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Abstract

The interactions between different forms (apo-jveatand holo-) of lactoferrin (Lf) and
sodium alginate at different ratios in aqueous tsmhuin the pH range of 4-7 were evaluated.
Fourier transform infra-red (FTIR) spectra of freelried mixtures showed shifts only in the
bands arising from the carboxylate groups of algimalative to physical mixtures; indicating
intermolecular interactions involving COQnoieties of alginate. Circular dichroism (CD)
spectroscopy showed that Lf retained its tertidrycsure in the Lf-alginate mixtures. In the
pH range of 4 - 7, the zeta-potential of Lf-algamablutions was significantly less negative
than that of alginate indicating charge compensatiative-PAGE results indicated that the
extent of binding of Lf by alginate was dependethe form of Lf with apo-Lf displaying a
higher binding affinity. At natural pH, the Lf-algate mixtures generated higher viscosities
than their respective sodium alginate controls dating the existence of intermolecular
interactions between the two components. A mixtofenative-Lf and sodium alginate
showed the highest increase in the viscosity winibeeasing level of iron saturation in Lf
showed an inverse effect on viscosity. DSC analghmswed that the thermal denaturation
temperature of native- and holo-Lf can be enhangpdn interaction with alginate in

solution.

Keywords:
Lactoferrin, sodium alginate, complexation, zetéeptial, viscosity, gel electrophoresis,

denaturation temperature

I ntroduction

Intermolecular interactions, mainly electrostatioteractions between proteins and

polysaccharides, are explored in the food and paeenrtical industries for the development
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of successful protein delivery systems (Peinadsmas, Andrés & McClements, 2010).
These interactions are influenced by the physiatbal properties of the proteins and
polysaccharides as well as environmental factorsl, (ponic strength, protein-to-
polysaccharide ratio, temperature and mixing precasd can be manipulated to fabricate
protein/polysaccharide complexes with a new segiroperties in comparison to the proteins
and polysaccharides alone (Benichou, Aserin & GafAD2; Schmitt & Turgeon, 2011; Ye,
2008). As detailed by Tolstoguzov (1991), the iattion between proteins and
polysaccharides may lead to either their co-salybiincompatibility (phase separation), or
complexation (soluble or insoluble). The chargeshanproteins/polysaccharides, presence of
oppositely charged side groups (acidic and basid)availability of charged patches in the
polyions can play decisive roles in complex formatiSoluble complexes can form when the

net charges of proteins and polysaccharides axediiéerent (Ye, 2008).

The glycoprotein Lactoferrin (Lf) possesses a brapeéctrum of functional properties
towards humans and animals such as cellular groegihlation and differentiation, intestinal
iron homeostasis, host defense against microbfattion and inflammation, regulation of
myelopoiesis, immunomodulatory and anti-oxidanivatts and protection against cancer
(Conneely & Ward, 2004; Guo, Pan, Rowney, & Hobni2007). In order to exploit these
benefits, Lf is being increasingly used in healttoducts. However, these functional
properties of Lf are affected by different fact@lgring production, storage, transport and
consumption such as heat, salts, pH and enzymes ¢Alal., 1991; Naidu, 2006; Steijns,
Brummer, Troost, & Saris, 2001; Eriksen et al., 20@nishi, 2011). Lf is a cationic protein
with positively charged regions most prominentlytla¢ N-terminus, as well as in an inter-
lobe region between the C- and N-lobes close tmranecting helix (Moore, Anderson,
Groom, Haridas, & Baker; 1997) and as such it h&sgh isoelectric point (pl ~ 8.0-9.0)

(Baker, 2005; Brisson, Britten, & Pouliot, 2007, Xe Singh, 2007; Bokkhim, Bansal,
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Gregndahl, & Bhandari, 2013). A substantial amountesfearch on Lf has been conducted by
the pharmaceutical sector regarding its biochenubatacterization and biological activities.
In the food sector, studies have focussed on dayesind thermal stability mostly in Lf's
natural form in different food systems. Lately, el researchers have explored Lf's
technological properties (emulsifying and stahil@)i in oil-in-water emulsions (Bengoechea,
Jones, Guerrero, & McClements, 2011; Bengoechemaéhe & McClements, 2011). In
order to optimise stability and achieve safe delive Lf, its encapsulation in a high heat and
acid stable matrix such as alginate is a poteatreahue for new product development. The
full potential of such a system can be reached ovith the detailed knowledge of the
intermolecular interactions between Lf and algirete their effect on the properties of the
mixture which can influence the fabrication of divkry system and the release property of

Lf.

Sodium alginate is an anionic polysaccharide eteéchdrom the brown algae which is
composed of polymeric sequences of (1-4) lingdd-mannuronate (M) and-L-guluronate
(G) residues (Draget, 2009). Alginate moleculesspss ion exchange property because of
the presence of the carboxylic groups in both tharld G residues and have a high affinity
for di- and tri-valent ions and cationic protein lexules molecules (Zhao, Li, Carvajal, &
Harris, 2009). Electrostatic interactions betwdennegatively charged alginate polymer and
positively charged proteins have been studiedymodyme and chymotrypsin where gelling
of the mixtures were observed (Wells & Sheardowd72 and for heat treated Lf particles
where turbidity, dynamic light scattering and elephoretic measurements were used to
probe effect of pH and ionic strength (Peinadolgt2®10). In addition, alginate has been
used to encapsulate vascular endothelial growttorfa@GGu, Amsden, & Neufeld, 2004)
leading to its sustained release from the algina&ix. The interactions between the protein

and alginate are mainly controlled by the chargesig of the protein and the type of
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alginate used (e.g. M/G ratio, molecular mass) g&an, Schmitt, & Sanchez, 2007). During
the process encapsulating a protein, the functipr@erties of the protein might be altered
due to e.g. electrostatic interactions with therate matrix (McClements, 2006). It has been
reported that with some proteins such as transfggngrowth factor-beta (TGB1),

irreversible complex formation can occur betweee fhrotein and alginate molecules
resulting in protein inactivation. In such caseslitiees that protect the protein from the

alginate polymer should be added to retain praetivity (Gombotz & Wee, 1998).

This study aims to investigate the interactionsveen different forms of Lf (apo-, native-
and holo-) and alginate in aqueous solution atnéerral pH of the proteins and in the pH
range of 4 to 7. As different forms of Lf demonggrdifferent physico-chemical properties
(Bokkhim et al., 2013), it is important to investig how those properties affect the
intermolecular interactions in the Lf-alginate nisds. For many application of proteins, it is
important to evaluate if the intermolecular intéi@as in the protein-polyelectrolyte complex
affects the secondary and/or tertiary structure tinid functional properties of the protein,
and in this study, this was evaluated using Fouramsform infra-red (FTIR) and circular
dichroism (CD) spectroscopy. A measure of the Iigdaffinity of different forms of Lf to
alginate was evaluated using gel electrophoresig-potential measurements were done in
order to evaluate complex formation and the progerof the mixtures were investigated
through the use of viscosity, as well as DSC far ttiermal properties of the protein in the
mixtures. The research findings will provide fundartal information regarding the potential

benefits and application of Lf-alginate mixtures.

Experimental Section

Materials
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Two forms of bovine lactoferrin (NatraFerrin), nati and apo- forms with iron saturation
levels approximately 13 and 1% were provided by M@ritionals®, Burnswick, Australia.
Sodium alginate (PE 12001-13.8 EN), GRINDSTED® Afge FD 155 (M/G ratio 1.5) was
donated by Danisco Australia Pty. Ltd., Sydney, thal@. The molecular mass was
determined by U-tube viscometry using and the gmpte Mark-Houwink constant (Vold et
al. 2006, Vold et al. 2007) and found to be 140 kB& (2-hydroxymethyl) iminotris-
[hydroxymethyl] methane) (bis-tris) (purity > 98%gotassium chloride, sodium hydroxide,
sodium acetate (trinydrate), Trizma® base and gk/evere purchased from Sigma Aldrich
Co., Castle Hill, Australia (purity > 99 9%). Acetiacid (99%), hydrochloric acid
(concentration ~ 31.5%) and methanol (99.8%) weonflLabtek Pty. Ltd., Brendale,
Australia. Sodium dodecyl sulphate (SDS) and glyiceboth of analytical grades were
bought from Amresco, Solon, USA and Ajax Finechety. Rtd., Taren Point, Australia
respectively. The dyes, bromophenol blue and Cosmdwilliant blue G-250 were from
Bio-rad, Gladesville, Australia. Millipore water waised for all experiments. All chemicals
used in this study were of analytical grade. Laatah having 50% iron saturation level and
holo-Lf were prepared in the laboratory accordingtie method described by Bokkhim,

Tran, Bansal, Gindahl and Bhandari (2014).

Methods

The Lf-alginate mixtures (2 % w/w) at 1:1 mixingticawere prepared in Millipore water,

allowed to stand at room temperature £2 °C) overnight and freeze dried (Christ, ALPHA
1-4 LSC, Osterode, Germany). Control samples ofnaiged Lf and alginate (1:1) were also
analysed. Infra-red spectra were recorded on a HDI®R series Perkin-Elmer spectrometer
fitted with a deuterated triglycine sulphate (DTGHYector using the Universal attenuated

total reflectance (ATR) mode. Spectra were recomeaimbient temperature (222 °C) on
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solid samples at a resolution of 4 tmnd a scan number of 32 over the range of 46650
cm* with air as background. FTIR spectra of freezeditif samples were similar to that of

commercial as received samples (data not shown).

The structural conformation of Lf in the Lf-algieatsolutions was studied by CD

spectroscopy. The spectra of Lf, alginate and giralte mixtures (1:1) in aqueous solution
were recorded in aqueous solution with Milliporetevaas the background in the wavelength
region 256-:350 nm using a Jasco J-710 spectrometer with & Bpéctra manager software.

Lf and alginate samples were diluted to 0.25 % evhil-alginate mixtures were diluted to

0.50 % for analysis. The measurements were madehient temperature (222 °C) and

the ellipticities were expressed as Milli degrees.

Surface charge properties of the Lf, alginate ahdlginate mixtures were measured using
NanoS Zetasizer based on electrophoretic mobifith® particles. The solutions used for the
measurements were acetate buffer (pH 4 and 5) mnlid buffer (pH 6 and 7) all with a
final ionic concentration of 1 mM potassium chlarids well as water resulting in natural pH
(the pH which is achieved upon dissolution of thet@n). Solutions of Lf (apo-, native- and
holo-) and sodium alginate were prepared in apjptgomedia (1% w/w). Lf was dissolved
at constant stirring for 2 h at room temperatuiiegia magnetic stirrer. Sodium alginate was
dissolved using high shear homogeniser (IKA® RWdifital, USA) at 600 rpm for 30 min.
The alginate solution was then heated in a watér Ba40 °C for 90 min to remove any
trapped air bubbles. The Lf and alginate solutiese mixed in a ratio of 1:1 using the high
shear homogeniser (=500 rpm for 5 min). The mixtwas allowed to stand at room

temperature for 1 h. The zeta-potential was medsafter diluting the mixtures 50 times.

Lf and alginate mixtures were examined using 12%guylamide precast continuous gels

(Mini-PROTEAN® TGXTM Precast Gels, BIO-RAD, Gladé$w, Australia) under non-
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denaturing (native) conditions in a Mini-PROTEANr&ecell system. The samples of Lf and
Lf-alginate mixtures (2 % w/w) were diluted in Mgbre water to achieve 1 mg/mL of
protein (Lf) content. The loading buffer containéd mM Tris-Cl (pH 6.8), 31 % glycerol
and 0.01 % bromophenol blue as the dye. The sam@esdiluted with the loading buffer in
the ratio of 1:2 prior to loading in the precast g&luted samples (fL) were loaded into
the wells of the precast gel and electrophoresis aaaried out at 200 V. The gels were fixed
for 5 min, stained with Coomassie brilliant blue2B9 solution (34 % methanol) and finally
destained. The gel was scanned using Gel Densitiar(@S-800 Calibrated Densitiometer,
UMAX Technologies, Model UTA — 2100XL, Taiwan) amghalysed with Quantity One®
software operating in Microsoft Windows® computesstem. To evaluate the effect of
holding time on complexation between alginate afdnLaqueous solution, Native-PAGE
was run for Lf-alginate mixtures (1:1) on differesdys; day O (immediately after mixing),
day 1 and day 7. Apart from day 0, the mixturesenept at 5 °C. In addition, Native-PAGE
gels with alginate and Lf-alginate mixtures in egoxing ratio (1:1) were stained using
Periodic Acid Schiff (PAS) technique used for cdampdrate staining (Dubray & Bezard,
1982). The gel was fixed in fixative solution forrbn followed by 1% periodic acid solution
dip for 10 min. It was then rinsed with Milliporeater twice for an interval of 10 min each
and was dipped in Schiff's reagent for 10 min. Finéhe gel was allowed to remain in

Millipore water overnight and scanned as descridtsave.

The apparent viscosity of the Lf, alginate and Ighaate mixtures at natural pH (unaltered)
was measured by a Discovery Hybrid Rheometer (DHRA Instruments, USA) using

TRIOS software at 20 °C under the shear rate af 2% 40 mm, parallel plate, peltier plate
steel geometry was used with a gap of 18@ Stock solutions of alginate (2 % w/w) and
apo-, native- and holo-Lf as well as Lf-50 (Lf hagi50% iron saturation level) (2 % w/w)

were prepared in Millipore water and mixed at ddéf# ratios to achieve total Lf content of
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25, 50, 60 and 75 % of the final 2 % total solichtemt in the mixtures. As controls, 2 %
alginate stock solution was diluted with Milliponeater to achieve total solid content of 0.5,
0.8, 1.0 and 1.5 % (w/w). Furthermore, Lf-alginat&tures with similar mixing ratios but

with different solid concentrations were prepardtixing was done using a high shear
homogeniser (~500 rpm for 5 min) and the solutese left at room temperature overnight
before the measurement. In order to evaluate timdribation of addition of Lf to the

viscosity of the mixture, the increase in viscositye to Lf addition to the alginate solution

was calculated as follows:

1 i H . Vi ity (Mixt —Vi ity (Alginat
Contribution of Lf to viscositys “scesity (Mixture)—Viscosity (Alginate)

x 100% (1)

Viscosity (Mixture)

-ie. from the viscosity of 2% mixture containing/& alginate, viscosity of x % alginate was

subtracted.

The thermal properties of different forms of Lfthre presence of alginate in aqueous solution
were studied by Differential Scanning Calorimet®SC1 STAR System, METTLER
TOLEDO, Schwerzenbach, Switzerland) according ® niethod described by Bokkhim,
Bansal, Gsndahl and Bhandari (2013). The Lf-alginate mixtu(2<% w/w) at 1.1 mixing
ratio were prepared in Millipore water, allowed gtand at room temperature (222 °C)
overnight and freeze dried. The freeze dried Lfralte samples were rehydrated in Millipore
water to achieve 10 % solutions. PQ of rehydrated Lf-alginate mixtures were used for
analysis. The temperature of maximum heat absorgdlip.) and the enthalpy change of
denaturation AH¢s) were determined from the transition peak usingABT Excellence
Software (METTLER TOLEDO). It was not possible t@pare 10% Lf-alginate mixture by

simply dissolving and mixing, thus freeze dryingloé Lf-alginate mixture was done.

Statistical analysis
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Zeta-potential values and thermal properties amsgited as mea#t SD of triplicate
experiments. MiniTab 16 software was used to aealyge significance of differences
between the values (where applicable) using AnslggiVariance (ANOVA) with Tukey’s

HSD post hoc test at family error rate 5 at 95%fidemce level.
Results and Discussion

This study investigated the properties of Lf-algenenixtures prepared from different forms
of Lf and at different mixing ratios with a constdimal solid content of 2% at pH values of
4-7. This pH range was chosen based on the factthatunstable below pH 4.0 (Abdallah
& El Hage Chahine, 2000), that th&a of alginate is 343.7 and the pof Lf is 7.8-9.5.
Furthermore, this is the pH range most commonlyoentered in food products. After
combining the Lf and the alginate solutions, thetories were held at # 2 °C overnight to
ensure equilibrium had been attained. Neither pretion nor gelling was visible in the
mixtures. The formation of soluble complexes isilagted to the mixing ratios studied for
which the net charge of alginate far surpassedchizege of Lf. Relatively stable colloidal
dispersions of a native-Lf-alginate system at pHL@B has previously been reported for

aggregated Lf particles (Peinado et al., 2010).
Chemical Characterisation

FTIR spectra of alginate, different forms of Lf ateir respective freeze dried composite Lf-
alginate mixtures (1:1) were analysed in the wagtle region of 1200-1750 ¢ In
addition, physical mixtures (e.g. dry-mixed powdes$ alginate and Lf (1:1) were run as
control samples. The wavelength region chosen deslithe amide | (1664690 cnt), II
(1480-1575 cn') and 11l (1229-1301 cm') bands of proteins (Kong & Yu, 2007) as well as

the antisymmetric stretch (1598597 cnit) and symmetric stretch (1467412 cnt) of the
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carboxylate groups of alginate (Lawrie et al. 200Hyure 1 (A, B & C) show the spectral
data obtained. The amide | and amide Il bands wbdeat 16378 cnmi' and around 1520
cm?, respectively, for all three forms of Lf in theydstate are different to those reported for
human-Lf in solution (1647 and 1577, respectivdipdden, Bloemendal, Haris, Srai &

Chapman, 1994), however, fall within the expectmglans for amide bands.

For apo- and native-Lf it was possible to obtajpresentative spectra of the physical mixture
(dry mixed powders) of Lf and alginate (1:1) as tcoinsamples, however, such a sample
could not be obtained for holo-Lf as the consisyeoicthe powder prevented proper mixing
in the dry state. The physical mixtures show thaitaxh spectra of the two macromolecules
in which no intermolecular interactions occur. #incbe seen in Figure 1 (A & B) that the
major bands and shoulders in these samples are siemjar to that of the two pure
macromolecules but with an apparent shift in thedam band to lower wavenumbers of
around 78 cmi® which is attributed to the underlying antisymmetstretching of the
carboxylate group of alginate. Importantly, in theeze-dried samples prepared from mixing
Lf with alginate (1:1) in solution and subsequenmyimg intermolecular interactions can
occur, and here the amide | band is found in alamposition to the physical mixture
indicating that there is no change in the secondémycture of the protein. Likewise, the
apparent shift in the amide Il band to higher wawnebers by 1710 cni' is attributed to an
additive effect as the same trend was noticedHerphysical mixtures. The position of the

amide Il band was not affected by the additiomlginate in the mixture.

The antisymmetric stretch of alginate showed a leoun the physical mixture at a similar
position as pure alginate (e.g. at 1595 nHowever, in the freeze dried mixture a shift in
this band towards higher wavenumber b &m* was evident (Figure 1). Furthermore, the

separation ) between the antisymmetric and symmetric stretchibrations (Lawrie et al.

10
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2007) change from 188 ¢hin alginate to 198200 cm’ in the freeze-dried samples and this
is attributed to the carboxylate group of alginatteracting with Lf, most likely with the
positively charged amino acid side chains. The tspeteatures for such amino acid side
chains are unfortunately not well resolved but @agewith the amide vibrational modes. In a
similar manner to these findings, different changethe FTIR spectra of freeze-dried and
physical mixtures have also been reported by SmjilMiddaugh and Rytting (2002) in a
protein/carbohydrate mixture. Zhao et al. (200%pltiyed in their work on bovine serum
albumin added to sodium alginate in solution somifissin the FTIR bands, however, in
their work, the spectra were not compared to a lgingudition spectrum of the two
macromolecules. Overall, in agreement with the pEnebservation that proteins
electrostatically binds mostly with the carboxybgps of the polysaccharides (Tolstoguzov,
1991) the FTIR spectra indicate the presence efnmblecular interactions between Lf and
alginate in the freeze-dried mixture involving tb@rboxylate groups of alginate, however,

these interactions do not cause a change the sagostducture of the protein.
Figures 1A, 1B and 1C

CD spectroscopy is a well-established tool for #ssessment of changes to the tertiary
structure of proteins-polyelectrolyte complexesyfikaazer, Seeman, Minsky, Dubin, & Xu,
2013). The CD spectra of alginate, different fowh&f and their respective mixtures (1:1) in
agueous solution in wavelength region of 2580 nm are shown in Figure 2. This
wavelength region was chosen as it was where lipti@ty values of alginate in solution lie
in the vicinity of zero and therefore allows evdioa of the Lf tertiary structure. All spectra
showed the characteristic bands of Lf in the-Z8D nm region; a negative band centered at
270-272 nm, a band at 29292 nm and one at 29898 nm (Bokkhim et al., 2013). Within

experimental error there was very good agreememidam the spectra of each of the forms

11
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of Lf and their respective mixtures with alginatedano significant change in the maximum
wavelength or ellipticity values was observed. Thiemonstrates that despite the
intermolecular interactions that occur between oppositely charged Lf and alginate in
agueous solution, all forms of Lf retained theiigoral tertiary structures. This result is in
agreement with previous findings that oxidised sodialginate does not induce a

conformational change to BSA (Gao, Liu, Chen, & @H2011).

Figure 2

Physicochemical Characterisation

The zeta-potential of native-Lf-alginate mixturdsdéferent mixing ratios in the pH range
4.0— 7.0 was studied. The Native-Lf mixture disglay positive zeta-potential in this pH
range in agreement with it$ palue and it was found that the zeta-potential sigsificantly
higher at pH 4 as seen in Figure 3A. In the absehdd, alginate displayed similar zeta-
potential values in the pH range studied (Fig. 3Wjth the addition of Lf, the negative
charge decreased significantly (the zeta-potentdlies of the mixtures were significantly
different @ < 0.05) to that of the alginate solution at all pilues studied) and the decrease
was larger at lower pH (Fig. 3A). This correlateighvihe significantly more positive charge
of Lf at pH 4. In addition, it was noted that thigher the amount of Lf in the mixture, the
larger was the numerical decrease in the zeta-pakemlue (Fig. 3B). A similar trend was
noted when Lf was added to negatively charfddctoglobulin-stabilized emulsions (Ye &
Singh, 2007) and is in agreement with formatiorlettrostatic interactions between the two
macromolecules (Ye, 2008). Since the largest deergmazeta-potential was observed for the
mixture with the alginate:Lf ratio of 1:1 (Fig. 3B)is mixing ratio was chosen for further
experiments. Furthermore, the zeta-potential vabfethe native-Lf-alginate mixtures were

not significantly different at pH 4 and 5 or at pHand 7. However, the zeta-potential values

12
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of the mixtures at pH 4 or 5 were significantlyfdient @ < 0.05) from that at pH 6 or 7

(Fig. 3 A). Based on this, the three forms of Lfrevetudied at pH 4 and 7.

The zeta-potential of the three forms of Lf, algenand Lf-alginate mixtures at pH 4 and 7
are presented in Figure 3C. The zeta-potentialegafar all three forms of Lf at both pH 4
and 7 were positive and the value for apo-Lf wagsificantly lower than that of native- and
holo-Lf at both pH values in agreement with thagyiously reported (Bokkhim et al., 2013).
In addition, zeta-potential values of all Lf sotuis at pH 7 were much lower than at pH 4 as
noted above for native-Lf. It was found that thealdinate mixtures generated significantly
different P < 0.05) zeta-potential values than that of alginat both pH values. The
differences in zeta-potential for the differentrfiar of Lf in mixtures were insignificant at
both pH 4 and 7. It can be inferred that the negatharges of alginate were partly
compensated by the addition of positively chargedrhus, as can be seen from Figure 3C, a
more positive zeta-potential of Lf at pH 4 resuliedhigher charge compensation when
added to negatively charged alginate solution lepdo a significant decrease in the zeta-
potential. At pH 7, which is near thé pf Lf, the protein had a lower positive chargesthu
leading to lower charge compensation. The resutimimed are in agreement with the
formation of electrostatic interaction betweenfatims of Lf and alginate at both pH 4 and 7.
The overall negative charge of the complexes smtdathat of the polyelectrolyte alginate
indicates that the outer layer of the complex imohated by the polyelectrolyte (Peinado et

al., 2010).

Figures 3A, 3B, 3C and 3D

The surface charge properties of the three formisf,oélginate and Lf-alginate mixtures at
natural (unaltered) pH are presented in Figure BDm previous studies it has been found

that pH of 1 % (w/w) natural apo-, native- and Rbfosolutions are 5.7, 5.4 and 6.2,
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respectively (Bokkhim, et al., 2013). It was foutitht the zeta-potential of apo-Lf was
significantly lower (5.3 0.1 eV) than native- and holo-Lf (81 eV and 22.3 0.4 eV,
respectively) under these conditions (Fig. 3D).tlkenmore, it was found that the zeta-
potential values of Lf-alginate mixtures at natyphll in different mixing ratios (alginate:Lf =
1:1 and 1:1.5) were not significantly different froeach other, but were significantly
different from that of alginate at both mixing i (Fig. 3D). This lack of a discernable
change in the zeta-potential values with the aoldi Lf in the mixture could indicate that a
point of saturation of alginate has been reachetairthe difference is too small to detect. In
the following sections the mixtures were studiedarmatural pH conditions as this is most
relevant to Lf encapsulation in alginate for itsvelepment as a pharmaceutical or food

component.

Evaluation of Relative Binding Affinity of Different Formsof Lf

Evaluation of protein-polyelectrolyte interactionhas traditionally used capillary
electrophoresis and size exclusion chomatrografyi{mazer et al., 2013). More recently,
so-called gel retardation assays employing agagess have been used to evaluate
complexation between DNA and chitosan (Masottilet2007) and complexation between
silk-polylysine block copolymers and plasmid DNA uMata, Subramanian, Currie, &
Kaplan, 2009) while heparin displacement assayslanmg native polyacrylamide gel
electrophoresis has been used to evaluate comfabRity for complexes between siRNA
and PEI polyelectrolytes (Hobel et al., 2011). Camnto these techniques is the ability to
evaluate relative amounts of bound and unbounceprgiolynucleotide. In the current study,
Native-PAGE gel electrophoresis was explored asean®s to evaluate to which extent
alginate is capable of binding the different forafd.f. The choice of native conditions for

the gel electrophoresis experiment was based oprtitein tertiary structure being retained
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under these conditions. In order to test this cphaegel was run with native-Lf at a constant
amount in all lanes but in different mixing ratagh alginate and the result of a Coomassie
blue stained gel (protein stain) is displayed igufe 4A. It can be seen, that in all samples a
protein band is appearing at the same positionhaspbsitive control (native-Lf in the
absence of alginate, lane 1). Furthermore, in lanegining alginate, varying amounts of Lf
has remained on the top of the gel and the amougratad (values indicated on the gel)
increases with decreasing amount of alginate (flaome 2 to 10). This result is interpreted in
terms of the Lf associated with alginate being prégd from migrating in the
polyacrylamide gel (ie. it is being retarded) amchain at the top of the gel while un-bound
Lf has migrated. This clearly demonstrates thedigliin using native-PAGE to evaluate
(relative) binging of Lf to alginate. It should beted, that over the mixing ratio range
studied there is a 100 fold difference in the mo#dio of alginate to Lf and this is not linear
which explains the non-linear trend in the amouhtnograted Lf with mixing ratio.
Furthermore, this result agrees with the lack dafiscernable change in the zeta-potential

values for the two mixing ratios evaluated in FegGD.

Figures 4A and 4B

Subsequently, Native-PAGE gel electrophoresis veasl tio evaluate relative binding affinity
of the different forms of Lf to alginate. The resshown in Figure 4B was obtained at a
constant mixing ratio of 1:1 and a constant amauritf in all lanes and the protein stained
using Coomassie blue. It can be seen that all faiid appear at the same position as the
respective positive control samples (lanes 1, 5F8jthermore, the effect of holding time
over 7 days was evaluated. Within the experimesralr, there was no significant difference

in the amount of Lf migrating with different loadintime for either apo-Lf (lanes-2),

native-Lf (lanes 68) or holo-Lf (lanes 1612). Therefore, the amount of the different forms
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of Lf bound to alginate was evaluated from the agervalues from the three time points and
found to be 76% for apo-Lf, 60% for native-Lf an@% for holo-Lf. Repeat experiments
(data not shown) consistently showed that a lamgeyunt of protein was retained in the apo-
Lf complex compared to the other proteins. A seggagel was run and stained with PAS
(polysaccharide stain, Supplementary Figure S1)s Experiment showed that for all
proteins a similar amount of alginate was retaif@dthe complexes relative to the pure
alginate sample. It can thus be concluded thatalginate displays higher binding capacity
(larger number of protein molecules per alginatiymper) for apo-Lf than for the other forms
of Lf. This result correlates with the surface deaproperties of the different forms of Lf at
natural pH. Thus, apo-Lf is close to its isoelecpoint while the two other forms of Lf have
similar positive surface charge (Fig. 3D). Whileeostudy found that proteins with higher
(and opposite) charge resulted in more binding ®venth polyelectrolytes (Vinayahan,
Williams, & Phillips, 2010), another study has simpuwhat not only the overall charge but
also the charge distribution of proteins affectirtheteractions with polyelectrolytes (Xu,
Mazzawi, Chen, Sun, & Dubin, 2011). In the currstoidy it appears that the higher capacity
for alginate to bind apo-Lf compared to native- &otb-Lf is related to fewer intermolecular
interactions between alginate and apo-Lf. Consmdgtiat the strength of interaction between
oppositely charged biopolymers is enhanced whem#techarges of the biopolymers are
increased (Ye, 2008), this in turn leads to thedist®n that weaker interactions exist

between alginate and apo-Lf than the other forms.of

Properties of Mixtures Resulting from Intermolecular Interactions

The polysaccharide alginate is expected to afflet wiscosity more than the protein Lf
(Schmitt, Sanchez, Desorby-Banon, & Hardy, 1998)weler, electrostatic interactions

between Lf and alginate can affect the apparebsisy of their mixtures. It should be noted
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that the change in viscosity might not always regom an electrostatic interaction but also
from other intermolecular interactions and hydmatgroperties of the molecules involved.
Mixing of polymers can influence the hydration pedy of a polymer in the mixture and
there can be a synergistic (compatibility) or aotagtic (non-compatibility) effect
(Tolstoguzov, 1991). When native-Lf (2 % w/w) hayimery low viscosity (~2 mPa s) was
added to an alginate (2 % w/w) solution of highcesity (~1300 mPa s) at an equal ratio
(1:1) (resulting in 1% alginate), the apparent sty of the mixture was found to be much
higher (~1000 mPa s) than that of 1 % alginatetswiualone (~150 mPa s) but lower than
that of a 2 % alginate solution. This clearly shdwvtleat the viscosity of the mixture was not
solely due to alginate and that Lf synergisticalytributed to the increase in viscosity. If the
result of mixing alginate and Lf had been an auditeffect, the viscosity would have
decreased to a value similar to that of the 1 %natg solution as the viscosity of the Lf
solution is significantly lower than that of thegialate solution at the same concentrations.
The results clearly indicated that intermolecutderactions between Lf and alginate have an

effect on the viscosity of their mixtures.

The effect of iron saturation levels on the visgoshange in mixtures with constant total
solid content of 2 % (w/w) was studied. From Fighfe it can be seen that with the increase
in apo-Lf, Lf-50 and holo-Lf content in the mixtui®m 25 to 75 % (e.g. mixing ratios of 3:1
to 1:3), the viscosity of the mixture decreasedweher, the contribution of Lf on viscosity
increments as calculated by equation 1 increasethésame series of mixtures (Fig. 5B).
For native-Lf, on the other hand, the viscosity tbé mixture increased along with its
contribution to viscosity increment. Comparing tietive-Lf, Lf-50 and holo-Lf at any Lf
content, it can be seen that with an increasinglle¥ iron saturation of Lf, the viscosity
increment decreased. Considering that the iron @asesuried within the interdomains of the

lobes of the protein (Brisson et al., 2007) theg anlikely to affect the intermolecular
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interactions. However, upon iron binding a changdeitiary structure of Lf is observed
(Bokkhim, Tran, Bansal, @Gndahl, & Bhandari, 2014; Shimazaki, Kawano, & Yd891)
which appears to affect the strength of intermdlacimteractions with alginate and is likely
due to the availability of exposed functional greugn Lf changing as a consequence of the
change in tertiary structure. Considering that Bpbas the lowest iron saturation it would be
predicted to have the highest impact on the visgasicrement, however, this was not
observed. This can be related to these experinbemg done at the natural pH of the Lf, and
the fact that apo-Lf has a significantly lower zptdential compared to native- and holo-Lf
under these conditions (Fig. 3D) thus decreasiregtstatic interaction with anionic
alginate as concluded above. The native-Lf showedaximum increase in viscosity of the
mixture at any Lf content level. The amount of watLf bound to alginate for mixtures
containing 50 % or more native-Lf remain relativebnstant (Figure 4A), yet, a large effect
on viscosity is seen between 50, 60 and 75 % LfecanOne explanation for this observation
is that as the amount of alginate decreases relébiwnative-Lf, there will be less alginate
available per Lf molecule which gives rise to netkvibormation although not to an extent of
visible gelling. This would cause the viscosityitgrease with increasing amount of native-
Lf in the mixture. The native-Lf is unique in digging this property and this is contributed

to a combination of optimal tertiary structure asdlvas optimal surface charge properties.

Figures 5A and 5B

The changes in thermal properties of Lf in the Ighaate mixtures in agueous solution at
natural pH were studied by DSC. The temperatummatimum heat absorptio {.y), also
known as the denaturation peak, and the enthalpygsh of denaturationAH.,) were
derived from the transition peak obtained from D®C thermograms and the values are

presented in Table 1. The denaturation peaks ofLaamd the second peak (mono- or di-
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ferric saturated) of the native-Lf (Bokkhim et &Q14) in the mixtures were not significantly
different from their respective Lf samples. Howevtre denaturation peaks of the first
(main) peak (iron free) of native-Lf and the peak hwlo-Lf in the mixtures shifted
significantly towards higher temperature as comghaoetheir respective Lf samples. Though
apo-Lf and the first peak (iron free) of native-héth are devoid of iron and similar in
composition, the difference in their behaviourhe mixtures can be related to differences in
the strength of intermolecular interactions witlyiadte as a result of their surface charge
properties. The significant increase in the deraditom temperatures for native- and holo-Lf
in their alginate mixtures is attributed to a largeimber of electrostatic interactions as
inferred from the PAGE gel electrophoresis datae fidason for the second peak of native-Lf
not showing a significant increase in denaturatemperature can be attributed to the small
amount of iron saturated Lf (mono- or di-ferricepent in the native-Lf (13 %). In agreement
with the current study, improved heat stabilityldfin the presence of negatively charged
soluble soybean polysaccharide has been reporteto(UUeda, Morita, Kakehi, &
Kobayashi, 2012). Tolstoguzov (1991) pointed ouatt ih a protein-polysaccharide mixture,
increasing the amount of bound protein in the mixtgives rise to an increase in the
denaturation temperature of the protein as comptrdcee proteins. Considering that only
60 % of native- and holo-Lf is bound to alginatehat mixing ratio studied (1:1) and that this
can be increased upon changing the mixing ratisgth@n PAGE gel electrophoresis results),

it is clear that alginate offers great opporturdlyimproving the thermal stability of Lf.

The enthalpy change of denaturatiaH(,) for the main denaturation peak for all the
mixtures significantly decreased as compared to thspective Lf samples. Though a higher
temperature was needed to denature Lf in the nastuattributed to intermolecular

interactions, less heat energy was required toecaesaturation once the temperature of

denaturation had been reached. Previous studiegedpn the literature have made disparate
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observations with regards to the effect of polyetdgtes on protein stability. A study of
mixtures of polysulfoanions and clyceraldehyde-8gghate dehydrogenase (GADPH)
found that these polyelectrolytes cause a decreas#enaturation temperature and that
polysaccharide-based polyelectrolytes had the lehsan effect (Stogov, lzumrudov &
Muronetz, 2010). Likewise, synthetic anionic poéetolytes when complexed with
lysozyme, chymotrypsinogen and GADPH were foundsigmificantly reduce the thermal
stability of the protein (Inivova, Izumrudov, Muretz, Galaev & Mattiasson, 2003). In
contrast, Burova et al. (2002) has made similarendadions to the current study. They
reported a lowering of the denaturation enthalpy domplex of soybean tripsin (Kunitz)
inhibitor (STI) and dextran sulfate at pH 3 andrarease in denaturation temperature of STI

when complexed with pectin having low degree oéefstation.

Overall, these and the current study highlight timportance of evaluating the thermal
stability of protein/polyelectrolyte complexes befo proceeding for technological

application. Furthermore, the current study hawavshthat while alginate does not enhance
the thermal stability of Lf, it does lead to a heghdenaturation temperature which is an

important finding for the application of Lf-algiretmixtures in food products.

Table 1

Conclusion

The results of this study have demonstrated trethonic polysaccharide alginate has the
potential to be a successful carrier material fiffecent forms of Lf since the protein is
conformational stable in its mixtures with alginaenumber of the experiments probed the
intermolecular interactions between alginate areddifferent forms of Lf. Specifically; the
zeta-potential data was consistent with charge emsgttion of the protein by alginate with

the overall complex carrying a negative chargenanpgH range of 4 to 7. It was shown from
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the FTIR spectra that the CO@noieties of alginate are involved in the interncaolar
interactions and the viscosity of the mixtures Hartmore gave strong indications of
intermolecular interactions. In addition, it wasuifa in this study that the form of Lf has a
significant effect on both the binding affinity ¢in PAGE gel electrophoresis) and strength
of interactions (from viscosity and DSC) in thesenplexes. This knowledge will be of great
value when fabricating alginate-based deliveryeawst for Lf. Further work is being carried

out on than-vitro release of lactoferrin from Lf-alginate encapseilaixture.
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Caption for table supplied:
Tablel

Thermal denaturation temperatures (Tmax) and enthalpy change of denaturation (AHca) of Lf
samples and Lf-alginate mixtures (1:1) (10% w/w).



Table:

Tablel
Sample Peak 1Tmaa('C)  AHcy1 (Jlg) Peak2:Tmae('C)  AHy2 (J/g)

Apo-Lf 70.7 + 0.8° 13.2+0.2° - -
Mixture (Apo-Lf) 69 + 1% 8.1+0.8° - -
Native-Lf 60.5 + 0.5° 14+15¢ 89.2+0.5° 2.0£0.1°
Mixture (Native-Lf) 67 + 1¢ 7.3+0.7° 88+ 2" 1.0+0.1°
Holo-Lf - - 91.3+0.5° 21.0+0.6"
Mixture (Holo-Lf) - - 94.2 + 0.4° 15.3+0.9°

Mean values of T and AH4 (vertical column) that do not share a letter are significantly different at P < 0.05.



Captionsfor Figuressupplied:

Figure

Caption

Remar ks/For mat

Fig. 1

FTIR spectra of alginate, different forms Ildf and their
respective mixtures (Lf-alginate = 1:1); dry mix&dfreeze
dried mixture in the wavelength region 173000 cnf-

(A) Apo-Lf and its mixtures,
(B) Native-Lf and its mixtures and
(C)Holo-Lf and its mixtures.

Alginate (0 ), Lf (1D}, dry mixed mixtures< — —) and freeze

dried mixtures {#). As holo-Lf was not able to form

homogenous mixture when dry mixed, the spectrunbkeas
removed.

TIFF

Fig. 2

Circular dichroism spectra of alginate, plack), apo-Lf ¢,
red), native-Lf {, green), holo-Lf [(J, voilet), MA (m, navy
blue), MN @, brown), MH ¢, blue) in aqueous solution.
represents mixtures of alginate & Lf (1:1) wherdajpo-), N
(native-) & H (holo-) Lf.

TIFF

M

Fig. 3

(A) The zeta-potential values of native-ld)( alginate €)
and Lf-alginate mixtures at 1:1 rati@ ] in pH range
4.0-7.0 (1 mM KCI);

(B) Zeta-potential values of native-Lf-alginate mixtuae
different mixing ratios at pH 4-7 (1 mM KCI). L#(),
Alg (¢), Alg:Lf=9:1 (0), Alg:Lf=8:2 (v), Alg:Lf=7:3
(8), Alg:Lf=6:4(m) & Alg:Lf=5:5 (0O);

(C)The zeta-potential of apo-, native- and holo-Lf &
their alginate mixtures at 1:1 ratio at pH 4 and 7,

(D) The zeta-potential of apo-, native- and holo-Lf &
their alginate mixtures at natural pH in mixingioat
of 1:1 (ie. 5:5) and 1:1.5 (ie. 4:6).

TIFF

and

and

Fig. 4

(A)Native-PAGE of Native-Lf and its mixture wit
alginate (MN) in different mixing ratios (alginat]
native-If);

(B) Native-PAGE of different forms of Lf (apo-, natige
holo-) and their mixtures (MA, MN & MH) in equa
mixing ratio (1:1) at different storage days (0% ).
The values from the densitiometer analysis (reda
amount of Lf migrated from the mixture) are given
the bottom of the gels.

hThe figures are th
eoriginal gels

11800). Thus is save
in JPEG format, a
tikonverting them tg
alFF led to fading
of bands.

Fig. 5

(A)Comparison of apparent viscosities at shear rat"2
of mixtures of alginate and Lf [apo-(A), native-(N
Lf-50 & holo-(H)] at different ratios (alginate:Ldf
3:1,1:1, 1:1.5 & 1:3) at natural pH;

(B) % Contribution of Lf to viscosity increase of the
mixtures as calculated from equation 1.

5T IFF
i)

se

scanned using Ge
Densitiometer (GSt
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Highlights:

1. All formsof Lactoferrin (Lf) retain their structural conformation in Lf-alginate
mixtures.

2. Molecular interactions between Lf and alginate involve the aginate
carboxylate groups.

3. Native-PAGE was used to evauate the binding capacity of alginate towards

Lf.

4. All forms of Lf contribute to an increase in viscosity of Lf-alginate mixtures.
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