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CHAPTER 7 

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 different preparation 

methods was compared:  Type 1 particles were formed by creating β-lactoglobulin 

nanoparticles, and then coating them with pectin; Type 2 particles were formed by 

heating β-lactoglobulin and pectin together.  Protein nanoparticles (d = 180 nm) were 

created by heating β-lactoglobulin above its thermal denaturation temperature (Tm) at pH 

5.8  Type 1 particles were then formed by mixing these particles with high methoxy 

(HM) pectin under conditions where pectin adsorbed to the protein (pH < 6).  Type 2 

particles were created by heating β-lactoglobulin-HM pectin electrostatic complexes 

above Tm at pH 4.75.  At pH 4.5, Type 1 and Type 2 particulates had similar charge (- 33 

mV), protein content, and shapes (spheroid), however, Type 1 particulates were larger (d 

= 430 nm) than Type 2 particulates (d = 300 nm).   

The influence of pH, ionic strength and protein:pectin mass ratio (r) on the 

physical stability of the two types of particles was tested.  A weight ratio of 2:1 

(protein:pectin) gave good pH stability of the particles against aggregation by imparting 

more surface charge.  Type 2 particles had a higher electrical charge, better stability to 

aggregation at lower pH values (pH < 4), and better stability to aggregation at high salt 

concentrations (200 mM NaCl) than Type 1 particles.   These differences suggested that 

Type 2 particulates had a higher surface coverage with pectin, thereby reducing their 
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tendency to aggregate.   These results have important consequences for the design of 

biopolymer nanoparticles based on thermal treatment of proteins and polysaccharides. 

 

7.2 Introduction 

Biopolymer materials may be used to create particulate structures on the sub-

micrometer scale.  The biopolymer nanoparticles formed may be used to protect or 

deliver high-value bioactive components, such as lipids, vitamins or minerals (1, 29, 354, 

355).  Spherical biopolymer particles may also mimic the optical or textural properties of 

lipid droplets, and can therefore be used to replace fat in certain foods (39, 295, 356, 

357).  Biopolymers such as protein and polysaccharides may be used to create such 

particulates through various types of biopolymer-biopolymer associative interactions 

(296, 358-360).   

Globular proteins and anionic polysaccharides will associate with each other 

under conditions of opposing charge (134, 327, 360).  Proteins attain a net-positive 

charge when the pH is reduced below their isoelectric point (pI).  At pH values 

sufficiently far above this point, the strong negative charges on the two biopolymers 

result in electrostatic repulsion.  Attractive interactions and complexation may begin at 

values slightly above the protein’s isoelectric point, due to localized points of interaction 

between the anionic groups on the polysaccharide and cationic patches on a proteins 

surface (361).  Further pH reduction induces greater complexation, eventually resulting in 

phase-separation of the fully neutralized complex, usually referred to as a coacervate 

(133).  Complexation is believed to be a result of both entropic and enthalpic factors (6, 

191).   
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Thermal treatment of native globular proteins leads to characteristic changes in 

their conformation and interactions, which can be used as the basis of forming 

biopolymer nanoparticles.  For example, heat treatment of β-lactoglobulin above its 

thermal denaturation temperature at pH values just below 6 leads to the formation of 

protein nanoparticles of approximately 50-150 nm diameter (H-Blg) (251, 362, 363).  

The particle size of the aggregates depends on the heating rate, heating duration (364), 

and protein concentration (365).  Complexation between these protein nanoparticles and 

anionic polysaccharides has been achieved with dextran sulfate (70) and sugar beet pectin 

(229) by reducing the pH towards the isoelectric point.  We refer to the biopolymer 

particles created by addition of an oppositely charged polysaccharide to globular protein 

nanoparticles formed by heat treatment as “Type 1 particles”. 

Previously, our laboratory has studied the effects of pH and thermal treatment on 

aqueous solutions containing electrostatic complexes of β-lactoglobulin and anionic 

polysaccharides (163, 254, 255).  Heating these complexes was shown to create 

biopolymer nanoparticles (rg ~ 150 – 300 nm) that were relatively stable to further pH 

changes.  Similar results have also been found for ovalbumin-based complexes (162).  

We refer to the biopolymer nanoparticles created by heating an ionic polysaccharide and 

native globular protein together as “Type 2 particles”. 

Since both of these approaches (Type 1 and Type 2) eventually leads to the 

formation of biopolymer nanoparticles comprised of globular protein and polysaccharide, 

we systematically compared the nature of the particles formed using each method.  This 

information is important for selecting the most appropriate method of creating 

biopolymer particles with specific functional attributes.   In this study, we used β-
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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 biopolymer particles can 

be formed from them using either the Type 1 or Type 2 method.  For example, Type 1 

particles were formed by heating β-lactoglobulin at pH 5.8 to form protein particles that 

could then be coated with pectin at lower pH, giving biopolymer particles with a final 

diameter of 100 – 400 nm (229).  Type 2 particles have been formed by heating 

electrostatic complexes of β-lactoglobulin and pectin at pH 4.75 to create biopolymer 

particles with a final diameter of 100 – 300 nm (254).  Both types of protein-

polysaccharide particles were more stable to pH adjustments than protein particles alone.   

 

7.3 Materials and Methods 

7.3.1 Materials 

Purified β-lactoglobulin powder (Lot# JE003-3-922) was kindly donated by 

Davisco Foods International (BioPURE Betalactoglobulin, Eden Prairie, MN).  The 

reported composition of the powder was 97.4% Total Protein, 92.5% β-lactoglobulin, and 

2.4% Ash.  A High Methoxy- Pectin (#1781; DE 54%; 166 kDa) was kindly donated by 

CP Kelco.  Hydrochloric acid and sodium hydroxide solutions for pH adjustments were 

created from a 12.1 N hydrochloric acid solution (Fisher Scientific, Fairlawn, NJ) and 

solid sodium hydroxide pellets (Sigma Chemical Co., St. Louis, MO), respectively.  

Concentrated nitric acid was utilized as a cleaning solution for the VP-DSC (Sigma 

Chemical Co., St. Louis, MO).  Solutions were created with double-distilled/de-ionized 

water, obtained from a water filtration unit on-site.  All materials were used directly from 

the sample containers without further purification.   
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7.3.2 Biopolymer Solution Preparation 

β-Lactoglobulin and pectin powders were weighed and put into separate beakers 

for solubilization with a 10 mM acetate solution.  Full solubilization of pectin solutions 

was assured by stirring continuously at ambient temperature for 6-10 hours at 300 rpm.  

β-lactoglobulin solutions were prepared on the morning of experimentation, requiring 1-2 

hours for solubilization.  Protein and pectin solutions were adjusted to pH 7.0 using 1.0 N 

and 0.1 N sodium hydroxide solutions before further mixing operations.  After mixing, 

the final solutions contained 0.5% (w/w) protein and/or 0.25% (w/w) pectin, unless 

otherwise stated.  Individual and mixed 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 measured using a pH/mV measurement unit (UB-10 

“Ultrabasic”, Denver Instruments, Denver, CO).  All solutions were stirred at the desired 

pH for at least 30 minutes before subsequent steps.   

Associative complexes between β-lactoglobulin and pectin were formed by 

mixing equal masses of a 1.0 % (w/w) protein solution with a 0.5% (w/w) pectin solution 

at neutral pH.  These mixtures were adjusted to pH 4.75 over a period of 15-20 minutes 

using 1.0 N and 0.1 N HCl solutions and continuous stirring.  The same β-lactoglobulin 

stock solution (1.0 % w/w) was diluted 1:1 with 10 mM acetate buffer (final: 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 HCl 

solutions with continuous stirring.   

7.3.3 Turbidity Measurements versus Temperature 

The turbidity of biopolymer solutions with increasing temperature was analyzed 

using a UV/visible spectrophotometer at 600 nm (Ultraspec 3000 pro, Biochrom Ltd., 



 

200 

 

Cambridge, UK).  Sample cuvettes were composed of quartz with a path length of 1.0 

cm.  Prepared and filtered sample solutions were inserted into the cuvette, followed by 3 

drops of hexadecane oil to prevent excessive evaporation.  Distilled water was used as a 

blank reference.  Temperature scanning proceeded from 25 to 92 oC at a rate of 0.8 oC per 

minute.  Certain samples were scanned during the cooling period (92 - 25 oC) at a rate of 

1.2 oC per minute.   

7.3.4 Differential Scanning Calorimetry 

Absorption or release of thermal energy from samples was tracked using a 

variable pressure differential scanning calorimeter (VP-DSC; MicroCal, Northampton, 

MA).  Prepared and filtered sample solutions were degassed in a small degassing unit for 

15-20 minutes at 20 oC.  Degassed samples and buffer were injected into the sample and 

reference cells of the VP-DSC, respectively.  Operation of the unit and data tracking were 

performed by VPViewer software (MicroCal, Northampton, MA).  Temperature scanning 

proceeded from 15 to 95 oC at a rate of 1.0 oC 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 biopolymer particles through the 

study.  Biopolymer solutions were poured into 40 mL glass cylindrical tubes with plastic 

screw-caps.  These capped solutions were then immersed in an 85 oC water bath for 15 

minutes to induce protein unfolding and aggregation (254).  Following heating, samples 

were removed from the bath and cooled at room temperature for 20-30 minutes, followed 

by immersion in a room temperature water bath for 2 hours.  After overnight refrigerated 
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storage, the solutions were allowed to reach room temperature before further mixing and 

dilution.  Three different types of biopolymer particles were formed:   

 

• Protein Nanoparticles: Protein nanoparticles were formed by heat-

treatment (85 oC, 15 minutes) of a β-lactoglobulin solution (0.5 %, pH 

5.8), then adjusting the pH to 4.5. 

• Type 1 Particles: Type 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.    

• Type 2 Particles: Type 2 protein-polysaccharide particles were formed by 

heat-treatment (85 oC, 15 minutes) of a β-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), while pectin 

concentrations varied between 0 and 0.05% (w/w).  The stability of the various types of 

biopolymer particles formed was then tested when the pH was adjusted from pH 4.5.  

Solutions were divided in half prior to pH adjustment.  One half was acidified using 1.0 

N and 0.1 N HCl solutions, while the other half was neutralized using 1.0 N 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.  Particle composition and 

properties were determined by analyzing suspensions before and/or after centrifugation at 
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pH 4.5.  Centrifugation was performed using an ultracentrifuge (Sorvall RC6 Plus, 

Thermo Scientific, Waltham, MA) with a 50-mL capacity rotor (F21 Rotor) at 13,000 

RPM’s (20,000 × g) for 40 minutes (20oC).  Samples were placed in 40-mL screw-capped 

plastic tubes prior to centrifugation.  Following separation, supernatants were decanted 

carefully into separate glass test tubes using transfer pipettes.  The remaining precipitate 

was transferred to a beaker and diluted to 30 mL volume with acetate buffer (pH 4.5, 10 

mM).  These precipitate solutions were stirred overnight with a magnetic stir-bar at 350 

rpm to achieve dispersion and re-suspension. 

Supernatants and dispersed precipitates were analyzed for particle size and charge 

characteristics using dynamic light scattering and microelectrophoresis (Nano-ZS 

instrument, Malvern Instruments, Worcestshire, UK).  The particle size data is reported 

as the Z-average mean diameter, while the particle charge data is reported as the ζ-

potential.  Protein contents were determined using the standard Lowry assay, using 

unheated β-lactoglobulin as a standard.  Polysaccharide contents were determined using 

the Phenol-Sulfuric acid assay, using unheated solutions of the respective polysaccharide 

as a standard.   

The Lowry assay was performed, as follows:  0.5 mL of sample was combined 

with 2.5 mL of Lowry solution C (0.4 mM CuSO4, 1.0 mM tri-sodium citrate, 185 mM 

sodium carbonate, 98 mM sodium hydroxide), vortexed, and allowed to rest for 10 

minutes; 0.25 mL of Lowry solution D (1:1 Folin-Ciocalteau Phenol reagent: double-

distilled water) was added; solutions were vortexed and allowed to rest for 25 minutes; 

absorbance of solutions was measured at 600 nm in a disposable plastic cuvette with a 1 

cm path length. 
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The Phenol-Sulfuric Acid assay was performed, as follows:  aqueous phenol (1 

mL; 5% v/v) and concentrated sulfuric acid (5 mL) solutions were mixed; 1 mL of 

sample/standard was added; mixtures were allowed to rest at 25 oC for 10 minutes and 

were then vortexed, briefly; after standing at 25 oC for 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 using atomic force 

microscopy (AFM).  These samples were diluted using double distilled water (HPLC 

grade) to approximately 0.0033% protein concentration (w/w) and then mounted on a 

newly cleaved mica slide  (PELCOTM Mica, 9.9 mm discs; Ted Pella, Redding, CA) by 

injecting ~2 µL of the dilute sample onto the surface.  Mica slides were fixed to magnetic 

steel wafers using adhesive strips (PELCOTM tabs; 12mm OD; Ted Pella, Redding, CA).  

These sample-mica assemblies were loosely covered in a Petri dish and placed in a 

dessicator overnight to dry the sample thoroughly.  When dry, the sample-mica 

assemblies were scanned using a CP-II atomic force microscope (Veeco, Santa Barbara, 

CA) mounted with a silicone tip (Force constant 3N/m, Multi75Al; Ted Pella, Redding, 

CA). Various scanning windows were analyzed under air (10 x 10µm 5 x 5µm, 3 x 3µm) 

in contact mode with a scan speed of 0.8 Hz and a Force of 60 nN.  Operation and data-

gathering of the microscope were performed by supplied software (ProscanXP, version 

1.9; Veeco, Santa Barbara, CA).  Force data was converted into transferrable 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 freshly prepared samples and 

are reported as means and standard deviations.  For thermal analyses (turbidity and VP-

DSC plots), representative samples were chosen and presented, with statistical data 

presented.  Significant and highly significant differences, at the 0.05 and 0.01 level, 

respectively, were determined by Dunnett’s Procedure for comparative analysis.  In these 

cases, mixtures with polysaccharides were compared against a control of pure β-

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 of ionic 

polysaccharides with oppositely charged protein particles.  We therefore initially 

investigated the conditions required to form protein particles.  Previous studies in our 

laboratory have shown that protein particles can be formed by heating β-lactoglobulin (β-

Lg) solutions at pH 5.8 above the thermal denaturation temperature of the protein (229).  

The thermal behavior of β-Lg at this pH was investigated using differential scanning 

calorimetry (Figure 7.1), which showed that there was a broad endothermic peak around 

80 oC (Table 7.1).  This broad peak is similar to the ones reported at pH 6 and 7, where it 

was attributed to the cooperativity of the protein unfolding process (75, 366).  The peak 

temperature, ~ 80 oC, was higher than the denaturation temperature of β-Lg reported at 

pH 7 (~ 75 oC), which agrees with other studies that have found increased protein 

stability around the pI (83, 85).   
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Figure 7.1: Absorbed thermal energy of β-lactoglobulin at pH 5.8 in 10mM acetate 
buffer as a function of temperature 
 
 

Table 7.1: Gathered thermal data for β-lactoglobulin at pH 4.75 and 5.8 with 
(“Complex”) or without pectin 
 

Protein Solution Tagg (
oCelsius) Tm (oCelsius) Total Enthalpy (kcal) 

Blg pH 4.75 75.84a ± 0.58 78.31a ± 0.37 24.8a ±1.5 

Complex pH 4.75 78.20b ± 0.45 78.51a ± 0.06 43.6b ± 1.9 

Blg pH 5.8 79.85c ± 0.77 80.16b ± 0.19 55.9c ± 6.9 

 
 

After thermal denaturation, hydrophobic and disulfide interactions are promoted 

among unfolded globular protein molecules, which lead to the formation of aggregated 

structures, which may or may not be large enough to scatter visible light.  To determine 

the formation of large aggregates, the turbidity of β-lactoglobulin solutions was measured 
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as a function of temperature at pH 5.8 (Figure 7.2).  The turbidity of the protein solutions 

remained low from 30 to 65 oC, increased slightly from 65 to around 80 oC, and then 

increased steeply upon further heating.  The rapid increase in turbidity around 80 oC 

coincided with the thermal denaturation temperature of the protein, suggesting that the 

particles aggregated rapidly after they had unfolded.  The particles formed were thermo-

irreversible, as indicated by the fact that the samples remained highly turbid upon cooling 

(Figure 7.2).  These experiments indicated that protein particles could be created by 

heating β-lactoglobulin solutions at pH 5.8 above 80 oC.  We therefore used a holding 

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

experiments.   

 

 

Figure 7.2: Turbidity of β-lactoglobulin at pH 5.8 in 10mM acetate buffer as a function 
of temperature. 
 

0

0.5

1

1.5

2

2.5

25 45 65 85

Tu
rb

id
ity

 (
cm

-1
)

Temperature (oCelsius)

Figure 7.2

Cooling 

Heating 



 

207 

 

The pH-dependence of the properties of the protein particles formed by thermal 

treatment of β-lactoglobulin at pH 5.8 was determined (Figure 7.3).  Similar to native β-

lactoglobulin, the protein particles changed from a negative charge at high pH to a 

positive charge at low pH, with a point of zero charge around ~ pH 4.8 (Figure 7.3a).  

The protein particles had a relatively small diameter (d < 500 nm) at pH values well 

below (pH < 4) or well above (pH > 5.5) the isoelectric point, but were highly prone to 

aggregation around the pI (Figure 7.3b).  This effect can be attributed to the reduction in 

electrostatic repulsion between particles associated with their reduced electrical charge 

(Figure 7.3a).  Pectin remained negatively charged throughout the pH range studied, with 

a slight decrease in the magnitude of the charge as the pH decreased below 4.0 (Figure 

7.3a), which can be attributed to some protonation of the carboxyl groups around and 

below their pKa value.  Pectin solutions remained transparent across the entire pH range 

studied in the absence of protein.    
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Figure 7.3: ζ-potential and diameter of heated β-lactoglobulin (pH 5.8) with (“Type 1”) 
or without (“HBlg”) pectin as a function of decreasing pH 
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Type 1 biopolymer particles were formed by mixing pectin with the protein 

particles formed by thermal treatment (229).  Experiments were performed to find the 

most suitable conditions for forming stable Type 1 particles.  Protein particles and pectin 

were mixed at pH 6.5, and then the pH was reduced to promote pectin adsorption.  The 

mixed system had a negative ζ-potential that was intermediate between the two 

components (Figure 7.3a) at all pH values, which suggested that the pectin molecules 

associated with the protein particles.  There was an appreciable increase in the diameter 

of the particles in the mixed system when the solution was adjusted from pH 6.5 (d = 260 

nm) to pH 4.5 (d = 430 nm), which can be attributed to adsorption of pectin molecules to 

the protein particle surfaces, as well as possibly some bridging flocculation (Figure 7.3b).  

The extensive aggregation that was observed in the protein particle system around the pI 

of the protein was not observed in the presence of pectin (Figure 7.3b), which indicated 

that the pectin stabilized the protein particles against aggregation, presumably be 

increasing the electrostatic and steric repulsion between the biopolymer particles. 

Atomic force microscopy (AFM) was used to compare the morphology of Type 1 

particles with that of the protein particles from which they were fabricated (Figure 7.4).  

The Type 1 particles and protein particles both had spheroid shapes, and both exhibited a 

broad range of particle sizes.  There appeared to be a greater number of small particles in 

the protein particle system than in the Type 1 particle system, as exhibited by the surface 

roughness between the larger particles.  These small particles may not have been 

observed in the Type 1 system since the pectin molecules may have absorbed to them and 

grouped them together.   



 

 

              Heated ββββ-lactoglobulin, pH 5.8

Figure 7.4: Atomic force microscopy
the Type 1 particle 
 
 

7.4.2 Creation of Type 2 Particles 

Previous work in our laboratory has demonstrated that biopolymer particles (~ 
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heating β-Lg-pectin complexes at 85 

protein at this pH was studied in the absence and pres

scanning calorimetry (Figure 

similar with or without pectin up to about 80 

strongly impact the unfolding of the globular protein

appreciable exothermic contribution to the DSC signal above about 81 

of pectin, which can be attributed to extensive aggregation and precipitation of the 

protein molecules.  This kind of exothermic taili

calorimetry experiments using complexes 

210 

         

lactoglobulin, pH 5.8        Type 1 particle 

tomic force microscopy image of both heated β-lactoglobulin at pH 5.8 and 

Creation of Type 2 Particles  

Previous work in our laboratory has demonstrated that biopolymer particles (~ 

300 nm) can be produced through thermal treatment of β-Lg-pectin complexes (pH 

5.0).  Type 2 particles were created using this approach in the present study, by 

pectin complexes at 85 oC at pH 4.75. The thermal behavior of the globular 

protein at this pH was studied in the absence and presence of pectin using differential 

(Figure 7.5).  The peak maximum and peak shape were fairly 

similar with or without pectin up to about 80 oC, which suggests that the pectin did not 

strongly impact the unfolding of the globular protein.  On the other hand, there was an 

appreciable exothermic contribution to the DSC signal above about 81 o

of pectin, which can be attributed to extensive aggregation and precipitation of the 

protein molecules.  This kind of exothermic tailing has also been reported in other 

calorimetry experiments using complexes (352).  The exothermic contribution was not 
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observed in the sample containing pectin, which can be attributed to the fact that the 

protein aggregation was more limited in this system (see following discussion). 

 

 

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

The turbidity of the protein/polysaccharide solutions was measured as a function 

of temperature at pH 4.75 so as to provide some insights into the origin of the Type 2 

biopolymer particles formed (Figure 7.6).  The initial turbidity of the 

protein/polysaccharide solutions prior to heating was relatively high (~ 0.25 cm-1) 

because of the electrostatic complexes formed by pectin and β-Lg at pH 4.75.  The 

turbidity of the samples remained relatively constant when they were heated from 25 to 

55 oC, increased gradually from 55 to 75 oC, then showed a slight dip around 75 oC, 

before increasing steeply at higher temperatures (Figure 7.6).  These changes in turbidity 
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with temperature indicate changes in the structure of the complexes or particles present in 

the system.  We postulate that the slight increase in turbidity observed at lower 

temperatures is due to a small fraction of the native protein molecules becoming detached 

from the pectin molecules due to their increased thermal energy and then aggregating in 

solution.  The much steeper increase in turbidity observed around 80 oC is attributed to 

unfolding and detachment of the protein molecules from the pectin, and then aggregating 

in solution.  The dip in the turbidity around 75 oC may be due to some sedimentation of 

the aggregates formed at lower temperatures.   Further work is required to better 

understand the different physicochemical phenomenon occurring when proteins and 

polysaccharide complexes are heated together.   

 

 

Figure 7.6: Turbidity of β-lactoglobulin at pH 4.75 with pectin as a function of 
temperature. 
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The thermal characteristics of β-Lg at pH 4.75 in the absence and presence of 

pectin are compared in Table 7.1.  The thermal denaturation temperature of β-Lg was the 

same in the absence or presence of pectin (~ 78.5 oC), which indicated that the pectin did 

not have a major impact on the unfolding of the protein.  On the other hand, the thermal 

aggregation temperature of β-Lg was significantly higher in the presence of pectin (~ 

78.2 oC) than in its absence (~ 75.8 oC), which indicated that pectin retarded the 

aggregation of the protein molecules.  Interestingly, in the pure protein solutions, the 

aggregation temperature was significantly below the thermal denaturation temperature at 

pH 4.75, but was approximately equal to the thermal denaturation temperature at pH 5.8 

(Table 7.1).  This effect can be attributed to the fact that there is more electrostatic 

repulsion between the protein molecules at pH 5.8, and hence more unfolding is required 

before aggregation will occur.   

Atomic force microscopy was used to determine the morphology of the Type 2 

particulates formed by heating protein-polysaccharide complexes (Figure 7.7).  The AFM 

images indicated that spheroid particles were formed with diameters around 100 to 250 

nm, which were fairly similar in appearance to those formed in the Type 1 system (Figure 

7.4).  Nevertheless, there the Type 2 particles did appear to be less polydisperse than the 

Type 1 particles, with the images containing fewer small background particles (Figure 

7.4).   



 

 

Figure 7.7: Atomic force microscopy
lactoglobulin-pectin complex)
 
 

7.4.3 pH and Salt Stability of Biopolymer Particles

Previous investigations of heated 

particles) and pectin-coated 

demonstrated the enhanced stability of these systems to changes in pH and salt when 

compared to unheated systems.  Nevertheless, the pH 

Type 2 particles have never been directly compared under comparable conditions.  In this 

study, we therefore fabricated Type 1 and Type 2 particles with similar compositions and 

then adjusted them to pH 4.5.  The biopolymer

light scattering, turbidimetry, and 
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tomic force microscopy image of Type 2 particulate (heated 
complex). 

pH and Salt Stability of Biopolymer Particles 

Previous investigations of heated β-lactoglobulin-pectin complexes (Type 2 

coated β-lactoglobulin aggregates (Type 1 particles) have 

demonstrated the enhanced stability of these systems to changes in pH and salt when 

compared to unheated systems.  Nevertheless, the pH and salt stability of Type 1 and 

Type 2 particles have never been directly compared under comparable conditions.  In this 

study, we therefore fabricated Type 1 and Type 2 particles with similar compositions and 

then adjusted them to pH 4.5.  The biopolymer particles were then analyzed by dynamic 

light scattering, turbidimetry, and charge mobility measurements at pH 4.5 (Table 2), and 

after subsequent adjustment to other pH and salt conditions (Figures 7

The mass ratio of protein-to-pectin (r) was also varied to determine its effects on particle 

The characteristics of Type 1 and Type 2 particles measured at pH 4.5 are shown 

2. The electrical charges of the Type 1 (-33.5 mV) and Type

image of Type 2 particulate (heated β-

pectin complexes (Type 2 

lactoglobulin aggregates (Type 1 particles) have 

demonstrated the enhanced stability of these systems to changes in pH and salt when 

and salt stability of Type 1 and 

Type 2 particles have never been directly compared under comparable conditions.  In this 

study, we therefore fabricated Type 1 and Type 2 particles with similar compositions and 

particles were then analyzed by dynamic 

charge mobility measurements at pH 4.5 (Table 2), and 

7.8, 7.9 & 7.10).  

) was also varied to determine its effects on particle 

The characteristics of Type 1 and Type 2 particles measured at pH 4.5 are shown 

33.5 mV) and Type 2 (-33.0 mV) 
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particles were fairly similar, suggesting that they had fairly similar overall compositions.   

The mean diameters of the Type 1 particles (~ 400 nm) were significantly greater than the 

Type 2 particles (~ 300 nm), which indicated that the preparation method did have some 

impact on the nature of the particles formed.  Presumably, the Type 1 particles consisted 

of a protein core surrounded by a shell of polysaccharide molecules.  The protein core 

should have a diameter approximately equal to the diameter of the initial protein particles 

from which the Type 1 particles were formed: d ~ 200 nm.  The polysaccharide shell 

should therefore be around 100 nm thick, which is appreciably larger than the expected 

diameter of individual pectin molecules in solution.  The structure of the Type 2 particles 

is currently unknown.  In previous studies, we hypothesized that the globular proteins 

become detached from the pectin molecules after the proteins are heated above their 

thermal denaturation temperature.  The denatured proteins then aggregate in the aqueous 

phase to form protein particles, and then the pectin molecules absorb to the surfaces of 

the protein particles.  In principle, the Type 2 particles should therefore also have a core-

shell type structure.  It should be noted that many of the particles observed by atomic 

force microscopy had diameters smaller than the mean values determined by dynamic 

light scattering (Figures 7.4 and 7.7).  This suggests that dynamic light scattering may 

have over-emphasized the presence of large particles or that the particles were diminished 

during the drying processes necessary for AFM analysis.   
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Table 7.2: Mean diameter and particle charge of aggregate solutions after thermal 
preparation. 
 
Protein Solution Diameter (nm) ζζζζ-potential (mV) PdI 

HBlg 5.8 177.3a ± 13.8 - 27.7a ± 0.3 0.15a ± 0.02 

Type1 431.7b ± 71.8 - 33.4b ± 0.1 0.28b ± 0.00 

Type2 304.3c ± 6.8 - 32.9c ± 0.8 0.25b ± 0.02 

 
 

The stability of the biopolymer particles to pH changes was determined using 

turbidity measurements (Figure 7.8).  The impacts of particle type (Type 1 versus Type 

2), protein-to-polysaccharide ratio (r), and salt concentration (0 or 200 mM) on the pH 

stability of the particles were investigated.  There were appreciable differences in the pH 

dependence of the turbidity of the Type 1 (Figure 7.8a) and Type 2 (Figure 7.8b) 

particles.  For Type 1 particles, the turbidity of the suspensions was fairly similar at 

different r values under conditions where the protein and polysaccharide would not be 

expected to interact with each other (pH > 5.5), indicating that pectin concentration did 

not have a large impact on the nature of the biopolymer particles present in this pH range.  

This might be expected, since the protein particles were formed in the absence of pectin, 

and so there size should only be determined by the initial heating conditions of the 

protein solution.  On the other hand, for Type 2 particles, there was a large increase in 

turbidity with increasing protein-to-polysaccharide ratio at pH values where the protein 

and pectin would not be expected to strongly interact with each other (pH > 5.5) (Figure 

7.8b), which suggests that more or bigger particles were formed at high r ratios.  In this 

case, the biopolymer particles are formed by heating protein and pectin together, and 

hence the pectin concentration does affect the characteristics of the particles formed.  It 
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appears that high amounts of pectin present during heating (lower r) help to limit 

extensive protein aggregation. 

There was also an appreciable difference in the turbidity-pH profiles of the Type 

1 and Type 2 particles at pH values where the proteins and polysaccharides should form 

electrostatic complexes, i.e., pH < 5.5 (Figure 7.8). These differences can partly be 

attributed to the fact that the initial biopolymer particle characteristics depend partly on 

whether pectin was added before or after thermal denaturation and aggregation of the 

protein.  Even so, there were some similarities in the pH-dependence of the turbidity of 

the different particle types.  The pH where an appreciable increase in turbidity was first 

observed when the pH was reduced decreased as the protein-to-polysaccharide ratio 

decreased.  This phenomenon can be attributed to charge neutralization effects.  The net 

charge of a protein-polysaccharide complex depends on the net charge of the individual 

protein and polysaccharide molecules at the prevailing pH, as well as on the ratio of 

protein molecules to polysaccharide molecules in the complex.   At higher r values, there 

are more cationic protein molecules available to bind to the anionic pectin molecules and 

hence charge neutralization occurs at higher pH values. 
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Figure 7.8a/b: Turbidity of heated systems with increasing protein-to-polysaccharide 
ratio (“r”) as a function of final pH value (origin = pH 4.5) for: (a) Type 1; (b) Type 2. 
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Figure 7.8c: Turbidity of heated systems with increasing protein-to-polysaccharide ratio 
(“r”) as a function of final pH value (origin = pH 4.5) for: (c) Type 1 and Type 2 with or 
without 200 mM NaCl at r = 2. 

 
 

It was established from Figures 7.8a and 7.8b that a protein-to-pectin ratio of 2 

produced roughly equivalent turbidity values between the two types of particulate system.  

Previous studies have shown that addition of 200 mM NaCl to Type 2 particulates helps 

stabilize them against aggregation or dissociation after subsequent pH changes (255).  In 

the current study, we found that addition of 200 mM sodium chloride to Type 1 and Type 

2 particulates (Figure 7.8c) prevented turbidity increases when the pH was either 

increased or decreased.  Increased ionic strength reduces the electrostatic driving force 
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    Apparent particle sizes (Z-Average) from dynamic light scattering were studied 

and found to coincide with turbidity results (Figure 7.9).  Large increases in particle 

diameter (> 1000 nm), a result of hydrophobic aggregation or agglomeration, occurred 

when the turbidity dramatically increased.  For instance, large size increases among Type 

1 particles were seen below pH 5, 4, and 3.5 for r = 8, 5, and 2, respectively (Figure 

7.9a).  Type 2 particles aggregated below pH 4 and 3.5 for r = 8 and 5, respectively, 

while r = 2 resisted aggregation down to pH 3 (Figure 7.9b).  Among both systems, 

increased amounts of pectin resisted aggregation at lower pH values.  Type 2 particulates 

were more stable to aggregation at each level of pectin incorporation, indicating that 

pectin had less affinity for the Type 1 system.  Insufficient coverage of the particulate 

surface by pectin left uncharged portions exposed these areas for intermolecular 

aggregation.  As mentioned, addition of sodium chloride to Type 2 particles should 

reduce aggregation or dissolution with pH change, which was noted here, as well (Figure 

7.9c).  Interestingly, addition of sodium chloride to Type 1 systems caused a drastic 

increase in particulate sizes.  This further proved the hypothesis that uncharged surfaces 

of Type 1 particles were exposed (i.e. uncoated with pectin) and more susceptible to 

aggregation, which promoted intermolecular aggregation in the higher ionic strength 

conditions.  Decreased surface coverage by complexed pectin chains made the Type 1 

particulates less viable as a food additive compared to the Type 2 system. 
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Figure 7.9a/b: Mean particle diameter of heated systems with increasing protein-to-
polysaccharide ratio (“r”) as a function of final pH value (origin = pH 4.5) for: (a) Type 
1; (b) Type 2. 
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Figure 7.9c: Mean particle diameter of heated systems with increasing protein-to-
polysaccharide ratio (“r”) as a function of final pH value (origin = pH 4.5) for: (c) Type 1 
and Type 2 with or without 200 mM NaCl at r = 2. 
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negatively charged carboxylate groups on pectin lose charge, as well, with continued 

decrease in pH below its pKa value (~ 3.5).  Increased complexation with greater pectin 

concentrations and the addition of more negatively charged sites explains the greater 

stability of systems more pectin, and the inevitable instability below pH 3.5.   

Between the two particulate systems, the same concentrations of pectin effected 

different charges.  For instance, at pH 4.5, the mean charge of the Type 2 particulate with 

r = 8 was -29.7 mV (Figure 7.10b) while the Type 1 particulates was -22.8 mV (Figure 

7.10a).  This may reflect a greater tendency of pectin to adhere to the Type 2 system as 

opposed to the Type 1.  However, sufficient coverage was obtained at a protein-to-pectin 

ratio of 2 (w/w %), as the charge was similar between both systems.  This reflected a 

limitation of the charge mobility analysis, as it did not indicate the amount of pectin 

adhered to the surface, only the overall charge. 
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Figure 7.10: Particle charge (ζ-potential) of heated systems with increasing protein-to-
polysaccharide ratio (“r”) as a function of final pH value (origin = pH 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 4.5 (Table 7.3).  Particulate 

solutions were shown to be turbid with particle sizes above 150 nm, which should make 

these particulates precipitate given sufficient separative force.   

Polymer compositions were comparable between the two particulate systems.  As 

in previous studies, pectin was found almost exclusively in the supernatant phase.  Only 

very small fractions of the original content were found in the resuspended supernatant, 

close to experimental noise.  Concentrations of β-lactoglobulin in the supernatant fell to 

approximately 90% of the original content following centrifugation, with about 0.025 – 

0.048% (w/w) found in the resuspended precipitate.  These protein compositions differed 

from data obtained with different pectin in earlier research (~74 DE), which supernatant 

protein down to ~ 40% of the original.  As the supernatant and resuspended precipitate 

contained protein contents that, in total, were greater than the original content, there 

appears to have been a measurement error towards greater protein content.  What is 

definite is that the majority of protein remains in the supernatant following 

centrifugation.  This implied that thermal aggregation of protein is mostly limited by the 

presence of pectin in both systems, allowing a minority of proteins to form large 

insoluble aggregates. 
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Table 7.3: Polymer composition, particle size, and charge mobility of supernatants and 
redispersed precipitates following centrifugation of Type 1 and Type 2 particles. 
 
Solution Pectin wt% Protein wt% Diameter (nm) ζζζζ-potential (mV) 
Type 1 
Supernatant 

0.053 ± 0.002 0.092 ± 0.009 276.5 ± 44.5 -33.2 ± 1.0 

Type 2 
Supernatant 

0.053 ± 0.000 0.090 ± 0.001 312.0 ± 5.2 -35.0 ± 2.0 

Type 1 
Precipitate 

0.006 ± 0.001 0.036 ± 0.011 729.6 ± 343.5 -31.7 ± 1.0 

Type 2 
Precipitate 

0.008 ± 0.002 0.035 ± 0.007 427.9 ± 32.0 -35.0 ± 1.0 

 
 

Sizes of particulate solution supernatants were smaller than the original solutions.  

Type 2 systems dropped from 304 to 276 nm, while the Type 1 system dropped from 431 

to 312 nm (Table 7.3).  These losses in apparent diameter may reflect the removal of 

larger aggregates from the total solution, narrowing the detected distribution towards 

smaller diameters.  Indeed, the re-suspended precipitates possessed very large sizes with 

roughly double the polydispersity indices (data not shown).  The extent of the size 

increase and greater polydispersity demonstrated that the largest particulates were 

removed following centrifugation, and that these large particulates may have associated 

further through close proximity in the sediment layer.  Interestingly, charge of the 

supernatant and resuspended precipitate did not differ from the original particulate 

suspensions.  Since the large protein aggregates scatter drastically more light than pectin 

chains, the absence of null-charged β-lactoglobulin indicated at least small quantities of 

anionic pectin were adhered to both the soluble proteins in the supernatant and the very 

large protein aggregates in the sediment. 
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7.5 Conclusion 

Previous research has established the creation of particulates from β-lactoglobulin 

heated at pH values proximal to the isoelectric point.  The first method (Type 1) involved 

heating β-lactoglobulin below pH 6.0 and then complexing it with pectin by pH 

reduction.  In the second method (Type 2) β-lactoglobulin was complexed with pectin at 

pH 4.75 and then heated.  In order to create Type 1 particulates, β-lactoglobulin was 

heated at pH 5.8, which was shown to have a thermal transition at 80 oC and formed 

turbid, aggregate structures.  Pectin was found to complex with these aggregates below 

pH 6.0 through electrostatic interaction and prevented further aggregation and 

precipitation close to the isoelectric point.  Type 2 particulates were created by reducing 

the pH of a β-lactoglobulin and pectin solution to pH 4.75 and subjecting them to heat.  

The thermal transition of the Type 2 system occurred above 78 oC, where 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 larger mean diameter in 

the Type 1 system (430 nm; Type 2 = 304 nm).  AFM revealed that both possessed a 

spheroid structure, although the Type 2 system contained less small particles, which may 

have been free protein and pectin materials.  Stability to further pH changes was studied 

among both particulate types, with Type 2 demonstrating greater resilience at lower pH 

values.  Addition of sodium chloride to the Type 2 system caused an expected increase in 

particulate stability to pH changes, while addition to the Type 1 system induced 

aggregation, as indicated by particle size results.  This occurrence, combined with ζ-

potential data, indicated that pectin insufficiently covers the protein surface 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 produce the smallest 

particulate diameters with the greatest pH stability in both Type 1 and Type 2.  These 

particulates were both resistant to extreme centrifugal forces, with precipitating materials 

being comprised almost exclusively of protein. 
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CHAPTER 8 

8 OPTIMIZATION OF BIOPOLYMER PARTICLE CHARACTERISTICS 
DERIVED FROM THERMALLY TREATED COMPLEXES THROUGH 

REFINED HEATING CONDITIONS 

 

8.1 Abstract 

Associative complexes of β-lactoglobulin and pectin were heated below pH 5 to 

create aggregate particles with sub-micron diameter.  Variations in solution properties 

(protein concentration, pH, ionic strength) and heating conditions (temperature, heating 

time) were tested for their effects on particle characteristics (turbidity, dynamic light 

scattering, soluble protein content).  Particle size and turbidity increased with initial 

thermal treatment until reaching a stable value after 10 minutes (size ~ 300 nm, ~ 50 % 

soluble protein).  The particle size at this stable state decreased through increases in 

heating temperature from 70 to 90 oC.  This stable particle size and turbidity were noted 

for solutions at or below pH 4.75, but these values increased with adjustment towards pH 

5.  Larger particle sizes and reduced protein solubility corresponded with reduced pectin 

complexation, which was believed to prevent protein aggregation.  Particle size, turbidity, 

and sedimented protein values increased with higher protein concentration and increased 

ionic strength, and were attributed to the increased aggregation rates associated with 

these factors. 
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Effects of temperature, heating time, pH, protein concentration, and ionic strength 

on particle characteristics of heated β-lactoglobulin-pectin complexes indicated that it is 

possible to control the size and solubility of particles using these factors.  These effects 

may all be related to the influence on β-lactoglobulin 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 associative β-lactoglobulin-pectin 

complexes.  Food-grade particles, associative complexes, and general information on 

biopolymers have been covered in the literature review (Chapter 2).  Other introductory 

material include: association complexation between β-lactoglobulin and pectin (Chapter 

3 and 4), investigation of thermal treatment of associative complexes (Chapter 3 and 6), 

and stability of formed particles (Chapter 3 and 5). 

The production and characterization of particle produced from thermal treatment 

of associative complexes has been investigated between β-lactoglobulin and pectin.  So 

far, a narrow range of conditions has been shown to produce these particles.  These 

conditions are:  pH (4.5 – 5.0); protein concentration (0.1 – 0.5 w/w %); heat-immersion 

temperature (83 – 85 oC); heat-immersion time (15 minutes); and ionic strength (0 – 50 

millimolar NaCl).  It is the purpose of this set of experiments to investigate minute 

changes in these preparatory variables so as to control the diameter and phase coherence 

of the formed biopolymer particles.  Recognition of trends in particle characteristics will 

allow optimization and future application of these particles in an industrial setting. 
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8.3 Materials and Methods 

8.3.1 Materials 

Purified β-lactoglobulin powder (Lot# JE-002-4-415) was kindly donated by 

Davisco Foods International (BioPURE Betalactoglobulin, Eden Prairie, MN).  The 

reported composition of the powder was 97.4% Total Protein, 92.5% β-lactoglobulin, and 

2.4% Ash.  A High Methoxy- Pectin (#1781; DE 54%; 166 kDa) was kindly donated by 

CP Kelco.  The reported composition of this Pectin powder was Hydrochloric acid and 

sodium hydroxide solutions for pH adjustments were created from a 12.1 N hydrochloric 

acid solution (Fisher Scientific, Fairlawn, NJ) and solid sodium hydroxide pellets (Sigma 

Chemical Co., St. Louis, MO), respectively.  Solutions were created with double-

distilled/de-ionized water, obtained from a filtration unit on-site.  All materials were used 

directly from the sample containers without purification.   

8.3.2 Biopolymer Solution Preparation 

β-Lactoglobulin and Pectin powders were weighed and put into separate beakers 

for solubilization with a 10mM acetate solution at pH 7.  Full solubilization of pectin 

solutions was assured by stirring continuously at ambient temperature for 6-10 hours at 

300 rpm using magnetic stir-bars.  β-lactoglobulin solutions were prepared by similar 

stirring conditions 4 hours prior to experimentation.  Protein and pectin solutions were 

adjusted to pH 7.0 using 1.0 N and 0.1 N sodium hydroxide solutions before further 

mixing operations.  After mixing, final protein concentrations were 0.5%, while 

polysaccharide solutions were 0.25% (w/w), unless otherwise stated.  For instance, final 

protein contents of 0.1 to 2.0% were created for mixtures investigating the effects of 

protein concentration.  Final protein concentrations of 0.75% were created for 
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investigations on different ionic strengths, with dilution to 0.5% prior to heating.  A 

protein:pectin ratio of 2 was maintained throughout all experiments.  Mixed 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 measured using a pH/mV 

measurement unit (UB-10 “Ultrabasic”, Denver Instruments, Denver, CO), calibrated 

daily prior to use.  All solutions were stirred at the desired pH for 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 capacity glass 

test-tubes with plastic screw-caps.  These capped solutions were then immersed in a 

water bath to create protein-based particulate-suspensions (254).  Water bath conditions 

were varied between 70 and 90 oCelsius, with immersion times between 1 and 30 

minutes.  Following the heating procedure, samples were removed and immersed in an 

ice water bath for 2 hours, followed by overnight refrigeration.  On 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/visible 

spectrophotometer at 600 nm (Ultraspec 3000 pro, Biochrom Ltd., Cambridge, UK).  

Sample cuvettes were composed of quartz with a cell path length of 1.0 cm.  Sample 

solutions were vortexed for 2-3 seconds prior to insertion and measurement.  Distilled 

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 commercial dynamic light 

scattering and micro-electrophoresis device (Nano-ZS, Malvern Instruments, 

Worcestershire, UK).  The particle size data is reported as the Z-average mean diameter, 

while the particle charge data is reported as the ζ-potential.   

8.3.6 Biopolymer Particle Composition Analysis 

Heat-treated biopolymer solutions were created at the different variable 

conditions stated above.  These solutions were diluted to 0.1% β-lactoglobulin 

concentration (wt %) to standardize solution viscosity using acetate buffer (10mM, pH 

4.7) and centrifuged to sediment the formed particles.  Centrifugation was performed 

using an ultracentrifuge (Sorvall RC6 Plus, Thermo Scientific, Waltham, MA) with a 50-

mL capacity rotor (F21 Rotor) at 13,000 RPM’s (20,000 × g) for 40 minutes (20oC Temp. 

controlled).  Samples were placed in 40-mL screw-capped plastic tubes prior to 

centrifugation.  Following separation, supernatants were decanted carefully into separate 

glass test tubes using transfer pipettes and diluted to 0.025% (wt/wt) with double-distilled 

de-ionized water for optimal analytical measurement by Lowry Assay.  Unheated β-

lactoglobulin solution, used as an external standard, was analyzed concurrently with 

samples at each period of analysis.   

The Lowry assay was performed, as follows:  0.5 mL of sample was combined 

with 2.5 mL of Lowry solution C (0.4 mM CuSO4, 1.0 mM tri-sodium citrate, 185 mM 

sodium carbonate, 98 mM sodium hydroxide), vortexed, and allowed to rest for 10 

minutes; 0.25 mL of Lowry solution D (1:1 Folin-Ciocalteau Phenol reagent: double-

distilled water) was added; solutions were vortexed and allowed to rest for 25 minutes; 
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absorbance of solutions was measured at 600 nm in a disposable plastic cuvette with a 1 

cm path length. 

8.3.7 Statistical Analysis 

All measurements were performed on at least three freshly prepared samples and 

are reported as means and standard deviations.   

 

8.4 Results and Discussion 

Biopolymer solutions of β-lactoglobulin and pectin (2:1 weight ratio, 

respectively) were created at pH 6.5, where no interaction takes place.  The pH was 

reduced towards the protein’s isoelectric point to produce associative complexes between 

the β-lactoglobulin and pectin, as earlier reported (254).  These heated complexes were 

subjected to heat in order to fabricate nanoparticles based on the hydrophobic aggregation 

of protein.  Solution and heating variables were selected to test their effect on particle 

characteristics through dynamic light scattering, electrophoretic mobility, turbidity, and 

protein content of sedimentable particles.  Variables tested include heating temperature, 

heating time, solution pH, protein concentration, and ionic strength. 

8.4.1 Immersion heating temperature 

Solutions of β-lactoglobulin and pectin (0.5 and 0.25 w/w%, respectively) were 

created and adjusted to pH 4.75.  These samples were immersed for 20 minutes in water 

baths with temperatures varying between 70 and 90 oCelsius to determine the effects of 

temperature on particle formation and characteristics.  When cool, these samples were 

diluted to 0.1% protein (w/w) and analyzed by dynamic light scattering and turbidimetry.  

Particle sizes and solution turbidity are reported in Figure 8.1.   
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Solution turbidity after heat treatment at 70oC (Figure 8.1a) was 0.27.  With 

increasing temperature, the solution turbidity decreased consistently towards 80 oC to a 

value of ~ 0.19.  These reductions in turbidity coincided with decreases in particle size 

(Figure 8.1b), which reduce the number of incident light rays scattered.  Increased 

temperature has been shown to increase aggregation rate and aggregate volume (76, 367), 

which is contrary to the results found.  The reduced particle size with increased 

temperature, found here, may have resulted from a dissociation of pectin-protein 

associative networks.  In the early stages of heating, some protein aggregates begin to 

form through increasing hydrophobic interactions (76).  Upon reaching the thermal 

denaturation temperature, which has been found to be ~ 78 oC for these associative 

complexes (Chapter 6), the protein unfolds and structural rearrangements ensue.  This 

rearrangement may have led to dissociation of the pectin from the protein, causing a 

reduction in particle diameter.  It is also possible that higher temperatures, such as 90 oC, 

induced a faster aggregation rate with more compact packing structures and smaller 

hydrodynamic radii. 
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Figure 8.1: Effect of heating temperature on (a) solution turbidity and (b) particle 
diameter for β-lactoglobulin/pectin complexes at pH 4.75 when heated for 20 minutes. 
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As not all protein necessarily forms aggregates, many residual proteins may be 

left in solution.  To determine the quantity of this non-aggregate protein, samples were 

centrifuged and the supernatant analyzed for protein content (Figure 8.2).  At each 

temperature, the majority of incorporated protein (> 55%) did not sediment upon 

centrifugation and could be considered soluble.  Soluble protein increased with 

temperature, going from 55% at 70 oC to 65% at 90 oC.  This increase in soluble protein 

content may reflect a breakdown in the complexes with increasing temperature, as 

mentioned above, where expelled proteins become redispersed.  It may also reflect the 

formation of smaller protein aggregates at higher temperature, which possess sufficient 

charge-to-mass ratio to remain soluble.   

 

 

Figure 8.2: Effect of heating temperature on soluble protein content for β-
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 (w/w), with immersion 

in water baths of three different temperatures (75, 85, and 90 oC) for increasing amounts 

of time (Figure 8.3) to elucidate the formative process of biopolymer particles.  As 

expected, the turbidity of solutions increased with time immersed in the water baths 

(Figure 8.3a), demonstrating the process of hydrophobic aggregation as the internal 

energy was increased.  This finding was reinforced by particle size measurements, which 

increased with longer heating times (Figure 8.3b).  At all temperatures, a maximum 

turbidity and particle size was reached after 10 minutes of heating.  After 10 minutes, 

turbidity reached a steady value, while particle size slightly diminished.   
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Figure 8.3: Effect of heating time on (a) solution turbidity and (b) particle diameter for 
β-lactoglobulin/pectin complexes at pH 4.75. 
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The increases in turbidity and particle size with heating time demonstrate 

aggregation between β-lactoglobulin molecules, limited by the presence of associated 

pectin.  Supernatants of centrifuged samples showed a decrease in soluble protein with 

increased heating time (Figure 8.4).  This decrease in soluble protein, combined with 

increased particle sizes, indicated a growth in protein aggregate volume.  At longer 

heating times, the particle size diminished or remained the same while the amount of 

soluble protein decreased.  Similar results were noted in aggregation of β-lactoglobulin at 

pH 5.3, which claimed that the number of nucleation sites increased with temperature and 

heating rate and led to more numerous, smaller aggregates (364).  This model assumed a 

nucleation and growth mechanism, where the dominant aggregative force is hydrophobic 

interaction. 

 

 

Figure 8.4: Effect of heating time on soluble protein content for β-lactoglobulin/pectin 
complexes at pH 4.75. 
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8.4.3 Effect of pH 

Previous experiments have shown that associative complexes of β-lactoglobulin 

and pectin formed suspended particles through heating between pH 5 and 4.5 (254).  

Changes to pH value in this critical range should have minute effects on the degree of 

complexation between the two biopolymers.  In this set of experiments, mixtures were 

adjusted to pH values between 5 and 4.5 and heated under fixed conditions (85 oC water 

bath for 20 minutes) to determine if these small adjustments to protein charge and 

complexation degree have any effect on formed particles (Figure 8.5). 

 

 

 

Figure 8.5a: Effect of complex pH on (a) turbidity for β-lactoglobulin/pectin complexes 
heated at 85 oC for 20 minutes. 
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Figure 8.5b/c: Effect of complex pH on (b) particle diameter and (c) particle charge for 
β-lactoglobulin/pectin complexes heated at 85 oC for 20 minutes. 
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Heated mixtures of β-lactoglobulin and pectin were diluted to 0.1% protein (w/w) 

and the solution turbidity was measured (Figure 8.5a).  Solution turbidity was highest for 

heated mixtures at pH 5.0.  As the pH was decreased, the heated solutions became less 

turbid.  The opposite trend was seen for the unheated solutions, where decreases in pH 

led to added complexation between the increasingly positive β-lactoglobulin and the 

anionic pectin chains.  These trends were also noted in earlier experiments involving β-

lactoglobulin and two types of pectin (Chapter 4) with high turbidity close to pH 5.0 

being attributed to greater protein aggregation.  The degree of complexation, which 

increases with decreasing pH, is likely related to the reduction in protein aggregation.  

Particle sizes of the heated solutions from dynamic light scattering (Figure 8.5b) also 

showed a decrease in hydrodynamic radii as the pH was decreased, demonstrating the 

reduction in protein aggregation.   

Below pH 4.75, turbidity (0.2 cm-1) and particle size (~ 290 nm) reached a steady 

value with little change for further pH reduction (Figures 8.5a and 8.5b).  Charge-

mobility results revealed that particles possessed negative charge across the entire pH 

range (Figure 8.5c), which indicated that β-lactoglobulin was not fully complexed with 

pectin (i.e. coacervation) at any point within this pH range.  To determine the amount of 

protein aggregate formed, the quantities of soluble proteins were analyzed through 

centrifugation and supernatant analysis (Figure 8.6).  Soluble protein increased with 

decreases in heated solution pH, and again reached a steady value at pH 4.75.  Thus, the 

amount of large aggregates decreased as the pH was reduced from 5 to 4.75 but was 

unaffected by further reduction.   It appeared that a critical degree of complexation was 
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reached at pH 4.75 which proffered the maximum reduction in protein aggregation.  

Further experiments are required to fully elucidate this critical value. 

 

 

Figure 8.6: Effect of pre-heating pH on soluble protein content for β-lactoglobulin/pectin 
complexes heated at 85 oCelsius for 20 minutes. 
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Turbidity of heated solutions increased consistently with greater amounts of 

protein during heating (Figure 8.7a).  These increases coincided with increases in 

detected particle size, going from 230 to 540 nm as the protein concentration increased 

(Figure 8.7b).  These increases were nearly linear, demonstrating the viability of 

controlling the diameter of formed particles through selection of the appropriate initial 

protein concentration.  It has been established that aggregation rate is a factor of protein 

concentration (368).  This influence of protein concentration, termed the Trommsdorf 

effect, reduces aggregative termination mechanisms through increased viscosity (369).  

Less negative ζ-potential values were found at lower protein concentration (Figure 8.7c), 

but this was likely an artifact due to reduced light scattering from the smaller particles.    

 

 

Figure 8.7a: Effect of protein content on (a) solution turbidity for β-lactoglobulin/pectin 
complexes heated at 85 oC for 20 minutes at pH 4.75. 
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Figure 8.7b/c: Effect of protein content on (b) particle diameter and (c) particle charge 
for β-lactoglobulin/pectin complexes heated at 85 oC for 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 protein indicated an 

increase in larger protein aggregates with higher protein concentration.  Since particle 

diameter was also shown to increase at higher protein concentration during heating 

(Figure 8.7b), it is possible that both the number and diameter of formed protein 

aggregates were affected by protein content.   

 

 

Figure 8.8: Effect of protein concentration on soluble protein content for β-
lactoglobulin/pectin complexes heated at 85 oC for 20 minutes at pH 4.75. 
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determined by solution turbidity and particle size (Figure 8.9), and the extent of 

aggregation was analyzed through soluble protein measurement after centrifugation 

(Figure 8.10). 

Turbidity of heated solutions increased steadily with higher sodium chloride 

concentration, nearly doubling in value from 0 to 50 mol/kg (Figure 8.9a).  The turbidity 

of unheated solutions was unchanged with different sodium chloride concentrations, 

indicating that the effect of ionic strength on turbidity was the result of increased thermal 

protein aggregation.  This concurred with increases in particle size as the amount of 

sodium chloride was increased (Figure 8.9b).  Increases in ionic strength diminish 

repulsive electrostatic forces between similarly-charged polymers, such as the adhered 

pectin, and induce greater aggregation of proteins through hydrophobic interactions (73, 

370).  In this way, aggregation rate and the resultant particle diameter may be controlled 

through selection of the appropriate ionic strength. 
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Figure 8.9: Effect of initial ionic strength on (a) solution turbidity and (b) particle 
diameter for β-lactoglobulin/pectin complexes heated at 85 oC for 20 minutes at pH 4.75. 
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Ionic strength reduced the amount of soluble proteins dramatically among heated 

solutions (Figure 8.10).  Soluble protein dropped from ~ 50% to less than 20% by adding 

only 50 mol/kg sodium chloride.  This larger amount of sedimented protein was at least 

partially the effect of greater particle diameter after heating (Figure 8.9b).  Greater ionic 

strength may also contribute to sedimentation of existing particles through reductions in 

apparent charge, reducing the solubility of components (371).     

 

 

 

Figure 8.10: Effect of initial ionic strength on soluble protein content for β-
lactoglobulin/pectin complexes heated at 85 oC for 20 minutes 
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8.5 Conclusion 

Particles were formed from associative complexes between β-lactoglobulin and 

pectin below pH 5 through thermal treatment.  Factors such as temperature, heating time, 

pH, protein concentration, and ionic strength were investigated for their effects on 

particle characteristics.  General solution properties were determined by turbidity, while 

particle size and aggregate formation were analyzed through dynamic light scattering and 

supernatant protein content.   

Particle formed at lower temperatures were found to have higher turbidity and 

particle size than those at temperatures above denaturation conditions.  Due to their larger 

size, slightly more protein sedimented in solutions heated at 70 oC rather than above 80 

oC.  Solution turbidity and particle size also increased with longer heating time until 

reaching a steady value after 10 minutes, regardless of heating temperature.  This was 

reflected in reduced soluble protein as the solution was heated for longer periods.  This 

steady point was taken as a stable product of protein thermal treatment with diameter of ~ 

300 nm and approximately 50% sedimentable protein.  Heating for 20 minutes at 85 oC 

was established as a good method for creating particles with these stable characteristics. 

Reduction in pH from 5 to 4.75 resulted in a lower turbidity and particle size, 

which was reflected in a greater amount of soluble protein.  Below pH 4.8 the particle 

characteristics reached a steady state, which was attributed to a maximal reduction in 

protein aggregation through associated pectin chains.  None of the samples were 

considered coacervates, as they possessed residual negative charge.   

Particle diameter and solution turbidity were greatly affected by the protein 

concentration, more than doubling in value from 0.1 to 2% protein.  As the ratio of 
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protein to polysaccharide was unchanged, this effect was not a result of reduced particle 

charge.  Due to the greater aggregate volume, the amount of sedimentable protein also 

increased at higher protein concentrations. 

Small increases in ionic strength from 0 to 50 mol/kg sodium chloride led to 

increases in turbidity, particle size, and sedimented protein of the complex particles 

during heating.  Increased ionic strength shielded repulsive interactions of pectin within 

associative complexes and caused larger aggregate formation and reduced solubility. 

Experiments on the effects of temperature, heating time, pH, protein concentration, and 

ionic strength have shown that it is possible to control the size and solubility of particles 

from thermal treatment of associative complexes.  These effects may all be related to 

their increasing influence on aggregation and denaturation of the β-lactoglobulin 

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

9 CONCLUSION 

 
 

This research has shown that biopolymer nanoparticles can be formed by 

controlled thermal treatment of protein-polysaccharide electrostatic complexes.  Mixed 

solutions of a globular protein (β-lactoglobulin) and an anionic polysaccharide (pectin or 

carrageenan) were formed into associative complexes through pH reduction from neutral 

conditions.  Turbidity results confirmed the initiation of complexation at pH values 

slightly above pH 5, with denser precipitate or coacervate phases forming below pH 4.5.  

Thermal treatment of these associative complexes was investigated as a function of 

biopolymer composition, heating conditions, pH, and ionic strength.  Thermal treatment 

of β-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 were imperative for the 

creation of these particulates.  These particulates were stable to pH adjustment (3 to 7) 

and to high levels of salt (200 NaCl).  Particle characteristics were also maintained after 

re-suspending them in aqueous solutions after they have been either frozen or 

lyophilized.   

Particle formation and characteristics were investigated during and after the 

heating procedure of the protein-polysaccharide complexes.  Thermal analysis of β-

lactoglobulin-pectin complexes using calorimetry (DSC) and turbidity-temperature 

scanning indicated that the denaturation of β-lactoglobulin 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 aggregated β-

lactoglobulin, which were likely coated with small amounts of pectin at lower pH values 

(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 and protein-

polysaccharide complexation.  These two methods were: Type 1 – forming β-

lactoglobulin nanoparticles by heating, then coating them with pectin; Type 2 – forming 

nanoparticles directly by heating β-lactoglobulin and pectin together.  Type 2 particles 

had smaller diameters and better pH and salt stability than Type 1 particles.  Stability in 

the presence of high ionic strength and charge mobility results revealed important 

differences between the two systems.  It was proposed that Type 2 particles had a pectin-

saturated surface that limited their aggregation, whereas Type 1 particles had “gaps” in 

the pectin surface coverage that led to greater aggregation.   

Incorporation of protein particles into the food industry requires some flexibility 

in design and enhanced functionality.  The possibility of controlling the size, charge, and 

concentration of biopolymer particles by controlling the preparation conditions during 

thermal treatment of β-lactoglobulin-pectin complexes was investigated.  Biopolymer 

particle size and concentration increased with increasing holding time (0 to 30 minutes), 

decreasing holding temperature (90 to 70 ºC), 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 to their impact on 
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protein-polysaccharide interactions, protein denaturation, and protein aggregation 

kinetics.   

Through these experiments a few general conclusions can be made: 

• Associative, suspended complexes between β-lactoglobulin and pectin could be 

formed by reducing the pH of neutral solutions to pH 5 – 4.5. 

• Denaturation of β-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. 

• Thermal treatment of β-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. 

• Particles produced from thermal treatment of β-lactoglobulin-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 areas where future experiments 

would be beneficial in developing knowledge of the particle characteristics and the 

formation mechanism.  Some suggested studies might be: 
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• Determination of biopolymer particle structure, especially the spatial 

organization of β-lactoglobulin and pectin components within the particles.  

More knowledge is required on the location and quantity of pectin within the 

biopolymer particles at different pH conditions.   

• Investigation of pectin’s function (or other anionic polysaccharides) on 

inhibition of β-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 thermal treatment, 

which has not been proven or disproven in the experiments in this work. 

• Investigation of encapsulation capability for the biopolymer nanoparticles for 

different bioactive components.  This includes studies on encapsulation 

efficiency and release characteristics among different creation methodologies 

and environments. 

• Investigation of the degradation of biopolymer nanoparticles under digestive 

conditions. This includes lingual-, gastric-, or intestinal- conditions, either in 

vivo or in vitro.   

• Investigation of alternative globular protein – anionic polysaccharide systems 

for the creation of biopolymer nanoparticles with different characteristics. 

 
The knowledge gained from this research will guide the rational design of 

biopolymer particles with specific physicochemical and functional attributes that can be 

used in the food and other industries, e.g., for encapsulation, texture modification, optical 

properties modification.   
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