other studies where LF has been shown to form coacervate with anionic proteins at this pH

range. For instancg¢, Anema and de Krififobserved maximum coacervation féig (B-

lactoglobulin)-LF complexation at pH 6.3, where thpotential was nearly zero. In our case,
coacervation is maximized at pH 5.4, which is closer to the pl of PPI than that of LF, as halfway
between theespective pI’s would be pH 6.25 (=(4+8.5)/2).

Soluble complexes are formed between biopolymers when net charge is high and electrostatic
interaction is lower whereas insoluble complexes and coacervate formation occurs when

electrostatic interaction between molecules is strong and net charge was low. In our case, we
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369 suggest that at pH 5.0-6.0 there was formation of coacervate, whemdg (6.2), soluble

370  complexes were formeghd the boundary is designated as §gH 7), i.e. 1.5 units away from

371 isoelectric point of LF. Above pH 8.5, both LF and PPI carried a similar net charge. To reveal the
372  distribution of size of these complexes and/or coacervates, small angle X-ray scattering (SAXS)
373 and atomic force microscopy (AFM) were used.

374

375  3.4. Small Angle X-ray Scattering (SAXS).

376  The SAXS pattern of pure dispersions of LF and PPI were recorded at pH 7 at 25 °C and analyzed

377 by the Generalized Indirect Fourier Transform (GIFT) methodEI(Figure 7). The determined SAXS

30-32

378  data of LF and of PPI (Figure 7A) compared well to previous literature data As revealed in

379  the PDDFs (Figure 7B) LF was not perfectly globular, but composed of two globular lobes, which
380  are compactly arranged in protein crystals, but under solution conditions can open up. In solution,
381  Grossmann et al. El determined a radius of gyration, R, = 3.3-3.6 nm for human lactoferrin
382  measured at pH 7.5. Since our samples were measured at a slightly lower pH, the difference in our
383  observed value of R, = 4.2 nm for bovine lactoferrin might be related to a bigger opening of the

384  inter-domain cleft. Note, that the smallest cleft is observed in the crystal form of lactoferrin, in

30)31

385  which the corresponding R, is smaller than 3 nm Concerning PPI, a maximum extension of

386  about 25 nm and furthermore a double peak distribution is apparent in the PDDF. The PPI
387  consisted mainly of legumin and vicilin and in minor part of convicilin (13%; referring to results

388  from Fig. 2), and as discussed elsewherelj We note, legumin has R, = 4.45 nmlﬂ and vicilin has

389 Ry=44 nm|j
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391  Figure 7. A) SAXS curves of 0.007 mM PPI, 0.047 mM LF and their complex formed at pH=7.
392  The solid lines represent the fitted curves obtained by Indirect Fourier Transformation (IFT)
393  analysis. B) The corresponding Pair-Distance Distribution Functions (PDDFs) are displayed as a
394  function of the radial distance (z).

395

396  Thus, the PDDF confirms that the PPI aggregates into oligomers (about 3-6 proteins), which was
397  first shown as a pseudo-hexagonal, ring-like appearance by scanning electron tunneling
398 microscopylj The extension of PPI the ring-like aggregates is in the order of 20-25 nm, which

399  compares well to a maximum extension of about 25 nm displayed in the PDDF (Figure 7B).

400
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Table 1. Radius of gyration of PPI, LF and their complex at pH 7.0.

Radius of gyration

Sample

(nm)
LF 4.22
PPI 9.47
LF-PPI complex 13.1

Figure 8 gives an overview of all measured LF-PPI complexes and coacervates at various pH
values. As clearly shown at pH 7.0, complexes were composed of both LF and PPI, since a simple
superposition of the individual LF and PPI scattering curves would not lead to a SAXS curve with
R, = 13.1 nm. Therefore, in this case the amount of self-aggregated protein can practically be
ignored. In accordance with the {-potential measurements (compare Figure 6), the biggest
coacervates were formed at pH 5.4. Their maximum extension reached values of about 80 nm
(Figure 8B), leading to rough estimate of coacervate radius of 40 nm. Since the majority of the

involved proteins (legumin and vicilin) have similar radii (Rg = 4.0 to 4.5 nm, which relates to R

= \E Rg=5.2t0 5.8 = 5.5 nm), we can roughly estimate the number of proteins involved in the

biggest coacervates: Vcoacervate /Voprotein = 380 proteins. Assuming a protein packing density similar
to the closest packing density of spheres (0.74), we obtain a corrected estimate of about 280
proteins per coacervate at pH 5.4. The highest solubility of proteins was determined for pH 6.2
(smallest R, = 7.7 nm), which corresponds to about 4-5 proteins per complex. Further increasing
the pH increased the size of the complexes again: at pH 7, roughly 36 proteins were involved. We
note, however, that these are only indicative estimates, and should be taken with due care, as we

are considering ideal hard sphere packing of the proteins and also have not taking into account the
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420  convicilin proteins. Importantly, a closer inspection of the PDDF’s in Figure 8B reveals that the
421  size distributions of the coacervates were not fully symmetric (note, that each PDDF displays a
422  shoulder at higher distances). This bimodal size distribution was further confirmed by AFM
423  measurements (see section 3.5) and can be assigned to differently shaped coacervates, i.e. to

424  spherical and elliptically shaped complexes, respectivelyrjl

1.2
18-5 pH=6.2
- 1.0-
; 24 0.8 =l
< i
CIC) 6: o
E 4: 0.4
2+
0.2
0.014
8]
Ba ; T 0.0
0.1 A 1 0 20 40 60 80
425 q(nm ) z (nm)

426  Figure 8. A) Small angle scattering curves of the LF-PPI coacervates and/or soluble complexas
427  various pH values. B) The corresponding Pair-Distance Distribution Functions (PDDFs) were
428  evaluated based on Indirect-Fourier Transformation and show that the largest coacervate formed
429  atpH=5.4.

430

431 Table 2. Radius of gyration of F-PPI coacervates (at pH 5.4 and 5.8) and soluble complexes (at
432 pH6.2and 7.0).

433
Radius of
pH !
Gyration (nm)
7.0 13.1
6.2 7.7
5.8 30.3
54 31.3
434
435
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3.5. AFM micrographs of the coacervates.

Atomic force microscopy (AFM) images were analyzed to investigate structure of LF, ILF-PP
complex (pH 7.0) and LF-PPI coacervate (pH 5.4) adsorbed to mica surfaces (Figured). As

be observed from Figure 9A and histogram a, LF showed uniform spherical particles, with a mean
radius of 6.2 nm. From SAXS, the lactoferrin radius was 4.2 nm. This increase in apparent size
can be described by the well-knowp-magnification effect in AFM. A tip radius of 7.5 nm,
typical of the TESPA-V2 (Bruker) probes used in this study, would result in an apparent size of
6.2 nm for the lactoferrin. The complexes formed at pH 7.0 were very sparse owing to a weak

electrostatic attachment, despite the use of the divalent catiéntdgodify the surface of mica

|j This may be because of the influence of ionic strength change on the narrow boundary

conditions of LF-PPI complex and coacervate formation.

The radius of the soluble complexes (FigurBl)Xfrom AFM images was found to lie in
the broader range between 9-15 nm (mean radius = 11.2 nm) which is in close agreement with
SAXS data (PPI: R= 9.5 nm, LF-PPI complex:d& 13.1 nm, both at pH 7.0). Most importantly,
the coacervates formed at pH 5.4 were clearly visible as groups of individual proteins forming
complexes of greater than 40 nm in size. The analysis of complex morphology is shown in Figure
10. While a dense and space filling structure of coacervates was formed at pH 5.4 (Figtive 9C
complexes produced at pH 7.0 (Figure 9B) were less chgsteigure 9D shows the detail of the
large single coacervate in topography and AFM phase contrast. Below, we present a schematic
representation created from circular unit with measurements taken from the AFM images of pure
LF and PPI and overlaid onto the image (Figure 9D top) as closely as possible. The underlying
image was then deleted to reveal a stylised cartoon of the coacervate, which suggests that LF were

forming bridges between predominantly PPI moieties forming the structural units. Bottom panel
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459 is a cartoon illustration of the same complexes, made up of LF (red small circles) and PPI (blue

460 large circles) scaled using the mean individual protein size from the histograms.
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462  Figure 9. Tapping mode AFM images with size analysis histograms of individual proteins, either
463  asisolated particles or when they can be clearly discriminated within complexes. A-a LF at pH 7.0
464  (inset shows image of continuous close packed layer of LF prepared from a higher concentration
465  solution), B-b LF-PPI complex at pH 7.0 (the pH 7.0 complex did not bind well to mica and were
466  sparsely distributed, so shown here are a composite of 4 separate 500 nm scans), C-c LF-PPI
467  coacervate at pH 5.4. Histogram of diameters, a-c, is for entities < 20 nm radius only. Images A-
468 C are to the same scale. D Coacervates at pH 5.4 at higher resolution. Top panel is AFM
469  topography, middle panel is an AFM phase contrast image of the same area, which shows the
470  protein has a different material response to the background mica substrate (as expected) and the
471  sensitivity of the mode to gradient helps discriminate individual proteins.
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Figure 10. A) AFM topography image of pH 5.4 coacervate at 2048 pixel resolution, B) digital
zoom of area highlighted in panel A, thresholded to create a binary image before automated particle
analysis, C) software fits ellipses to each aggregate, shown here overlaid upon the digital zoom of
the original image. The major and minor axis of each ellipse is used to generate panel D),
describing the size and shape distribution of >1000 complexes. The size of each data point has
been scaled to the size of the complex, hence the intensity reflects the probability of each protein
particle to be aggregated within a complex of a particular size/shape. Complexes up to 140 nm in
length were found, which tended to be limited to a width of around 40 nm.

The distribution of particle sizes is represented in Figure 10D, which shows the length and width
of each particle. As there are many more individual particles of smaller size (40-80 nm range), and

a fewer number of large aggregates containing much more of the total mass of coacervate, the size
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of each data point was scaled to be directly proportional to the size of each particle. €his bett
represents the most likely size and shape of the coacervate, and hence directly comparalde to SAX
data. Overall, the distribution contaihstrong clusters of the axis lengths around 40-50 nm (minor
axis) and 60-80 nm (major axis), which agrees well with the SAXS-derived PDDA data (Figure
8B). More spherical clusters are represented by the straight line with the major and minor axes of
the same size, whilst the elongated complexes by the distribution along the x-axis, with no further
increase in width. Interestingly, the complexes appeared to grow directionally forming ordered
chains with width of 30-50 nm. In fact, once the clusters start to grow, they were more likely to
elongate, which might be facilitated by PPI-PPI linkages. We speculate that additibiIPP
linked aggregation might be responsible for the formation of clearly chain-like aggregates. Indeed,
in rarer cases, elongated aggregates with a major axis length up to 140 nm and minor axis of 40
nm were observed (Figure 10D).

However, importantly, most frequent cluster sizes group around 40-80 nm with spherical to
elliptical shapes (axis aspect ratio < 2), whereas elongated to chain-like structures appeared to be
less frequent. The latter has also been confirmed the SAXS data (Fig. 8A), where the low g-value
data at pH 5.4 and 5.8 (referring to big particle sizes) were exclusively fitted with particle sizes up
to 80 nm. Further, the concentration of clusters with elliptical shapes with typical axiofaibs
to 40 nm dominated over the purely spherical nanocomplexes of 40 nm (Figure 10D). This bimodal
size distribution was also reflected in the SAXS data (Figure 8D). In conclusion, we believe that
this major population of spherical and elliptical nanocomplexes were responsible for the formation
of coacervate, shown by the liquid behavior of the dense viscous phase at a macroscopic scale post

centrifugation.Similar spherical to elliptic shaped clusters have also been reported in other
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507  coacervate systems, such as in bovine serum albumin (BSA) and poly(dimethyldiallylammonium
508  chloride) (PDADMACﬂand polyelectrolyte-mixed micellelj

509

510 4. CONCLUSIONS

511 Mixing cationic lactoferrin (LF) and anionic pea protein isolate (PPI) lead to complex formation
512  and coacervate formation under specific conditions of pH range with maximum level of coacervate
513  formation observed at charge neutrality. The DLS, {-potential data and turbidity measurements
514  enabled identification of the optimum pH conditions where coacervation was most favorable (pH
515 5.4), and where soluble complexes were maximized (pH 7). The SAXS measurements confirmed
516  the formation of heteroprotein complexes with a radius of gyration of ~13 nm at pH 7. Coacervates
517  with maximum extensions of about 80 nm were observed at pH 5.4. Both, the bimodal size
518  distribution and characteristic length scales deduced from SAXS data are in excellent agreement
519  with the AFM analysis, showing a distribution containing frequent clusters with particles sizes
520  around 40-80 nm, with a predominance of elliptical over spherical LF-PPI coacervates. However,
521  with respect to the rarer observed chain-like aggregations, additionally facilitated PPI-PPI
522 aggregation cannot be fully ignored and thus the interplay between LF-PPI coacervation and PPI-
523  PPI aggregation mediated clusters requires further investigation. Future studies are needed to
524  understand the electrostatic interactions between LF and pure individual fractions of legumin,
525  wvicillin and convicilin from pea sources, respectively.

526

527 SUPPLEMENTARY INFORMATION

528 < Details of solubility curve of PPI stock solution, raw correlograms of LF and PPI stock solutions

529  (DLS) and turbidity curves of LF-PPI mixtures as a function of pH are reported>
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