





CHAPTER 7

COMPARISON OF PROTEIN-POLYSACCHARIDE NANOPARTICLE
FABRICATION METHODS: IMPACT OF BIOPOLYMER
COMPLEXATION BEFORE OR AFTER PARTICLE FORMATION

7.1 Abstract

The nature of biopolymer nanoparticles formed using two differentapagpn
methods was comparedType 1 particles were formed by creatirgylactoglobulin
nanoparticles, and then coating them with pecligpe 2 particles were formed by
heatingB-lactoglobulin and pectin together. Protein nanopartiales (80 nm) were
created by heating-lactoglobulin above its thermal denaturation temperailixe 4t pH
5.8 Type 1 particles were then formed by mixing these pestiwith high methoxy
(HM) pectin under conditions where pectin adsorbed to the protein (BH Jype 2
particles were created by heatifiglactoglobulin-HM pectin electrostatic complexes
aboveT, at pH 4.75. At pH 4.5, Type 1 and Type 2 particulates had similegeita33
mV), protein content, and shapes (spheroid), however, Type 1 partiousargerd
=430 nm) than Type 2 particulates< 300 nm).

The influence of pH, ionic strength and protein:pectin mass rafior the
physical stability of the two types of particles was testel. weight ratio of 2:1
(protein:pectin) gave good pH stability of the particles agaiggtemation by imparting
more surface charge. Type 2 patrticles had a higher ebdctharge, better stability to
aggregation at lower pH values (pH < 4), and better stabilingtpegation at high salt
concentrations (200 mM NaCl) than Type 1 particles. Theseatifes suggested that

Type 2 particulates had a higher surface coverage withnpeabgreby reducing their
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tendency to aggregate. These results have important conseqtmnties design of

biopolymer nanoparticles based on thermal treatment of proteins and polysascharide

7.2 Introduction

Biopolymer materials may be used to create particulatetstascon the sub-
micrometer scale. The biopolymer nanoparticles formed mayskd to protect or
deliver high-value bioactive components, such as lipids, vitamins or nsirfer29, 354,
355. Spherical biopolymer particles may also mimic the opticééxtural properties of
lipid droplets, and can therefore be used to replace fat in céo@as 39, 295, 356,
357). Biopolymers such as protein and polysaccharides may be usedate such
particulates through various types of biopolymer-biopolymer assgeiatiteractions
(296, 358-36D

Globular proteins and anionic polysaccharides will associate veithh ®ther
under conditions of opposing charge34, 327, 360 Proteins attain a net-positive
charge when the pH is reduced below their isoelectric point (#). pH values
sufficiently far above this point, the strong negative charges ornwbebiopolymers
result in electrostatic repulsion. Attractive interactions emhplexation may begin at
values slightly above the protein’s isoelectric point, due to le@lpoints of interaction
between the anionic groups on the polysaccharide and cationic pattlegroteins
surface 861). Further pH reduction induces greater complexation, eventually resulting i
phase-separation of the fully neutralized complex, usually refféaoeas a coacervate
(133. Complexation is believed to be a result of both entropic and ertHatpors 6,

191).
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Thermal treatment of native globular proteins leads to chaistatechanges in
their conformation and interactions, which can be used as the bhdisrming
biopolymer nanoparticles. For example, heat treatmerfi-lattoglobulin above its
thermal denaturation temperature at pH values just below 6 leatie tormation of
protein nanoparticles of approximately 50-150 nm diamédteBI§) (251, 362, 368
The particle size of the aggregates depends on the heating edtteg furation $64),
and protein concentratio3§5. Complexation between these protein nanoparticles and
anionic polysaccharides has been achieved with dextran sulfhiend sugar beet pectin
(229 by reducing the pH towards the isoelectric point. Werradethe biopolymer
particles created by addition of an oppositely charged polysadeltarglobular protein
nanoparticles formed by heat treatment g€ 1 particles”.

Previously, our laboratory has studied the effects of pH and thema#inient on
agueous solutions containing electrostatic complexe$-laictoglobulin and anionic
polysaccharides 163, 254, 25p Heating these complexes was shown to create
biopolymer nanoparticles4(F~ 150 — 300 nm) that were relatively stable to further pH
changes. Similar results have also been found for ovalbumin-baseiegem 162).

We refer to the biopolymer nanoparticles created by heatingnam polysaccharide and
native globular protein together abype 2 particles”.

Since both of these approaches (Type 1 and Type 2) eventually tiedde
formation of biopolymer nanoparticles comprised of globular protein andgmdizaride,
we systematically compared the nature of the particles foused each method. This
information is important for selecting the most appropriate method redtiog

biopolymer particles with specific functional attributes. ks tstudy, we useg-
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lactoglobulin B-Lg) as a model globular protein, and high methoxy (HM) pectin as a
model polysaccharide, since previous studies have shown that biopolyrtiedepaan

be formed from them using either the Type 1 or Type 2 method. xaanme, Type 1
particles were formed by heatifiglactoglobulin at pH 5.8 to form protein particles that
could then be coated with pectin at lower pH, giving biopolymer partiidgs a final
diameter of 100 — 400 nnR29. Type 2 particles have been formed by heating
electrostatic complexes @-lactoglobulin and pectin at pH 4.75 to create biopolymer
particles with a final diameter of 100 — 300 n@54). Both types of protein-

polysaccharide particles were more stable to pH adjustments than proteiepattne.

7.3 Materials and Methods

7.3.1 Materials
Purified B-lactoglobulin powder (Lot# JEO003-3-922) was kindly donated by

Davisco Foods International (BioPURE Betalactoglobulin, Eden Praih). The
reported composition of the powder was 97.4% Total Protein, 9R-B8ftoglobulin, and
2.4% Ash. A High Methoxy- Pectin (#1781; DE 54%; 166 kDa) was kindlytddriay
CP Kelco. Hydrochloric acid and sodium hydroxide solutions for pH ad@rgs were
created from a 12.1 N hydrochloric acid solution (Fisher Scientidrlawn, NJ) and
solid sodium hydroxide pellets (Sigma Chemical Co., St. Louis, ,M&ypectively.
Concentrated nitric acid was utilized as a cleaning solutionherP-DSC (Sigma
Chemical Co., St. Louis, MO). Solutions were created with doubld#ietisdde-ionized
water, obtained from a water filtration unit on-site. All miatls were used directly from

the sample containers without further purification.
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7.3.2 Biopolymer Solution Preparation

B-Lactoglobulin and pectin powders were weighed and put into sepaeiterbe
for solubilization with a 10 mM acetate solution. Full solubilizatddrpectin solutions
was assured by stirring continuously at ambient temperatu® X6rhours at 300 rpm.
B-lactoglobulin solutions were prepared on the morning of experimentegiuiring 1-2
hours for solubilization. Protein and pectin solutions were adjusted to pHiffg0lud N
and 0.1 N sodium hydroxide solutions before further mixing operationter Alfixing,
the final solutions contained 0.5% (w/w) protein and/or 0.25% (w/w) pectissinl
otherwise stated. Individual and mixed biopolymer solutions were adjtstpH values
below 7.0 using 1.0 N, 0.1 N, and/or 0.01 N hydrochloric acid solutions. Proton
conductivity values were measured using a pH/mV measurement (UBit10
“Ultrabasic”, Denver Instruments, Denver, CO). All solutions wstieed at the desired
pH for at least 30 minutes before subsequent steps.

Associative complexes betwedtlactoglobulin and pectin were formed by
mixing equal masses of a 1.0 % (w/w) protein solution with a 0.5%)(péatin solution
at neutral pH. These mixtures were adjusted to pH 4.75 overad éril5-20 minutes
using 1.0 N and 0.1 N HCI solutions and continuous stirring. The Bdawtoglobulin
stock solution (1.0 % w/w) was diluted 1:1 with 10 mM acetate bufifeal{ 0.5% w/w)
and adjusted to pH 5.8 over a period of 15-20 minutes using 1.0 N and 0.1 N HCI
solutions with continuous stirring.

7.3.3 Turbidity Measurements versus Temperature
The turbidity of biopolymer solutions with increasing temperature aralyzed

using a UV/visible spectrophotometer at 600 nm (Ultraspec 3000 pro, Bmchtd.,
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Cambridge, UK). Sample cuvettes were composed of quartz witthdegpayth of 1.0
cm. Prepared and filtered sample solutions were insertethmtcuvette, followed by 3
drops of hexadecane oil to prevent excessive evaporation. Distdled was used as a
blank reference. Temperature scanning proceeded from 25@a&2 rate of 0.8C per
minute. Certain samples were scanned during the cooling perio®8Z) at a rate of
1.2°C per minute.
7.3.4 Differential Scanning Calorimetry

Absorption or release of thermal energy from samples was ttaskmng a
variable pressure differential scanning calorimeter (VP-DE€roCal, Northampton,
MA). Prepared and filtered sample solutions were degassed ialladegassing unit for
15-20 minutes at 28C. Degassed samples and buffer were injected into the sample and
reference cells of the VP-DSC, respectively. Operation of the unit aadrdeking were
performed by VPViewer software (MicroCal, Northampton, MA). penature scanning
proceeded from 15 to & at a rate of 1.8C per minute. Analysis of the thermographs
was handled by a specialized software (v. 5.0; OriginLab, Northampton, MA).
7.3.5 Formation and Stability of Biopolymer Particles

A similar heat-treatment was used to prepare the biopolyarécles through the
study. Biopolymer solutions were poured into 40 mL glass cylindudeds with plastic
screw-caps. These capped solutions were then immersed in°@v@ger bath for 15
minutes to induce protein unfolding and aggregats¥) Following heating, samples
were removed from the bath and cooled at room temperature for 2h@@ s followed

by immersion in a room temperature water bath for 2 hours. év¥enight refrigerated
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storage, the solutions were allowed to reach room temperature hetber mixing and

dilution. Three different types of biopolymer particles were formed:

e Protein Nanoparticles: Protein nanoparticles were formed by heat-
treatment (85°C, 15 minutes) of #$-lactoglobulin solution (0.5 %, pH
5.8), then adjusting the pH to 4.5.

e Type 1 ParticlesType 1 protein-polysaccharide particles were formed by
mixing a pectin solution with a suspension of the protein nanoparticles
formed above, at pH 7, and then adjusting to pH 4.5 to promote pectin
adsorption.

e Type 2 ParticlesType 2 protein-polysaccharide particles were formed by
heat-treatment (8%C, 15 minutes) of &-lactoglobulin — pectin solution at

pH 4.75, and then adjusting to pH 4.5.

Final protein concentrations for all solutions were 0.1% (w/w), whéetin
concentrations varied between 0 and 0.05% (w/w). The stability ofatieus types of
biopolymer particles formed was then tested when the pH djasted from pH 4.5.
Solutions were divided in half prior to pH adjustment. One half walfi@d using 1.0
N and 0.1 N HCI solutions, while the other half was neutralized usiigN and 0.1 N
NaOH solutions. Aliquots were taken for analysis at various pH values.

7.3.6 Particle Composition and Properties
Particulate solutions were created as described above. ®adilposition and

properties were determined by analyzing suspensions before aftelfmeatrifugation at
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pH 4.5. Centrifugation was performed using an ultracentrifuge (BdR@6 Plus,
Thermo Scientific, Waltham, MA) with a 50-mL capacity rotor (F2dtor) at 13,000
RPM’s (20,000x g) for 40 minutes (ZIC). Samples were placed in 40-mL screw-capped
plastic tubes prior to centrifugation. Following separation, supernsateere decanted
carefully into separate glass test tubes using transfer gspefthe remaining precipitate
was transferred to a beaker and diluted to 30 mL volume withtadmiéer (pH 4.5, 10
mM). These precipitate solutions were stirred overnight withagnetic stir-bar at 350
rpm to achieve dispersion and re-suspension.

Supernatants and dispersed precipitates were analyzed forepsidcland charge
characteristics using dynamic light scattering and miestedphoresis (Nano-ZS
instrument, Malvern Instruments, Worcestshire, UK). The parsizke data is reported
as the Z-average mean diameter, while the particle chaigeisl reported as the
potential. Protein contents were determined using the standard lamsay, using
unheated-lactoglobulin as a standard. Polysaccharide contents were detdrasing
the Phenol-Sulfuric acid assay, using unheated solutions of the respgeaiisaccharide
as a standard.

The Lowry assay was performed, as follows: 0.5 mL of samvpke combined
with 2.5 mL of Lowry solution C (0.4 mM CuS01.0 mM tri-sodium citrate, 185 mM
sodium carbonate, 98 mM sodium hydroxide), vortexed, and allowed to re&0 for
minutes; 0.25 mL of Lowry solution D (1:1 Folin-Ciocalteau Phenol @sagdouble-
distilled water) was added; solutions were vortexed and alloweestdor 25 minutes;
absorbance of solutions was measured at 600 nm in a disposable phastie with a 1

cm path length.

202



The Phenol-Sulfuric Acid assay was performed, as follows: aque@amlpf{i
mL; 5% v/v) and concentrated sulfuric acid (5 mL) solutions waneed; 1 mL of
sample/standard was added; mixtures were allowed to rest’a @6 10 minutes and
were then vortexed, briefly; after standing af’@5or another 30 minutes, mixtures were
analyzed through visible-light absorbance at 485 nm.
7.3.7 Particle Morphology using AFM

Selected samples were chosen for structural analysis ugorgicaforce
microscopy (AFM). These samples were diluted using double edstilater (HPLC
grade) to approximately 0.0033% protein concentration (w/w) and then moamtad
newly cleaved mica slide (PELCY Mica, 9.9 mm discs; Ted Pella, Redding, CA) by
injecting ~2uL of the dilute sample onto the surface. Mica slides wgeglfto magnetic
steel wafers using adhesive strips (PEL®@abs; 12mm OD; Ted Pella, Redding, CA).
These sample-mica assemblies were loosely covered in iadBktrand placed in a
dessicator overnight to dry the sample thoroughly. When dry, theplesanica
assemblies were scanned usinGRxIl atomic force microscope (Veeco, Santa Barbara,
CA) mounted with a silicone tip (Force constant 3N/m, Multi75Pdd Pella, Redding,
CA). Various scanning windows were analyzed under air (1QuI®x Gum, 3 x 3um)
in contact mode with a scan speed of 0.8 Hz and a Force of 60 nNatiOpend data-
gathering of the microscope were performed by supplied soft{ffaoscanXP, version
1.9; Veeco, Santa Barbara, CA). Force data was convertedramfetrrable images

using IP2 Image analysis AFM software (Version 2.1).
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7.3.8 Statistical Analysis

All measurements were performed on at least three fresbpaprd samples and
are reported as means and standard deviations. For thermakar(@lybidity and VP-
DSC plots), representative samples were chosen and presentedstatigtical data
presented. Significant and highly significant differenceshat@.05 and 0.01 level,
respectively, were determined by Dunnett’'s Procedure for cothmaemalysis. In these
cases, mixtures with polysaccharides were compared againetnteolcof pure -

lactoglobulin solution.

7.4 Results and Discussion

7.4.1 Creation of Type 1 Particles

Type 1 biopolymer particles are formed by mixing a solution afici
polysaccharides with oppositely charged protein particles. We faherenitially
investigated the conditions required to form protein particles. Presgioualses in our
laboratory have shown that protein particles can be formed bipng@atactoglobulin (3-
Lg) solutions at pH 5.8 above the thermal denaturation temperature mfotee @29).
The thermal behavior g8-Lg at this pH was investigated using differential scanning
calorimetry (Figure 7.1), which showed that there was a broad enahithgeak around
80°C (Table 7.1). This broad peak is similar to the ones reported @tamid 7, where it
was attributed to the cooperativity of the protein unfolding procé&ss36§. The peak
temperature, ~ 88C, was higher than the denaturation temperatufglaj reported at
pH 7 (-~ 75°C), which agrees with other studies that have found increasednprote

stability around the pl&3, 85.
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Figure 7.1
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Figure 7.1 Absorbed thermal energy @-lactoglobulin at pH 5.8 in 10mM acetate

buffer as a function of temperature

Table 7.1 Gathered thermal data fgs-lactoglobulin at pH 4.75 and 5.8 with
(“Complex™) or without pectin

Protein Solution | Tage (°Celsius) | Tn (°Celsius) | Total Enthalpy (kcal)
Blg pH 4.75 75.84+ 0.58 78.31+0.37 24.8+1.5
Complex pH 4.75| 78.20+0.45 | 78.5F+0.06 43.68+1.9
Blg pH 5.8 79.85+0.77 80.18+ 0.19 55.9+ 6.9

After thermal denaturation, hydrophobic and disulfide interactions aragied

among unfolded globular protein molecules, which lead to the formatiaggregated

structures, which may or may not be large enough to scatter Migile To determine

the formation of large aggregates, the turbidit-ddictoglobulin solutions was measured
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as a function of temperature at pH 5.8 (Figure 7.2). The turbidttyegbrotein solutions
remained low from 30 to 68C, increased slightly from 65 to around &0, and then
increased steeply upon further heating. The rapid increase iulityrround 80°C
coincided with the thermal denaturation temperature of the protein, stumggéhat the
particles aggregated rapidly after they had unfolded. The learfmrmed were thermo-
irreversible, as indicated by the fact that the samples neahdighly turbid upon cooling
(Figure 7.2). These experiments indicated that protein parocdekl be created by
heatingp-lactoglobulin solutions at pH 5.8 above &D. We therefore used a holding

temperature of 85°C for 15 minutes to form protein particles in the subsequent

experiments.

Figure 7.2
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Figure 7.2 Turbidity of B-lactoglobulin at pH 5.8 in 10mM acetate buffer as a function
of temperature.
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The pH-dependence of the properties of the protein particles doboy¢hermal
treatment of3-lactoglobulin at pH 5.8 was determined (Figure 7.3). Similar twenf-
lactoglobulin, the protein particles changed from a negative eharghigh pH to a
positive charge at low pH, with a point of zero charge around 4.BHFigure 7.3a).
The protein particles had a relatively small diametex (500 nm) at pH values well
below (pH < 4) or well above (pH > 5.5) the isoelectric point, bueweghly prone to
aggregation around the pl (Figure 7.3b). This effect can bbu#d to the reduction in
electrostatic repulsion between particles associated with rewuced electrical charge
(Figure 7.3a). Pectin remained negatively charged throughout thengel studied, with
a slight decrease in the magnitude of the charge as the pehdgedrbelow 4.0 (Figure
7.3a), which can be attributed to some protonation of the carboxyl grooynsdaand
below their pK value. Pectin solutions remained transparent across the entrangel

studied in the absence of protein.
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Figure 7.3a
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Figure 7.3 (-potential and diameter of heatdactoglobulin (pH 5.8) with (“Type 17)
or without (“HBIg”) pectin as a function of decreasing pH
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Type 1 biopolymer particles were formed by mixing pectin with pihatein
particles formed by thermal treatme29). Experiments were performed to find the
most suitable conditions for forming stable Type 1 particles. efPrgiarticles and pectin
were mixed at pH 6.5, and then the pH was reduced to promote pediptexats The
mixed system had a negativepotential that was intermediate between the two
components (Figure 7.3a) at all pH values, which suggestedhiatetctin molecules
associated with the protein particles. There was an appresiabdase in the diameter
of the particles in the mixed system when the solution was adjfrstm pH 6.5d = 260
nm) to pH 4.5¢ = 430 nm), which can be attributed to adsorption of pectin moletules
the protein particle surfaces, as well as possibly some brifigocaulation (Figure 7.3b).
The extensive aggregation that was observed in the protein payttéan around the pl
of the protein was not observed in the presence of pectin (Figure 780, mdicated
that the pectin stabilized the protein particles against aggreggiresumably be
increasing the electrostatic and steric repulsion between the biopolgrietes.

Atomic force microscopy (AFM) was used to compare the morphadddype 1
particles with that of the protein particles from which theyensabricated (Figure 7.4).
The Type 1 particles and protein particles both had spheroid shapémthrekhibited a
broad range of particle sizes. There appeared to be a@mgneatber of small particles in
the protein particle system than in the Type 1 particle sysisraxhibited by the surface
roughness between the larger particles. These small parmi@gsnot have been
observed in the Type 1 system since the pectin molecules maglswbed to them and

grouped them together.
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Heate-lactoglobulin, pH 5.€ Type 1 particle

Figure 7.4 Atomic force microscof image of both heategHactoglobulin at pH 5.8 an
the Type 1 particle

7.4.2 Creation of Type 2 Particles

Previous work in our laboratory has demonstrated Hiopolymer particles (
100 —300 nm) can be produced through thermal treatmfe-Lg-pectin complexes (pl
4.75 -5.0). Type 2 particles were created using this@ggh in the present study,
heatingB-Lg-pectin complexes at €°C at pH 4.75. The thermal behavior of the glob
protein at this pH was studied in the absence areence of pectin using differenti
scanning calorimetryFigure 7.5). Thepeak maximum and peak shape were f¢
similar with or without pectin up to about ©C, which suggests that the pectin did
strongly impact the unfolding of the globular pia. On the other hand, there was
appreciable exothermic contribution to the DSC aigbove about 8°C in the absence
of pectin, which can be attributed to extensiveraggtion and precipitation of tt
protein molecules. This kind of exothermic ing has also been reported in ot

calorimetry experiments using complex352). The exothermic contribution was r
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observed in the sample containing pectin, which can be attributed fadh#at the

protein aggregation was more limited in this system (see following diso)ssi

Figure 7.5
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Figure 7.5 Absorbed energy di-lactoglobulin at pH 4.75 both with and without pectin
as a function of temperature.

The turbidity of the protein/polysaccharide solutions was measuraduasction
of temperature at pH 4.75 so as to provide some insights into the ofitihe Type 2
biopolymer particles formed (Figure 7.6). The initial turbidity dhe
protein/polysaccharide solutions prior to heating was relatively tfig 0.25 crif)
because of the electrostatic complexes formed by pectinBdmg at pH 4.75. The
turbidity of the samples remained relatively constant when treeg Wweated from 25 to
55 °C, increased gradually from 55 to 76, then showed a slight dip around %G,

before increasing steeply at higher temperatures (Figure Ti@se changes in turbidity
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with temperature indicate changes in the structure of the coagptexparticles present in
the system. We postulate that the slight increase in turbabserved at lower
temperatures is due to a small fraction of the native proteincoekebecoming detached
from the pectin molecules due to their increased thermal e@dyyhen aggregating in
solution. The much steeper increase in turbidity observed arouf@ ®0attributed to
unfolding and detachment of the protein molecules from the pectinhandaggregating
in solution. The dip in the turbidity around 76 may be due to some sedimentation of
the aggregates formed at lower temperatures. Further wor&qudred to better
understand the different physicochemical phenomenon occurring when pratelns

polysaccharide complexes are heated together.

Figure 7.6
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Figure 7.6 Turbidity of p-lactoglobulin at pH 4.75 with pectin as a function of
temperature.
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The thermal characteristics gfLg at pH 4.75 in the absence and presence of
pectin are compared in Table 7.1. The thermal denaturation temperifiukg was the
same in the absence or presence of pectin (~°Z8,5vhich indicated that the pectin did
not have a major impact on the unfolding of the protein. On the othdy thenthermal
aggregation temperature ffLg was significantly higher in the presence of pectin (~
78.2 °C) than in its absence (~ 75°€), which indicated that pectin retarded the
aggregation of the protein molecules. Interestingly, in the pwtiprsolutions, the
aggregation temperature was significantly below the thermakuatian temperature at
pH 4.75, but was approximately equal to the thermal denaturation tempeatippi 5.8
(Table 7.1). This effect can be attributed to the fact thaetige more electrostatic
repulsion between the protein molecules at pH 5.8, and hence moldingis required
before aggregation will occur.

Atomic force microscopy was used to determine the morphology of yhe I
particulates formed by heating protein-polysaccharide comp(Exgsre 7.7). The AFM
images indicated that spheroid particles were formed withetens around 100 to 250
nm, which were fairly similar in appearance to those formed in the Typeelrs{Sigure
7.4). Nevertheless, there the Type 2 particles did appear tosheolgslisperse than the
Type 1 particles, with the images containing fewer small backgl particles (Figure

7.4).
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Figure 7.7 Atomic force microscof image of Type 2 particulate (heatep-
lactoglobulin-pectircomplex.

7.4.3 pH and Salt Stability of Biopolymer Particles

Previous investigations of heatep-lactoglobulinpectin complexes (Type
particles) and pectinoated p-lactoglobulin aggregates (Type 1 particles) h
demonstrated the enhanced stability of these sgstenthanges in pH and salt wr
compared to unheated systems. Nevertheless, thand salt stability of Type 1 ar
Type 2 particles have never been directly comparettr comparable conditions. Int
study, we therefore fabricated Type 1 and Typer8igh@s with similar compositions ar
then adjusted them to pH 4.5. The biopoly particles were then analyzed by dynai
light scattering, turbidimetry, archarge mobility measurements at pH 4.5 (Tablerd],
after subsequent adjustment to other pH and sallitons (Figure<7.8, 7.9 & 7.10).
The mass ratio of prote-to-pectin () was also varied to determine its effects on plar
size and stability.

The characteristics of Type 1 and Type 2 partiobessured at pH 4.5 are sho

in Table 72. The electrical charges of the Type-33.5 mV) and Typ 2 (-33.0 mV)
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particles were fairly similar, suggesting that they redyf similar overall compositions.
The mean diameters of the Type 1 particles (~ 400 nm) were significagdigegthan the
Type 2 particles (~ 300 nm), which indicated that the preparation mditidthve some
impact on the nature of the particles formed. Presumably, the Tyarticles consisted
of a protein core surrounded by a shell of polysaccharide moleciiles protein core
should have a diameter approximately equal to the diameter wiitiakprotein particles
from which the Type 1 particles were formeb~ 200 nm. The polysaccharide shell
should therefore be around 100 nm thick, which is appreciably largethtaxpected
diameter of individual pectin molecules in solution. The structutbeoype 2 particles
is currently unknown. In previous studies, we hypothesized that dellgt proteins
become detached from the pectin molecules after the proteiriseated above their
thermal denaturation temperature. The denatured proteins then aggnetljee agueous
phase to form protein particles, and then the pectin molecules abdbeb garfaces of
the protein particles. In principle, the Type 2 particles shoulefibre also have a core-
shell type structure. It should be noted that many of the metalbserved by atomic
force microscopy had diameters smaller than the mean valugsndetd by dynamic
light scattering (Figures 7.4 and 7.7). This suggests thatmdgright scattering may
have over-emphasized the presence of large particles or that the partrelesmeished

during the drying processes necessary for AFM analysis.
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Table 7.2 Mean diameter and particle charge of aggregate solutions th#emal
preparation.

Protein Solution Diameter (nm) | ¢-potential (mV) Pdl

HBIg 5.8 177.3+13.8 -27.7+0.3 0.15'+ 0.02
Typel 431.7+71.8 -334+01 0.28+0.00
Type2 304.3+6.8 -32.9+0.8 0.25+0.02

The stability of the biopolymer particles to pH changes wasriahned using
turbidity measurements (Figure 7.8). The impacts of patiygle (Type lversusType
2), protein-to-polysaccharide ratio),(and salt concentration (0 or 200 mM) on the pH
stability of the particles were investigated. There wemeciable differences in the pH
dependence of the turbidity of the Type 1 (Figure 7.8a) and Typeigairé 7.8b)
particles. For Type 1 particles, the turbidity of the suspensi@ss fairly similar at
differentr values under conditions where the protein and polysaccharide would not be
expected to interact with each other (pH > 5.5), indicating thatnpeoncentration did
not have a large impact on the nature of the biopolymer particleenpiaghis pH range.
This might be expected, since the protein particles wereebimthe absence of pectin,
and so there size should only be determined by the initial heatimgdjtions of the
protein solution. On the other hand, for Type 2 particles, there Wageaincrease in
turbidity with increasing protein-to-polysaccharide ratio at\@tues where the protein
and pectin would not be expected to strongly interact with each (@iHer 5.5) (Figure
7.8b), which suggests that more or bigger particles were foambkighr ratios. In this
case, the biopolymer particles are formed by heating prat@hpectin together, and

hence the pectin concentration does affect the characteostice particles formed. It
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appears that high amounts of pectin present during heating (lIQwleelp to limit
extensive protein aggregation.

There was also an appreciable difference in the turbidity-pHigsadf the Type
1 and Type 2 particles at pH values where the proteins and polysdeshehould form
electrostatic complexes.e., pH < 5.5 (Figure 7.8). These differences can partly be
attributed to the fact that the initial biopolymer particlaretteristics depend partly on
whether pectin was added before or after thermal denaturation arebatygn of the
protein. Even so, there were some similarities in the pH-dependérice turbidity of
the different particle types. The pH where an apprecialgiease in turbidity was first
observed when the pH was reduced decreased as the protein-to-gagkis@ccatio
decreased. This phenomenon can be attributed to charge neutralifatts eThe net
charge of a protein-polysaccharide complex depends on the net chahgeiradividual
protein and polysaccharide molecules at the prevailing pH, asawadin the ratio of
protein molecules to polysaccharide molecules in the complexhigherr values, there
are more cationic protein molecules available to bind to the ameetin molecules and

hence charge neutralization occurs at higher pH values.
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Figure 7.8a/ln Turbidity of heated systems with increasing protein-to-@mgkaride
ratio (“r") as a function of final pH value (origin = pH 4.5) for: (a) Type 1;Tipe 2.
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Figure 7.8c
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Figure 7.8c Turbidity of heated systems with increasing protein-to-gmtgharide ratio

(“r") as a function of final pH value (origin = pH 4.5) for: (€ype 1 and Type 2 with or
without 200 mM NacCl at r = 2.

It was established from Figures 7.8a and 7.8b that a prot@ectos ratio of 2
produced roughly equivalent turbidity values between the two types of partisydiden.
Previous studies have shown that addition of 200 mM NaCl to Type i2ybatets helps
stabilize them against aggregation or dissociation after sudasegd change<265). In
the current study, we found that addition of 200 mM sodium chloride to Twoel Type
2 particulates (Figure 7.8c) prevented turbidity increases whenpkh was either
increased or decreased. Increased ionic strength reducekedhestatic driving force
for further complexation between aggregates and petf#r).( lonic screening effects
are lessened for short-range interactions, however, and thgng@xomplexation

between protein and polysaccharide should not be altered.
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Apparent particle sizes (Z-Average) from dynamic lighttedag were studied
and found to coincide with turbidity results (Figure 7.9). Large is@®an particle
diameter (> 1000 nm), a result of hydrophobic aggregation or aggloomgratccurred
when the turbidity dramatically increased. For instance, largeirstreases among Type
1 particles were seen below pH 5, 4, and 3.5 for r = 8, 5, and 2, regspehigure
7.9a). Type 2 particles aggregated below pH 4 and 3.5 for r = 8 aredp®ctively,
while r = 2 resisted aggregation down to pH 3 (Figure 7.9b). Among dystems,
increased amounts of pectin resisted aggregation at lower pH.valyps 2 particulates
were more stable to aggregation at each level of pectin incagpuratdicating that
pectin had less affinity for the Type 1 system. Insufficientecage of the particulate
surface by pectin left uncharged portions exposed these areas domdlacular
aggregation. As mentioned, addition of sodium chloride to Type 2 parsblasld
reduce aggregation or dissolution with pH change, which was noted herel] &sigure
7.9c). |Interestingly, addition of sodium chloride to Type 1 systemused a drastic
increase in particulate sizes. This further proved the hypottegisincharged surfaces
of Type 1 particles were exposed (i.e. uncoated with pectin) and susceptible to
aggregation, which promoted intermolecular aggregation in the higher str@ngth
conditions. Decreased surface coverage by complexed pectin amailesthe Type 1

particulates less viable as a food additive compared to the Type 2 system.
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Figure 7.9a
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Figure 7.9a/b Mean particle diameter of heated systems with incregsiotgin-to-
polysaccharide ratio (“r") as a function of final pH value (origipH 4.5) for: (a) Type
1; (b) Type 2.
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Figure 7.9c
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Figure 7.9c Mean particle diameter of heated systems with increapnogein-to-
polysaccharide ratio (“r”) as a function of final pH value (orig pH 4.5) for: (c) Type 1
and Type 2 with or without 200 mM NaCl at r = 2.

Stabilization of the pectin-coated protein particles was ikladetheir surface
charge and was obtained througpotential measurements (Figure 7.10). Below pH 5,
the {-potential of both Type 1 and Type 2 particulate systems incréaseads zero
charge as the protein components became increasingly net-pasitikarge signature.
Negative charge could be maintained at lower pH values thrineghbrésence of greater
amounts of pectin complexed at the aggregate surface. Thus,singrgaectin
concentrations decreased the overall charge by occupying more olodhkzed
positively charged sites on the proteins. Decrease in charde grater pectin

concentration reaches a limit when the aggregate surface badmmmplexed. Also,
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negatively charged carboxylate groups on pectin lose charge, aswitkllcontinued
decrease in pH below its pKa value (~ 3.5). Increased commexaiih greater pectin
concentrations and the addition of more negatively charged siptsirexthe greater
stability of systems more pectin, and the inevitable instability below pH 3.5.
Between the two particulate systems, the same concentrafigestin effected
different charges. For instance, at pH 4.5, the mean chatge ©¥pe 2 particulate with
r = 8 was -29.7 mV (Figure 7.10b) while the Type 1 particulates-2&8 mV (Figure
7.10a). This may reflect a greater tendency of pectin to adhéhe Type 2 system as
opposed to the Type 1. However, sufficient coverage was obtaiagoratein-to-pectin
ratio of 2 (w/w %), as the charge was similar between bottersigs This reflected a
limitation of the charge mobility analysis, as it did not indiddie amountof pectin

adhered to the surface, only the overall charge.
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Figure 7.1Q Particle chargelfpotential) of heated systems with increasing protein-to-
polysaccharide ratio (“r") as a function of final pH value (origipH 4.5) for: (a) Type
1; (b) Type 2.
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7.4.4 Particulate Composition

Polymer composition, charge, and size were analyzed on supernatants and
redispersed precipitates following ultracentrifugation at pH 4dble 7.3). Particulate
solutions were shown to be turbid with particle sizes above 150 nm, winaldsmake
these particulates precipitate given sufficient separative force.

Polymer compositions were comparable between the two particytdears. As
in previous studies, pectin was found almost exclusively in the supetmhase. Only
very small fractions of the original content were found in thesgsnded supernatant,
close to experimental noise. Concentrationf-te#ctoglobulin in the supernatant fell to
approximately 90% of the original content following centrifugatiorthvabout 0.025 —
0.048% (w/w) found in the resuspended precipitate. These protein compoditierexd
from data obtained with different pectin in earlier resear@4d ®E), which supernatant
protein down to ~ 40% of the original. As the supernatant and resiexp@recipitate
contained protein contents that, in total, were greater than thimabrigpntent, there
appears to have been a measurement error towards greater pootieint. What is
definite is that the majority of protein remains in the sugtm following
centrifugation. This implied that thermal aggregation of prowimastly limited by the
presence of pectin in both systems, allowing a minority of protengorm large

insoluble aggregates.
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Table 7.3 Polymer composition, particle size, and charge mobility of supersaand
redispersed precipitates following centrifugation of Type 1 and Typeti2lpar

Solution Pectin wt% | Protein wi% | Diameter (nm) | {-potential (mV)
Type 1 0.053 + 0.002 0.092 +0.009] 276.5+445 33.2+1.0
Supernatant

Type 2 0.053 +0.000 0.090 +0.001] 312.0+5.2 -35.0 + 2.0
Supernatant

Type 1 0.006 + 0.001 0.036 +0.011] 729.6 + 343.5 31.7+1.0
Precipitate

Type 2 0.008 + 0.002 0.035 +0.007| 427.9 +32.0 35.0+ 1.0
Precipitate

Sizes of particulate solution supernatants were smaller thamigneal solutions.
Type 2 systems dropped from 304 to 276 nm, while the Type 1 system dfoppet31
to 312 nm (Table 7.3). These losses in apparent diameter megt bk removal of
larger aggregates from the total solution, narrowing the detetistribution towards
smaller diameters. Indeed, the re-suspended precipitates polsgens large sizes with
roughly double the polydispersity indices (data not shown). The eafetite size
increase and greater polydispersity demonstrated that the tlgrgesculates were
removed following centrifugation, and that these large particilat@y have associated
further through close proximity in the sediment layer. Intergly, charge of the
supernatant and resuspended precipitate did not differ from thenabrigarticulate
suspensions. Since the large protein aggregates scatter dyastara light than pectin
chains, the absence of null-chargethctoglobulin indicated at least small quantities of
anionic pectin were adhered to both the soluble proteins in the swgmgraat the very

large protein aggregates in the sediment.

226



7.5 Conclusion

Previous research has established the creation of particutateg-factoglobulin
heated at pH values proximal to the isoelectric point. The fiesthoal (Type 1) involved
heating B-lactoglobulin below pH 6.0 and then complexing it with pectin by pH
reduction. In the second method (Type3dactoglobulin was complexed with pectin at
pH 4.75 and then heated. In order to create Type 1 particuatastoglobulin was
heated at pH 5.8, which was shown to have a thermal transition & 80d formed
turbid, aggregate structures. Pectin was found to complex wita Hyggegates below
pH 6.0 through electrostatic interaction and prevented further gage and
precipitation close to the isoelectric point. Type 2 particulata® created by reducing
the pH of aB-lactoglobulin and pectin solution to pH 4.75 and subjecting them to heat.
The thermal transition of the Type 2 system occurred abov¥C78vhere it formed
irreversible aggregate structures.

Characterization of the Type 1 and Type 2 particulates, equalized in
concentration, showed similar charge at pH 4.5 (- 33 mV), but a laxgan diameter in
the Type 1 system (430 nm; Type 2 = 304 nm). AFM revealedbththt possessed a
spheroid structure, although the Type 2 system contained lesspaglles, which may
have been free protein and pectin materials. Stability toelugh changes was studied
among both particulate types, with Type 2 demonstrating greaitemee at lower pH
values. Addition of sodium chloride to the Type 2 system caused actespecrease in
particulate stability to pH changes, while addition to the Typeystem induced
aggregation, as indicated by particle size results. This oocesreombined witht-

potential data, indicated that pectin insufficiently covers the preigiface in the Type 1
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system, which would expose hydrophobic or positively charged portions for
agglomeration. A protein-to-pectin ratio of 2:1 was found to producesiinalest
particulate diameters with the greatest pH stability in botheTl and Type 2. These
particulates were both resistant to extreme centrifugal Spweigh precipitating materials

being comprised almost exclusively of protein.
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CHAPTER 8

OPTIMIZATION OF BIOPOLYMER PARTICLE CHARACTERISTICS
DERIVED FROM THERMALLY TREATED COMPLEXES THROUGH
REFINED HEATING CONDITIONS

8.1 Abstract

Associative complexes d@¥-lactoglobulin and pectin were heated below pH 5 to
create aggregate particles with sub-micron diameter.iatars in solution properties
(protein concentration, pH, ionic strength) and heating conditions (tatape heating
time) were tested for their effects on particle charaties (turbidity, dynamic light
scattering, soluble protein content). Particle size and turbiddyeased with initial
thermal treatment until reaching a stable value after 10 nsirf{aiee ~ 300 nm, ~ 50 %
soluble protein). The particle size at this stable stateedsed through increases in
heating temperature from 70 to ¥D. This stable particle size and turbidity were noted
for solutions at or below pH 4.75, but these values increased with adjusowards pH
5. Larger particle sizes and reduced protein solubility cooresgd with reduced pectin
complexation, which was believed to prevent protein aggregation. Particle somdifytur
and sedimented protein values increased with higher protein concenéadioncreased
ionic strength, and were attributed to the increased aggregatian asdeciated with

these factors.
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Effects of temperature, heating time, pH, protein concentration, arwsiwangth
on particle characteristics of heatédactoglobulin-pectin complexes indicated that it is
possible to control the size and solubility of particles using tfeeders. These effects
may all be related to the influence fHactoglobulin aggregation and denaturation, as

well as the degree of pectin complexation.

8.2 Introduction

The previous works have demonstrated the production and characterization of
biopolymers formed through thermal treated of associafiactoglobulin-pectin
complexes. Food-grade patrticles, associative complexes, and |gaf@maation on
biopolymers have been covered in the literature review (Chaptedt®er introductory
material include: association complexation betwgdactoglobulin and pectin (Chapter
3 and 4), investigation of thermal treatment of associative coeplg&hapter 3 and 6),
and stability of formed particles (Chapter 3 and 5).

The production and characterization of particle produced from theérezment
of associative complexes has been investigated betpr#astoglobulin and pectin. So
far, a narrow range of conditions has been shown to produce thesdepartlThese
conditions are: pH (4.5 — 5.0); protein concentration (0.1 — 0.5 w/w %}irhearsion
temperature (83 — 8%); heat-immersion time (15 minutes); and ionic strength (0 — 50
millimolar NaCl). It is the purpose of this set of experimetaisnvestigate minute
changes in these preparatory variables so as to controlaimetér and phase coherence
of the formed biopolymer particles. Recognition of trends in partbhracteristics will

allow optimization and future application of these particles in an industriggsett
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8.3 Materials and Methods

8.3.1 Materials

Purified p-lactoglobulin powder (Lot# JE-002-4-415) was kindly donated by
Davisco Foods International (BioPURE Betalactoglobulin, Eden Praih). The
reported composition of the powder was 97.4% Total Protein, 9R-B8ftoglobulin, and
2.4% Ash. A High Methoxy- Pectin (#1781; DE 54%; 166 kDa) was kindlytddriay
CP Kelco. The reported composition of this Pectin powder was Hyldror acid and
sodium hydroxide solutions for pH adjustments were created from a l2ydirNchloric
acid solution (Fisher Scientific, Fairlawn, NJ) and solid sodiumrdwide pellets (Sigma
Chemical Co., St. Louis, MO), respectively. Solutions were ateatgh double-
distilled/de-ionized water, obtained from a filtration unit on-siédl materials were used
directly from the sample containers without purification.
8.3.2 Biopolymer Solution Preparation

-Lactoglobulin and Pectin powders were weighed and put into seferakers
for solubilization with a 10mM acetate solution at pH 7. Full solzdion of pectin
solutions was assured by stirring continuously at ambient tempefatu6-10 hours at
300 rpm using magnetic stir-barg-lactoglobulin solutions were prepared by similar
stirring conditions 4 hours prior to experimentation. Protein and peatitios were
adjusted to pH 7.0 using 1.0 N and 0.1 N sodium hydroxide solutions befdnerfurt
mixing operations. After mixing, final protein concentrations were 0.5¢hile
polysaccharide solutions were 0.25% (w/w), unless otherwise stateédnskance, final
protein contents of 0.1 to 2.0% were created for mixtures invastigthe effects of

protein concentration. Final protein concentrations of 0.75% were edrefatr
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investigations on different ionic strengths, with dilution to 0.5% proheating. A
protein:pectin ratio of 2 was maintained throughout all experimektised biopolymer
solutions were adjusted to pH values below 7.0 using 1.0 N, 0.1 N, and/or 0.01 N
hydrochloric acid solutions. Proton conductivity values were meassiad @ pH/mV
measurement unit (UB-10 “Ultrabasic”, Denver Instruments, Den@€), calibrated
daily prior to use. All solutions were stirred at the despkidfor at least 30 minutes
before subsequent steps.
8.3.3 Creation of Particulates through Heating & pH Stability

Prepared biopolymer mixtures (10 mL) were poured into 15-mL capglabs
test-tubes with plastic screw-caps. These capped solutioms them immersed in a
water bath to create protein-based particulate-suspen@bds (Water bath conditions
were varied between 70 and 90 oCelsius, with immersion times betiveerd 30
minutes. Following the heating procedure, samples were removednaretded in an
ice water bath for 2 hours, followed by overnight refrigerati@n the following day,
samples were diluted to 0.1% protein (w/w) for analysis.
8.3.4 Turbidity Measurements

The turbidity of biopolymer solutions was analyzed using a UV/asibl
spectrophotometer at 600 nm (Ultraspec 3000 pro, Biochrom Ltd., Cambridge, UK
Sample cuvettes were composed of quartz with a cell path lendtld @m. Sample
solutions were vortexed for 2-3 seconds prior to insertion and measureristilled

water was used as a blank reference.
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8.3.5 Particle Size and Charge Measurements

Particle sizes and charges were determined using a commayoiamic light
scattering and micro-electrophoresis device (Nano-ZS, Malvémstruments,
Worcestershire, UK). The particle size data is reporteleaZ{average mean diameter,
while the particle charge data is reported ag thetential.
8.3.6 Biopolymer Particle Composition Analysis

Heat-treated biopolymer solutions were created at the diffexamiable
conditions stated above. These solutions were diluted to (d&etoglobulin
concentration (wt %) to standardize solution viscosity using acetdter (10mM, pH
4.7) and centrifuged to sediment the formed particles. Cerdtibugwas performed
using an ultracentrifuge (Sorvall RC6 Plus, Thermo Scientifiglth®m, MA) with a 50-
mL capacity rotor (F21 Rotor) at 13,000 RPM’s (20,804) for 40 minutes (AT Temp.
controlled). Samples were placed in 40-mL screw-capped plaghes prior to
centrifugation. Following separation, supernatants were decaatefiilty into separate
glass test tubes using transfer pipettes and diluted to 0.025%)(witlvdouble-distilled
de-ionized water for optimal analytical measurement by Lodsgay. Unheatedb-
lactoglobulin solution, used as an external standard, was anatgredirrently with
samples at each period of analysis.

The Lowry assay was performed, as follows: 0.5 mL of samvpke combined
with 2.5 mL of Lowry solution C (0.4 mM CuS01.0 mM tri-sodium citrate, 185 mM
sodium carbonate, 98 mM sodium hydroxide), vortexed, and allowed to re&0 for
minutes; 0.25 mL of Lowry solution D (1:1 Folin-Ciocalteau Phenol eeagdouble-

distilled water) was added; solutions were vortexed and allowegstdor 25 minutes;
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absorbance of solutions was measured at 600 nm in a disposable phastie with a 1
cm path length.
8.3.7 Statistical Analysis

All measurements were performed on at least three fresbpaprd samples and

are reported as means and standard deviations.

8.4 Results and Discussion

Biopolymer solutions of B-lactoglobulin and pectin (2:1 weight ratio,
respectively) were created at pH 6.5, where no interaction takes.plThe pH was
reduced towards the protein’s isoelectric point to produce assectainplexes between
the B-lactoglobulin and pectin, as earlier report@84). These heated complexes were
subjected to heat in order to fabricate nanoparticles based on the hydrophobict@aggrega
of protein. Solution and heating variables were selected tohteistefffect on particle
characteristics through dynamic light scattering, etgttoretic mobility, turbidity, and
protein content of sedimentable particles. Variables testeddmdieating temperature,
heating time, solution pH, protein concentration, and ionic strength.

8.4.1 Immersion heating temperature

Solutions ofp-lactoglobulin and pectin (0.5 and 0.25 w/w%, respectively) were
created and adjusted to pH 4.75. These samples were immersed fouB&srnm water
baths with temperatures varying between 70 an8C&(sius to determine the effects of
temperature on particle formation and characteristics. When tbesle samples were
diluted to 0.1% protein (w/w) and analyzed by dynamic light statfeind turbidimetry.

Particle sizes and solution turbidity are reported in Figure 8.1.
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Solution turbidity after heat treatment at°CO(Figure 8.1a) was 0.27. With
increasing temperature, the solution turbidity decreased cartistewards 80°C to a
value of ~ 0.19. These reductions in turbidity coincided with decreagesticle size
(Figure 8.1b), which reduce the number of incident light rays esedtt Increased
temperature has been shown to increase aggregation rate anchegggobgme 76, 367,
which is contrary to the results found. The reduced particle wie increased
temperature, found here, may have resulted from a dissociation ah-petein
associative networks. In the early stages of heating, sooteirpaggregates begin to
form through increasing hydrophobic interactio’§)( Upon reaching the thermal
denaturation temperature, which has been found to be °C 7®r these associative
complexes (Chapter 6), the protein unfolds and structural rearrangemnsue. This
rearrangement may have led to dissociation of the pectin fronprtitein, causing a
reduction in particle diameter. It is also possible that highapératures, such as 4D,
induced a faster aggregation rate with more compact packingtusgs and smaller

hydrodynamic radii.
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Figure 8.1a
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Figure 8.1 Effect of heating temperature on (@) solution turbidity and p@oicle
diameter fo3-lactoglobulin/pectin complexes at pH 4.75 when heated for 20 minutes.
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As not all protein necessarily forms aggregates, many reglaedins may be
left in solution. To determine the quantity of this non-aggregateipydamples were
centrifuged and the supernatant analyzed for protein content €Fgj2). At each
temperature, the majority of incorporated protein (> 55%) did not sedimpon
centrifugation and could be considered soluble. Soluble protein increasled w
temperature, going from 55% at 70 to 65% at 99C. This increase in soluble protein
content may reflect a breakdown in the complexes with increasimgperature, as
mentioned above, where expelled proteins become redispersed. #lsoagflect the
formation of smaller protein aggregates at higher temperatimehwwossess sufficient

charge-to-mass ratio to remain soluble.

Figure 8.2
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Figure 8.2 Effect of heating temperature on soluble protein content ffor
lactoglobulin/pectin complexes at pH 4.75 when heated for 20 minutes.
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8.4.2 Immersion Heating Time

Similar samples were created at pH 4.75 and 0.5% protein (with)jmmersion
in water baths of three different temperatures (75, 85, afi@)Rfor increasing amounts
of time (Figure 8.3) to elucidate the formative process of biopalypagticles. As
expected, the turbidity of solutions increased with time immenmsetha water baths
(Figure 8.3a), demonstrating the process of hydrophobic aggregatidre asteérnal
energy was increased. This finding was reinforced by padizéemeasurements, which
increased with longer heating times (Figure 8.3b). At all teatpees, a maximum
turbidity and particle size was reached after 10 minutes oinigeatAfter 10 minutes,

turbidity reached a steady value, while particle size slightly dghed.
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Figure 8.3a
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Figure 8.3 Effect of heating time on (a) solution turbidity and (b) pagtidiameter for
B-lactoglobulin/pectin complexes at pH 4.75.
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The increases in turbidity and particle size with heating toeenonstrate
aggregation betweef-lactoglobulin molecules, limited by the presence of associated
pectin. Supernatants of centrifuged samples showed a decreadgbie protein with
increased heating time (Figure 8.4). This decrease in sqgbubtein, combined with
increased particle sizes, indicated a growth in protein aggregdiene. At longer
heating times, the particle size diminished or remained the sadmbe the amount of
soluble protein decreased. Similar results were noted in aggne@fp-lactoglobulin at
pH 5.3, which claimed that the number of nucleation sites increasedemperature and
heating rate and led to more numerous, smaller aggre@&49s (This model assumed a
nucleation and growth mechanism, where the dominant aggregative forairophobic

interaction.

Figure 8.4
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Figure 8.4 Effect of heating time on soluble protein content ffdactoglobulin/pectin
complexes at pH 4.75.
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8.4.3 Effect of pH

Previous experiments have shown that associative complexesactoglobulin
and pectin formed suspended particles through heating beft¢ehn and 4.5 Z54).
Changes to pH value in this critical range should have minutetefbn the degree of
complexation between the two biopolymers. In this set of expersmenktures were
adjusted to pH values between 5 and 4.5 and heated under fixed conditié@s\8&r
bath for 20 minutes) to determine if these small adjustmentsadiiprcharge and

complexation degree have any effect on formed particles (Figure 8.5).
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Figure 8.5a Effect of complex pH on (a) turbidity f@-lactoglobulin/pectin complexes
heated at 88C for 20 minutes.
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Figure 8.5b
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Figure 8.5b/c Effect of complex pH on (b) particle diameter and (c) plrtcharge for
B-lactoglobulin/pectin complexes heated a85or 20 minutes.
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Heated mixtures db-lactoglobulin and pectin were diluted to 0.1% protein (w/w)
and the solution turbidity was measured (Figure 8.5a). Solution turlidgyhighest for
heated mixtures at pH 5.0. As the pH was decreased, the hehtioins became less
turbid. The opposite trend was seen for the unheated solutions, wheraséecin pH
led to added complexation between the increasingly podgileetoglobulin and the
anionic pectin chains. These trends were also noted in earfieriments involving3-
lactoglobulin and two types of pectin (Chapter 4) with high turbidibges to pH 5.0
being attributed to greater protein aggregation. The degree of exatiph, which
increases with decreasing pH, is likely related to the remudt protein aggregation.
Particle sizes of the heated solutions from dynamic lighttesaay (Figure 8.5b) also
showed a decrease in hydrodynamic radii as the pH wasadect, demonstrating the
reduction in protein aggregation.

Below pH 4.75, turbidity (0.2 cif) and particle size (~ 290 nm) reached a steady
value with little change for further pH reduction (Figures 8.5a &midb). Charge-
mobility results revealed that particles possessed negatargeclacross the entire pH
range (Figure 8.5c¢), which indicated tiffatactoglobulin was not fully complexed with
pectin (i.e. coacervation) at any point within this pH range. Terakne the amount of
protein aggregate formed, the quantities of soluble proteins werezedatiirough
centrifugation and supernatant analysis (Figure 8.6). Solubleirproiereased with
decreases in heated solution pH, and again reached a steadyt\yiué.@5. Thus, the
amount of large aggregates decreased as the pH was reducefl foorh75 but was

unaffected by further reduction. It appeared that a criticglegeof complexation was
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reached at pH 4.75 which proffered the maximum reduction in proteiregggm.

Further experiments are required to fully elucidate this critical value.

Figure 8.6
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Figure 8.6. Effect of pre-heating pH on soluble protein contengftactoglobulin/pectin
complexes heated at 86elsius for 20 minutes.

8.4.4 Effect of Protein Concentration

Mixtures of B-lactoglobulin and pectin (protein:polysaccharide = 2) were created
with different absolute protein concentrations. All solutions vesheisted to pH 4.75
and heated under fixed conditions (& for 20 minutes). To determine the effect of
initial protein concentration on formed particle characteristies turbidity, particle size,
and charge mobility were measured at a standardized concentr@tidn protein)
(Figure 8.7). Also, the extent of aggregate formation was aswoedt through

measurement of soluble protein (Figure 8.8).
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Turbidity of heated solutions increased consistently with greateum@is of
protein during heating (Figure 8.7a). These increases coincided inztbases in
detected particle size, going from 230 to 540 nm as the protegemation increased
(Figure 8.7b). These increases were nearly linear, demongtrdien viability of
controlling the diameter of formed particles through selection offpropriate initial
protein concentration. It has been established that aggregatios eafaator of protein
concentration 368. This influence of protein concentration, termed the Trommsdorf
effect, reduces aggregative termination mechanisms through iedreessosity 369.
Less negativé-potential values were found at lower protein concentration (F@T®,

but this was likely an artifact due to reduced light scattering from thedesrpatticles.

Figure 8.7a
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Figure 8.7a Effect of protein content on (a) solution turbidity fatactoglobulin/pectin
complexes heated at 86 for 20 minutes at pH 4.75.
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Figure 8.7b
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Figure 8.7b/c Effect of protein content on (b) particle diameter and (chiglarcharge
for B-lactoglobulin/pectin complexes heated a85or 20 minutes at pH 4.75.
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The amount of soluble protein was also reduced with increased protein
concentration during heating (Figure 8.8). This reduction in soluble pintBgated an
increase in larger protein aggregates with higher protein contentraSince particle
diameter was also shown to increase at higher protein conaemtichiring heating
(Figure 8.7b), it is possible that both the number and diameter ofefbmprotein

aggregates were affected by protein content.

Figure 8.8
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Figure 8.8 Effect of protein concentration on soluble protein content fer
lactoglobulin/pectin complexes heated af8For 20 minutes at pH 4.75.

8.4.5 Effect of lonic Strength
Mixtures of B-lactoglobulin and pectin (protein:polysaccharide = 2) containing
added amounts of sodium chloride were heated at pH 4.75 to determinéetie ef

ionic strength on aggregate formation. As before, formed particlaatbastics were
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determined by solution turbidity and particle size (Figure 8.9), tad extent of
aggregation was analyzed through soluble protein measurementcafteifugation
(Figure 8.10).

Turbidity of heated solutions increased steadily with higher sodibloride
concentration, nearly doubling in value from 0 to 50 mol/kg (Figure 8.Blag. turbidity
of unheated solutions was unchanged with different sodium chloride caatmed,
indicating that the effect of ionic strength on turbidity wasrésilt of increased thermal
protein aggregation. This concurred with increases in particée s the amount of
sodium chloride was increased (Figure 8.9b). Increases in itmr@ngth diminish
repulsive electrostatic forces between similarly-chargednpaly, such as the adhered
pectin, and induce greater aggregation of proteins through hydrophobacimes 73,
370). In this way, aggregation rate and the resultant particle teammay be controlled

through selection of the appropriate ionic strength.
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Figure 8.9a
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diameter fo3-lactoglobulin/pectin complexes heated af85or 20 minutes at pH 4.75.
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lonic strength reduced the amount of soluble proteins dramaticating heated
solutions (Figure 8.10). Soluble protein dropped from ~ 50% to less thany2@élaling
only 50 mol/kg sodium chloride. This larger amount of sedimented protsraivMeast
partially the effect of greater particle diameter afteating (Figure 8.9b). Greater ionic
strength may also contribute to sedimentation of existing pestibirough reductions in

apparent charge, reducing the solubility of componé&md) (

Figure 8.10
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Figure 8.1Q Effect of initial ionic strength on soluble protein content fér
lactoglobulin/pectin complexes heated af85or 20 minutes
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8.5 Conclusion

Particles were formed from associative complexes betdantoglobulin and
pectin below pH 5 through thermal treatment. Factors such as sgmpeheating time,
pH, protein concentration, and ionic strength were investigated for éfffieicts on
particle characteristics. General solution properties weerrdmed by turbidity, while
particle size and aggregate formation were analyzed through @yhgim scattering and
supernatant protein content.

Particle formed at lower temperatures were found to have highadity and
particle size than those at temperatures above denaturation @esididue to their larger
size, slightly more protein sedimented in solutions heated &€ #ather than above 80
°C. Solution turbidity and particle size also increased with lohgeting time until
reaching a steady value after 10 minutes, regardless of heéatnmgrature. This was
reflected in reduced soluble protein as the solution was heatémhépmr periods. This
steady point was taken as a stable product of protein thernmtatérgavith diameter of ~
300 nm and approximately 50% sedimentable protein. Heating for 20 smL85°C
was established as a good method for creating particles with thesechtatbleteristics.

Reduction in pH from 5 to 4.75 resulted in a lower turbidity and parscde,
which was reflected in a greater amount of soluble protein. Bpléwt.8 the particle
characteristics reached a steady state, which was attribmta maximal reduction in
protein aggregation through associated pectin chains. None of the sawgie
considered coacervates, as they possessed residual negative charge.

Particle diameter and solution turbidity were greatly affkdby the protein

concentration, more than doubling in value from 0.1 to 2% protein. Asatlte of
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protein to polysaccharide was unchanged, this effect was netilh o reduced patrticle
charge. Due to the greater aggregate volume, the amount ofesealie protein also
increased at higher protein concentrations.

Small increases in ionic strength from 0 to 50 mol/kg sodium chldeideo
increases in turbidity, particle size, and sedimented protein otdhelex particles
during heating. Increased ionic strength shielded repulsiveaatitens of pectin within
associative complexes and caused larger aggregate formation and reducétysolubi
Experiments on the effects of temperature, heating time, pitgip concentration, and
ionic strength have shown that it is possible to control the s@es@lubility of particles
from thermal treatment of associative complexes. Theseteffeay all be related to
their increasing influence on aggregation and denaturation ofptlaetoglobulin

component and to the mollifying effects of the complexed pectin chains.
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CHAPTER 9

CONCLUSION

This research has shown that biopolymer nanoparticles can be formed by
controlled thermal treatment of protein-polysaccharide electrostatic erespl Mixed
solutions of a globular proteifi{lactoglobulin) and an anionic polysaccharide (pectin or
carrageenan) were formed into associative complexes through pH reduction fraah neut
conditions. Turbidity results confirmed the initiation of complexation at pH values
slightly above pH 5, with denser precipitate or coacervate phases fornongiel4.5.
Thermal treatment of these associative complexes was investigatadhas@fof
biopolymer composition, heating conditions, pH, and ionic strength. Thermal treatment
of B-lactoglobulin-pectin complexes at pH 4.5 — 5.0 was found to create protein-based
nanoparticles with narrow size distributions (diameter ~ 150 — 400 nm). Inclusion of
salts indicated that electrostatic interactions prior to heating weerative for the
creation of these particulates. These particulates were stable toysitiread)t (3 to 7)
and to high levels of salt (200 NaCl). Particle characteristics wayeraintained after
re-suspending them in aqueous solutions after they have been either frozen or
lyophilized.

Particle formation and characteristics were investigated during terdled
heating procedure of the protein-polysaccharide complexes. Thermyiswdf-
lactoglobulin-pectin complexes using calorimetry (DSC) and turbidityé&zature
scanning indicated that the denaturatiofi-tdictoglobulin was unaffected by the

presence of pectin. However, the extent of protein aggregation was limited under
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complexation conditions with pectin (e.g. pH 4.5 — 5). Measurements of solution
composition revealed that the particles were composed primarily of aggrggate
lactoglobulin, which were likely coated with small amounts of pectin at lower pl¢va

(pH < 5.5). Roughly half of the protein and nearly all of the pectin were found as soluble
biopolymers in the supernatant.

The method of producing biopolymer nanoparticles developed in this research
was compared with an alternative method that also involves heat treatment aimd prote
polysaccharide complexation. These two methods Weyee 1— formingf3-
lactoglobulin nanopatrticles by heating, then coating them with pdgtpe 2— forming
nanoparticles directly by heatiffiglactoglobulin and pectin togethefype 2 particles
had smaller diameters and better pH and salt stabilityTijpe 1 particles. Stability in
the presence of high ionic strength and charge mobility results revealedantpor
differences between the two systems. It was proposedypat2 particles had a pectin-
saturated surface that limited their aggregation, whargas 1 particles had “gaps” in
the pectin surface coverage that led to greater aggregation.

Incorporation of protein particles into the food industry requires some fléxibili
in design and enhanced functionality. The possibility of controlling the size, chadge, a
concentration of biopolymer particles by controlling the preparation conditions during
thermal treatment @¥-lactoglobulin-pectin complexes was investigated. Biopolymer
particle size and concentration increased with increasing holding time (0 tmG@g)j
decreasing holding temperature (90 to 70 °C), increasing protein concentration (0 to 2
wt%), increasing pH (4.5 to 5.0), and increasing salt concentration (0 to 50 mol/kg). The

influence of these factors on biopolymer particle size was attributed tortipeict on
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protein-polysaccharide interactions, protein denaturation, and protein aggregat
kinetics.

Through these experiments a few general conclusions can be made:

¢ Associative, suspended complexes betwgkéactoglobulin and pectin could be
formed by reducing the pH of neutral solutions to pH 5 — 4.5.

e Denaturation of-lactoglobulin is insignificantly affected by the presence of
pectin in associative conditions at the concentrations tested. Hydrophobic
aggregation of the protein is significantly limited in the presence of pectin in
associative conditions, but still occurs at temperatures close to the
denaturation temperature.

e Thermal treatment di-lactoglobulin-pectin complexes produces protein-based
ovoid particles with hydrodynamic diameter of 100 — 400 nm. The size of
these particles may be controlled through manipulations in pH, protein
concentration, ionic strength, temperature, and heating time.

e Particles produced from thermal treatmenf-ddéictoglobulin-pectin complexes
are more stable to changes in pH than the pure protein or the unheated
complex, and the stability to acidic conditions is improved with the addition
of sodium chloride. Their stability may be directly linked to their surface

charge, which is likely related to pectin surface-coverage.

The results of this research identified a number of areaseviiiere experiments
would be beneficial in developing knowledge of the particle charaotsriand the

formation mechanism. Some suggested studies might be:
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e Determination of biopolymer particle structure, especially thpatial
organization offi-lactoglobulin and pectin components within the particles.
More knowledge is required on the location and quantity of pectin witlein
biopolymer particles at different pH conditions.

e Investigation of pectin’s function (or other anionic polysaccharides) on
inhibition of B-lactoglobulin aggregation, which was responsible for the
formation of biopolymer particles. This includes studies on the possible
dissociation and re-association of pectin during or after thenmeatment,
which has not been proven or disproven in the experiments in this work.

e Investigation of encapsulation capability for the biopolymer nanopestikr
different bioactive components. This includes studies on encapsulation
efficiency and release characteristics among differerdtion methodologies
and environments.

e Investigation of the degradation of biopolymer nanoparticles under digestive
conditions. This includes lingual-, gastric-, or intestinal- conditioitiseiein
Vivo or in vitro.

e Investigation of alternative globular protein — anionic polysacchaydéems

for the creation of biopolymer nanoparticles with different charactesistic

The knowledge gained from this research will guide the ratidesign of
biopolymer particles with specific physicochemical and functiatizibutes that can be
used in the food and other industriegy.,for encapsulation, texture modification, optical

properties modification.
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