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ABSTRACT
Bioactive compounds, such as curcumin, lutein, coenzyme Q10, B-carotene, cholecalciferol,
astaxanthin, and B-sitosterol, have antioxidant and anti-inflammatory properties that promote
health, but their low solubility, fast metabolism, and degradation have made it difficult to fully
harness their potential. Encapsulation techniques, such as nano and microencapsulation using
food-based biopolymers, have been employed to address these challenges. However, research
efforts in protein-based delivery have mainly focused on encapsulation without considering
structural, physicochemical, and matrix compatibility, which is tedious, unsustainable, and not
cost-effective. Hence, this thesis reports the structural basis of guest-host interaction in the

gastrointestinal delivery of lipophilic bioactive compounds using protein-based vehicles.

This research employed fluorescence quenching techniques to estimate the influence of protein
modification, fractionation and ionic strength on the nature and strength of interactions between
protein and bioactive compounds. Morphological examination was carried out with transmission
electron microscopy, confocal and widefield fluorescence microscopy whereas the sizes of the
nano and micro-complexes was measured with dynamic light scattering techniques. Thermal
stability was measured with differential scanning calorimetry and functional group
characterization done with Fourier Transform infrared spectroscopy. Encapsulation efficiency was
estimated by UV-Visible spectroscopy whereas in vitro bioactive compound release study was
carried out in simulated salivary, gastric and intestinal fluids. Cytotoxicity assessment was

estimated by calcein leakage assay.

The study showed that protein modification affects the strength of protein-curcumin interaction
and encapsulation efficiency. Pea protein succinylation increased electrostatic interaction with

chitosan but decreased protein-curcumin interaction. Pea glutelin, aloumin and globulin fractions

viii



showed different binding strengths with curcumin and the protein hydrophobicity and
encapsulation efficiency correlated positively with the binding strength. The study also
investigated the impact of bioactive compound lipophilicity and physiological ionic strength on
the interaction between protein and bioactive compound. Lipophilicity influenced the strength of
protein-bioactive compound interaction, while ionic strength changed the mode of interaction from
static to static-dynamic quenching. The morphology of the nano and micro complexes formed with
protein varied depending on the nature of encapsulated bioactive compound. Finally, bio-nano
interaction involving giant unilamellar vesicles and curcumin-loaded pea protein of various surface
functionalities as model biomembrane and nanoparticles respectively, was investigated. The result
showed that while the protein/chitosan shell stabilizes bioactive compounds from degradation, the

bioactive compound modulates their interaction with biomembrane.

Overall, this work has demonstrated that for a rational design of protein-based nano/micro-
encapsulation system, it is essential to consider the influence of the structural and physicochemical
properties of proteins and bioactive compounds, stabilizing intermolecular forces, ionic strength
of the environment, lipophilicity of the bioactive compounds, mechanism of release and
modulation of cytotoxicity by bioactive compound. For instance, in high ionic strength solution,
the stoichiometric ratio between protein carrier and bioactive compounds influences the stability
of the complex. Balancing the intermolecular forces in the shell and core of bilayer complexes is
essential for the stability of nanocomplexes and the presence of bioactive compound stabilizes the

macromolecular carrier to minimal biomembrane disruption.



PUBLICATION DETAILS
This is to acknowledge that the following book chapters and original research articles published
in or submitted to international peer reviewed journals and presented in scientific conferences were
used in formulating this thesis. The publications are listed in ascending order of year of publication

or submission.

Original Research Articles

Okagu, O. D.; Jin, J.; Udenigwe, C. C. Impact of Succinylation on Pea Protein-Curcumin Interaction,
Polyelectrolyte Complexation with Chitosan, and Gastrointestinal Release of Curcumin in

Loaded-Biopolymer Nano-Complexes. J. Mol. Lig. 2021, 325, 115248.

Okagu, O. D.; Udenigwe, C. C. Molecular Interactions of Pea Globulin, Albumin and Glutelin with
Curcumin: Formation and Gastric Release Mechanisms of Curcumin-loaded Bio-

nanocomplexes. Food Biophys. 2022, 17, 10-25.

Okagu, O. D.; Abioye, R. O.; Udenigwe, C. C. Curcumin-Induced Stabilization of Protein-Based Nano-
Delivery  Vehicles  Reduces  Disruption of  Zwitterionic ~ Giant  Unilamellar

Vesicles. Molecules. 2022, 27(6), 1941.

Okagu, O. D.;Abioye, R. 0O.; Udenigwe, C. C.Molecular Interaction of Pea Glutelin
and Lipophilic Bioactive Compounds: 1. Structure-Binding Relationship and Nano /

Micro Complexation. 2022, (Submitted).

Okagu, O. D.;Abioye, R. 0O.; Udenigwe, C. C.Molecular Interaction of Pea Glutelin
and Lipophilic Bioactive Compounds: 2. Effect of Nano/Micro Complexation on Model

Biomembrane. 2022, (Submitted).



Book Chapter

Okagu, O. D.; Wang, B.; Acquah, C.; Udenigwe, C. C. Protein-based nanodelivery systems for
food applications. In Encyclopedia of food chemistry. ed. by Melton, B. L.; Shahidi, F.;

Varelis, P. Academic Press, Oxford, United Kingdom. 2019, 719-726.

Okagu, O. D.; Wang, B.; Udenigwe, C. C. Food proteins as biomaterial for delivery functions.
in Food proteins and peptides: emerging biofunctions, food and biomaterial applications.

ed. by Udenigwe C. C. RSC, London. 2021, 97-126.

xi



DEDICATIONS

TO MY LOVELY CHILDREN, ANDRE, HAILMARY, MIA AND KRISTA OKAGU

xii



TABLE OF CONTENTS

GENERAL DECLARATION ..ottt sttt sttt anesteeeneane e i
ACKNOWLEDGEMENTS ..ottt ettt sttt se et ate s seenennns Vi
F N S 1 2 ¥ N PRSP viil
PUBLICATION DETAILS ..ottt sttt et et e e nnae e nnn e e e nnneas X
DEDICATIONS ...t e et e e ettt e et e e et e e abe e e aabe e e anbeeesnbeeesseeeenees Xii
TABLE OF CONTENT S ..ottt e e et e e e e e e e s e e anneas Xiil
ABBREVIATIONS ...ttt sttt ettt ne e be b e seenesbe e eneanenean XV
LIST OF SCHEMES...... .ottt bttt a ettt neane s Xix
LIST OF FIGURES ...ttt sttt sttt nenne s Xix
LIST OF TABLES ..ottt sttt ane s XXiv
(O o 1 el I O ] | P 1
N IO ] 10 LG ] S 1
00 = O 1 1 0 O PR 2
Food Proteins as Biomaterial for Delivery FUNCHIONS..........cccooiiiiiiiiiiiccecec e 2
SECTION L2 ittt sttt sttt ettt et s e et e st et ebe et et e neene st s 50
Binding, digestion and bioaccessibility of protein-based nanodelivery systems..................... 50
SECTION 1.3. RESEARCH GAPS AND PROJECT NOVELTY ..ccccovviiiiiiiense e 58
SECTION 1.4, RESEARCH QUESTIONS. ......ocitiiiiiiiieiecse e 61
SECTION 1.5. AIM OF THE STUDY ..ottt 62
1.5.1. SPECITIC ODJECTIVES .....cveiiiiiieiiiiete ettt bbb 62
SECTION 1.6. SIGNIFICANCE OF THE STUDY ....ccoiiiiiie e 63
SECTION 1.7. THESIS LAYOUT ...ttt 64
CHAPTER TWO ..ottt sttt et e e st e e st e e e st e e s s e e e sste e e snteeesnteeanneeeanneeeans 71

IMPACT OF PROTEIN MODIFICATION ON POLYELECTROLYTE COMPLEX-BASED
DELIVERY SYSTEMS AND THE NATURE OF STABILIZING INTERMOLECULAR
FOR CES . . 71

Impact of succinylation on pea protein-curcumin interaction, polyelectrolyte complexation
with chitosan, and gastrointestinal release of curcumin in loaded-biopolymer nano-complexes
................................................................................................................................................... 72

Xiii



INFLUENCE OF STRUCTURAL PROPERTIES OF PEA PROTEIN FRACTIONS ON THEIR
INTERACTION WITH BIOACTIVE COMPOUNDS: ENCAPSULATION AND GASTRIC

RELEASE MECHANISMS ..ot e et e e e e e e e e et e e e e e eeeeeeeeanan 114
Molecular Interactions of Pea Globulin, Albumin and Glutelin with Curcumin: Formation and
Gastric Release Mechanisms of Curcumin-loaded Bio-nanocomplexes .........cccccevviveivennnns 115

CHAPTER FOUR. ...ttt e ettt e e e et e e e et e e e et eeeee e e e aeeeen 156

IMPACT OF IONIC STRENGTH AND LIPOPHILICITY ON MOLECULAR INTERACTION
OF PROTEINS WITH BIOACTIVE COMPOUNDS: STRUCTURE-BINDING

RELATIONSHIP ..ottt sttt sttt st n et e e ene e s 156
Molecular Interaction of Pea Glutelin and Lipophilic Bioactive Compounds: Structure-Binding
Relationship and Nano-/Micro Complexation ............ccceeceiieiieieiieeie e 157

(O o 1 el I o Y SR 201

POTENTIAL TOXICITY OF PROTEIN-BASED NANO-DELIVERY VEHICLES:

INVESTIGATION INTO BIO-NANO INTERACTIONS ..o 201
Curcumin—Induced Stabilization of Protein—Based Nano-Delivery Vehicles Reduces
Disruption of Zwitterionic Giant Unilamellar VESICIES ... 202

(O 1 el I S I PSR 231

CONCLUSION . ...ttt sttt s et et e s s e b e st et ese et e st e s ebe st e s enearentens 231

APPENDICES ..ottt bbbttt s ettt et e nenne e 238

Appendix A: Copyright and ConSeNt NOES ........ccecveiieieiieie et 239
APPENAIX AL oottt e e re e et e e beeraenraereeraeareareas 239

CONSENE DY CO-AULNOTS ... e re e e e re e e 239
APPENTIX AZ . bbbt b bbb bRttt n bbb nne s 240
CopYright TrOM RSC ... bbb 240
APPENTIX AT bbb bbb bbb bttt n bbbt beere s 241
CopYright TrOM EISEVIET ... 241
APPENAIX AL ..ottt e et re et et e te et e naeere e e areeteas 242
Copyright from Journal of Molecular Liquids ...........ccooiiiiiiiiiie e 242
APPENAIX AD .ottt e re et e et e e e reeare e e e 243
Copyright from FOOA BIOPNYSICS ....c.vviiiiiiiieiieeiic et 243
APPENAIX AB ...ttt e ettt e et e ae e ra e ae e reeareenree s 244
MDPI open access permission for MOIECUIES ..o 244
AAPPENTIX AT ettt bbbt h e bbb bbbttt bbb nre s 245
Copyright from Journal of Agricultural and Food Chemistry.........ccccecevviieviveiesienneins 245

Xiv



ABBREVIATIONS

AFC: alternative force choice

AFM: atomic force microscopy

ANOVA: analysis of variance

ANS: 8-anilo-1-naphthalenesulfonic acid

As: astaxanthin

AsASF: astaxanthin-alkaline-soluble pea protein complex

ASF: alkaline-soluble pea glutelin protein fraction

BSA: bovine serum albumin

BSEs: backscattered electrons

CASF: curcumin-loaded alkaline-soluble pea protein fraction

CD: circular dichroism

Ch: cholecalciferol

ChASF: cholecalciferol-alkaline-soluble pea protein complex

CHI: chitosan

CLSM: confocal laser scanning microscopy

CSSF: curcumin-loaded salt-soluble pea protein fraction

CuASF: curcumin-alkaline-soluble pea protein complex

XV



CUR/PPI/CHI: curcumin-native pea protein-chitosan complex

CUR/PPI: curcumin-native pea protein complex

CUR/SPPI/CHI: curcumin-succinylated pea protein-chitosan complex

CUR/SSPI: curcumin-succinylated pea protein complex

CUR: curcumin

CWSF: curcumin-loaded water-soluble pea protein fraction

DHA: docosahexaenoic acid

DLS: dynamic light scattering

DMSO: dimethyl sulfoxide

DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine

DSC.: differential scanning calorimetry

Ecur: encapsulated curcumin

EDTA: Ethylenediaminetetraacetic acid

EE: encapsulation efficiency

Ems: electron microscopes

Eq: equation

ESF: ethanol-soluble pea prolamin fraction

f: accessible fluorophore fraction

XVi



F: fluorescence intensity of the protein in the presence of quencher

Fo: fluorescence intensity of the protein in the absence of quencher

FTIR: fourier-transform infrared spectroscopy

GRAS: generally recognized as safe

GUV: giant unilamellar vesicle

Ho: surface hydrophobicity

K: effective quenching constant for the accessible fluorophores

Ka: binding constant

Kp: Stern-Volmer quenching constant

Kq: biomolecular quenching rate constant

IGUV: calcein-loaded giant unilamellar vesicles

MW: molecular weight

n: number of binding sites

NMR: nuclear magnetic resonance

O/W/W: oil-in-water-in-water emulsion

PDI: polydispersity index

PPI/CHI: hollow pea protein-chitosan complex

PPI: native pea protein isolate

XVii



Q: quencher

Q10: coenzyme Q1o

Q10ASF: coenzyme Qio-alkaline-soluble pea protein complex

SDS-PAGE: sodium dodecy! sulfate-polyacrylamide gel electrophoresis

SEM: scanning electron microscopy

SEs: secondary electrons

SGF: simulated gastric fluid

SIF: simulated intestinal fluid

SPPI/CHI: hollow succinylated pea protein-chitosan complex

SPPI: succinylated pea protein isolate

SSF: salt-soluble pea globulin protein fraction (Chapter three)

SSF: simulated salivary fluid (Chapter two)

to: lifetime of protein fluorophore

TEM: transmission electron microscopy

Tg: glass transition temperature

W/W: water-in-water emulsion

WPI: whey protein isolate

WSF: water-soluble pea albumin protein fraction

XViii



XRD: X-ray diffraction

BCa: B-carotene

BCaASF: B-carotene-alkaline-soluble pea protein complex

BSi: B-sitosterol

BSiASF: B-sitosterol-alkaline-soluble pea protein complex

Aem: emission wavelength

Lex: excitation wavelength

LIST OF SCHEMES
Scheme 2.1. Succinylation of lysine residue of Proteins. .........cccoeeeiiriiininieieeee s 76
Scheme 5.1. Preparation of hollow and curcumin-loaded protein and protein-chitosan nano-

complexes with different physicochemical Properties........c.cocevrverreienieenieere e 208

LIST OF FIGURES

Figure 1.1.1. EM images of bioactive compounds encapsulated in the delivery system.. ........... 21
Figure 1.1.2. D10, D50 and D90 of a delivery system sample during DLS analysis. ................. 24
Figure 1.1.3. Thermal behavior of a developed delivery system and individual components. .... 29
Figure 2.1. Fluorescence emission spectra of the (a) curcumin-native pea protein, (b) curcumin-
native pea protein-chitosan, (c) curcumin-succinylated pea protein, and (d) curcumin-succinylated

Protein-ChitoSan INtErACTIONS. .........iiiiii e et te e snee s 87

XiX



Figure 2.2. Plots of Fo/(Fo-F) vs. 1/[Curcumin] for (a) CUR/PPI and (b) CUR/PPI/CHI complex
for binding constant (K) determination. Stern-Volmer plots for quenching constant determination
of (c) curcumin-PPI, and (d) curcumin-PPI-chitosan binding. Plots of log(Fo - F)/F vs.
log[Curcumin] for the determination of the number of bound curcumin (n) in the (¢) CUR/PPI and
(F) CUR/PPI/CHI COMPIEXES. ....veveeveeiieiiiesieeie st esie e s e steete s e etesaessaesseesaessaesaeanaesneenesneesneennens 90
Figure 2.3. Plots of Fo/(Fo-F) vs. 1/[Curcumin] for (a) CUR/SPPI and (b) CUR/SPPI/CHI complex
for binding constant (K) determination. Stern-Volmer plots for quenching constant determination
of (c) curcumin-SPPI, and (d) curcumin-SPPI-chitosan binding. Plots of log(Fo - F)/F vs.
log[Curcumin] for the determination of the number of bound curcumin (n) in the (e) CUR/SPPI
and (f) CUR/SPPI/CHI COMPIEXES. .....cuveiveeieiieiiie ittt ste ettt sta et sre e e e 91
Figure 2.4. Transmission electron microscopy images of freshly prepared colloidalfreeze-dried and
redispersed particles of (a) PPI/CHI hollow, (b) CUR/PPI, (c) CUR/PPI/CHI, (d)SPPI/CHI hollow,
(8)CUR/SPPI, and (f) CUR/SPPI/CH . ....vooveeeeeeeoereeeeeeeeeeeseeesesseeesesseeesesssesese s s seseesssesese 98
Figure 2.5. Fourier transformed infra-red spectra of (a) curcumin, (b) PPI, (c) SPPI, (d) CHI, (e)

PPI/CHI, (f) SPPI/CHI, (g) CUR/PPI, (h) CUR/SPPI, (i) CUR/PPI/CHI, and (j) CUR/SPPI/CHI

Figure 2.6. (a) Cumulative bioaccessibility profile of curcumin in free, CUR/PPI, CUR/SPPI,
CUR/PPI/CHI, CUR/SPPI/CHI, and CUR/CHI complex forms under simulated salivary (SSF),
gastric (SGF) and intestinal fluids (SIF). (b) Total bioaccessible curcumin at the various stages of
the simulated salivary, gastric, and intestinal CONditioNS............cccccvviiieiie i 104
Figure S2.1. (a) Excitation scan and (b) calibration curve of curcumin.........c.cccccceeveiieeiiieiinnns 111
Figure S2.2. Determination of surface hydrophobicity of PPl and SPPI through a plot of

fluorescence intensity against the CONCENTratioN..............covuveiieiiieiie e 111

XX



Figure S2.3. Excitation scan of (a) PPl and (b) SPPI solUtion ...........ccccceevvieiiecc e 112
Figure S2.4. Stability of (a) PPI-curcumin and (b) SPPI-curcumin interaction ...............c......... 112
Figure S2.5. Differential scanning calorimetric thermograms of (a) PPI (b) SPPI (c) PPI/CHI (d)
SPPI/CHI (e) CUR/PPI (f) CUR/SPPI (g) CUR/PPI/CHI and (h) CUR/SPPI/CHI ................... 113
Figure 3.1. Fluorescence emission spectra of the (a) curcumin-alkaline soluble protein fraction
(ASF), (b) curcumin-salt soluble protein fraction (SSF), and (c) curcumin-water soluble protein
fraction (WSF) colloidal COMPIEXES. .......ccvviiiiieiicie et 131
Figure 3.2. Stern-VVolmer plots for quenching constant determination of (a) ASF-curcumin, (b)
SSF-curcumin, and (¢) WSF-curcumin BIiNAING. .......coovoviiieiiiie e 133
Figure 3.3. Plots of Fo/(Fo-F) vs. 1/[Curcumin] for determination of accessible fluorophore
fractions (f) and effective quenching constant (K) for the accessible fluorophores in (a) CASF (b)
CSSF and (€) CWSF COMPIEXES ......ccvveiieiiiiieeitecie st esteeitesteesteeaestaesteesae e e steeaesseestaenesraesreeneens 134
Figure 3.4. Plots of log(Fo - F)/F vs. log[Curcumin] for the determination of the number of bound
curcumin (n) in the (@) CASF, (b) CSSF, and (c) CWSF complexes. ........ccccevevvievveveiieieennnns 135
Figure 3.5. Differential scanning calorimetric thermograms of the various protein fractions and
curcumin-loaded Protein COMPIEXES. ......ocviiiieiiece et 136
Figure 3.6. Transmission electron microscopy images of the colloidal solution of (a) CASF, (b)
CSSF, and (c) CWSF complexes and particle size distribution of (d) CASF, (¢) CSSF, and (f)
CVVSF COMPIEXES. ...ttt ettt ettt ettt ettt e et e s ae e beese e s teesbeesbesaeestaennesraenteeneens 139
Figure 3.7. Fourier transformed infrared spectra of (a) curcumin (b) ASF (c) CASF (d) SSF (e)
CSSF (f) WSE ANG (G) CWSF ... eeeeseeseeeeseseseeeseeseesseeesseesesesesessees s essesseeesesesesaseasens 142
Figure 3.8. Kinetic release profile of curcumin from the various complexes under simulated gastric

fluid in the (a) presence and (b) absence of pepsin. (c) Schematic representation of the salt-

XXi



dependent (CSSF) and pepsin-dependent (CWSF and CASF) curcumin release from the protein

nanocomplexes in the gastric digestion PRASE.. ......cccvivieiieii i 144
Figure S3.1. SDS-PAGE of PPI and the various protein fractions. ...........ccccccevvvevevieieene s, 154
Figure 4.1: Chemical structure of various lipophilic bioactive compounds. ............ccccceevveruenee. 163
Figure 4.2. Surface hydrophobicity plot of ASF at various ionic strength. ............c.ccoeeveeennnne. 173

Figure 4.3. Fluorescence emission spectra of the curcumin-ASF, astaxanthin-ASF, cholecalciferol-
ASF, B-carotene-ASF, co-enzyme Q10-ASF and B-sitosterol-ASF complexes at zero NaCl
concentration depicting the impact of the interaction of the various bioactive lipophilic compounds
on the fluorescence SPECLra OF ASF. ..o e 175
Figure 4.4. Fluorescence emission spectra of the curcumin-ASF, astaxanthin-ASF, cholecalciferol-
ASF, B-carotene-ASF, co-enzyme Q10-ASF and B-sitosterol-ASF complexes at 0.1 mM NacCl
concentration depicting the impact of the interaction of the various bioactive lipophilic compounds
on the fluorescence SPECra OF ASF. ..o 176
Figure 4.5. Fluorescence emission spectra of the curcumin-ASF, astaxanthin-ASF, cholecalciferol-
ASF, B-carotene-ASF, co-enzyme Q10-ASF and B-sitosterol-ASF complexes at 150 mM NaCl
concentration depicting the impact of the interaction of the various bioactive lipophilic compounds
on the fluorescence SPECra OF ASF. ..o 177
Figure 4.6. Determination of Stern-Volmer constant, Kp and biomolecular quenching constant Kq
in the curcumin-ASF, astaxanthin-ASF, cholecalciferol-ASF, B-carotene-ASF, co-enzyme Q10-
ASF and p-sitosterol-ASF complexes through a plot of Fo/F against the concentration of the
various lipophilic compounds at 0.0, 0.1 and 150 mM NaCl concentration. .............ccccccvevvenne. 182
Figure 4.7. Determination of effective quenching constant (K) and the accessible fluorophore

fraction (f) in the curcumin-ASF, astaxanthin-ASF, cholecalciferol-ASF, B-carotene-ASF, co-

XXii



enzyme Q10-ASF and B-sitosterol-ASF complexes at 0.0, 0.1 and150 mM NaCl concentration
through a plot of Fo/(Fo-F) vs. L/[lipophilic compound].........ccccoceriiinininiiniiieeene e 183
Figure 4.8. Determination of substantive binding site n of curcumin, astaxanthin, cholecalciferol,

[-carotene, co-enzyme Q10 and B-sitosterol, in ASF at 0.0, 0.1 and 150 mM NaCl concentration.

Figure 4.9. Transmission electron microscopy images of colloidal complexes of (A) ASF-
curcumin (B) ASF-astaxanthin (C) ASF-cholecalciferol (D) ASF-B-carotene (E) ASF-coenzyme
QL0 (F) ASF-B-SITOSLEIOL. ....ecveeuieieieite ettt et te e esteen e e e sreenreas 187
Figure 4.10. Binding-induced fluorescence quenching spectra of calcein-loaded GUV after
interaction of different concentrations of ASF-curcumin, ASF-astaxanthin, ASF-cholecalciferol,
ASF-B-carotene, ASF-coenzyme Q10 and ASF-B-SItOSterol..........cccoovvvvevieiievecicceece e 190
Figure 4.11. Interaction of calcein-loaded GUV with various concentrations of CUASF, AsASF,
ChASF, BCaASF, Q10ASF and BSiASF led to calcein quenching/leakage as monitored by
FlUOrESCENCE SPECLIOMELIY. ...icviiiicie ettt te e be et e esbeeaesraesreerens 191
Figure 4.12. Widefield fluorescence microscopy images of (A) empty GUV, (B) calcein-loaded
GUV before interaction with colloidal nanocomplexes and after interaction with (C) ASF-
curcumin (D) ASF-astaxanthin (E) ASF-cholecalciferol (F) ASF-B-carotene (G) ASF-coenzyme
Q10 (H) ASF-B-sitosterol and (1) Triton X-100. Scale bar is 20 UM. .......cccovvevenereiiieieien 194
Figure 5.1. Leakage-induced fluorescence emission spectra of calcein, encapsulated in the GUV,
after interaction with various concentrations of (A) curcumin-loaded succinylated pea protein, (B)
curcumin-loaded native pea protein, (C) curcumin-loaded succinylated pea protein-chitosan, (D)
curcumin-loaded native pea protein-chitosan, (E) hollow succinylated pea protein-chitosan, and

(F) hollow native pea protein-chitosan COMPIEXES. ........ccoveiiiiiiiiie e 216

XXii



Figure 5.2. Percentage calcein leakage from the GUV, induced by (a) native protein-based
nanoparticles and (b) succinylated protein-based nanoparticles, with different surface chemistry
and physicOCheMICAl PrOPEITIES. .......c.viiuiiie ettt e e re e 219
Figure 5.3. Dynamic light scattering size distribution curve of calcein-loaded giant unilamellar
vesicles (IGUV), before and after interaction with hollow (PPI/CHI and SPPI/CHI) and curcumin-
loaded protein nanoparticles (CUR/PPI, CUR/SPPI, CUR/PPI/CHI and CUR/SPPI/CHI) and
THIEON X100, 1ottt et bbb bt et et b b bRttt b bbb b nre s 222
Figure 5.4. Confocal microscopy images of calcein-loaded GUV, after interaction with (a)
CURJ/SPPI, (b) CUR/PPI, (c) CUR/SPPI/CHI, (d) CUR/PPI/CHI, () SPPI/CHI, (f) PPI/CHI
nanoparticles, and (g) calcein-loaded GUV, in the absence of nanoparticles, (h) calcein-loaded
GUV after treatment with Triton X-100 (10%) positive control, and (i) GUV without calcein. 223
Figure 5.5. Proposed nanoparticle-giant unilamellar vesicle interaction mechanisms................ 224
Figure S5.1. Widefield fluorescence microscopy images of (a) empty GUV (b) GUV-loaded
calcein in the absence of nanoparticles, and after interaction with (c)CUR/SPPI (d) CUR/PPI (e)
CUR/SPPI/CHI (f) CUR/PPI/CHI (g) SPPI/CHI (h) PPI/CHI nanoparticles and (i) Triton-X-100

109%0) POSITIVE CONIOL.......ccuiiiiiciece sttt be e sre e raenesneesreeneens 230
( P

LIST OF TABLES
Table 1.1.1. The microscopical technique used to characterize the morphology and structure of the
0 [o LA T Y ] (=] 0 PRSP SURPRPTRRPPN 18
Table 1.2.1. Types and properties of protein-based nanodelivery systems ..........c.cccoeevevieiiieennen. 57
Table 2.1. Binding parameters and encapsulation efficiency of the pea protein-curcumin nano-

(010] 0 0] 0] 123t TSP SUPSRPTRRPPN 89

XXiv



Table 2.2. Dynamic light scattering data, transition temperatures and enthalpies of the redispersed
Treeze-aried PArTICIES. ... .oc.v e 93
Table 2.3. Effect of succinylation and interaction with chitosan on the secondary structure of pea
0101 (=T 1 RSOSSN 94
Table S2.1. Zeta potential, mean diameter and polydispersity index of the colloidal solutions
MONItOred dUriNG SYNINESIS ......cvi ittt e e e be e sreereenne e 110
Table 3.1. Protein-curcumin binding parameters and encapsulation efficiency.............ccccc.c..... 131

Table 3.2. Dynamic light scattering data of the colloidal solution of the nanocomplexes, and the

transition temperatures and enthalpies of the freeze-dried particles...........cccocovvveviieiiiiciienns 137
Table S3.1. Yield and protein content of the various pea protein fractions.............c.ccccoeevvennine 154
Table 4.1. Bioactive compound lHPOPNIICITY........ccccveiiiiiiie i 178

Table 4.2. Binding parameters of interaction of alkaline soluble pea protein with lipophilic
bioactive compounds at different NaCl concentrations. ...........ccccceevviieiieiesic s 179
Table 4.3. Size, polydispersity index and zeta potential of calcein-loaded GUV with and without
interaction of protein-bioactive compound COMPIEXES. .......ccccveiieiieiieieee e 193
Table 5.1. Changes in size, polydispersity index, and zeta potential of calcein-loaded GUV after

interaction with the hollow or curcumin-loaded protein nanoparticles or Triton X-100............ 221

XXV



CHAPTER ONE

INTRODUCTION



SECTION 1.1

Food Proteins as Biomaterial for Delivery Functions
Ogadimma D. Okagu, Bo Wang and Chibuike C. Udenigwe
in Food proteins and peptides: emerging biofunctions, food and biomaterial applications.
ed. by Udenigwe C. C. RSC, London. 2021, 97-126.

https://doi.org/10.1039/9781839163425-00097



DECLARATION FOR THESIS SECTION 1.1

Food Proteins as Biomaterial for Delivery Functions
This is to declare that there is no conflict of interest associated with this work and the contribution

of the candidate is as stated below:

Candidate’s contribution Conceptualization of idea, | 65%

writing and review

The following co-authors attest to the candidate's participation in a group publication as a
component of his thesis and was active in the creation of this publication. The co-authors'

permissions are as follows:

Name Signature Date
Bo Wang 22/11/2022
Chibuike C. Udenigwe 22/11/2022




1. INTRODUCTION

Functional foods are designed to add value beyond their normal nutrition and aid in improving
wellness and human health through diet. They are mostly fortified and enriched with various
bioactive compounds such as minerals, phytosterols, steroids, polyphenols, vitamins, probiotic
bacteria, bioactive peptides, functional lipids, etc.! These bioactive compounds are mostly
insoluble and unstable, and degrade during food processing, storage or in a gastrointestinal
environment, which results in low bioavailability under physiological conditions. The design of
food-grade materials for the encapsulation, protection and delivery of unstable, insoluble and non-
bioavailable bioactive food compounds has attracted increasing attention in recent years.** They
are fabricated based on the relationship between the physicochemical properties of the
encapsulating agent and those of the bioactive compounds. Knowledge of their matrix
compatibility, stability, solubility, interaction, bioaccessibility and bioavailability is essential for
the rational design of a good delivery system.® Delivery vehicles are engineered to entrap bioactive
compounds, protect them from oxidation and unfavorable pH, photochemical, chemical and
enzymatic degradation and control their release at a specific rate and site.® They equally improve

the solubility and bioavailability of the bioactive ingredient.>’

Various food-grade materials such as lipids,®® carbohydrates® and proteins®’ have been
successfully employed in encapsulation techniques. Lipid-based delivery systems have recorded
high encapsulation efficiencies, but lipids are highly sensitive to changes in pH and temperature
and hence could induce irreversible aggregation and sedimentation.® Additionally, there are
concerns over toxicity associated with burst release and risk of recrystallization and explosion.
Carbohydrate-based delivery systems face the challenge of a-amylase degradation in the salivary

phase and also often encounter various chemical modifications to withstand gastric degradation.©



The fabrication of monodispersed carbohydrate-based delivery systems is often challenging owing
to their high viscosity and a combination of amorphous and crystalline regions in their structure. °
Protein-based delivery systems have been well researched and proven to be very promising.
Proteins have inherent structural and physicochemical properties such as many well-arranged/
packed hydrophobic, hydrophilic, amphipathic and/or charged or neutral side-chain functional
groups that can interact with and hence encapsulate, protect and deliver various nutraceutical and
pharmaceutical bioactive compounds. ° Proteins can adsorb and prevent aggregation on the surface
of colloidal particles,** can form new structures such as fibers, tubes and spheres'? and also its
hydrolysate could act as antioxidants.'®* They also have gelation, emulsification and foaming
properties that contribute to their diverse application in bioactive compound delivery.? Unlike
carbohydrate-based systems, the absence of proteolytic enzymes enables proteins to protect the
bioactive compound in the salivary phase. Proteins do not readily recrystallize or explode, making

them a better candidate than lipid-based delivery systems.

This section discusses protein-based nano-and microencapsulation systems, their various
fabrication techniques, physicochemical characterization, biochemical evaluation, biological
assessment, applications, and challenges. It also highlights some research gaps that should be

explored for the efficient and large-scale application of protein-based delivery systems.



2. PROTEIN-BASED DELIVERY SYSTEMS
Protein-based delivery systems can be classified based on the sources of the encapsulating protein
agents. These include animal, plant and recombinant protein-based delivery systems which have

been formulated for nano-and microencapsulation and delivery of bioactive compounds.

2.1. Animal Protein-based Delivery Systems

Animal-derived proteins have been reported to improve substantially the physicochemical and
physiological activity of many unstable and non-bioavailable bioactive compounds. For instance,
insect protein improved the solubility, bioaccessibility and membrane permeability of curcumin. ®
Likewise, gelatin modified with chitin ensured the protection and sustained release of
tetrahydrocurcumin.* Chitosan—casein core—shell nanoparticles functionalized with I-arginine and
I-lysine have been shown to have excellent stability and pH-responsive properties that allowed the
encapsulation of both hydrophobic and hydrophilic bioactive compounds.’® Micro- nalized
chitosan casein core-shell and pH-responsive nanoparticles: fabrication, characterization and
bioavailability enhancement of hydrophobic and hydrophilic bioactive compounds and
nanostructures encapsulating riboflavin and quercetin were successfully fabricated from p
lactoglobulin and the delivery system withstood several environmental conditions and ensured
slow release of the bioactive agents.’® Whey protein covalently crosslinked with citric acid
improved the stability and antioxidant activity of curcumin.t’ Similarly, a milk proteins—curcumin-
based delivery system increased the antioxidant, anticancer and antimicrobial properties of

curcumin. 18

2.2. Plant Protein-based Delivery Systems
Plant-based protein delivery systems are more sustainable or ‘green’ than their animal

counterparts. The encapsulating materials have been fabricated from zein, soy protein and wheat
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gliadins into nano-and microparticles, hydrogels, films and fibers.! Zein is an amphiphilic protein
rich in a-helical conformation derived mainly from corn gluten meal. It can self-assemble into
various mesostructures in different solvents and has demonstrated potential application in the
delivery of nutraceutical compounds, especially hydrophobic bioactives.'®2! Patel et al. reported
improved photostability of curcumin encapsulated with zein nanoparticles and an encapsulation
efficiency of 86.8%.22 To improve the encapsulation efficiency further, complexation of zein with
sodium caseinate was carried out and sustained release of curcumin from the stable zein—caseinate
nanoparticles under gastric and intestinal conditions and an improved encapsulation efficiency of
95.55% were reported.?! This is due to increased stability of the zein shell which degrades at high
temperature, ionic strength and neutral pH. Also, complexation with sodium caseinate offers
protection against enzymatic hydrolysis in the stomach. Zein-based delivery systems have also
been used to deliver functional compounds such as micronutrients, antimicrobial compounds,

essential oils, polyphenols, bioactive lipids and food coloring agents.

Similar to zein, soy proteins have modifiable structural and functional properties that permit the
encapsulation and delivery of nutraceuticals and drugs. The delivery vehicle is mainly fabricated
by cold gelation coacervation and spray drying.* An emulsion gel prepared with soy protein by
the cold gelation technique showed optimal thermal stability and successfully entrapped
polyphenols within its matrix.?® Soy protein gels modified into a double network of corn fiber
gum-soy protein improved the efficiency of riboflavin release by hindering proteolysis in the
gastric phase while promoting peptide cleavage in the intestinal phase.?* They have ligand-binding
properties and have been reported to form complexes with many bioactive compounds via
hydrophobic, hydrogen bonding, electrostatic and van der Waals interactions. They have

demonstrated potential applications in improving the stability, aqueous solubility and



bioavailability of both hydrophilic and hydrophobic bioactive compounds such as curcumin,

resveratrol, grape polyphenols, cranberry polyphenols and vitamin Biz. !

Encapsulating systems derived from wheat gliadin and barley proteins have been reported for the
delivery of nutraceutical ingredients. For instance, gliadin nanoparticle Pickering emulgels
encapsulating B-carotene with better fluidity at low gliadin concentration and a stronger gel
structure at high gliadin concentration were recently reported by Cheng et al. and it was found that
the storage and thermal stability of p-carotene and also its bioaccessibility were significantly
improved in the gliadin complex.?> Curcumin-loaded gliadin—chitosan composite nanoparticles of
high encapsulation efficiency were prepared by a combination of antisolvent precipitation and
ionic crosslinking using different crosslinkers. The crosslinking agents improved the
physicochemical properties of curcumin, with sodium phytate facilitating the best neuroprotective
effect of the bioactive compound.?® Wang et al. reported the microencapsulation of fish oil with
barley protein prepared by pre-emulsification in the absence of any organic solvent or crosslinkers.
The microcapsule had an encapsulation efficiency of 92.9-100.2% and protected the fish oil from

oxidation.?’

2.3. Recombinant Protein-based Delivery Systems

This type of protein-based delivery system is less common and involves the use of proteins
biologically synthesized inside the host cells of living organisms. Proteins produced in this way
are usually of high purity but face challenges of consumer acceptability and large-scale economic
production. For instance, silk protein has been reported to be a promising encapsulating agent for
bioactive compounds but large-scale production using conventional methods is not feasible.? Iron
storage protein ferritins with cage-like structures are found in bacteria, plants and animals and have

shown potential as a good delivery vehicle for curcumin. The curcumin-loaded ferritin complex
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increased the stability and water solubility of curcumin.?® This delivery system is specifically

designed for high-value applications.

Protein-based delivery systems can also be classified according to the size of the loaded

complexes, viz. nano-and microencapsulation systems.

3. PROTEIN ENCAPSULATION SYSTEMS

3.1. Protein-based Nanoencapsulation Systems

In protein-based nanoencapsulation systems, the bioactive compound is encapsulated in a protein
matrix or protein—biopolymer complex within a size range of 1-100 nm (nanoscale). The size of
the bioactive compound within a nanoscale complex greatly influences the rate of release, burst or
sustained release, target specificity and nature of protein corona formed.?® A nanoencapsulation
system has a greater potential to encapsulate, protect, stabilize, and deliver bioactive compounds

at a higher target specificity than microencapsulation systems.1%%

Protein-based nanoencapsulation systems have been fabricated from plant-and animal-based
proteins owing to their unique functional and biological properties. They possess a modifiable
feature that allows the fabrication of nanostructures such as nanotubes, nanogels, electrospun
nanofibers, nanoparticles, hollow nanoparticles, nanopolyelectrolyte complexes and nanofibrillar
complexes. They are advantageous owing to their amphiphilicity, surface activity,
biocompatibility, availability, high nutritional properties, safety, antioxidant potential and
emulsifying, film-forming, foaming and gelation properties.3! Protein-based nanoencapsulation
systems of different forms have been used to deliver bioactive food compounds efficiently to their
preferred site in the body and the mechanism of release is mainly based on pH sensitivity, swelling

or proteolytic degradation in a simulated physiological environment. 3% They are popularly



developed for their ability to improve the solubility and bioavailability of nutraceutical bioactive
compounds and enhance their residence time and stability in the harsh gastrointestinal
environment. Their small size increases their membrane permeability properties and they are easily

absorbed by tissues and cells.323

Nanoencapsulation delivery systems of various forms have been fabricated from soy, whey, bovine
serum albumin (BSA), egg albumin, zein, ovalbumin, lactoferrin—glycomacropeptide, pB-
lactoglobulin, gelatin, prolamine, B-lactaloumin and others for the delivery of various
nutraceuticals such as curcumin, vitamin Biz, doxorubicin, vitamin D3, lycopene, resveratrol,
quercetin, metformin, 5-fluorouracil, riboflavin, caffeine, limonene, fish oil, metal nanoparticles,
raspberry ketone, vitamins A and E, orange essential oil, B-carotene, rhodamine B, Congo Red,

gallic acid and aceclofenac.®!

Protein-based nanodelivery systems have been synthesized by emulsification, desolvation,
nanoprecipitation, coacervation, polyelectrolyte complexation, salting out, self-assembly,
nanospray drying, electrospraying and crosslinking methods.3*%® The choice of encapsulation
technique depends on the type of nanomaterial one wishes to produce, processing operation, amino
acid composition, hydrophobicity, amphiphilicity, zeta potential and folding of the protein, in

addition to the physicochemical properties of the bioactive molecule.

Designing a suitable protein-based nanoencapsulation system can be challenging owing to the
complexity of determining a suitable protein for a given bioactive compound. This is mostly
evaluated by studying the in silico structure—activity relationship, which does not consider the
effects of temperature, agueous environment, pH, ionic strength, viscosity and turbidity of the

reaction mixture, or by performing protein—bioactive compound binding, which does not provide
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all the information needed for efficient encapsulation. Obtaining the strength and nature of the
interaction from binding studies (mostly performed) does not guarantee efficient delivery as
binding does not necessarily translate to encapsulation efficiency or release potential. Also, the
relationship between the type of protein, bioactive compound and fabrication conditions have not
been thoroughly explored and could make it challenging to use a particular protein to design either
nanoparticles, nanofibers, nanotubes or nanogels, etc. Also, due to the challenge of solubility and
the necessity to ensure complete dissolution of both the encapsulating agent and the cargo,
introduction of hazardous reagents is often unavoidable. Most nanoencapsulation systems are
produced in the laboratory as there are limited cost-effective methods for large-scale

Industrial production.

3.2. Protein-based Microencapsulation Systems

Protein-based microencapsulation is similar to nanoencapsulation but here both the encapsulating
protein agent or coating material and the loaded biopolymer complexes are in the micro size range
(10-6 m). The microencapsulation technique was first introduced by Bungen burg de Jon and Kan
in 1931.2° This technique is much older than nanoencapsulation and has been equally successfully
applied to decrease the surface area-to- volume ratio of powdered food materials, enhance their
storage and intestinal stability, prevent unwanted taste and texture, enhance the discharge
properties of the bioactive compound, and increase bioavailability.®® The smaller size of
nanoencapsulation systems offers better encapsulation, protection, release, and permeability
properties. For instance, nano-and microencapsulation of p-carotene with zein protein stabilized
with glycerol by the electrospraying and spray drying technique, respectively, showed size-
dependent release and absorption. This study clearly indicates the effect of the encapsulation

technique on the size of nanoparticles as the same encapsulating agent and bioactive compound
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gave rise to both nano-and microparticles. A higher encapsulation efficiency of 81% and better
dissolution behavior were reported for the nanoencapsulated form obtained by electrospraying than
the microencapsulated counterpart owing to the smaller size. Simulated in vitro gastrointestinal
conditions showed a faster release of B-carotene from the nanoencapsulates and enhanced
bioavailability and permeability compared with the microparticles. 3" Nanoparticles can form
mixed micelles more quickly than microparticles during lipid digestion and hence preferentially
favors the rate of release and bioavailability of the encapsulated bioactive agent.3® Depending on
the environmental conditions such as heat treatment and pH, Monteiro et al. reported micro-and
nanoencapsulation systems using a mixture of two proteins, a-lactalbumin and lysozyme. They
were found to be stable for 30 and 90 days at 25 and 4 °C, respectively.3® Using similar fabrication
techniques and proteins as in the nanoencapsulation systems, numerous microencapsulation
systems have been developed and possess the ability to encapsulate various bioactive compounds.
They face similar encapsulation challenges such as low solubility leading to the addition of non-

friendly reagents, protein—bioactive compound compatibility and design, etc.*°

4. FABRICATION TECHNIQUES FOR PROTEIN-BASED DELIVERY SYSTEMS
Protein-based delivery systems have been successfully fabricated by emulsification, desolvation,
nanoprecipitation, coacervation, polyelectrolyte complexation, salting out, self-assembly,
nanospray drying, electrospraying and crosslinking methods. The fabrication procedures in these

techniques and their advantages and disadvantages were discussed in the preceding section.

4.1. Coacervation/Desolvation Techniques
Coacervation or desolvation techniques are commonly employed in both the nano-and
microencapsulation of nutraceuticals. This approach is based on the differential solubility of

proteins in various solvents as a function of the ionic strength, pH, polarity, dielectric constant, or
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presence of electrolyte in the solvent. Protein solubility is reduced in the coacervation process by
adding desolvation agents, leading to protein precipitation and hence phase separation. They could
be simple or complex coacervates depending on whether a single or complex protein is used,
respectively.®® In complex coacervation, the electrostatic attraction between oppositely charged
molecules is the major driving force in the phase separation into a protein-rich phase (coacervate)
and a protein-poor phase of the solvent. The size of the micro-or nanoparticles is controlled by
changing the processing conditions and stabilized with the help of a crosslinker such as glyoxal or
glutaraldehyde.*® The size of the micro-or nanoparticles depends on the processing conditions, pH,
solvent, protein, nature of binding, folding, solubility, etc. For instance, acetone produced smaller
albumin nanoparticles than ethanol. The pH prior to desolvation has been reported to be a major
factor determining the particle size, as smaller particles were obtained at high pH whereas
agglomeration was enhanced at high ionic strength owing to surface charge neutralization. An
increase in protein concentration reduced the particle size of BSA owing to increased nucleation
upon addition of antisolvent reagents.** For hydrophobic proteins, the protein solubility is
enhanced by increasing the ionic strength of the solution, leading to smaller protein sizes.*?
Heating B-lactoglobulin before phase separation led to denaturation, which increased the solubility
and hence produced smaller particles.** A major advantage of coacervation is the production of
particles of desired sizes by regulating the processing conditions.** This technique has been
reported to improve the stability of flavors, oils and vitamins compared with spray drying. It
involves low-temperature conditions, has a high core loading level, higher encapsulation efficiency
and better shell integrity and has demonstrated controlled-release potential.*® Active agents with
finite water solubility and pH can detrimentally affect the complex coacervation processes

employed for micro-and nanoparticle fabrication. Variation of the atmospheric moisture content
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could affect complex coacervates with a dry shell and could become plasticized at a relative
humidity above 70%. Therefore, the ambient environmental conditions could considerably affect
the release efficiency of complex coacervates.*® Another major limitation of the coacervation

technique is that it is applicable only to charged biopolymers.

4.2. Electrospraying

This electrohydrodynamic atomization technique involves the application of a high voltage to a
solution of the protein, leading to the emission of a liquid jet stream through the nozzle, forming
aerosolized liquid droplets containing the protein micro-or nanoparticles. This fabrication method
is similar to electrospinning but instead of nanofibers, nanoparticles are formed. Dry nanoparticles
are formed by the solvent evaporation that occurs during the flight of the droplets towards the
grounded electrode. This technique has been employed for the production of elastin-like and
gliadin peptide nanoparticles.*®*” The advantage of this technique is that solid nanoparticles of
high encapsulation efficiency are produced in a single step. By modifying the operating conditions
such as voltage, flow rate and collector distance, the properties of the solution such as
concentration, density, biopolymer type and viscosity or environmental conditions such as pressure

and temperature, nanoparticles with various properties could be produced.*®

4.3. Spray Drying

This technique is used to produce both protein micro-and nanoparticles by mechanical dehydration
of a colloidal suspension through heating and solvent evaporation to produce powdered particles.
The encapsulating agent and the bioactive compound are mixed to give a uniform dispersion,
which is placed in a spray dryer. When the mixture passes through the spinning wheel or nozzle
of the spray dryer, the hot chamber permits the atomization of the fluid and drying is achieved

through a stream of hot air. This technique can operate in the temperature range 150-300 °C and
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the particles are collected and separated in a cyclone.*® The method is relatively simple and
produces small particles at high yield and low cost. The solubility and stability of the bioactive
compound are significantly improved. However, the high-temperature conditions associated with
spray drying could result in denaturation of the protein or degradation of the bioactive compound.
Spray drying is not effective in encapsulating volatile bioactive compounds. It sometimes produces
heterogeneous particles in the nano and micro size ranges and with different shapes.*
Nanoemulsions containing different wall materials of either maltodextrin or trehalose were
stabilized by spray drying of whey protein. A high encapsulation efficiency of 97.1-98.9% and

good emulsion properties and higher bulk density were reported.

4.4. Homogenization

The most popular types of homogenization mostly employed in the encapsulation of bioactive
compounds involve the use of a microchannel homogenizer, microfluidization, high-pressure
homogenization, a high-shear mixer or a membrane homogenizer.>*? The high-shear mixer
technique is mostly employed in the preparation of emulsion-based encapsulation systems from
low to intermediate viscosity fluids to produce oil-in-water-in-water (O/W/W) or water-in-water
(W/W) systems. It involves placing the encapsulation mixture in a container and on rapid rotation
intense disruptive forces are generated that produce tiny droplets of lipids that are dispersed into
the aqueous phase.>® In high-pressure homogenization, small droplets of emulsion are produced as
a result of the high shear stress generated by passing the O/W mixture through a narrow slit
between the valves of the equipment. Microfluidization is a high-energy emulsification method in
which a coarse O/W emulsion is produced from a mixture of water, oil and emulsifier by a high-
shear mixer and passed through an interaction chamber using pneumatic pressure.®* In a

microchannel homogenizer, two immiscible liquids are forced into each other by passage through
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a microporous glass membrane of uniform pore size. The interfacial tension between the oil and
water phases, the pore diameter of the membrane, the applied pressure, the amount of emulsifier
and the flow rate dictate the size of the droplets. This technique could be employed to produce

droplets of a desired size by using the appropriate glass membrane.>®

4.5. Extrusion and Co-extrusion

Both extrusion and co-extrusion have been employed in the encapsulation of bioactive compounds
in a hard, dense and glassy structure by inducing gelation through the injection of a solution of
bioactive compound into a solution of the encapsulating agent. Both techniques are usually
performed under the same conditions except that in co-extrusion a concentric nozzle system is
used. Equal-sized droplets are produced by breaking the laminar liquid jet using vibrational
technology.®® The co-extrusion technique produces reservoir-type particles of better structural
integrity and offers more probiotic protection than extrusion. For instance, Lactobacillus
acidophilus LA3 encapsulated by co-extrusion offered a better protective barrier for the probiotic
in a simulated gastrointestinal environment than that with simple extrusion. L. acidophilus LA3
encapsulated with co-extrusion showed a viability of 6.2 log CFU g ! compared with 5.3 log CFU
gt when encapsulated with extrusion.®” These techniques have the ability to protect bioactive
compounds from oxidative degradation and evaporation and have been applied in the

encapsulation of seed oils, probiotics and antioxidants.*

4.6. Cold-induced Gelation

This technique uses a combination of different steps to generate protein-based gels at ambient
temperature. Initially, globular protein unfolding, and filament formation are induced in an
environment with controlled ionic strength and pH by heating a solution of the protein above its

thermal denaturation temperature. The solution of the denatured protein is then allowed to cool to
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ambient temperature before mixing with the nutraceutical bioactive compound. Finally, the
electrostatic repulsion in the denatured protein molecule is reduced by altering the pH or adding
salt to cause association-induced encapsulation of the bioactive compound, which results in
hydrogel production. This technique has been employed in the encapsulation of bioactive
compounds with globular proteins obtained from soy and whey proteins.>®>® The cold-induced
gelation technique is advantageous especially in the encapsulation of temperature-sensitive

bioactive compounds; however, it is limited mainly to globular proteins.

5. EVALUATION OF FOOD PROTEIN-BASED DELIVERY SYSTEMS

In the last several decades, much research work has been performed in both academia and industry
to improve the performance of the delivery systems. Generally, there are two main aims in
developing a delivery system: (1) to protect susceptible compounds during the manufacturing and
application processes and storage using the wall materials and (2) to control and/or improve the
release behavior of the encapsulated compounds after their ingestion. Because many delivery
systems are specifically designed for their particular applications, wide ranges of core and wall
materials and encapsulation techniques are used, which affect various physicochemical properties

of the final particles.

5.1. Physical Characteristics

The application of a developed delivery system depends significantly on its physical characteristics
such as morphology and structure, particle size and distribution, mechanical strength, thermal
behavior and degree of crystallization. If the delivery system is further dehydrated to produce the
final powder products, it is also important to determine the techno-functional characteristics such
as flowability and reconstitution properties (if required). A wide range of analytical methods have

been used for this purpose.
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5.1.1.

Morphology and Structure

Microscopy techniques are among the most widely used methods to observe and/or evaluate the

morphology and structure of the delivery systems and optical, electron and fluorescence

microscopy are commonly used (Table 1.1.1).

Table 1.1.1. The microscopical technique used to characterize the morphology and structure of the

delivery system.

Microscopical _Partlcle .
i size range Advantage Disadvantage Reference
technique
(um)
Optical 2-2,000 Ease-in-operation,  Less resolution 61,80,89,110,
microscopy low cost, than EM and
accessibility cannot be used to
characterize
particles < 0.2 pm
Scanning electron  0.02-700 Reasonable Cannot 90,111-113
microscopy complexity of differentiate
sample preparation ~ compounds with
and operation, high  different colors
resolution
Transmission 0.1-2 High resolution of ~ High complexity in 84114115,
electron the image sample preparation
microscopy and high vacuum
during the imaging
might affect the
sample
morphology and
structure
Atomic force 0.02-1.2 Three- Small imaging 69.71,116
microscopy dimensionally scope

imaging the surface
morphology and
ease-in-operation
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Confocal laser 0.1-1,000  Differentiate the Limited options of ~ 116-118,
scanning components using the dyes at some
microscopy fluorescent dyes particular

wavelengths.

Briefly, optical microscopy is the simplest method to monitor the formation of the delivery
systems, and also the morphology and structure of the particles, with the advantages of ease of
operation and low cost. However, it cannot be used when the size of the particles is below 200 nm
owing to the limitations of the technique. As a result, various types of electron microscopes have

been used.

5.1.1.1. Electron Microscopes (EMs). An EM uses electrons to image the sample and captures
the images with dramatically higher resolution than in optical microscopy to reveal more detailed
morphological and structural characteristics. The most widely used EM methods for the
characterization of delivery systems are scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Briefly, during EM imaging, backscattered electrons (BSEs),
secondary electrons (SEs) and X-rays are the three signals generated and detected. Among these
three signals, the SE signal measures the interaction of the primary beam close to the sample (a
few nanometers). Therefore, the image produced usually has a fairly high resolution and it is also
the most commonly used SEM imaging mode. On the other hand, BSE signals can provide images
with a strong composition contrast. When it is used in combination with X-ray microanalysis, it is
even possible to determine the chemical composition of the sample. Compared with SE and BSE
signals, the X-ray signal can be used to capture an image within a larger interaction volume but

gives a spatial resolution of the order of a few microns.

EM imaging requires the preparation of the sample prior to the observation. For example,

dehydration (for liquid samples) and coating are the most common sample preparation methods
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for liquid sample for SEM imaging: a few milligrams or drops of the sample are placed on an SEM
grid, depending on the nature of the encapsulation system, followed by dehydration (if required).
Subsequently, a gold or copper coating is sprayed on the surface of the sample to create high
contrast. For example, in Nasri et al.'s study, a sardinelle protein isolate-based delivery system was
developed and the spray-dried powder was mounted on the SEM grid, followed by sputter coating
with a gold—palladium mixture.®® The SEM images reported by Wang et al. can be referred to as a
good example: A consistent coating of wall material surrounding the encapsulated fish oil could

be visualized and no cracks on the encapsulation system were observed (Figure 1.1.1).5

Similarly to SEM, TEM also requires sample preparation before imaging. Negative staining,
freeze-fracture and vitrification by plunge freezing are commonly used methods and each method
can provide different morphological and structural details.®> Among these three sample preparation
methods, negative staining is most commonly used: a drop of sample is placed on a TEM grid
(gold or copper of defined mesh size), followed by staining using a solution (e.g. uranyl acetate)
to provide high contrast.® In Wei et al.'s study, coenzyme Q10 and resveratrol were co-
encapsulated in a zein—propylene glycol alginate—rhamnolipid delivery system and the TEM image
captured showed a uniform size of the nanoparticles.?* Compared with the negative staining
method, the freeze-fracture method can provide more information particularly relating to the
internal structure of the particles.®® After the sample has been located on the TEM grid, it is placed
between two plates and further vitrified by rapid freezing using liquid propane or melting nitrogen.
During cooling in a vacuum environment, the frozen sample is fractured along the areas with
relatively weak molecular interactions. After further etching of the fractured plane, it is shadowed
using a thin platinum/ carbon layer to provide a negative contrast of the fractured plane. Cryo-

TEM, in which plunge freezing is involved, can be used to monitor the morphology and structure
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characteristics of the sample as a direct investigation method. An advantage of cryo-TEM imaging
is that it is performed with a vitrified and frozen hydrated state of the sample to reveal its internal

structure, so it is close to the native state of the sample.®®

Figure 1.1.1. EM images of bioactive compounds encapsulated in the delivery system. (A) SEM
image of fish oil in gelatin—sodium hexametaphosphate complex coacervates. Reproduced from
ref. 61 with permission from Elsevier, Copyright 2014. (B) TEM image of zein—propylene glycol
alginate—rhamnolipid complex nanoparticles in the presence or absence of resveratrol and
coenzyme Q10. Reproduced from ref. 64 with permission from Elsevier, Copyright 2020. (C)
CLSM image of high-oleic palm oil emulsion loaded in gelatin-based nanofibers. Reproduced
from ref. 116 with permission from Elsevier, Copyright 2020. (D) AFM image of fish oil in
gelatin—sodium hexametaphosphate complex coacervates. Reproduced from ref. 70 with
permission from Elsevier, Copyright 2019.
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Although EM imaging can provide an image with high resolution, it also has drawbacks. For
example, EM imaging is performed under high-vacuum conditions to minimize the effect of

radiation damage to the sample, which may alter some properties of the sample.

51.1.2. Confocal Laser Scanning Microscopy (CLSM). CLSM has commonly been
applied to characterize delivery systems because it can be used to visualize the inner and outer
structures simultaneously by carefully selecting the fluorescence dyes to stain different compounds
in the delivery system. For example, in Shi and Lee's study, tributyrin was encapsulated in a whey
protein isolate (WPI)-stabilized delivery system. The protein and oil components were stained with
Nile Blue and Red, respectively, with excitation wavelengths of 633 and 488 nm, respectively, and
the morphological structure of the reconstituted O/W emulsion droplet was successfully imaged
by CLSM.®” Similarly, Chen et al. used CLSM as an approach to characterize the coreshell
structure of a zein-stabilized limonene system, with wall thickness between 27 and 50 nm. They
even investigated the effect of zein participation on the thickness of the encapsulation system.
Compared with sample preparation for EM imaging, the process for preparing samples for CLSM
is simpler.®® However, one of the major restrictions of this technique is its limited effective

magnification.

5.1.1.3. Atomic Force Microscopy (AFM). Compared with SEM and CLSM, AFM is a
relatively new technigque mainly used to investigate the surface morphology and structures of
nanoparticles. Images with a 3D configuration of the sample at the nanoscale can be captured by
AFM at high resolution. Moreover, the surface mechanical properties of a single particle can be
investigated during AFM imaging (see Section 5.1.3). The sample preparation for AFM imaging

is straightforward since there is no need for straining or drying owing to its non-invasive nature.
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Nejadmansouri et al. used a WPI-stabilized nanoemulsion to encapsulate fish oil with particle size
<100 nm and the surface morphology of the nanodroplets was successfully detected by AFM.% In
Wang et al.'s study, gelatin-based complex coacervates were used to develop a delivery system for
fish oil at the microscale and AFM was used to study the surface morphology of the dehydrated
particles, in combination with SEM imaging to reveal the overall structure. In this study, the
surface roughness index of the particles was calculated and used to predict the shelf life of the
microcapsule powder.” Similarly, Xia et al. hydrolyzed tuna oil using an enzymatic method and
encapsulated the separated w-3 concentrates in gelatin—sodium hexametaphosphate complex
coacervates. Interestingly, the dehydrated microcapsules exhibited a dramatically improved
oxidative index compared with encapsulated tuna oil and the smoother surface observed by AFM

was found to be one of the key reasons for this unexpected improvement.’

However, AFM also exhibited some limitations: the interaction between the AFM tip and the
surface of the encapsulation system may change the surface of the encapsulation system from its

original state and the scale of the imagining is limited to the nanoscale.

5.1.2. Particle Size and Distribution

The particle size and distribution are one of the most important physical characteristics of a
delivery system, because they significantly affect processing, handling and storage. The particle
size and distribution in the liquid and dry samples can be determined by different methods and the

choice of technique depends on the nature of the core and wall materials used.

Although the above-mentioned microscope methods can be used to determine the particle size of
the encapsulation systems, dynamic light scattering (DLS) is becoming a preferred method, in

which the light scattering intensity changes with changes in scattering angle, size of particles,
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refractive indices of the particles and the medium used. Generally, the volume-surface (D[3,2])
and volume-weighted (D[4,3]) mean diameters are used to analyze the particles, calculated using

the following equations:

Ydin
D[3,2] = Zdﬁzi (1.1)
D[4,3] = 24 (1.2)
P T yasny '

where nj is the number of particles with diameter di. To determine the particle size distribution,

span is usually used, calculated using the equation:

Dgo—D19

S =
pan Do

(1.3)

where D50 is the diameter where half of the population lies below this value.
Similarly, 90% of the distribution lies below D90 and 10% of the population lies below D10, as

Figure 1.1.2 shows.
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Figure 1.1.2. D10, D50 and D90 of a delivery system sample during DLS analysis. Partly adapted
from data published in Wang et al. ref 119
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The Z-average mean diameter, also known as the cumulant mean diameter, is also used to suggest
the particle size of encapsulation systems. The Z-average mean diameter is the primary and most
stable parameter obtained using the DLS technique. ISO 13321 and 22412 suggest it to be denoted
the ‘harmonic intensity averaged particle diameter’. The Z-average mean diameter of a particle,

DZ, is calculated using the equation

XSi
D, = - 1.4
Z(Sl/Di) ( )

where Si is the scattered intensity from particle i and Di is the diameter of particle i.

Similarly to span, the polydispersity index (PDI), also known as the heterogeneity index, is also a
widely used term to suggest the degree of non-uniformity of particles size distribution. PDI is
dimensionless and is calculated from a two-parameter fit to the correlation data (i.e. cumulants
analysis). Generally, a sample with PDI >0.7 indicates that it has a very wide particle size
distribution, and it is not suitable for DLS analysis, whereas a low PDI value (<0.05) suggests a

highly monodisperse standard.

5.1.3. Mechanical Strength

Many delivery systems are finally dehydrated to produce a powder product to facilitate their
applications, particularly for the fortification of food and nutraceutical products. For this purpose,
these encapsulation systems should exhibit reasonably good mechanical strength to tolerate the
shear during processing. Although the rheological behavior of the encapsulation system before
dehydration or rehydrated dry encapsulates can be used by analyzing their resistance to shear,

direct methods can provide more accurate and reliable results.

The classical method developed by Ohtsubo et al. used two compressed glass plates with a thin

layer of dehydrated encapsulation system in between. The mechanical strength of the powder was
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determined by the break of the particles when a certain force was applied by placing a given weight
on the top plate.”?> Moreover, Yuliani et al. investigated the encapsulate extrudate using a three-
point bend method and recorded the force required to break the sample. However, in these studies,
the analysis was performed using multiple particles and the large ones broke before the small ones.

Hence the mechanical strength data collected might not apply to all the particles.”

For this reason, the mechanical strength of an individual particle can be studied using AFM by
compressing the sample on the grid with a probe that is connected with the data acquisition system.
In Xia et al.'s study, the w-3 concentrate made from enzymatic hydrolysis of ®-3 oils was
encapsulated and compared with the entrapped -3 oils, and the microcapsule powder exhibited
unexpected improved oxidative stability. Based on the measurement of the mechanical strength of
a single particle, they found that the increased elasticity and more compact surface structure
effectively retarded the permeation of oxygen during storage.”* However, owing to the limited
scope of AFM, it is difficult to assess an individual particle at the microscale. For this reason,
Zhang developed the micromanipulation technique,’® the principle of which is similar to that of

AFM but at a larger scale.

5.1.4.  Techno-functional Characteristics

For dehydrated delivery systems, techno-functional characteristics such as flowability and
reconstitution properties are crucial for their application. Generally, powder flowability is a major
challenge for industry because it is important to control the handling and transport of the powder
in pipes and hoppers. The flowability of delivery systems is dependent on their physicochemical
properties such as hydrophobic content on the surface, moisture content, particle size,
heterogeneity of the particle size, surface roughness, etc.” Moreover, environmental stresses also

affect the flowability of dehydrated delivery systems. For example, poor flowability is usually
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observed at elevated temperature and relative humidity, which favors the glass transition
phenomenon, finally leading a rubbery state of the wall material, which makes the powder sticky.

Various methods have been developed to evaluate powder flowability.” "

If the dehydrated delivery system needs to be reconstituted for some applications, it is worth
investigating its reconstitution properties, which usually depend on some of its physicochemical
properties such as chemical composition and particle size and distribution. Generally, powder
reconstitution can be divided into four steps: wetting, sinking, dispersion and solubilization. The
wetting step is the displacement of the solid/air interface by a solid/ water interface when the
micro-and nanocapsule powder contact water. Wettability can be used to evaluate the ability of the
powder to immerse without stirring.”” The wettability of delivery systems is usually sensitive to
several powder physicochemical parameters, particularly particle size: the smaller the particles,
the longer is their wetting time, hence the poorer is the powder wettability. The surface
composition also affects the wettability: an increase in the content of the hydrophobic component
on the surface usually compromises the wettability.”® The subsequent sinking step is the
penetration of water into the powder, contributing to its swelling, and the dispersion step is the
dissociation of the agglomerated particles into individual particles. In the dispersion step, the
water-soluble components start to be solubilized. Finally, the solubilization step is the ability of

powder to dissolve in water and lose its granular structure completely.”

5.1.5. Glass Transition Temperature (Tg) of Wall Materials

The glass transition temperature (Tg) is defined as the midpoint temperature where a material
changes its state from a ‘liquid rubbery’ to a ‘solid glassy’ state during heating/cooling. Generally,
when the material is in its glassy state (storage temperature below Tg), motion of the molecules is

minimized. Therefore, it is more stable. Once the material is in its rubbery state (storage
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temperature above Tg), its molecular diffusion is faster, hence physicochemical reactions occur
more readily. Thus, the information on the T4 of the wall material is helpful in determining the

storage conditions and the stability during storage.

Differential scanning calorimetry (DSC) is a thermoanalytical technique that has been widely used
to determine the Tq of wall materials. Briefly, DSC measures the heat flow difference between a
test sample (sample in a sealed pan) and a reference (usually a sealed pan without sample), where
the difference in the heat required to increase the temperature of the test sample and reference is
recorded. It should be noted that during the heating/cooling, both sample and reference are
controlled at nearly the same temperature and protective gas is usually used to avoid the reaction
of the sample throughout the test. In Wang et al.'s study, anchovy oil was encapsulated in a whey
protein isolate—agar gum-gellan gum system and DSC was used to confirm that the wall materials
were in their glassy state during storage at room temperature. Moreover, the unchanged T4 of
individual components of the delivery system confirmed that no chemical reaction occurred during
the encapsulation, indicating the compatibility of the developed matrix (Figure 1.1.3).8% In Gorska
et al.'s study, retinyl palmitate was encapsulated in a B-lactoglobulin— carbohydrate system and it
was suggested that the replacement of lactose with trehalose as the carbohydrate component
significantly increased the T4 of the wall material, thus improving the stability of encapsulated

retinyl palmitate.®

5.1.6. Degree of Crystallization

Generally, the crystalline or amorphous structure of the wall materials affects the flowability,
dispersibility and permeability (i.e. absorbing moisture to form ‘cake’). Thus, the degree of
crystallization of the wall material can be used to design the encapsulate so as to meet the

requirements of the application. From the storage perspective, an encapsulate with a crystalline
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structure is preferred because the molecules are packed, which minimizes their interaction with
external environmental factors. However, most of the biomolecules are in the partially crystalline
state. Both X-ray diffraction (XRD) and nuclear magnetic resonance (NMR) spectroscopy have
been used to determine the degree of crystallization of the material, with the former being more
commonly used. In an XRD test, X-rays are used to analyze the orientation of molecules in a lattice
structure. Based on the diffusion of X-rays through a crystal, the degree of crystallization can be
determined. For example, Jiang et al. investigated the XRD pattern characteristics of encapsulated
lemon essential oil in a grass carp collagen—chitosan system for food packaging material purposes.
Based on the XRD analysis, they confirmed that the incorporation of lemon essential oil did not
change the degree of crystallization of the grass carp collagen—chitosan system.®2 However,
Valenzuela et al. reported a decreased degree of crystallization of quinoa protein—chitosan-based

film after the introduction of sunflower oil .2
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Figure 1.1.3. Thermal behavior of a developed delivery system and individual components.

Adapted from ref. 80 with permission from Elsevier, Copyright 2019.
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5.2.  Chemical Characteristics

5.2.1. Total Active Content of Bioactive Compounds

The total active content of bioactive compounds, also termed the total active loading or payload,
is the percentage of bioactive compound per gram of the encapsulation system. A higher active
content of bioactive compounds suggests that a smaller quantity of wall materials is required for
the delivery of the compounds at a specific dose. Hence both the fabrication cost of the encapsulate
and its impact on applications are minimized. Generally, the active content of a bioactive

compound in an encapsulate is calculated using the following equation:
Ac(%) = MA/ x 100 (1.5)
c ME .

where Ac is the active content of the bioactive compound and Ma and Mk are the weight of the

bioactive compound and total encapsulates, respectively.

Generally, the entrapped bioactive compound in the encapsulate needs to be extracted to determine
its quantity and the solvent needs to be selected based on the nature of the compounds and wall
materials and the characteristics of the encapsulation system. After the bioactive compound has
been extracted, its amount can be quantified using a wide range of analytical methods such as
gravimetric, chromatographic and spectroscopic technigques, depending on the nature of the

bioactive compound.

In Augustin et al.'s study, tuna oil was encapsulated in sodium caseinate—dextrose—maltodextrin
Maillard reaction products and, in order to determine the total oil loading, the tuna oil was extracted
by mixing the dehydrated microcapsule and petroleum ether in a ratio of 1 : 5 w/v at 60 °C with
agitation for 15 min.34 The amount of extracted tuna oil was determined gravimetrically based on

the evaporation of the organic solvent. Similarly, Jafari's group reported the extraction of d-
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limonene and fish oil using hexane from the delivery system with whey protein—pectin® and
gelatin-gum Arabic® complexes, respectively, as the wall material, followed by gravimetric

quantification of the extracted bioactive compounds.

However, for a delivery system with a compact structure, decomposition of the wall material may
be required to release the oil into the organic solvent. In Xia et al.'s study, tuna oil was encapsulated
in gelatin—sodium hexametaphosphate complex coacervates with compact structure. To extract the
encapsulated oil using hexane, 1 M HCI was used to destabilize the wall material, followed by
evaporation of organic solvent and gravimetric quantification of the tuna oil.”* Similarly, Jafari's
group used 1.2 M HCI to decompose the electrosprayed nanocapsule powder to release entrapped

olive leaf phenolic compounds for the determination of total active content using HPLC.%’

5.2.2.  Surface Free Bioactive Compound

A surface free bioactive compound is a non-encapsulated compound that adsorbs on the surface of
the final encapsulates. During storage and application, the surface free bioactive compound is
readily degraded, which adversely affects the quality of the encapsulation system. The content of

the surface free bioactive compound is usually calculated using the following equation:
A% =Ms/ . x 100 (1.6)
N ME .

where As is the content of the surface free bioactive compound and Ms and Mg are the weight of

bioactive compound extracted from the surface and weight of total encapsulates, respectively.

Similarly to the determination of the total active content of bioactive compounds, the free bioactive
compound at the surface of the encapsulation system needs to be extracted, and washing with a
solvent is the most widely used strategy. Again, this solvent needs to be carefully selected to suit

the active compounds, wall materials and characteristics of the encapsulation system. However, it
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should be noted that the content of surface free bioactive compound is usually overestimated,

because the entrapped bioactive compound close to the surface can also be extracted.

Based on total bioactive compounds and surface free bioactive compound, the encapsulation

efficiency can be calculated using the following equation:

EE(%) = <22 % 100 (1.7)
where EE is the encapsulation efficiency and Ac and As are the content of total bioactive compounds
and content of surface free bioactive compound, respectively. Generally, an ideal encapsulation

system should exhibit a high total active content but a low content of surface free bioactive

compound.

5.2.3. Stability

Mostly, bioactive compounds are encapsulated to improve their chemical stability and maintain
their functionality against external environmental stresses such as oxygen and elevated
temperature since the oxidative degradation of food, nutraceutical and pharmaceutical bioactive
compounds is quite common. Briefly, during the storage and/or application of the encapsulation
system, the encapsulated bioactive compound can be oxidized by free radicals, which are usually
formed in a wide range of conditions such as enzyme—substrate reactions, elevated temperature
during storage and/or application and environmental stresses such as light, transition metals,
oxidants and other food components. The free radicals formed near the encapsulation system tend
to permeate across the wall material and subsequently oxidize the encapsulated compounds. It is
worth noting that in an encapsulation system where bioactive compounds are emulsified to micro-
or even nanoscale particles, this oxidation reaction is exacerbated owing to the increased interfacial

surface area compared with the bulk material. Although antioxidants and chelating agents can be
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used to retard the formation and migration of free radicals to the encapsulation system, the

chemical stability of the encapsulated bioactive needs to be monitored during storage.

The chemical stability of the entrapped core in an encapsulation system has been conventionally
studied by measuring the quantity of oxidation by-products formed and/or the remaining core
material after the extraction of the core material from encapsulation system during storage.
Nowadays, this is still the basis of the shelf-life test in the food, nutraceutical and pharmaceutical
industries. For example, in order to evaluate the chemical stability of w-3 oils entrapped in
microcapsule powder, the sample is stored under certain storage conditions. At a scheduled time
point, the oil is usually extracted, followed by the application of standard oil characterization
methods such as acid value, peroxide value, p-anisidine value and even fatty acid quantification
by gas chromatography.®8° Although storage at elevated temperature is often used as an
‘accelerated storage condition’, this destructive method is still rather time consuming.*® Depending
on the oxidative susceptibility of the core material and protective effectiveness of the wall material,

this oxidation test can take up to several weeks or even months.

As oxygen is the critical component to induce oxidative degradation of encapsulated bioactive
compounds, an effective indirect method for evaluating the oxidative stability of the dehydrated
microencapsulation system is to monitor the quantity of oxygen in a sealed vessel at elevated
temperature (e.g. Oxipres™). However, there is still concern that this ‘accelerated oxidation’
cannot model the real oxidative degradation of the core material. Hence it is usually used in

combination with the conventional method.

Tikekar and Nitin developed a non-invasive and real-time spectroscopic method to monitor the

interactions of hydroxyl radicals with the encapsulated core. Briefly, a hydroxyl radical-sensitive
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dye, carboxy-H2DFFDA [5-(and 6-) carboxy-2',7'-difluorodihydrofluorescein diacetate], was
dispersed in the lipid phase and this lipid phase was further stabilized in an encapsulation system.
During storage, the dye was converted from non-fluorescent to fluorescent form when it interacted
with the hydroxyl radical.®?> Therefore, the increase in the fluorescence intensity of the
encapsulation system can be used as an effective indicator to illustrate the migration of hydroxyl

radicals across the wall materials.

5.2.4. Release Property/Bioavailability

To study the release property of entrapped bioactive compounds, an in vitro test is often used
where a simulated gastrointestinal environment is employed and the release of the encapsulated
core material from the encapsulation system is monitored. Generally, prolonged release of a
bioactive compound is considered to be better than burst release and the protein-based
encapsulation system can provide this property to the entrapped core material. For example, Silva
et al. used a casein—-whey protein mixture to develop a water-in-oil-in-water emulsion for the
entrapment of grape seed oil. An in vitro digestion test suggested that the multiple emulsion
produced was more gastric stable than the simple emulsion and the encapsulated grape seed oil
was successfully released in the simulated intestinal environment.®®* Guedez Silva et al.
encapsulated pB-carotene in hydrogel filled with gelatin—starch—alginate to improve its oxidative
stability during digestion.®* An in vitro digestibility test suggested that the encapsulation system
exhibited resistance to simulated oral and gastric fluids. Moreover, based on the introduction of
native starch to this encapsulation system, B-carotene was well protected from oxygen, acidity,
pro-oxidation and free radicals in the digesta. Based on the crosslinking of the protein wall material
into a more stable form, the integrity of the bioactive particles could be further improved after their

ingestion for controlled-release applications.*®
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Bioavailability refers to the portion of the bioactive compound that is absorbed in the body and
available for the target tissue to perform its normal physiological applications.®® Generally, an
animal and/or human trial is required to confirm the bioavailability of the encapsulated bioactive
compounds. Sun et al. used zein—caseinate nanoparticles to encapsulate dihydromyricetin with a
particle size of ~206 nm. After a faster diffusion rate was observed in the encapsulated
dihydromyricetin in the simulated gastric and intestinal fluids than with the non-encapsulated
form, an in vivo trial was performed and the results suggested that the entrapped bioactive
compound exhibited 1.95 times higher bioavailability in rats.®” Similarly, in Ghasemi-Fard et al.'s
study, infant formula was fortified with encapsulated docosahexaenoic acid (DHA) and the
bioavailability of this encapsulated fatty acid was investigated, with liquid DHA oil as the control,
in 60 healthy toddler subjects. Based on the analysis of the fatty acid level in blood and fecal

samples, the encapsulated DHA exhibited significantly improved bioavailability.%

5.3.  Sensory Profile

In the case where the developed delivery system is used as a functional ingredient for food
application, its impact on the sensory profile of the fortified food products needs to be evaluated.
There are three major types of sensory profile analysis method: discriminatory, affective and
descriptive. The discriminatory test is used to determine if the sensory profile of the test sample is
the same as that of the control sample, and common forms include the triangle test, duo—trio test,
tetrad test and two-and three-alternative force choice (AFC) test. The affective test is used to
determine the acceptance of the planned product by the target consumers. This test can be further
categorized into qualitative (usually one-to- one interview) and quantitative (acceptance) tests. The
descriptive method requires the participation of trained panelists to assess the complete sensory

profile of a product both qualitatively and quantitatively. Generally, the odor and unpleasant flavor
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of bioactive compounds can be significantly masked by the encapsulation system to promote their
application. For example, green coffee oil was encapsulated in a whey protein-based delivery
system by Rojas et al.*® The freeze-dried powder was further used to fortify cookies. Based on the

discriminatory test, no difference from cookies made with walnut oil was detected by the panelists.

Moreover, the texture of fortified food products might be affected by the encapsulation system,
mainly depending on their particle size. In some studies, a general conclusion regarding the size
of the encapsulation system for its detection and acceptance of the fortified food is reported. For
example, Barrow et al. suggested that a microcapsule powder size >100 um can be detected by the
palate. However, this impact is rather delivery and food system specific.'® Hinton reported that
the size of detected microencapsulated flavor in fortified confectionery was 25 um whereas Minifie
indicated that those of detected particles in milk and dark chocolate were 65 and 35 pm,
respectively.'%1%2 Muthukumarasamy and Holley used extrusion and emulsion methods to
encapsulate probiotic Lactobacillus reuteri in particles with different sizes. The extruded particles
exhibited a microscale size whereas the emulsion-stabilized particles had a spherical morphology
in the millimeter rage. However, neither of these two encapsulation systems affected the texture

of the fortified food system.%®

5.4. Nanotoxicity and Nanoecotoxicity Challenge

Food proteins are generally recognized as safe (GRAS) molecules, and so are protein-based
encapsulation systems. However, when a protein-based encapsulation system is of nanoscale size,
there are still concerns particularly regarding toxicity and ecotoxicity owing to the extremely small
size attributes (size, structure, high surface-to-volume ratio and composition, etc.).2%41% Briefly,
nanoparticles can penetrate cellular membranes, biological barriers and tissues more efficiently

than materials with a larger size at the microscale.’®® Hence some particularly designed
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nanomaterials may damage cells, depending on their size, structure and composition.*” Further,
ecotoxicity may occur when nanomaterials are dispersed into the environment. For example, in the
aquatic ecosystem, nanomaterials can accumulate in the fluvial sediments or remain suspended in
the aqueous environment. A wide range of physical, chemical and biological transformations of
aquatic organisms, including aggregation, oxidation, dissolution, bioreduction, biodegradation,
photo-oxidation, surface degradation, interactions with macromolecules and deposition, have been
reported following exposure to nanomaterials.’®® Hence the understanding of their impact on
human health and the environment is important for the development of nanoencapsulation systems.
However, there is still a lack of research in this field and most countries still do not have specific

regulations aimed at assessing the risks associated with nanoencapsulated compounds.1%°

6. CONCLUSION

The structural, functional, physicochemical and biological properties of proteins have resulted in
the emergence of protein-based delivery systems for nutraceutical bioactive compounds. This
chapter describes various protein sources and fabrication and characterization techniques that have
been employed in protein-based delivery with demonstrated potential application in the
commercial production of encapsulated bioactive compounds. Advantages and disadvantages of
various protein sources, effects of size in nano-and microencapsulation and various techniques for
evaluating the quality of the delivery systems have been highlighted. Further research is necessary
to address the limitations of large-scale economic production and also better characterization
techniques are required in order to pinpoint accurately the location of bioactive compounds within
a complex. The behavior of these delivery systems is usually studied under simulated salivary,
gastric and intestinal conditions, which does not completely reflect in vivo biological behavior.

This has been challenging owing to its complexity and ethical concerns. Also, the introduction of
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toxic reagents for solubility purposes or to induce precipitation, aggregation, assembly or
interaction is usually a challenge that needs to be addressed. Further, there is need for in silico
techniques that can accurately predict bioactive compound—protein binding, encapsulation and
release properties while considering the effects of environmental conditions such as pH,
temperature, ionic strength and enzyme activity. This would reduce cumbersome laboratory
screening for better proteins for encapsulating a given bioactive compound.
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1.2. BINDING, DIGESTION AND BIOACCESSIBILITY OF PROTEIN-BASED

NANODELIVERY SYSTEMS

1. Binding and encapsulation

Various types of protein nanoparticles have been engineered from whey, gelatin, collagen, zein,
casein,*® B-lactoglobulin, lactoferrin,” potato protein,® soy protein,® fish protein,™® and
cruciferin.’*'2 The proteins can be employed in the food, pharmaceutical and medical industry as
delivery vehicle for efficient capping, protection and release of bioactive compounds. Protein has
inherent structural and physicochemical properties that enhance binding and hence encapsulation
of molecules, ligands and ions. For instance, caseins spontaneously bind with calcium and calcium
phosphate nanoparticles through their serine-phosphate residues. Alpha-lactalbumin easily binds
calcium while lactoferrin is known to bind ferric ion.** p-Lactoglobulin can bind
epigallocatechin,** vitamin D,* omega-3 fatty acid,* retinol,** and resveratrol.*” The binding is
usually facilitated by hydrophobic interaction, hydrogen bonding or van der Waals attraction. In a
recent study, encapsulation and loading efficiency ranges of 68.1-72.0 and 5.4-6.2%, respectively
with particle sizes of 217-227 nm was reported for acylated rapeseed cruciferin protein loaded with
curcumin.'* Stability study indicates increase in particle size and decrease in encapsulation
efficiency with time due to the diffusion of curcumin out of the nanoparticle matrix. Moreover,
casein-folic acid nanoparticles stabilized with cationic lysine and arginine, prepared by
coacervation, had 95-97% yield and 40% encapsulation efficiency, with decreases in particle size,
polydispersity index and zeta potential when compared with unstabilized casein nanoparticles.®
Furthermore, the nanoparticles stabilized with lysine and arginine were reported to be stable for at
least 48 h and 16 h, respectively. Affinity of bioactive compounds to the proteins is important in

achieving high encapsulation efficiency, but this can also influence the release of the compounds
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in vivo. Some examples of various types and properties of protein-based nanodelivery systems are

presented in Table 1.2.1.

2. In vitro release studies

Protein has demonstrated efficient binding of bioactive compounds and there is need to consider
the release of various encapsulated nutraceutical into the target regions of the human body. Protein
nanoparticles digest rapidly and can permeate the mucus layer and epithelium cells of the
intestine.’® The small size of the nanoparticle can increase the bioavailability, chemical stability
and absorption of bioactive compounds encapsulated within the matrix. The nanoparticle may
release any encapsulated agent more rapidly during digestion in the gastrointestinal tract due to
their small size and large surface area. Some studies reported efficient release of bioactive
compounds encapsulated in protein nanodelivery systems as a result of inherent structural and
physicochemical properties of proteins. For instance, casein can easily undergo proteolytic
cleavage due to their open structures, a result of their high proline content and low contents of a-
helix and B-sheet secondary structures. Moreover, acid-soluble calcium-phosphate bridging in
casein can facilitate target-activated release mechanism for offloading encapsulated compounds in
the stomach.®® Likewise, bovine serum albumin binds small molecules in the blood and offloads
them in their target locations.* Recently, in vitro release of curcumin from acylated rapeseed
cruciferin protein nanoparticles was demonstrated in simulated gastric fluid (SGF) and intestinal
fluid (SIF) within 6 h of exposure.* Initial burst release of about 70% in the first 2 h and sustained
release of about 75% after 2 h was observed in the SIF. In the SGF treatment, only about 10% of
curcumin was released in the first 1 h followed by slow and up to 25% release after 6 h. Acidic
nature (pH 1.2) of the system compared to the isoelectric point of chitosan (pl 6.5) contributed to

the slow curcumin release in the SGF. Burst release of curcumin in the SIF in the first 2 h at pH
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6.8 was due to deprotonation of the amine group of chitosan giving rise to a weaker
polysaccharide-protein interaction. A pH-dependent release of folic acid encapsulated with casein
nanoparticles was demonstrated using a similar digestion model.® No folic acid was released in the
SGF (pH 1.2) with pepsin action due to strong binding of the vitamin inside the protein network.
Burst release was equally observed at 2 h followed by slow and sustained release in the SIF. This

is likely because of the electrostatic repulsion between folic acid and casein at neutral pH.

The interactions can also depend on the protein type and complexity of the matrix. For instance,
kinetics of in vitro release of curcumin from electrospun zein nanofibre into cell culture media
showed initial burst release of about 80% between 5 to 20 h, followed by constant release of about
90% for the nanofibre loaded with 10 wt% curcumin.? The initial burst release is as a result of
diffusion of curcumin adsorbed at the outer region of electrospun zein nanofiber, whereas the
steady release after 20 h was due to slow diffusion of water molecules into the covered nanofiber,
which limited the release of capped curcumin. Larger molecules have also been successfully
released from protein nanoparticles. Stephansen et al. (2015) demonstrated the control release of
insulin encapsulated with electrospun fish sarcoplasmic protein nanoparticles in simulated
intestinal fluid. The encapsulating agent shielded insulin against chymotrypsin degradation, which
is expected to enhance its bioavailable amount. In contrast, whey-protein-stabilized astaxanthin
was resistant to pepsin, but trypsin digested the complex leading to the release of astaxanthin *.
The rate, extent and trigger mechanism of release of protein-encapsulated components depends on
protease activity, temperature, pH, dilution, and ionic strength of the gastrointestinal environment.
These factors are critical especially when delivering sparingly water-soluble components with the

goal of controlling their release within the mouth, stomach, or small intestine.?*
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3. Bioaccessibility and uptake studies

Protein-based nanomaterials do not only bind, encapsulate and protect bioactive compounds but
also control their release, uptake and transport across cells thereby reducing the risk of toxicity
associated with burst release. For instance, acylated cruciferin-chitosan nanoparticles loaded with
curcumin had higher permeability coefficient in cultured Caco-2 intestinal cells, and lower effect
on cell viability compared to free curcumin.** The latter may be due to the delayed release of
curcumin from the curcumin nanoparticles, among other factors. Properties of the nanoparticles,
e.g. surface charge, are critical to the bioaccessibility and uptake of protein-based nanoparticles.
Akbari et al. (2017) demonstrated that uptake of negatively charged cruciferin/calcium
nanoparticles by Caco-2 cells was far higher than that of positively charged cruciferin/chitosan
nanoparticles. Uptake and transport of the nanoparticles was not affected by the mucus secreted
by a Caco-2/HT29 cells co-culture, which demonstrate that they are potentially biostable. As
demonstrated for cruciferin-curcumin,! an increase in cellular uptake of coumarin was recorded
for the digested nanoparticles in simulated gastrointestinal fluids, and this was more with
cruciferin/chitosan than cruciferin/calcium nanoparticles.*? Likewise, Stephansen et al. (2015)
reported the permeability of insulin encapsulated with electrospun fish sarcoplasmic protein
nanoparticles across Caco-2 cells. The protein-based delivery agent was also found to be
biocompatible, and insulin uptake in Caco-2 cell was pH-dependent. However, overall insulin
transport was not affected by the increased release from the protein nanoparticles, and insulin
binding and structural properties were not affected after cell permeation. Lastly, capping
astaxanthin with whey protein isolate and polymerized whey protein enhanced its apparent

permeability coefficient in Caco-2 cells by 10- and 16 folds, respectively.® If translated in vivo,
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this observation can result in the use of lower amounts of bioactive compounds in food products

to achieve beneficial health effects in humans.

4. Drawbacks of Protein-based Nanodelivery Systems

Protein-based nanoparticles have demonstrated efficient binding, encapsulation, protection and
controlled release of bioactive compounds. However, there are drawbacks associated with protein
nanomaterials. Allergenicity can occur in some individuals due to the ability of some proteins to
elicit immune response. Proteins from egg, soybean, fish, cow’s milk, etc. can be allergenic,? and
this would impede their use for producing nanodelivery agents. Protein abundance, resistance to
digestive enzymes, and processing may lead to allergenicity.? Furthermore, high specific surface
area associated with the small size of nanoparticles could lead to adsorption of digestive or
metabolic enzymes, which may consequently interfere with their normal gastrointestinal
function.** Also, changes in thermodynamic environment after adsorption of some proteins to the
nanoparticle surface can cause denaturation thereby affecting the activity of many digestive
enzymes. As a result of the small size associated with nanoparticles, rapid digestion and burst
release in the intestinal medium may also lead to adverse effects. Currently, there is no
standardized analytical technique for assessing the potential toxicity of protein nanoparticles and

further studies is required in this area.
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Table 1.2.1. Types and properties of protein-based nanodelivery systems

Protein-based Preparation Bioactive Encapsul Size PDI Zeta Loading % % Transpor Apparent Reference
nanodelivery technique compound ation range potential ability Releas | Releas | tacross permeability
agent encapsulated | efficiency (nm) (mV) ein ein Caco-2 coefficient (cm/s)
(%) SIF SGF cells
Cruciferin Cold gelation Coumarin n.d. 58-334 0.29-0.45 | -14.3t0- n.d. 85 0 2-50% 1.4x106 -3.0x10°6 12
33.0
Polyelectrolyte Curcumin 68.1-79.0 217.7- 0.139- +15.3to 5.4-6.2% | 20-80 25 1.8% 2.43x10°6 - 1
complexation 454.4 0.204 +18.6 6.00x10°
Casein Coacervation Folic acid 40 128-305 0.17-0.45 -9.4to - 23-31 60-90 0 n.d. n.d. 6
17.6 pg/mg
Whey protein Emulsification- | Astaxanthin 92.1-935 | 80.4-267 | 0.21-0.543 | -19.3to - 1-5% 25-65 0-10 0.25-2.5 | 2.0x10-3.5x10 1
isolate Evaporation 35.0 ug
Fish Electrospinning Insulin 98.6 349-360 n.d. n.d. 14 75 45 2-14% 0.5x106 -1.5x10 10
sarcoplasmic
protein
Zein Electrohydrody Curcumin 85-90 175-900 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 25
namic
atomization
Whey protein Nanospray Folic acid 80.8-83.9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 5
concentrate drying and

electrospraying

n.d., data not available; PDI, polydispersity index
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SECTION 1.3. RESEARCH GAPS AND PROJECT NOVELTY

Several plant and animal-based nano and micro delivery protein vehicles have been fabricated

29 30-36 37

from casein,?®28 soy protein,?® zein, insect protein,®” whey protein,®*' human serum
albumin,*> collagen/gelatin,*® gliadin,** rapeseed cruciferin,* millet protein,”® and -
lactoglobulin® for the gastrointestinal delivery of bioactive compounds such as curcumin. Current
research is based on assessing various combinations of proteins and bioactive compounds that
could produce stable encapsulation systems without prior knowledge of the structural, matrix and
physicochemical compatibility. This method is tedious and not cost-effective. Unfortunately,
limited information is available on the structural relationship between protein carrier and bioactive
compounds, making it challenging to fabricate delivery systems that would ensure long-term
stability, resistance to harsh gastric condition, and improved bioaccessibility and bioavailability.
Polyelectrolyte complexation technique has gained increasing interest in the design of bilayer wall
made up of polyelectrolytes for encapsulation and protection of bioactive compounds during
gastrointestinal delivery. Promising gastric stability, encapsulation and release efficiency has been
reported using this technique.**” However, no study has investigated the impact of conflicting
intermolecular forces in the complex that could lead to destabilization and degradation. For
instance, the bioactive compound in the core of the complex mostly undergoes hydrophobic
interaction with one of the polyelectrolytes while electrostatic forces stabilize the bilayer
polyelectrolyte shell. Increasing electrostatic forces in the shell by increasing the negative or
positive charge of the polyelectrolyte could reduce hydrophobic contact with the bioactive
compound. Moreover, the impact of various structural modifications during polyelectrolyte

encapsulation process, such as succinylation, on the physicochemical properties of protein, binding

with bioactive compounds, encapsulation efficiency, stability and release has not been
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emphasized. Hence, the first part of this thesis addresses these research gaps using curcumin, pea
protein isolate, and chitosan as model bioactive compounds, negatively and positively charged
polyelectrolyte to facilitate the rational design of protein-based delivery vehicles for bioactive

compounds.

Curcumin is a bioactive compound found in turmeric, which has been reported to possess several
health-promoting properties, such as anti-inflammatory, antioxidant and anticancer properties.
However, curcumin has poor solubility and stability under physiological condition, which limits
its bioavailability and effectiveness. The use of food proteins in the encapsulation of curcumin can
overcome these limitations and enhance its protection and delivery to the target site. This is due to
the structural and techno-functional properties of proteins having a wide range of side-chain
functional groups, hydrophobic and hydrophilic regions, charged and uncharged groups, and
amphipathic regions. These properties enable the binding of small molecules and hence enhance
encapsulation, protection against environmental factors, such as heat, light, and oxygen, and
improve the solubility and stability of curcumin. Additionally, protein encapsulation can improve
the absorption and bioavailability of curcumin in the body. Several studies have reported the

effectiveness of protein encapsulation in improving the functional properties of curcumin 2646,

Chitosan is a natural biopolymer present in chitin. It is a desirable material for application in food
protein-based nanoencapsulation due to its distinctive qualities, including biocompatibility,
biodegradability, and antibacterial activity.*’ It is positively charged under acidic condition due to
the protonation of its amine group and hence makes it an excellent candidate for stabilizing a
negatively charged carrier such as pea protein. Therefore, electrostatic interaction between
positively charged chitosan and negatively charged pea protein can protect bioactive compounds

better in the presence of the acidic nature of gastric phase of digestion. Also, chitosan gels at acidic
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pH which offers additional layer of protection of the shell and bioactive compound during gastric
digestion leading to increased amount of curcumin reaching the intestinal phase and hence,

possibility of improved bioavailability.

Pea protein is abundant, affordable, safe, sustainable, highly digestible and has a well-balanced
essential amino acid composition. It has low allergenicity and possess interesting structural and
techno-functional properties such as emulsifying and gelling effect that can promote the
encapsulation of nutraceutical compounds.*®4° It contains four major classes of storage proteins,
which are water-soluble albumin, salt-soluble globulin, ethanol-soluble prolamin and alkaline-
soluble glutelin fractions. These proteins have varying structural and physicochemical properties,
such as folding pattern, charge, hydrophobicity, and solubility, different from the parent whole pea
protein isolate.*®% There is a dearth of information on how a given bioactive compound would
respond to such diverse physical, chemical and structural properties which would either promote
or hinder binding, encapsulation, biostability in the gastric digestion phase, and release. This
information is essential in the design of specific protein-based delivery agents for a given bioactive

compound. The second part of this thesis seeks to fill this gap.

Protein hydrophobicity is an important parameter that influences protein-bioactive compound
interaction. However, there is limited information on how physiologically relevant parameters
such as ionic strength impact surface hydrophobicity of protein and its binding with bioactive
compounds. Additionally, the effect of bioactive compound lipophilicity at various ionic strength
on its interaction with protein has not been well-emphasized. Also, it is not clear how the nature
of bioactive compound dictates the nano or micro morphology of protein-bioactive complexes.
This information is crucial in producing protein-bioactive complexes that would withstand the

ionic nature of the gastrointestinal tract. The third research chapter focuses on this area.
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There is lack of knowledge regarding how food-based protein nanodelivery systems interact with
the biomembrane. Concerns exist that modifications to the structural and physicochemical
characteristics of proteins during conversion to nanoparticles that support their use in food
formulation may cause unintended physiological reactions. This is conceivable given that adverse
nanoparticle-membrane interactions may occur and affect cellular uptake efficiency, exocytosis,
and endocytosis mechanisms, as well as transepithelial and permeation capabilities. When
administered orally, the potential effects of the interaction on the liver, gut microbiota, and muscle
systems include inflammation, nanoparticle accumulation, decreased protein digestibility, and
serious adverse effects on the gastrointestinal cell membrane, as well as alteration of the structural
integrity of the protein nanoparticles.?#>**3 The last chapter of this project will address bio-nano

interaction.

SECTION 1.4. RESEARCH QUESTIONS
Based on research gaps highlighted in section 1.3, the following research questions helped shape

the main idea of this study:

e Does the strength of protein-curcumin interaction translate to encapsulation efficiency and
stability of complex? What is the effect on release profile of curcumin?

e How does structural modification of protein by succinylation, which is intended to improve
its negative charge, affect hydrophobicity and interaction with curcumin?

¢ In curcumin-loaded protein-chitosan bilayer complex, how do we strike a balance between
the electrostatic interaction between negatively charged protein and chitosan and
hydrophobic interaction between curcumin and protein to ensure stability of the complex?

e How would different structural and physicochemical properties of water-soluble aloumin,

salt-soluble globulin, ethanol-soluble prolamin and alkaline-soluble glutelin fractions
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derived from pea protein influence its interaction with curcumin? What is the significance
of the nature of interaction in designing delivery vehicles for specific bioactive
compounds?

How do we ensure that protein-bioactive compound complex does not dissociate under the
ionic strength of the gastrointestinal tract before reaching their intended location in the
body?

Does lipophilicity of bioactive compounds influence the choice of their protein-based
delivery vehicles?

Will changes in the physicochemical and structural properties of proteins after conversion
to nanoparticle affect biocompatibility and safety especially with regards to interaction

with biomembrane?

SECTION 1.5. AIM OF THE STUDY

The aim of this thesis is to understand the structural basis of guest-host interaction in the

gastrointestinal delivery of lipophilic bioactive compounds.

1.5.1. Specific Objectives

The specific objectives are:

To understand the nature and strength of pea protein—curcumin interaction and the impact
of protein succinylation on binding, stability, encapsulation efficiency, and gastrointestinal
release profile.

To understand how diverse structural and physicochemical properties of pea glutelin,

albumin and globulin influence their interaction with curcumin, physicochemical
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properties of their complexes, biostability in the gastric digestion phase, and in vitro
curcumin bioaccessibility.

e To study the influence of some physiological relevant parameters such as ionic strength
and lipophilicity on protein-bioactive compound interaction, morphology, and stability of
their complexes.

e To assess the influence of the physicochemical properties of different well-characterized
hollow and nutraceutical-loaded food protein nanoparticles on the interaction occurring at

the bio-nano interface using giant unilamellar vesicles as model bio membrane.

SECTION 1.6. SIGNIFICANCE OF THE STUDY

This study provided in-depth information on the types of interactions and binding forces that
stabilise protein-bioactive compound complexes, and demonstrated how binding strength
correlates with encapsulation effectiveness, sustained release, gastric stability, and long-term
storage capacity. The thesis covered the stability and physicochemical characteristics of loaded
curcumin-protein complexes, as well as polyelectrolyte complexes with chitosan, and the effects
of succinylation on the structural alteration of pea protein and its interaction with curcumin. The
second aspect of this research uncovered the binding strength of curcumin with various protein
fractions and the behaviour of curcumin-loaded protein complexes under gastric condition in the
presence and absence of enzyme. The third aspect of this research complements currently available
binding data used in the encapsulation of bioactive compounds to prevent undesirable interactions
with the carrier food matrix and to ensure appropriate stoichiometry in the selection of protein-
bioactive compound combinations for improved binding, encapsulation efficiency, and release
profile. Likewise, it will help alleviate difficulties associated with the complex nature of the

gastrointestinal tract with varying ionic strengths. This can affect the binding of proteins and
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bioactive compounds and thus the stability and integrity of the delivery system during oral
administration. The final study provides the first proof of the implications of interactions at the
bio-nano interface for food protein-based nanodelivery systems. These overall findings of the
study will facilitate the development of delivery systems that safely interact with biological
membranes, guarantee the guest compound protection against degradation, and enable its sustained

release at the intended site in the body.

SECTION 1.7. THESIS LAYOUT

The chapters of this thesis addressed the various research objectives comprehensively as follows.

Chapter two addressed the first objective by investigating the impact of succinylation on pea
protein-curcumin interaction, polyelectrolyte complexation with chitosan and gastrointestinal

release of curcumin in the loaded-biopolymer nano-complexes.

Chapter three focused on the second objective and investigated the molecular interactions of pea
protein-derived globulin, albumin and glutelin fractions with curcumin, and the formation and
gastric release mechanisms of curcumin-loaded bio-nanocomplexes. Data obtained in this study
were compared with those of whole pea in chapter one for the role of the individual fraction in the
encapsulation efficiency of pea protein and for the design of structurally compatible protein-

bioactive compound delivery systems.

Chapter four investigated the role of ionic strength, a physiologically relevant parameter, in the
mode and strength of protein-bioactive compound interaction, and stabilization or destabilization
of the complexes during gastrointestinal delivery of nutraceuticals. It also focused on
understanding the influence of bioactive compound lipophilicity on their interaction with protein

and morphological properties of the complex.
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The final goal was addressed in Chapter five by examining how the physicochemical, structural,

and morphological properties of nano and microparticles of protein-bioactive compound delivery

system that demonstrated potential application in functional food formulation could cause

unintended physiological response.

The conclusion is given in Chapter six, along with a summary of the major discoveries from this

study and suggestions for further investigation.
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Abstract

The influence of pea protein succinylation on the nature and strength of interaction with curcumin
for a potential role in encapsulation and gastrointestinal delivery was investigated. Succinylation
neutralized the positive charge on lysine residue and increased the effective negative charge on the
protein from -34.4 £ 0.2 t0 -59.9 £ 0.9 mV with corresponding decrease in surface hydrophobicity
and binding with curcumin. The binding constants (K) of 6.9 (+ 0.21) x 10* M and 4.2 (+0.05) x
10* Mt were obtained for the native protein-curcumin (CUR/PPI) and succinylated protein-
curcumin (CUR/SPPI) interactions, respectively. These values increased to 14.5 (+ 0.64) x 10* M-
Land 187.9 (+ 12.40) x 10* M for curcumin-native pea protein-chitosan (CUR/PPI/CHI) and
curcumin-succinylated protein-chitosan complexes (CUR/SPPI/CHI), respectively. Incorporation
of chitosan to the protein-curcumin complex favoured static interaction. Transmission electron
microscopy and dynamic light scattering confirmed the formation of spherical nano-complexes
within the size range of 100-194.5 nm. FTIR showed that curcumin was stabilized more in the
native protein complex than in the succinylated form. Polyelectrolyte complexation with chitosan
by electrostatic interaction stabilized the succinylated protein-curcumin complex. The
encapsulation efficiency decreased with a decrease in protein hydrophobicity and binding as a
result of succinylation, from 34.65 £ 0.10% in CUR/PPI to 24.92 + 0.03% in CUR/SPPI and from
85.01 £ 1.43 in CUR/PPI/CHI to 62.05 + 2.95% in CUR/SPPI/CHI nano-complex. Although
polyelectrolyte biopolymers enhance curcumin-loaded complex stability at the gastric phase, the
release profile demonstrated that pea protein isolate effectively encapsulated and released

curcumin without protein modification or incorporation of chitosan.

Keywords: Pea protein; plant-based protein; succinylation; curcumin; chitosan; polymeric

nanoparticles; encapsulation; molecular interaction; nanodelivery; bioaccessibility
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1. Introduction

Yellow peas (Pisum sativum L) are leguminous grains cultivated around the world as food.*?> The
protein powder isolated from pea seeds is rich in albumin, globulin, glutelin, and prolamin,®* which
have emulsifying, gelling, and structural properties that could enhance the binding, encapsulation,
and release of small bioactive molecules.* Pea proteins are used as a functional ingredient in the
food industry globally due to their high digestibility, low allergenicity, and high nutritional quality
being an important source of indispensable amino acids.**> Furthermore, pea proteins are readily
available, safe, and affordable; hence, they are considered a sustainable source of food protein.*
Therefore, the application of pea protein in the delivery of bioactive compounds could confer

additional nutritional and health benefits.

Protein succinylation is useful in the fabrication of polyelectrolyte complexes for the encapsulation
and release of functional ingredients by increasing the negative charge on the protein to ensure
stronger electrostatic interaction with positively charged polyelectrolytes.® Pea proteins are rich in
lysine 7 and succinylation will neutralize the positive charge of lysine and introduce the negative
charge on the carboxylic group of succinic anhydride, thereby increasing the effective negative
charge on the protein (Scheme 2.1).% Also, the addition of succinyl moiety (Mw 100 Da) introduces
a relatively large group compared to the case of acetylation and methylation. This is expected to
have a significant effect on protein structure and function especially with respect to encapsulation,
protection, and controlled release of bioactive compounds. Hence, bioactive compounds
encapsulated with succinylated proteins could be stabilized more by positively charged

polyelectrolytes in the acidic environment of the stomach.
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Scheme 2.1. Succinylation of lysine residue of proteins.

Curcumin is a hydrophobic bioactive compound derived from a plant, Curcuma longa. It has been
shown to have anti-cancer, anti-inflammatory, antimicrobial, and antioxidant properties, and could
be used in the management of arthritis, metabolic syndrome, muscle soreness, anxiety, and
hyperlipidemia.®° However, curcumin has poor bioavailability due to its low aqueous solubility,
rapid clearance, and rapid metabolism under physiological conditions.’> Among various
approaches for improving curcumin bioavailability, encapsulation technology involving
biopolymer complexes has been promising.®'**> Recent study has shown that the encapsulation
efficiency and size of curcumin loaded in alginate microspheres by water-in-oil emulsion could
vary on alginate concentration and has high swelling induced release properties.'® The potential of
using pH sensitive injectable curcumin-loaded smart polymeric micelles of release efficiency
above 90% and with reduced photo-degradative effect has been achieved through curcumin
encapsulation.” Curcumin-loaded polysaccharides-based polyelectrolyte complexes of high
encapsulation and release efficiency have demonstrated sustained release and shown to withstand

the harsh gastrointestinal environment.®

Polyelectrolyte complexes of protein and chitosan have demonstrated strong potential in the

encapsulation of curcumin to ensure stability, solubility, bioaccessibility, and bioavailability.>*!
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However, a rational design of the encapsulating agents for long-term storage and improved
curcumin bioavailability has been challenging due to limited information on the nature of
interaction and binding forces stabilizing the complexes. For the first time, we are reporting the
influence of structural modification by succinylation on the physicochemical properties of pea
protein and their interaction with curcumin as well as the stability and physicochemical properties
of the loaded curcumin-protein complexes and polyelectrolyte complexes with chitosan. This
study equally demonstrated the need to strike a balance between the hydrophobic interaction that
drives curcumin-protein binding in the core and electrostatic interaction during polyelectrolyte
complexation with chitosan at the surface of the biopolymer nano-complexes, and investigated

their combined effects on the stability, controlled release and bioaccessibility of curcumin in vitro.

2. Materials and methods

2.1. Materials

Chitosan (medium molecular weight), curcumin (Cur, > 94% purity), 8-anilo-1-
naphthalenesulfonic acid (ANS), ethanol, tris(hydroxymethyl)aminomethane (Tris-base), and
succinic acid anhydride were purchased from MilliporeSigma Chemical Co., Ltd. (St. Louis, MO,
USA). Yellow pea seeds were generously donated by Pulse Canada (Manitoba, Canada). All
reagents are of analytical grade and used without further purification. Milli-Q water with a

resistivity of 18.2 MQcm at 25 °C and total organic carbon level < 5 ppb was obtained from a

commercial water-purification system (Advantage A10 Q-POD Milli-Q Water System).

2.2. Pea protein isolate preparation

Pea protein isolate (PPI) was extracted from yellow pea (Pisum sativum) using a previously

reported technique.® Briefly, the yellow pea seeds were dehulled, ground, and sieved to obtain
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powdered flour. The flour (200 g) was extracted with NaOH solution (2 L, 0.05 M) at pH 12.7
after stirring for 4 h. The mixture was centrifuged at 5600 x g for 30 min at room temperature. The
supernatant was collected and acidified with HCI (1 M) to a pH of 4.5 to precipitate PPI, which
was separated after centrifugation for 30 min, then washed once with Milli-Q water and adjusted
to pH 7. The sample was freeze-dried to obtain the PPI powder. Total protein content of PPl was
determined by Lowry assay using the Bio-Rad protein assay kits and a bovine serum albumin

standard calibration curve.

2.3. Pea protein succinylation

Succinylated pea protein isolate (SPPI) was prepared using a previously reported method.® A
solution of PPl was prepared in water (100 mL, 2% w/v), pH adjusted to 11 with NaOH (0.5 M)
and heated to 38 °C while stirring for 45 min. Approximately 4 mL of succinic acid anhydride (0.5
M) was added slowly and pH maintained at 10.5 with NaOH (1 M). The solution was stirred for 4
h, dialyzed against deionized water (molecular weight cut-off of 3.5 kDa) at 4 °C for 48 h and

freeze-dried. The powdered sample was stored at -20 °C.

2.4. Surface hydrophobicity of SPPI and PPI

The surface hydrophobicity of the pea protein isolate and the succinylated form was determined
using ANS assay.' Briefly, ANS solution (8 mM) and protein stock solution (5 mg/mL) were
prepared separately in sodium phosphate buffer solution (0.1 M, pH 7.2). Dilute solutions of the
protein (1.0, 0.75, 0.5, 0.25, and 0.125 mg/mL) were prepared in the sodium phosphate buffer
through serial dilution and each solution (200 puL) was mixed with 5 pL of ANS. Fluorescence
intensity was measured at the excitation and emission wavelengths of 390 and 470 nm, respectively

using a Spark multimode microplate reader (Tecan, Stockholm, Sweden). The surface
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hydrophobicity was calculated as the slope of the fluorescence intensity vs. protein concentration

plot.
2.5. Protein-curcumin interactions by fluorescence spectroscopy

The interaction of pea protein isolate and the succinylated form with curcumin, in the absence or
presence of chitosan, was investigated by fluorescence quenching technique using Varian Cary
Eclipse (Agilent, Santa Clara, CA, USA) based on a previously reported method.!**2° A stock
solution of curcumin (2.7 mM) was prepared in ethanol followed by serial dilution to
concentrations of 1 mM in ethanol/Tris-HCI buffer (60:40%), 0.5 mM in ethanol buffer (30:70%)
and concentration range of 0-200 uM in Tris-HCI buffer at pH 7.4. Solutions of PPl and SPPI (0.25
mg/mL) were prepared in Tris-HCI and mixed with an equal volume of the various concentrations
of curcumin to obtain a final protein concentration of 0.125 mg/mL and curcumin concentrations
of 0-100 uM. Fluorescence spectra were recorded at Aex 280 nm (Trp) and Aem from 300-500 nm.
Similarly, the interaction of curcumin with protein was investigated in the presence of chitosan.
All measurements were carried out in triplicate and the intensity at 334 nm (tryptophan) was used

to calculate the binding parameters as previously reported.%%2

If the quenching reaction between curcumin and PPI or SPPI obeys Eq. 2.1, the binding constant

Ka and number of binding sites for curcumin, n could be determined graphically from the intercept

and slope respectively of a plot of log [%] vs. log[Q].

F,—F
log [OT] = logK, + nlog|[Q] 2.1

[Q] is the molar concentration of the quencher (curcumin), and F and Fo are the fluorescence

intensity with and without curcumin, respectively.
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The modified Stern-Volmer equation (Eg. 2.2) was used to estimate the accessible fluorophore

fraction (f) and the Stern-Volmer quenching constant K from the intercept and slope of a plot of

o yvs.L(Eq.2.2).

Fo—F [Q]

b __1 +1 2.2
F,—F fK[Q] f '

The Stern-Volmer equation (Eqg. 2.3) was used to estimate the biomolecular quenching rate

constant (Kq) from a slope of % vs. [Q] (Eg. 2.3) plot.

%=1+KQto[Q]=1+KD[Q] 23

Here, Kp is the Stern-Volmer quenching constant while t, is the lifetime of the protein fluorophore

in the absence of curcumin, usually in the order of 10 seconds,%19.2
2.5.1. Fluorescence stability of the protein-curcumin complex

The fluorescence intensity of PP1 or SPPI (0.25 mg/mL, 1 mL) mixed with curcumin solution (100
uM, 1 mL) was monitored in a fluorescence spectrophotometer at different intervals (0, 0.5, 1, 1.5,

2,3,4,5,6,7h). Each scan was taken after shaking and triplicate spectra were recorded.
2.6. Circular dichroism (CD) Spectroscopy

The CD spectra of the native pea protein, succinylated form and their polyelectrolyte complexes
with chitosan were measured at concentration of 0.25 mg/mL in water instead of buffer to eliminate
charge interference. The spectra were scanned at a wavelength range of 185-260 nm with Jasco J-
715 Circular Dichroism (CD) spectrometer (Jasco Corp., Tokyo, Japan) using quartz cuvette with
a path length of 0.01 cm at 25°C in nitrogen gas. Three scans were recorded at a scan rate of 50

nm/min and a bandwidth of 1 nm and averaged to obtain the final spectrum. Using a mean residue
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molecular weight of 110 g/mol, mean residue ellipticity (degcm?dmol™) was obtained. Water blank
spectrum was subtracted from the average spectra of the samples and smoothened to obtain the
corrected spectra. The secondary structure fractions were calculated from the mean residue

ellipticity at wavelengths 185-260 nm using CD Pro software installed with CONTIN/LL method.
2.7. Thermal stability of PPI, SPPI and their curcumin/chitosan complexes

The thermal stability of PPI, SPPI and the biopolymer nano-complexes was investigated using
differential scanning calorimetry (DSC Q2000, TA instruments, USA). Samples (1.5-6 mg) were
separately sealed in a clean pre-weighed Tzero Aluminum Hermetic pan, then purged with pure
nitrogen gas at a flow rate of 20 mL/min and the thermogram recorded from 25-250°C at a scan
rate of 10°C/min. An empty pan was used as a reference. The transition enthalpies (J/g) were
evaluated using Origin 9 software (OriginLab Corporation, Northampton, Massachusetts, USA)

heat flow (2)

from the area of integrated peak or dip of the plot of vs time (s).

weight of sample (mg)
2.8. Preparation of protein nanoparticle and curcumin encapsulation
2.8.1. Solution preparation

Curcumin (1 mg/mL) and chitosan (2.5 mg/mL) were prepared in ethanol and acetic acid (1%)
respectively, while the protein samples, SPP1 and PPI (5 mg/mL), were prepared in Milli-Q water.
The solutions of chitosan and protein were stirred for 6 h using a magnetic stirrer (Cimarec,
ThermoFisher Scientific, Waltham, MA USA) in separate flasks and centrifuged at 40,000 x g for
30 min using Sorvall LYNX 4000 superspeed centrifuge (ThermoFisher Scientific, Waltham, MA
USA). The supernatants were collected by vacuum filtration (Whatman filter paper number 50,

pore size 2.7 um) and degassed with Polylab vacuum desiccator to remove impurities and air

81



bubbles from the solution. Curcumin solutions were protected from light by wrapping containers

with aluminum foil.
2.8.2. Synthesis of curcumin-loaded protein nano-complexes

The preparation of CUR/PPI and CUR/SPPI nano-complexes was carried out following a
previously reported method** with minor modifications. The solution of curcumin (10 mL, 1
mg/mL) was added dropwise separately into PPI1 and SPPI solutions (100 mL). The reactions were
stirred (320 rpm) and monitored for 5 h until a steady negative zeta-potential was obtained. Low
aqueous solubility of curcumin led to the generation of nanoparticles, which were recovered by
centrifugation at 40,000 x g for 20 min. The residues were washed twice with deionized water,

freeze-dried and the powdered samples stored at -20 °C.

2.8.3. Synthesis of PPI/CHI and SPPI/CHI hollow nano-complexes

The protein-chitosan hollow nano-complexes (i.e., not loaded with curcumin) were prepared by
the dropwise addition of chitosan solution (50 mL, 2.5 mg/mL) to the various protein solutions
(100 mL) until a steady positive zeta potential was maintained. The solutions were stirred for 5 h
and the precipitate recovered by centrifugation at 40,000 x g for 20 min, washed twice with

deionized water and lyophilized. The powdered particles were stored in -20 °C before analysis.

2.8.4. Synthesis of CUR/PPI/CHI and CUR/SPPI/CHI nano-complexes

The curcumin-loaded protein-chitosan nano-complexes were prepared by the electrostatic
deposition method®** through dropwise addition of chitosan solution (50 mL, 2.5 mg/mL) into the
solution of curcumin-protein complexes (100 mL protein, 10mL CUR) prepared in section 2.8.2,

with stirring (320 rpm) for additional 5 h. The biopolymer nano-complexes formed were recovered
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by centrifugation at 40,000 x g, washed twice with deionized water and freeze-dried. The resulting

powders were stored at -20 °C before analysis.

2.9. Characterization of the biopolymer nano-complexes

2.9.1. Measurement of particles size, zeta potential, and polydispersity

The average particle size, zeta potential, and polydispersity of the various biopolymer nano-
complexes were determined with Nano-ZS Zetasizer (Malvern Instruments Ltd., Malvern, UK).
Dilute solutions of the nano-complexes (refractive index 1.450, absorption 0.001) were prepared
and analyzed in Milli-Q water (pH 7, refractive index 1.330, viscosity 0.8872 cP and dielectric
constant 78.5) to avoid multiple scattering effects. Triplicate analysis was performed at 25 °C using

the Smoluchowski model at F(ka) 1.50 and backscattered angle of 173°.

2.9.2. Determination of particle morphology

The morphology of the freshly prepared colloidal solution of the freeze-dried nano-complexes was
determined with a transmission electron microscope (JEM-2100F Field Emission Electron
Microscope, JEOL, Tokyo, Japan). The particles were dispersed in aqueous ethanol by
ultrasonication for 10 min and Aa drop of various colloidal solution was placed on a carbon film
300 mesh, copper grid and left for 1 h to dry. Before this, glow-discharge was performed on the

grids for 50 s using the Gatan Solarus Advanced Plasma System.

2.9.3. Fourier transform infrared spectroscopy (FTIR) analysis

The functional group and non-covalent bond interaction of the biopolymer nano-complexes were

investigated with an infrared spectrometer (Nicolet 6700 FTIR, ThermoFisher Scientific,
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Waltham, MA USA). The FTIR spectra were recorded in absorbance mode from 4000 to 400 cm™

1 after background subtraction.
2.10. Encapsulation efficiency

Curcumin encapsulation efficiency was determined by UV-Vis spectrophotometer (Spark
multimode microplate reader, Tecan, Stockholm, Sweden) as previously reported &** with slight
modification. First, the calibration curve (R? = 0.996) of various concentrations of curcumin (0-
10 pg/mL) in ethanol was prepared at the excitation wavelength of 425 nm.* The biopolymer
complexes containing curcumin were dispersed in ethanol, vortexed for 30 s and then centrifuged
at 5,000 x g for 10 min. Absorbance measurement of the supernatant was performed at Amax 425
nm to estimate the concentration of curcumin and encapsulation efficiency was estimated from Eq.

2.4.
EE (%) = “%22 X 100 2.4
Ecur is the encapsulated curcumin (mg) and C is the curcumin input (mg).

2.11. Kinetic release profile of curcumin and membrane permeability studies

In vitro kinetic release profile of curcumin and its membrane permeability were studied for the
free curcumin and protein/chitosan biopolymer nano-complexes in simulated salivary fluid (SSF),
gastric fluid (SGF) and intestinal fluid (SIF) as previously reported.**** The SSF, SGF, and SIF

electrolytes were prepared according to the consensus protocol.?
2.11.1 Oral phase

The powdered curcumin-loaded nano-complexes and free curcumin (2 mg in each case) were

dispersed separately in SSF (pH 7). CaCl, (25 uL, 0.3 M) and salivary a-amylase (1500 U/mL)
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were added to attain an enzyme concentration of 75 U/mL in the total volume of 10 mL. The
mixture was poured into a dialysis tube (3.5 kD molecular weight cut-off) and placed into a flask
containing the releasing media [200 mL SSF (50% ethanol)], free of enzyme and CaCl,. The
mixture was incubated for 2 min at 37 °C followed by absorbance reading of the releasing media

at 425 nm.

2.11.2 Gastric phase

SGF electrolyte (10 mL) containing CaClz (5 pL, 0.3 M) and pepsin (1.6 mL, 2500 U/mL) were
mixed with an oral phase containing the various samples of free curcumin and curcumin-loaded
nano-complexes in a dialysis bag. The pH was adjusted to 1.2 with HCI (1 M) and the sample
added into a flask containing 200 mL of SGF releasing media (50 % ethanol) free of enzyme and
CaCly, and incubated for 2 h at 37 °C while shaking at 120 rpm. Aliquots (1 mL) of the releasing
media were withdrawn every 30 min for absorbance reading at 425 nm and replaced with the exact

volume of fresh SGF releasing media.

2.11.3. Small intestinal phase

After 2 h of incubation in the SGF, the content in the dialysis bag was mixed with SIF (20 mL)
containing pancreatin solution (5 mL, 800 U/mL), fresh bile (2.5 mL, 160 mM) and CaCl> (40 uL,
0.3 M), and transferred into a flask containing 200 mL of SIF releasing medium (50% ethanol)
free of enzyme and CaCl,. The mixture was incubated at 37 °C for 4 h while shaking at 120 rpm.
The cumulative curcumin released into the media was estimated using a similar procedure as in
SGF. For the three stages of stimulated digestion, the amount of curcumin released was quantified

by determining the excitation scan of curcumin and plotting a calibration curve (Figure S2.1 a&Db).
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2.12. Statistical analysis

The results were presented as mean + standard deviation obtained from triplicate measurements
and analyzed by one-way analysis of variance (ANOVA) using Origin 9 software (OriginLab
Corporation, Northampton, Massachusetts, USA). Tukey’s test was used to analyze group mean

differences and values at p < 0.05 were considered significantly different.

3. Results and discussion

3.1. Effect of succinylation on pea protein surface hydrophobicity

The binding affinity of curcumin to proteins majorly depends on the surface hydrophobicity of the
protein. Their interaction decreases with a decrease in protein hydrophobicity. In fact, curcumin
has been suggested as a potential probe for assessing the hydrophobicity of proteins.?? Based on
this phenomenon, the impact of succinylation on the surface hydrophobicity of pea protein isolate
was investigated. Succinylation decreased the surface hydrophobicity of the pea protein by nearly
3 folds (Figure S2.2). Nonetheless, the values for PPl and SPPI were within the range of surface
hydrophobicity reported for isolated wheat and soy proteins,?® bovine serum albumin, and insect
proteins,** which have been used to encapsulate curcumin. Thus, the surface hydrophobicity data
suggest possible curcumin binding to both the native and succinylated pea proteins, albeit to
different extents, and hence their potential application in the encapsulation and delivery of

curcumin.

3.2. Binding parameters for curcumin-protein interaction

The excitation scan of the proteins showed a dominant peak of tryptophan at 280 nm (Figure S2.3).
The fluorescence emission properties of the protein would depend on the environment of this
residue (apolar or aqueous) and their interaction with specific biomolecules known as the
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quencher.?* The intensity of the fluorescence and maximum emission wavelength of tryptophan

may change on interaction with curcumin due to physical or chemical processes, such as molecular

rearrangement, direct quenching, excited-state reaction, and energy transfer. These processes may

lead to changes in secondary structure and conformation of the protein,*2°2>2¢ which consequently

reveal the strength of the binding and accessibility of curcumin to protein pockets containing the

tryptophan residue.?”
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Figure 2.1. Fluorescence emission spectra of the (a) curcumin-native pea protein, (b) curcumin-

native pea protein-chitosan, (¢) curcumin-succinylated pea protein, and (d) curcumin-succinylated

protein-chitosan interactions.
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On succinylation, the fluorescence intensity of the native protein decreased, and the emission
wavelength maxima experienced a red shift (Figure 2.1a & c). These changes were due to
structural alteration upon protein modification.?® Addition of chitosan to the native and modified
protein or increase in the concentration of curcumin loaded on both proteins in the presence and
absence of chitosan, decreased the fluorescence intensity (Figure 2.1a-d). This decrease was
because the protein-chitosan, curcumin-protein and curcumin-protein-chitosan complex formation
induced conformational changes on the protein structure.’® The magnitude of decrease in
fluorescence intensity with increasing concentration of curcumin was higher in the native protein-
curcumin compared to the modified protein. This could be attributed to stronger hydrophobic
interaction leading to stronger binding, as depicted by their K values (Figure 2.1a & c, Table 2.1).
An opposite effect was observed in the presence of chitosan due to stronger electrostatic interaction
between the modified protein and chitosan, which restored the net hydrophobicity and improved
protein-curcumin binding (Figure 2.1b & d, Table 2.1).* The wavelength of maximum
fluorescence emission remained constant on increasing the concentration of curcumin, which
suggests that the tryptophan residue was not exposed to changes in polarity,**2° solvent effect, and
hydrogen bonding.>® This indicates that the tryptophan residue was buried in the hydrophobic
pocket of the protein and could be the site of interaction of the pea protein with curcumin. This
was further corroborated by the emission Amax at 334 nm for native protein-curcumin, native
protein-curcumin-chitosan and succinylated protein-curcumin-chitosan, as well as the small value
of accessible fluorophore fraction (Table 2.1), which quantifies the interaction occurring in the
hydrophobic core of proteins. However, the emission Amax at 344 nm for succinylated protein-
curcumin suggests that the tryptophan residue or hydrophobic core of the protein was exposed

upon succinylation and could have contributed to the low binding, thus influencing curcumin
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encapsulation (Table 2.1).243132 Therefore, the native pea protein and the succinylated form with

chitosan have the potential of improving the stability and solubility of Curcumin.®

Table 2.1. Binding parameters and encapsulation efficiency of the pea protein-curcumin nano-

complexes.
Complexes K (x10* M) Kp (x10*M" | Kq(x10®¥ M- | n f EE (%)
l) ls-l)
b b b
CUR/PPI 6.9 +0.21° 4.6+0.01 4.6+0.01 1.00+0.01* | 0.92+0.01 34.65 + 0.10°
d d d
CUR/SPPI 4.2 +£0.05 2.5+0.03 2.5+0.03 0.95+0.042 | 0.83+£0.00° 24,92 + 0.03¢
b c c b d
CUR/PPI/CHI | 145+ 0.64 4.4+0.01 4.4+0.01 0.71+£0.01 0.71£0.00 85.01 + 1.43
CUR/SPPI/CH | 187.9+12.40% | 18.0+0.03* | 18.0+0.03* | 0.54 +0.06° | 0.95+ 0.00%
[ 62.05 + 2.95°
CUR/CHI n.d. n.d. n.d. n.d. n.d. 41.88 £ 0.06 ©

The superscriptsMean values with different letters (a-e) in a column indicates that the mean values are
significantly different (P < 0.05).

Abbreviations: PPI, pea protein isolate; SPPI, succinylated pea protein; CUR, curcumin; CUR/SPPI, curcumin-
succinylated pea protein complex; CUR/PPI, curcumin-pea protein complex; CUR/SPPI/CHI, curcumin-
succinylated pea protein-chitosan complex; CUR/PPI/CHI, curcumin-pea protein-chitosan complex; CUR/CHI,
curcumin-chitosan complex K, binding constant; n, substantive binding pockets of IP for curcumin; KD, Stern-
Volmer guenching constant; KQ, biomolecular quenching rate constant; f, accessible fluorophore fraction; EE,
encapsulation efficiency; n.d., not determined.

If fluorescence quenching is directly related to curcumin binding to the protein, the Trp peak

FO
F,—F

intensity at 334 nm can be extracted and plotted as VS. 51] (Figure 2.2a & 2.3b, Figure 2.3a &

2.3b, Eq. 2.2) for the determination of the association constant, K. Chitosan-protein-curcumin
complexes showed stronger binding affinity similar to well-known ligand-protein complexes.**
However, the protein-curcumin complexes demonstrate moderate binding as shown in the K values
(Table 2.1). This could be attributed to improved hydrophobicity and stability of the protein-
chitosan complex by electrostatic interaction, which in turn increased the interaction between the
protein and curcumin.?® These values are comparable with that reported for curcumin binding to

other proteins determined by fluorescence spectrophotometry.1%19.20
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Figure 2.2. Plots of Fo/(Fo-F) vs. 1/[Curcumin] for (a) CUR/PPI and (b) CUR/PPI/CHI complex
for binding constant (K) determination. Stern-Volmer plots for quenching constant determination
of (c) curcumin-PPI, and (d) curcumin-PPI-chitosan binding. Plots of log(Fo - F)/F vs.
log[Curcumin] for the determination of the number of bound curcumin (n) in the (¢) CUR/PPI and

(f) CUR/PPI/CHI complexes.
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Figure 2.3. Plots of Fo/(Fo-F) vs. 1/[Curcumin] for (a) CUR/SPPI and (b) CUR/SPPI/CHI complex
for binding constant (K) determination. Stern-Volmer plots for quenching constant determination
of (c) curcumin-SPPI, and (d) curcumin-SPPI-chitosan binding. Plots of log(Fo - F)/F vs.
log[Curcumin] for the determination of the number of bound curcumin (n) in the (e) CUR/SPPI

and (f) CUR/SPPI/CHI complexes.

The presence of static and dynamic quenching was investigated through a plot of I;—" vs. [Q] (Figure

2.2c & 2.2d, Figure 2.3c & 2.3d, Eqg. 2.3). Interestingly, native pea protein-curcumin and
succinylated protein-curcumin showed static quenching (linear plot) at low curcumin

concentrations and dynamic quenching above 40 uM. However, the incorporation of chitosan
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favoured mainly static interaction. This could be another reason for the higher binding affinity of
the protein to curcumin in the presence of chitosan (Table 2.1). The biomolecular quenching rate
constant (Kg) values, which were higher than the value (2 x 10 MS?) reported as maximum
static quenching for ligand-macromolecule interaction, is an indication that binding was mainly
static leading to the formation of non-fluorescent complexes.®*® Both Kq and Stern-Volmer
quenching constant (Kp) increased on the incorporation of chitosan to the succinylated form (Table
2.1). This increase was due to the predominantly static interaction in the complex (Figure 2.3d),
and stronger electrostatic interaction between the highly negatively charged succinylated pea
protein and the positively charged chitosan (Table 2.2), which increases hydrophobicity. This
result indicates that even though succinylation decreased hydrophobicity (Figure S2.2),
electrostatic interaction with chitosan restored the hydrophobicity of the protein within the
complex. The Ko and Kp values are consistent with the range of values reported for curcumin-

protein interaction. %920

The number of curcumin molecule bound per protein (n) was estimated from Figure 2.2e & 2.2f,
2.3e & 2.3f, and Eqg. (2.1), and data presented in Table 2.1. The n values, which decreased in the
presence of chitosan, showed approximately one curcumin molecule per protein molecule binding.
The decrease in n values can be attributed to electrostatic interaction between chitosan and protein,
which could have blocked some accessible binding pocket of curcumin. As expected, an increase
in negative charge on the protein by succinylation (Table 2.2) would increase electrostatic
interaction with chitosan giving rise to about 50% decrease in n value of curcumin-succinylated
protein-chitosan complex. These values are comparable with those reported for curcumin-protein

binding.%192
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Table 2.2. Dynamic light scattering data, transition temperatures and enthalpies of the redispersed

freeze-dried particles.

Complexes Size (nm) PDI Zeta potential | Transition Transition
(mV) temperature (°C) enthalpy
(J/g)
PPI/CHI hollow 151.5+ 7.7 0.50 + 0.042 +40.8 + 2.0 157.4 84.42
SPPI/CHI hollow | 176.3 +10.0% 0.26 £ 0.01°d | +20.3 +1.9° 136.3, 145.0, 0.89, 4.55,
171.7 101.76
165.6 +11.0°° | 0.49 + 0.06 -46.8 + 0.41 135.9, 152.5, 5.20, 2.45,
CUR/PPI 158.3, 233.0 2.85, 95.12
CUR/SPPI 159.9 + 1.1%¢ 0.23 + 0.00« -53.9+0.49 167.1, 213.9 22.63, 2.49
CUR/PPI/CHI 1945+ 7.6 0.42 +£0.03%¢ | +20.9 +0.3° 154.3, 234.3 3.91, 69.08
CUR/SPPI/CHI 183.3 £ 0.6 0.16 +0.01¢ +12.8 +0.9¢ 150.9, 158.7, 0.28, 0.70,
1935 10.02
CUR/CHI 152.0 + 7.6 0.47 +0.11® +39.5+ 1.3 n.d. n.d.
PPI 107.9 + 1.4¢ 137.0, 158.2, 2.45,0.76,
0.27 £0.01°« | -34.4+0.2° 161.2 8.45
SPPI 1305+ 1.1 0.27 £0.01°« | -59.9 +0.9" 158.1 136.32
CHI 131.7 +12.2 0.40 +0.02* | +63.2+0.8° n.d. n.d.
The superscripts with different letters (a-h) in a column indicates that the mean values are significantly
different (P < 0.05).
n.d., not determined.Mean values with different letters in a column are significantly different (P < 0.05)
Abbreviations: PPI, pea protein isolate; SPPI, succinylated pea protein; CUR, curcumin; CHI, chitosan;
CUR/SPPI, curcumin-succinylated pea protein nano-complex; CUR/PPI, curcumin-pea protein nano-
complex; CUR/SPPI/CHI, curcumin-succinylated pea protein-chitosan nano-complex; CUR/PPI/CHI,
curcumin-pea protein-chitosan nano-complex; CUR/CHI, curcumin-chitosan nano-complex; SPPI/CHI
hollow, succinylated pea protein-chitosan shell; PPI/CHI hollow, native pea protein-chitosan shell; n.d., not
determined.

3.3. Stability of the protein-curcumin interactions

The stability of the curcumin-protein binding in solution was investigated by fluorescence
spectrophotometry. The spectra (Figure S2.4) showed fluctuations in fluorescence intensity over
time, which is peculiar to the dynamic binding behaviour. This could be attributed to
conformational changes because of the association of protein and curcumin or dissociation of the
complex in solution over time. The magnitude of increase in fluorescence intensity of the native
pea protein-curcumin complex appeared higher than that of the modified protein-curcumin. This
is probably due to unfavourable binding (Table 2.1) leading to faster rate of complex

decomposition. These observations support the dynamic binding observed in the plot of
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% Vs curcumin concentration (Figs. 2.2¢ & 2.3c) and justify the need for chitosan incorporation,

which promoted mostly static binding. A similar dynamic binding behaviour was reported for
insect protein-curcumin, although addition of chitosan did not favour static binding.!* This is
probably due to different structural properties or weaker electrostatic interaction in the moderately

anionic protein compared to the highly anionic native and modified pea proteins used in our study.
3.4. Protein conformation

The effect of succinylation and electrostatic interaction with chitosan on protein conformation was
investigated by circular dichroism. As shown in Table 2.3, succinylation significantly favoured the
formation of both regular and distorted a-helix while decreasing the proportion of regular and
distorted B-strand. Unlike native pea protein, the changes in the protein secondary structure caused
by succinylation considerably influenced the protein-chitosan interaction. This could be attributed
to strong electrostatic interaction formed between the highly negatively charged SPPI and the
positively charged chitosan. The conformational changes in protein due to succinylation
influenced its hydrophobicity (Figure S2.2) and interaction with curcumin (Table 2.1), which could

affect encapsulation and release behaviour.

Table 2.3. Effect of succinylation and interaction with chitosan on the secondary structure of pea

protein.
Secondary structure fractions (%)
Samples Regular a- Distorted a- | Regular 8- Distorted [3- Turn Unordered
helix helix strand strand
PPI 0.3 3.7 28.5 14.3 21.6 31.6
SPPI 8.8 10.4 175 10.8 22.2 30.4
PPI/CHI 0.3 4.1 28.4 14.3 21.9 311
SPPI/CHI 10.4 8.4 19.5 10.6 21.1 30.0
PPI, pea protein isolate; SPPI, succinylated pea protein; PPI/CHI, native pea protein-chitosan complex;
SPPI/CHI, succinylated pea protein-chitosan complex.
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3.5. Thermal stability of the complexes

Some of the major criteria in the application of protein for the encapsulation of bioactive
compounds are favourable molecular interactions between the ligand and protein, and stability of
the complex. The latter is very important especially in food processing and storage. Thus, the
thermal stability of the proteins and biopolymer complexes of curcumin was investigated.
Differential scanning calorimetric thermograms (Figure S2.5, Table 2.2) showed that succinylation
modified the thermostability of the protein by merging the three transition temperatures in PPI into
one broad peak, which could improve the thermal stability of the lowest peak at 137°C. The
interaction of the native and modified proteins with curcumin or chitosan and on the coating with
chitosan, to form curcumin-protein, protein-chitosan and curcumin-protein-chitosan, increased the
thermal stability of the protein as observed from their transition temperatures and enthalpies (Table
2.2). The transition enthalpy of the native protein is generally lower than that of the succinylated
form and the complexes formed with curcumin or chitosan. This indicates that the native protein
is more prone to denaturation than the modified one, and interaction with curcumin or chitosan
conferred additional stability. This could be due to the hydrophobic interaction in curcumin-protein
complexes and electrostatic interactions in protein-chitosan or curcumin-protein-chitosan
complexes, which increased hydrophobic interaction and hence the stability of the complexes.?*%
This result is consistent with that reported for curcumin-gliadin,®” insect protein-curcumin, and
insect protein-curcumin-chitosan complexes.** Overall, pea protein stabilized with either chitosan

or curcumin could be more resistant to changes in temperature.
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3.6. Encapsulation and physicochemical properties of the biopolymer nano-complexes

3.6.1. Encapsulation efficiency

The encapsulation efficiency of various nano-complexes was estimated from Eq. 2.4 and presented
in Table 2.1. Encapsulation efficiency decreased on protein succinylation due to a decrease in
surface hydrophobicity (Figure S2.2) leading to a decrease in the binding affinity of the protein to
curcumin (Table 2.1). Coating with chitosan significantly improved the encapsulation efficiency
of both the native and succinylated proteins probably due to increased binding affinity and stability
as noted from the K, Kp and Kq values (Table 2.1), as well as increased hydrophobicity induced
by electrostatic interaction between the protein and chitosan.” Interestingly, chitosan
demonstrated encapsulation potential independently and this may have contributed to the increased
encapsulation efficiency of the chitosan-coated complexes. The encapsulation efficiency is
consistent with that reported for curcumin encapsulated with cruciferin-chitosan complex,®
sunflower protein,* zein-sodium caseinate-sodium alginate complex,** zein-caseinate complex

and tannic acid crossed-linked hollow zein complex.*®

3.6.2. Physicochemical properties of the biopolymer nano-complexes

The size, polydispersity and zeta potential of the nano-complexes were investigated during
synthesis (Table S2.1) and after freeze-drying (Table 2.2) by electrophoresis and dynamic light
scattering. Protein succinylation had no significant effect (P < 0.05) on the size of the various
nano-complexes as shown for PPI vs. SPPI, PPI/CHI vs. SPPI/CHI, CUR/PPI vs. CUR/SPPI, and
CUR/PPI/CHI vs. CUR/SPPI/CHI. This suggests that succinylation did not lead to protein
degradation, agglomeration or aggregation. The particles are mainly homogenous within a size

range of 100-195 nm with the chitosan-coated complexes showing larger diameters due to the
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presence of an additional layer of a macromolecule. The presence of curcumin in the loaded
chitosan, native or succinylated protein nanocomplexes led to increase in size of the particles
compared to free protein or chitosan solution. These values are comparable with that reported for
curcumin-zein-caseinate nano-complexes (187 nm),** curcumin-zein-caseinate-alginate nano-
complexes (185-288),** curcumin-sunflower protein complex (194 nm),* insect protein-curcumin
(176.6 nm) and insect protein-curcumin-chitosan complexes (161.2 nm).!* The zeta potential
values showed that all the curcumin-protein complexes were negatively charged due to the
negative charge on the protein. The strength of this charge significantly increased after
succinylation due to the neutralization of the positive charge of lysine (Scheme 2.1), a major amino
acid in pea proteins.”® This increase in negative charge of SPPI facilitated stronger electrostatic
interaction with the positively charge chitosan. The positive charge on the curcumin-protein-
chitosan complex indicated effective coating and stabilization of the complex with the cationic

chitosan.

3.6.3. Morphological characterization of the nano-complexes

The morphology of the hollowed protein-chitosan and curcumin-loaded complexes were
investigated by transmission electron microscopy. As shown in Figure 2.4. Both curcumin-loaded
protein (Figure 2.4b & 2.4e) and curcumin-protein-chitosan complexes (Figure 2.4c & 2.4f)
showed predominantly spherical nano-structures, whereas the hollow protein-chitosan complex
images (Figure 2.4a & 2.4d) displayed several pores formed by electrostatic interaction, which
suggests that pore formation could be the mechanism for curcumin encapsulation.’* Like the
particle size, succinylation of pea protein did not cause any significant change to the morphology
of the nano-complexes. The size range of the particles is consistent with that obtained from

dynamic light scattering (Table 2.2 & Table S2.1) with curcumin-protein-chitosan complex having
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larger particle size than curcumin-protein complex due to additional layer of chitosan. The similar

shape of curcumin-loaded complexes has been reported for insect protein-curcumin®* and zein-

caseinate-sodium alginate complexes.*®

Figure 2.4. Transmission electron microscopy images of freshly prepared colloidalfreeze-dried and
redispersed particles of (a) PPI/CHI hollow, (b) CUR/PPI, (c) CUR/PPI/CHI, (d)SPPI/CHI hollow,
(e)CUR/SPPI, and (f) CUR/SPPI/CHI.

3.6.4. Functional group characterization of the nano-complexes

The impact of encapsulation, hydrogen bonding, electrostatic, covalent, and hydrophobic
interaction on the functional group of pea proteins, curcumin, and chitosan was investigated by
Fourier transformed infrared spectroscopy. The FTIR spectrum of curcumin (Figure 2.5a)
displayed prominent peaks at 3509, 1503 and 1628 cm™, which are characteristics of -OH

stretching vibrations of phenolic compounds, stretching vibration of C—C in aromatic ring system
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and C=0 stretching vibration of enol group, respectively. The peaks observed at 1273 and 1426
cmtare peculiar to the C—O stretching vibrations of alcohol and C—H bending vibration of alkane,
whereas those in the region of 1022 to 961 cm™ are as a result of C—O stretching vibrations in ester
and carboxylic acid. The peaks observed at 857 and 805 cm™ are consistent with the out-of-plane
bending mode of meta- and para-substituted aromatic systems.®** As shown in Figure 2.5b & 2.5c,
succinylation did not cause any apparent modification in the FTIR spectra of the protein as the
functional groups involved in succinylation are already inherent in the protein. The FTIR spectra
of the protein-chitosan complexes (Figure 2.5e & 2.5f) retained almost all the prominent peaks of
the proteins (Figure 2.5b & 2.5¢) and chitosan (Figure 2.5d), suggesting that the interaction was
mainly electrostatic.*> The various spectra shifts observed in CUR/PPI, and CUR/SPPI compared
to the individual CUR, PPI and SPPI could be attributed to the effect of hydrophobic interaction
between protein core and curcumin while the shifts observed in PPI/CHI and SPPI/CHI compared
to the individual proteins and chitosan could be attributed to strong electrostatic interaction
between highly negatively charged protein and strongly positively charged chitosan (Table 2.2).%°
The FTIR spectra further collaborate the need of establishing a balance to ensure that the
hydrophobic interaction between curcumin and protein does not disrupt strong electrostatic
interaction between protein and chitosan and vice versa in the curcumin-protein-chitosan
complexes. The spectra of native protein-curcumin (Figure 2.5g) and native protein-curcumin-
chitosan (Figure 2.5i) showed decreased intensity or disappearance of prominent peaks of
curcumin, suggesting that the bioactive compound was buried in the hydrophobic core of the
protein, which decreased its molecular vibration. This supports the finding from fluorescence
quenching that curcumin mainly binds in the hydrophobic pocket of the protein where the

tryptophan residue is protected from changes in polarity. Similar behaviour has been reported for

99



insect protein-curcumin® and ovalbumin-curcumin complexes.®* FTIR spectrum of the
succinylated protein-curcumin nano-complex (Figure 2.5h) showed almost all the peaks of
curcumin indicating that curcumin was not well encapsulated in the complex. This was probably
because of the decreased protein hydrophobicity (Figure S2.2) leading to weak binding (Table
2.1). Coating the succinylated protein with chitosan (Figure 2.5j) buried these functional groups,
suggesting favourable interaction because of restored hydrophobicity, well-organized protein
structure, and increased binding as demonstrated from the binding parameters (Table 2.1). Overall,
hydrophobic interaction occurring in the core of the protein, and electrostatic interaction between

the protein and chitosan played major roles in stabilizing the complex.
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Figure 2.5. Fourier transformed infra-red spectra of (a) curcumin, (b) PPI, (c) SPPI, (d) CHI, (e)
PPI/CHI, (f) SPPI/CHI, (g) CUR/PPI, (h) CUR/SPPI, (i) CUR/PPI/CHI, and (j) CUR/SPPI/CHI

3.76. In-vitro curcumin release from the complexes

The low aqueous solubility of curcumin and rapid degradation under physiological conditions have
necessitated its encapsulation with proteins followed by chitosan coating to ensure the stability of
the complex in the gastric phase. The release, membrane permeability, bioaccessibility, and
cellular uptake of curcumin are crucial for its food, pharmaceutical, and medical applications. For
this reason, the in-vitro curcumin release was investigated using a simulated oral/salivary, gastric,
and intestinal fluid model to assess the effect of pea protein succinylation on gastrointestinal

stability of the nano-complexes (Figure 2.6).

At the end of the oral phase, 1.25%, 12.76% and 0.29 % of curcumin was released from the free
curcumin, CUR/PPI and CUR/SPPI, respectively, while 21.10%, 20.85% and 0.89 % was released
from the CUR/PPI/CHI, CUR/SPPI/CHI and CUR/CHI complexes, respectively. The low values
observed for free curcumin was due to its low solubility. The low values for CUR/SPPI and
CUR/CHI were because of low hydrophobic interaction in CUR/SPPI due to the impact of
succinylation (leading to the low curcumin solubility in the complex) and the absence of
hydrophobic core in chitosan leading to low solubility of curcumin in the CUR/CHI complex.
Higher values observed for CUR/PPI, CUR/PPI/CHI and CUR/SPPI/CHI were due to the
increased solubility of curcumin because of favourable interaction occurring in the hydrophobic
core of the protein (Table 2.1). Also, the isoelectric point of chitosan is close to 7 (the pH of
salivary fluid), which might have decreased electrostatic interaction with the protein. Additionally,
chitosan is less viscous at neutral pH and offers minimal protection by gelling effect unlike in

acidic condition.
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At the end of gastric digestion, 1.83%, 14.98% and 11.23% of curcumin was released from the
free curcumin, CUR/PPI and CUR/SPPI, respectively, while 8.34%, 7% and 12.98% were released
from the CUR/PPI/CHI, CUR/SPPI/CHI, and CUR/CHI complexes, respectively. The low values
observed for CUR/PPI/CHI and CUR/SPPI/CHI were as a result of the increased positive charge
on chitosan under the acidic gastric phase due to amine group protonation leading to stronger
electrostatic interaction with the protein.** Also, chitosan is highly viscous at acidic pH and
therefore, strengthens the curcumin-protein complexes through gelling effect thereby preventing
the access of pepsin to the cleavage sites. This engineered behavior of curcumin-protein-chitosan

ensures that a large amount of curcumin reaches the intestinal phase.

At the end of the small intestinal phase, the bioaccessibility of curcumin in free curcumin,
CUR/PPI and CUR/SPPI were 9.89%, 64.10% and 12.52%, respectively, while those of
CUR/PPI/CHI, CUR/SPPI/CHI and CUR/CHI were 62.69%, 57.73% and 16.66%, respectively.
Unfavourable binding between succinylated protein and curcumin (Table 2.1) may be responsible
for the low bioaccessibility of curcumin in the CUR/SPPI complex. There was no significant
difference (p < 0.05) between the bioaccessible curcumin in the CUR/PPI, CUR/PPI/CHI and
CUR/SPPI/CHI complexes. This was because CUR/PPI/CHI and CUR/SPPI/CHI stabilized the
complex more during the gastric phase at approximately the same extent at which CUR/PPI
stabilized its complex during the oral phase. Therefore, about the same amount of curcumin
reached the small intestinal phase for these three complexes. Overall, the amount of curcumin
released in the small intestinal phase was much higher than that observed in the oral and gastric
phase. This is attributable to the presence of bile salts, which possess hydrophobic interior in the
micelles that could solubilize curcumin.*> Also, in the small intestine, chitosan losses its charge

due to amine group deprotonation at pH 7, leading to a weak protein-chitosan interaction and,
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consequently, dissociation of the complex.®** The bioaccessibility of curcumin in the native pea
protein and native or succinylated pea protein-chitosan complexes as observed in this study were
significantly higher than those reported for whey protein-gum Arabic (33%),*? zein-sodium
caseinate-sodium alginate (17%),** zein-caseinate (10.6%)* and tannic acid crossed-linked hollow
zein complexes (10-15%)."> Therefore, native and succinylated pea proteins and their chitosan

complexes have tremendous potential for future development as delivery vehicles for curcumin.
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Figure 2.6. (a) Cumulative bioaccessibility profile of curcumin in free, CUR/PPI, CUR/SPPI,
CUR/PPI/CHI, CUR/SPPI/CHI, and CUR/CHI complex forms under simulated salivary (SSF),
gastric (SGF) and intestinal fluids (SIF). (b) Total bioaccessible curcumin at the various stages of

the simulated salivary, gastric, and intestinal conditions.

4. Conclusion

This study demonstrated that curcumin-loaded biopolymer nano-complexes could be fabricated
from native and succinylated pea proteins and their chitosan complexes. Succinylation increased
the negative charge on the protein favouring electrostatic interaction with chitosan; however, it
decreased its surface hydrophobicity hindering hydrophobic contact. Hydrophobic interaction
between curcumin and the core of the protein increased the solubility and stability of curcumin.
Hence, striking a balance during succinylation to ensure an increase in negative charge with little
or no effect on the protein hydrophobicity is essential for curcumin encapsulation with the
polyelectrolyte complex. The binding of curcumin to either the native pea protein or the
succinylated protein showed some degree of dynamic binding whereas the incorporation of
chitosan favoured static binding. The electrostatic interaction between the succinylated protein and
chitosan restored the protein hydrophobicity and ensured stronger binding of curcumin. The
stronger binding led to the highest encapsulation efficiency of curcumin in the native protein-
chitosan complex. Compared to native protein-curcumin, there was a low curcumin release from
succinylated protein-curcumin because of unfavourable binding and weaker stabilization
occurring in the latter. Native pea protein-curcumin complex reduced the release of curcumin in
the salivary phase more effectively than the complexes stabilized with chitosan whereas the latter
showed better protection in the gastric phase. These behaviours culminated in the equivalent

amount of curcumin reaching the intestinal phase and hence similar bioaccessibility for the two
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complexes. Therefore, our study demonstrated that pea protein isolate could effectively

encapsulate and release substantial amount of curcumin in a simulated gastrointestinal system,

without protein modification by succinylation or polyelectrolyte complexation with chitosan.
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SUPPLEMENTARY INFORMATION

Impact of succinylation on pea protein-curcumin interaction, polyelectrolyte complexation
with chitosan, and gastrointestinal release of curcumin in loaded-biopolymer nano-
complexes

Ogadimma D. Okagu, Jian Jin, Chibuike C. Udenigwe
Journal of Molecular Liquids 2021, 325, 115248. https://doi.org/10.1016/j.molliq.2020.115248.

Table S2.1. Zeta potential, mean diameter and polydispersity index of the colloidal solutions

monitored during synthesis

Complexes Size (nm) PDI Zeta potential (mV)
PPI/CHI hollow 105.6 + 8.6¢ 0.16 + 0.00% +42.8 +0.2°
SPPI/CHI hollow 232.5 + 6.72 0.09 + 0.044 +22.3 +1.6¢
CUR/PPI 114.7 + 1.3 0.32 +0.02° -27.8+0.1¢
CUR/SPPI 126.3 + 3.3 0.27 +0.01°° -37.2 £ 0.4
CUR/PPI/CHI 65.1 + 4.5° 0.63 + 0.042 +37.2 £ 0.4°
CUR/SPPI/CHI 164.3 + 5.0 0.27 + 0.04°¢ +37.4 + 0.6°
CURJ/CHI 149.9 + 14.1%¢ 0.30 + 0.03 +52.0 £ 0.42

Mean values that are not connected with the same superscript in a column are significantly
different (P < 0.05)

Abbreviations: PPI, pea protein isolate; SPPI, succinylated pea protein; CUR, curcumin; CHI,
chitosan; CUR/SPPI, curcumin-succinylated pea protein nano-complex; CUR/PPI, curcumin-
pea protein nano-complex; CUR/SPPI/CHI, curcumin-succinylated pea protein-chitosan nano-
complex; CUR/PPI/CHI, curcumin-pea protein-chitosan nano-complex; CUR/CHI, curcumin-
chitosan nano-complex; SPPI/CHI hollow, succinylated pea protein-chitosan shell; PPI/CHI
hollow, native pea protein-chitosan shell.
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CHAPTER THREE

INFLUENCE OF STRUCTURAL PROPERTIES OF PEA PROTEIN FRACTIONS ON
THEIR INTERACTION WITH BIOACTIVE COMPOUNDS: ENCAPSULATION AND
GASTRIC RELEASE MECHANISMS
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Molecular Interactions of Pea Globulin, Albumin and Glutelin with Curcumin: Formation
and Gastric Release Mechanisms of Curcumin-loaded Bio-nanocomplexes

Ogadimma D. Okagu, Chibuike C. Udenigwe
Food Biophysics 2022, 17(1), 10-25. https://doi.org/10.1007/s11483-021-09697-5
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Abstract

The impact of structural and physicochemical properties of pea globulin, glutelin and albumin on
their interaction with curcumin for their functional role in the gastrointestinal delivery of curcumin
was investigated. The binding constant K for curcumin binding with the alkaline-soluble glutelin,
salt-soluble globulin and water-soluble albumin fractions was determined by tryptophan
fluorescence quenching analysis to be 2.2+0.11x10* M™%, 2.6+0.03x10* M and 1.3+0.15x10* M-
! respectively. Encapsulation efficiency was consistent with the strength of protein-curcumin
binding, which consequently depends on the protein surface hydrophobicity. Differential scanning
calorimetry showed improved thermostability of the protein on curcumin encapsulation whereas
TEM revealed the formation of well-ordered spherical nanocomplexes with hydrodynamic
diameters of 100-270 nm, consistent with dynamic light scattering results. FTIR spectroscopy
showed prominent spectral shifts of the individual proteins or curcumin in the complex due to
intermolecular interactions. The curcumin-loaded alkaline-soluble glutelin and water-soluble
albumin protein complexes demonstrated better curcumin protection in the gastric fluid than
curcumin- loaded -salt-soluble globulin protein complex and released curcumin by pepsin-
dependent mechanism whereas the latter released curcumin by salt-dependent mechanism.
Although, alkaline-soluble and water-soluble protein fractions showed comparable stability of
curcumin in their loaded-complexes under physiological condition, the former could have better
potential in the encapsulation and delivery of curcumin due to their higher hydrophobicity,
stronger interaction with curcumin and formation of a more homogenous nanocomplexes. Overall,
isolated pea glutelin, albumin and globulin could be a potential candidate for curcumin
encapsulation and delivery as demonstrated from the gastric stability of their various complexes,

hence ensuring that curcumin reaching the intestinal phase are of physiologically relevant amount.
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1. Introduction

The nature and strength of protein—bioactive compound interaction is essential for a rational design
of delivery vehicles for nutraceuticals.)® The physicochemical properties of the bioactive
compound and protein, such as solubility, charge, hydrophobicity, folding pattern, etc., could
dictate the nature of this interaction, and hence food matrix compatibility, nanoparticle formation,
encapsulation efficiency and release mechanism. Pea protein isolate, which contains four major
classes of storage proteins, namely globulin, albumin, glutelin and prolamin with different
physicochemical properties,*® was used as a model to study the influence of fraction-based
properties on binding with water-insoluble bioactive compound (curcumin) and the nature of
nanoparticle formation, thermal and gastric stabilization, and mechanism of release. Pea globulin
is soluble in concentrated salt solution and comprises of trimeric 7S vicilin (150-180 kDa) and
hexameric quaternary 11S legumin (300-400 kDa) in the ratio of ~1:2.% The six subunits of 11S
legumin are well-arranged into acidic (o-subunit, ~40 kDa) and basic (B-subunit, ~20 kDa)
subunits linked by disulfide bonds such that the hydrophilic residues are exposed at the surface to
interact with water and the hydrophobic residue are buried in the protein core.®® Vicilin contains
heterogeneous glycosylated polypeptides with a hydrophilic surface lacking disulfide linkages due
to the absence of cysteine residues.®® Unlike legumin, a, B and y subunits of vicilin are held
together by hydrophobic interaction rather than covalent disulfide bond. Depending on the ionic
strength, vicilin can form a hexamer through reversible aggregation.’° Beta sheet-type secondary
structure dominate both legumin and vicilin.* A third class of globulin known as convicilin, which
possesses distinct amino acid profile and little carbohydrate, has been isolated from pea seeds. The
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native form of convicilin has a molecular weight of ~290 kDa consisting of four 71 kDa subunits
and displays about 80% sequence homology with vicilin but differs by possessing one cysteine
residue and highly negatively charged N-terminal extension region due to the abundance of
aspartate residues.’? Pea albumin is water soluble and found in the soluble cytosol fraction of
cotyledon cells where they play metabolic as well as enzymatic roles and aid in seed
germination.t®!* Two classes of albumin (PAla and PA1b) with molecular weight of about 6 kDa
and 4 kDa and high cysteine content have been reported.® In another study, dimeric pea albumin
with a molecular weight of ~50 kDa was reported to have a tightly folded, non-helical and globular
structure that is resistant to trypsin hydrolysis and denaturation. Each subunit (PA2a and PA2b)
has a molecular weight of ~26 kDa and the native dimeric form does not have intermolecular
disulfide bonding. The subunits are each made up of four close-knit structural domains with free
sulfhydryl groups, which cause polymerization through disulfide interchange under alkaline
condition.'®” Pea glutelin is rich in hydrophobic residues and soluble in dilute alkaline or acid,
detergents, reducing or chaotropic agents. Compared to globulin, glutelin is characterized by high
methionine and cysteine contents and are of high nutritional value and protein quality.'® Prolamin
is an ethanol soluble plant storage protein with high glutamine and proline content. It is present in
small amount in peas. There is limited information on the structural properties of pea glutelin and

prolamin.

Curcumin is a hydrophobic nutraceutical compound extracted from Curcuma longa plants. It is
commonly used in food coloring, cosmetics, food flavoring and as herbal supplement.’® It has
demonstrated strong antioxidant, antimicrobial, anti-inflammatory, antimutagenic and anticancer
properties.?’ However, its low bioavailability due to its rapid degradation in aqueous environment,

low solubility and rapid metabolism limits its food, biopharmaceutical and biomedical
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application.?! Various micro- and nanoencapsulation technologies have effectively improved the
stability, solubility, bioaccessibility and bioavailability of curcumin. Proteins have been in the
frontline and modified in various ways with cationic and anionic polysaccharides to ensure strong
curcumin binding, high encapsulation, and loading and release efficiencies as well as to improve
the stability of protein-curcumin complexes during gastric digestion.>:2222" The first step usually
involves understanding the nature and strength of curcumin-protein binding and the possible effect
on the stability of the protein, accessibility, bioavailability and membrane permeability of released

curcumin.?

Our previous study demonstrated that pea protein isolate with or without modification by
succinylation binds with curcumin resulting in reasonable encapsulation efficiency and release 2.
However, there is a dearth of information on how differences in the structural properties of
individual native protein fractions influence their interaction with curcumin, physicochemical
properties of their complexes, biostability in the gastric digestion phase and curcumin
bioaccessibility. This information is crucial in the design of protein-based nanodelivery systems
for specific water-insoluble bioactive compounds. For the first time, we investigated the nature
and strength of interaction of pea globulin, albumin and glutelin fractions with curcumin. Prolamin
fraction was excluded in the study due to low yield and solubility challenges. We further
investigated the structural properties of the three fractions in relation to the physicochemical
properties and biostability of their curcumin-loaded nanocomplexes against pepsin in the gastric

phase, and role in gastrointestinal delivery of curcumin.
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2. Materials and Methods

2.1. Materials

All reagents were of analytical grade and used without further purification. Sodium hydroxide
pellet, HCI and GelCode™ Blue Safe Protein Stain were purchase from Fisher Scientific Inc.
(Ottawa, ON, Canada). Lowry reagent and Precision Plus Protein™ Dual Xtra Standards were
purchased from BioRad (Mississauga, ON, Canada). Ethanol, curcumin (>94 % purity),
tris(hydroxymethyl)aminomethane (Tris-base), 8-anilo-1-naphthalenesulfonic acid (ANS) and
pepsin (>250 units/mg solid) from porcine were purchase from MilliporeSigma Chemical Co., Ltd.
(St. Louis, MO, USA). Pulse Canada (Manitoba, Canada) generously donated the yellow pea seeds
used in this study. Milli-Q water was obtained from a commercial water-purification system
(Advantage A10 Q-POD Milli-Q Water System) with a total organic carbon level <5 ppb and

resistivity of 18.2 MQcm at 25°C.

2.2. Extraction of pea protein isolate (PPI)

Extraction of pea protein isolate from yellow pea seeds was carried out according to previously
reported techniques.>* Briefly, yellow pea seeds were dehulled, ground and sieved into fine
powder, and 200 g of the powder was extracted with 2 L of NaOH solution (0.05 M) at pH 12.7
after stirring for 4 h. The mixture was centrifuged at room temperature at 5600 x g for 30 min
using Sorvall LYNX 4000 Superspeed centrifuge (ThermoFisher Scientific, Waltham, MA USA)
and supernatant separated and acidified with HCI (1 M) to pH 4.5 while stirring at 320 rpm with a
magnetic stirrer (Cimarec, ThermoFisher Scientific, Waltham, MA USA). The resulting
precipitate was separated from the solution by centrifugation for 30 min, washed with Milli-Q

water twice and adjusted to pH 7.0 with NaOH (1 M). The viscous solution was frozen at -80°C
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and lyophilized with Labconco freeze-dryer (Labconco corporation, Kansas, MO, USA) at a
vacuum pressure of 0.02 mbar and collector temperature of -51°C. The resulting powder was used

as the pea protein isolate (PPI).

2.3.  Isolation of albumin, globulin, glutelin and prolamin fractions

Protein fractions were isolated from pea protein isolate following a previously reported method
with some modifications.* Briefly, sequential extraction of albumin (WSF) and globulin (SSF)
fractions from PPI (45 g) was carried out with NaCl solution (2%, 600 mL) followed by extraction
of prolamin fraction (ESF) from the residue with ethanol (70%, 600 mL) and finally glutelin
fraction (ASF) with NaOH (0.02 M, 600 mL). In each case, the mixture was stirred for 3 h,
centrifuged at 20,500 x g for 30 min and supernatant collected. The protein fractions were re-
extracted twice from the residue, centrifuged and the supernatants pooled, and filtered. The
supernatant containing ESF and SSF were dialyzed against deionized water for 48 h at 4°C while
changing the dialysate frequently with deionized water. The retentate from the salt soluble fraction
was centrifuged to separate the salt soluble globulin from water soluble albumin (WSF). The
supernatant from ASF was adjusted to pH 4.8 with 6 M HCI, allowed to rest for 1 h, centrifuged,
and the precipitate collected, washed, adjusted to pH 7 and centrifuged again. All the fractions
were freeze-dried and stored in -20°C. Total protein content was determined by Lowry assay using
a standard calibration curve of bovine serum albumin and Bio-Rad protein assay kits. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis was used to confirm the protein profile of the
fractions (supplementary material).
2.4.  Determination of surface hydrophobicity (HO)

Surface hydrophobicity of the pea protein fractions was assessed using a previously reported
method with slight modification 1,2. Solution of the samples (1.0, 0.75, 0.5, 0.25, and 0.125
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mg/mL) and ANS (8 mM) was prepared in sodium phosphate buffer (0.1 M, pH 7.2). The protein
solution (200 pL) was mixed with ANS (5 pL) and the fluorescence intensity measured at the Aex
390 nm and Aem 470 nm using Spark multimode microplate reader (Tecan, Stockholm, Sweden).

Slope of the graph of fluorescence intensity against protein concentration was calculated as Ho.

2.5.  Fluorescence quenching study of curcumin-protein interaction

Fluorescence quenching technique using Varian Cary Eclipse (Agilent, Santa Clara, CA, USA)
was used in studying the interaction of curcumin with three pea protein fractions as reported
previously.>2282° Curcumin stock solution (2.7 mM) was prepared in ethanol and diluted to 1 mM
in ethanol/water (60/40%) from which 500 uM was prepared in 30/70% ethanol/water and diluted
to a concentration range of 0-200 uM in water. Protein fractions (0.25 mg/mL) were prepared in
water and mixed with equal volume of various concentration of curcumin, resulting in final
curcumin concentration of 0, 2, 5, 10, 15, 20, 25, 30, 40, 50, 60, 80 and 100 uM, and protein
concentration of 0.125 mg/mL Fluorescence excitation scan was first performed to determine
tryptophan excitation wavelength (280 nm) followed by fluorescence emission scan from 300-450
nm. Triplicate measurements were performed, and tryptophan fluorescence intensity was used in

calculating the binding parameters.1228-3!

If one assumes that tryptophan quenching was because of protein-curcumin binding, Stern-Volmer
equation can be used to estimate binding parameters and determine the nature and strength of the

binding. Stern-Volmer quenching constant Kp and biomolecular quenching rate constant (Kg) can

be calculated from the slope of a graph of % vs. [Q] of the Stern-Volmer equation (Eg. 3.1).

=1+ Kot,[Q1 =1 +Kp[Q] 3.1
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Fo and F are fluorescence intensity of the protein in the absence and presence of the quencher,
curcumin, respectively, and [Q] is the curcumin concentration in molarity unit and to is the

fluorophore lifetime in the absence of the quencher, usually in the order of 10 seconds. 12282

The accessible fluorophore fraction (f) could be estimated from the intercept of the modified Stern-

Volmer equation by plotting FjF Vs, — (Eq. 3.2).

Fy [Ql

LI 3.2
Fo—F  fKIQ] " f '

K is the effective quenching constant for the accessible fluorophores and can be estimated from

the slope which is equal to fiK
The number of binding sites n for curcumin could be estimated graphically (Eq. 3.3) from the slope

of a plot of log [%] vs. log[Q] *°
F,—F
log [OT] = logK, + nlog[Q] 3.3

2.6.  Effect of curcumin-protein binding on the thermal stability of the protein

The impact of curcumin-protein complexation on the thermal stability of the protein fractions was
studied using differential scanning calorimetry (DSC Q2000, TA instrument, USA). The freeze-
dried powdered samples (0.3-6 mg) were separately placed into a pre-weighed Tzero Aluminum
Hermetic pan and empty pan was used as reference. The thermogram was recorded from 25-250°C
in a nitrogen atmosphere at a flow rate of 20 mL/min and a scan rate of 10 °C/min. Transition

enthalpies were calculated from the area of the integrated peak or dip of a plot of
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mJ

heat flow (T)
weight of sample (mg)

vs.time (s) using Origin 9 software (OriginLab Corporation, Northampton,

Massachusetts, USA).

2.7.  Synthesis of protein-curcumin complexes and calculation of encapsulation
efficiency

2.7.1. Solution preparation for protein-curcumin complexation

The solutions of the pea protein fraction (1 mg/mL) were prepared in Milli-Q water, stirred for 6
h with a magnetic stirrer (Cimarec ThermoFisher Scientific, Waltham, MA USA) and centrifuged
at 7200 x g for 20 min. The supernatant was collected, vacuum filtered with Whatman filter paper
number 50, pore size 2.7 um and degassed with Polylab vacuum desiccator to remove impurities
and air bubbles from the solution. Curcumin solution (1 mg/mL) was prepared in ethanol and

protected from light with aluminum foil.

2.7.2. Synthesis of protein-curcumin nanocomplexes

The synthesis of protein-curcumin nanocomplexes was carried out according to previously
reported method with slight modification.>? Briefly, curcumin solution in ethanol (1 mg/mL, 10
mL) was added dropwise to solutions of the pea protein fractions (1 mg/mL, 40 mL) in a separate
flask covered with aluminum foil and stirred at 320 rpm for 6 h. The mixture was centrifuged at
7200 x g for 20 min and residue washed twice with water, frozen at -80°C and lyophilized to obtain
the powdered samples of CASF, CSSF and CWSF. The fractions were stored in -20°C freezer

prior to analysis.
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2.8.  Physicochemical characterization of the curcumin-loaded nanocomplexes

2.8.1. Dynamic light scattering

Dynamic light scattering technique was used to determine the average particle size, polydispersity
and zeta potential of the protein fractions and their curcumin-loaded complexes using Nano-ZS
Zetasizer (Malvern Instruments Ltd., Malvern, UK). To reduce multiple scattering effect, dilute
solution of the samples (refractive index 1.450, absorption 0.001) was prepared and analyzed in
Milli-Q water (pH 7, refractive index 1.330, viscosity 0.8872 cP and dielectric constant 78.5). The
dynamic light scattering effect was analyzed with Smoluchowski model at F(ka) 1.50 and

backscattered angle of 173° at 25 °C from triplicate measurements.

2.8.2. Morphological analysis

Morphology of freshly prepared colloidal solution of the nanoparticles was analyzed with a
transmission electron microscope (JEM-2100F Field Emission Electron Microscope, JEOL,
Tokyo, Japan). A drop of colloidal solution of each sample was placed on a carbon film 300-mesh
copper grid activated by glow-discharge for 50 s using the Gatan Solarus Advanced Plasma System
and allowed to air-dry for 1 h. Images of the curcumin-protein nanocomplexes at different

magnifications were acquired.

2.8.3. Functional group characterization by Fourier Transformed Infrared

Spectroscopy (FTIR) Analysis

Functional group characterization on the freeze-dried solid samples (2-5 mg) was investigated by
FTIR spectroscopy (Nicolet 6700 FTIR, ThermoFisher Scientific, Waltham, MA USA). The FTIR
spectra of the samples were recorded from 4000 to 400 cm™ in absorbance mode after background

subtraction.
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2.9.  Determination of encapsulation efficiency

Encapsulation efficiency of the pea protein fractions for curcumin was investigated by UV-Vis
spectrophotometer (Spark multimode microplate reader, Tecan, Stockholm, Sweden) using a
recently reported method™? with some modification. The curcumin-loaded nanocomplexes of the
protein fractions were dispersed in ethanol (2-3 pg/mL), vortexed for 30 s and centrifuged at 7000
x g for 10 min. Absorbance of the supernatant was measured at Amax 425 nm 12 and the
concentration of curcumin in the matrix estimated from the calibration curve of curcumin in

ethanol (R? = 998). Encapsulation efficiency was determined using Eq. 3.4.
EE (%) = Ec%x 100 3.4

EE is the encapsulation efficiency (%), Ecur is the weight of encapsulated curcumin (mg) and C

is the amount of curcumin added during the complexation process (mg).

2.10. Pepsin resistibility study, kinetic release profile and membrane permeability of

curcumin

Resistibility of the curcumin-loaded biopolymer nanocomplexes against pepsin degradation,
kinetic release profile, membrane permeability of curcumin and effect of ionic strength were
investigated as previously reported™#232 with slight modification as the digestion process did not
go through salivary and intestinal digestion phases. Simulated gastric fluid (SGF) was prepared
according to the standardized static in vitro digestion protocol.*? Briefly, SGF electrolyte (20 mL),
containing pepsin (1.6 mL, 2500 U/mL), CaCl> (5 pL, 0.3 M) and protein fraction (1.2-4 mg), was
transferred into a dialysis membrane (MW cutoff of 3.5 kDa). Thereafter, pH was adjusted to 1.2
with HCI (1 M) before placing the mixture into a 500-mL flask containing 200 mL of releasing
media (SGF electrolyte containing 50% ethanol, without enzyme and CaClz). The mixture was
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incubated at 37°C while shaking at 70 rpm. Aliquots (3 mL) were withdrawn from the releasing
media after 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 h, absorbance measured at Amax 424 nm
(curcumin), and same volume of fresh releasing medium added. In a similar way, the effect of
physiological (gastric) ionic strength on the nanocomplex release profile was investigated in the
absence of pepsin. All measurements were carried out in triplicate and the amount of curcumin

released was quantified from the calibration of curve.

2.11. Statistical analysis

Statistical comparison between the means of triplicate measurements of the various samples were
analyzed by one-way analysis of variance (ANOVA) using Origin 9 software (OriginLab
Corporation, Northampton, Massachusetts, USA). Data were analyzed using the Tukey’s test and

group mean differences and values at p < 0.05 were considered significantly different.

3. Results and Discussion
3.1. Surface hydrophobicity of the protein fractions

Surface hydrophobicity of proteins influences the nature of binding and stability of complexes
formed with water insoluble nutraceuticals, such as curcumin'?3® and could hence impact the
release of the bioactive compound. For this reason, the surface hydrophobicity of three pea protein
fractions were investigated by ANS assay. The ethanol-soluble prolamin fraction was excluded
from further analysis due to its low yield and poor protein profile, which may be because of its co-
extraction with polyphenols and poor aqueous solubility.* The alkaline soluble fraction had
significantly higher Ho (522.75+17.95) followed by the salt soluble (427.04+5.56) and water
soluble fractions (328.96+3.28, p < 0.05), as previously reported at neutral pH for protein fractions

from commercial PP1.* The high Ho of glutelin was due to its high content of hydrophobic amino
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acid residues, e.g., tryptophan, leucine, valine and alanine.®* Conversely, the lower Ho of the other
fractions could be attributed to the high content of hydrophilic residues, e.g., glutamic acid,
aspartic acid, arginine and lysine in albumin® and hydrophilic glycosylated polypeptides of
vicilin®% and convicilin® of globulin, which enhance protein-water interaction.>*® Overall, Ho of
the protein fractions are within the range of values reported for whole PPI,? insect protein and
bovine serum albumin,! which have shown reasonable binding with curcumin and demonstrated

gastric stability and effective release properties.
3.2. Protein-curcumin interaction and the estimation of binding parameters

Fluorescence quenching technique was employed in studying protein-curcumin binding by
monitoring the behavior of tryptophan residue (Aexc 280) of the proteins within the fluorescence
emission wavelength of 300-450 nm as it interacts with various concentration of curcumin. The
nature of the environment of tryptophan residue (apolar or aqueous) and their binding with some
biomolecules could impact their fluorescence intensity and maximum emission wavelength.” This
is due to chemical or physical processes such energy transfer, excited-state reaction, molecular
rearrangement and/or direct quenching that influence the protein secondary structure and
conformation. The effect of protein-curcumin binding on fluorescence emission intensity and
maximum emission wavelength of tryptophan can be measured and used to estimate the
accessibility of curcumin to the tryptophan residue and calculate the various binding parameters

for such interaction,1:2:28:29.38-40

The tryptophan fluorescence intensity of the three pea protein fractions decreased on addition of
curcumin and the effect is more pronounced with increase in curcumin concentration (Figure 3.1).

This is because of changes in protein structure and conformation induced by the formation of less
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fluorescent protein-curcumin complex. The magnitude of the decrease in tryptophan fluorescence
with increasing curcumin concentration is more evident in curcumin-glutelin followed by
curcumin-globulin and then curcumin-albumin complex. This could be because of increased
hydrophobic interaction in CASF and CSSF compared to CWSF in line with their surface
hydrophobicity (Table 3.1). The hydrophobicity of the protein is one of the major driving force for
protein-curcumin binding and could significantly trigger changes in protein conformation, which
consequently affect tryptophan fluorescence.!:228334 At various concentrations of curcumin, the
wavelength at maximum fluorescent intensity was nearly constant at 335 nm for the salt-soluble
and alkaline soluble fractions (Figure 3.1a&b), an indication that the tryptophan residue is
protected from changes in solvent effect, hydrogen bonding*? and polarity.?®?° The fluorescence
emission wavelength (Aem) at 335 nm is characteristic of interaction at the hydrophobic core of
protein and is probably the site of the protein-curcumin interaction; this could account for the
stronger binding and higher encapsulation efficiency observed in these two protein fractions (Table
3.1). The Aem of WSF experiences a redshift from 343 to 350 nm upon binding with curcumin and
the shift become more apparent at higher curcumin concentration (Figure 3.1c). Fluorescence
emission wavelength of binding within a range of 340 to 350 nm and fluctuation in Aem UpPON
binding is characteristic of exposed tryptophan residue or hydrophobic core. The location of the
tryptophan residue or exposure of the hydrophobic core in addition to the observed lower surface
hydrophobicity of WSF could be responsible for the lower binding and encapsulation efficiency
(Table 3.1).22%74344 Hence, alkaline, and salt-soluble pea protein fraction binds strongly with
curcumin and showed better encapsulation efficiency, thus demonstrating greater potential in

improving the stability, solubility and bioaccessibility of curcumin than water-soluble fraction.>
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Figure 3.1. Fluorescence emission spectra of the (a) curcumin-alkaline soluble protein fraction
(ASF), (b) curcumin-salt soluble protein fraction (SSF), and (c) curcumin-water soluble protein
fraction (WSF) colloidal complexes. PF is the fluorescence intensity of ASF in (a), SSF in (b), and

WSF in (c).

Table 3.1. Protein-curcumin binding parameters and encapsulation efficiency

Complexes | K (x10*M1) | Kp (x10* M) Ko (x108¥M1S1) | n f Encapsulation
efficiency (%)
CASF 2.2+0.11° 4.1+0.062 4.1+0.062 0.98+0.01% | 1.39+0.03% | 95.07+1.112
CSSF 2.6x0.03? 3.5+0.142 3.5+0.142 0.72+0.01° | 1.25+0.01° | 71.40+0.98°
CWSF 1.3+0.15° 1.9+0.05° 1.9+0.05° 0.62+0.02° | 1.45+0.06% | 43.18+0.60°

Mean values with different letters in a column are significantly different (P < 0.05).

constant; Ko, biomolecular quenching rate constant; and f, accessible fluorophore fraction.

Abbreviations: CASF, alkaline soluble fraction-curcumin complex; CSSF, salt soluble fraction-curcumin
complex; CWSF, water soluble fraction-curcumin complex.; K, effective quenching constant for the accessible

fluorophores; n, substantive binding pockets of the various fractions for curcumin; Kp, Stern-Volmer quenching
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The nature of protein-curcumin binding, the biomolecular quenching rate constant Kq and Stern-
Volmer quenching constant Kp were determined from Eq. 3.1 and results presented in Figure 3.2
and Table 3.1. The various pea protein fractions showed static quenching behavior at low curcumin
concentration (linear curve) and dynamic quenching above 50 uM (Figure 3.2). This indicates that
the rate of dissociation of the protein-curcumin complex at low concentrations of curcumin is
lower than that at higher concentrations. Protein-curcumin association reaction is more favorable
than dissociation of the complex at low curcumin concentration. Therefore, the stability of the
complex is more guaranteed at lower curcumin concentration; hence, an optimum stoichiometric
ratio of protein-to-curcumin will be essential for the design of a stable protein-based delivery
vehicle for curcumin. The estimated Kq and Kp for CASF and CSSF (Table 3.1) are comparable
and significantly higher than that of CWSF. This could be also linked to the lower surface
hydrophobicity of WSF and the environment of the tryptophan residue. Moreover, the lower
molecular weight of WSF as observed from the SDS-PAGE (Figure S3.1) indicates less functional
groups available to interact with curcumin and, consequently, could have decreased the strength
of protein-curcumin binding. Since the Ko values are higher than 2 x 10'° MS reported as
maximum static quenching for ligand-macromolecule interaction, the binding of curcumin with
the three pea protein fractions is predominantly static and led to the formation of less fluorescent
biopolymer complexes.*>“® The value of Kp and Kq is comparable with those previously reported

for protein-curcumin binding.12282°
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Figure 3.2. Stern-VVolmer plots for quenching constant determination of (a) ASF-curcumin, (b)

SSF-curcumin, and (¢) WSF-curcumin binding.

The effective quenching constant K for the accessible fluorophores (Figure 3.3, Table 3.1) was
determined by assuming that tryptophan fluorescence quenching is as a result of protein-curcumin
binding. This parameter is commonly employed in measuring the strength of protein-ligand
binding via fluorescence quenching technique. There is no significant difference between the
values of K for CASF and CSSF but CWSF showed lower binding affinity, which could be as a
result of its lower hydrophobicity, position of the tryptophan residue relative to the protein surface,
or nature of the interaction. The K values of the three pea protein fractions for curcumin are within
the range of those classified as moderate interaction and comparable to previously reported

protein-curcumin binding as determined by fluorescence spectrophotometry. 122829
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Figure 3.3. Plots of Fo/(Fo-F) vs. 1/[Curcumin] for determination of accessible fluorophore
fractions (f) and effective quenching constant (K) for the accessible fluorophores in (a) CASF (b)

CSSF and (c) CWSF complexes

Accessible fluorophore fraction and number of binding sites for curcumin in the protein was
estimated from Eqgs. 3.2 and 3.3, respectively. The value of n estimated from the linear region
(static binding, Table 3.1, Figure 3.4) showed that CASF has the highest bound curcumin per
protein followed by CSSF and then CWSF, which is consistent with the trend of their
encapsulation efficiency (Table 3.1). The number of accessible fluorophore fraction (Table 3.1,
Figure 3.3) in CWSF is higher than that of CASF and CSSF and corroborates the fluorescent
emission wavelength range of WSF. The estimated n and f are similar to previously reported values

for curcumin-protein binding.%>28.2
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Figure 3.4. Plots of log(Fo - F)/F vs. log[Curcumin] for the determination of the number of bound

curcumin (n) in the (@) CASF, (b) CSSF, and (c) CWSF complexes.

3.3. Thermal stability of the complexes as determined from differential scanning calorimetry

The influence of protein-curcumin interaction on the stability of the protein and complexes was
investigated using freeze-dried protein-curcumin complexes (Figure 3.5, Table 3.2). This
information is essential in ascertaining protein response to changes in temperature and the
optimum storage condition for the biopolymer nanocomplexes. The three protein fractions showed
a single endothermic peak at lower temperature region but the protein-curcumin complexes
showed up to 4 endothermic peaks at higher temperatures. The peaks in the protein-curcumin
complexes could be attributed to conformational changes in the protein as result of binding with
curcumin. The increase in transition temperature of the complexes indicates favorable interaction

and improved thermal stability. In a previous study, the interaction of curcumin with insect
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protein,® whole pea protein,? and gliadin,*’” improved the thermal stability of the protein. From
Table 3.2, the transition enthalpies of alkaline and salt soluble fractions were lower than one or
more transition enthalpies in the curcumin-loaded complexes, CASF and CSSF. Thus, it is
thermodynamically more feasible to denature the protein fractions, even at lower temperature, than
their complexes with curcumin. The transition enthalpy of CWSF was lower than that of the protein
WSF even though the transition temperature of CWSF is higher. This indicates that, at higher
temperature, it was easier to degrade CWSF and does not necessarily mean than the protein was
more stable than the complex. Therefore, protein-curcumin complexes are more resistant to

changes in temperature than the free protein forms.
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Figure 3.5. Differential scanning calorimetric thermograms of the various protein fractions and

curcumin-loaded protein complexes.
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Table 3.2. Dynamic light scattering data of the colloidal solution of the nanocomplexes, and the

transition temperatures and enthalpies of the freeze-dried particles.

Complexes Size (nm) PDI Zeta Transition Transition
potential temperatures (°C) | enthalpies
(mV) (J/g)
ASF 69.6+0.5° 0.48+0.01°¢ | -42.9+1.03" | 146.3 99.5
SSF 97.5+1.3¢ 0.34+0.00% | -35.9+0.91°¢ | 144.2 94.7
WSF 153.2+0.4° | 0.28+£0.01° | -32.1+0.35% | 152.0 234.4
CASF 267.4+7.2% | 0.52+0.03" | -19.7+0.26° | 180.1, 181.5 134.7,6.6
CSSF 111.1#5.7¢ | 0.42+0.02%¢ | -12.5+0.29° | 171.1, 171.9, 104.1, 39.8,
180.8, 182.5 133.8, 13.2
CWSF 216.3+5.4°> | 0.63+0.02% |-7.8+0.82% | 167.8, 180.5, 3.6,94.1,8.0
181.6
Mean values with different superscript in a column are significantly different (P < 0.05)
Abbreviations: ASF, alkaline soluble fractions; CASF, alkaline soluble fraction-curcumin
complex; SSF, salt soluble fraction; CSSF, salt soluble fraction-curcumin complex; WSF,
water soluble fraction; CWSF, water soluble fraction-curcumin complex.

3.4. Encapsulation potential of pea protein fractions and physicochemical properties of

curcumin-loaded nano-complexes

3.4.1. Encapsulation efficiency

The potential of encapsulating curcumin with the individual pea protein fractions was derived from

Eq. 3.4 and data presented in Table 3.1. The alkaline-soluble fraction had higher encapsulation

efficiency followed by salt-soluble fraction and finally water-soluble fraction. This result is in line

with their surface hydrophobicity and interaction with curcumin as demonstrated from K, Kp and

Ko (Table 3.1). The result shows that higher surface hydrophobicity of the protein promoted the

interaction with curcumin, and the strength of this binding dictated the encapsulation efficiency.

The encapsulation efficiencies of the three protein fractions are higher than that of the
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unfractionated pea protein, which showed encapsulation efficiency of 34% and increased to 85%
upon incorporation of chitosan.? In fact, ASF alone had an encapsulation efficiency of 95%. This
indicates that the mixture of proteins in PPI interfered with their ability to encapsulate curcumin
effectively, hence the need for protein fractionation. Encapsulation efficiency reported for the pea
protein fractions are similar to some other curcumin-loaded protein complexes, including
sunflower protein-curcumin (60-93%),*® soy protein isolate-curcumin (89-98%),%° insect protein-
curcumin (37-47%),* curcumin-gliadin (80-85%) *° and walnut protein isolate-curcumin (~61.5%)
complexes.>

3.4.2. Particle characteristics of protein fractions and curcumin-loaded complexes

Average particle size, polydispersity index and zeta potential of the three pea protein fractions and
their curcumin-loaded complexes was investigated by electrophoretic light scattering (Table 3.2).
Hollow pea protein fractions had smaller particle sizes than their curcumin-loaded complexes,
which indicates that curcumin encapsulation increased the size of protein nanoparticles. The
protein nanoparticles and their curcumin complexes were moderately homogenous except CWSF,
which could be because of unfavorable interaction between water-soluble protein and hydrophobic
curcumin resulting in the formation of particles of various sizes (Tables 3.1 & 3.2, Figure 3.6a-f).
The pea protein fractions had high negative zeta potential, which decreased after curcumin
encapsulation. This is contrary to the effect observed for curcumin-loaded zein nanoparticles
where incorporation of curcumin increased the negative charge on the protein.?* The discrepancy
could be attributed to differences in intermolecular interactions. CWSF had a lower negative zeta
potential compared to other curcumin-loaded complexes, which indicates poor stability and

corroborates the low binding to curcumin and low encapsulation efficiency. Zeta potential and
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particle sizes of the nanoparticles fall within the range of values reported for some other curcumin-

loaded protein complexes. 23242627
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Figure 3.6. Transmission electron microscopy images of the colloidal solution of (a) CASF, (b)

CSSF, and (c) CWSF complexes and particle size distribution of (d) CASF, (¢) CSSF, and (f)

CWSF complexes.

3.4.3. Nanostructures of the curcumin-loaded protein nanocomplexes

Morphology of the curcumin-loaded protein nanocomplexes was investigated by transmission
electron microscopy and the images acquired at a magnification of 500 nm are shown in Figure
3.6a-c. All the various curcumin-protein complexes had similar well-ordered spherical
morphology and smooth surfaces in the size range of 100-230 nm. Larger and smaller particles
were formed from alkaline-soluble and salt-soluble fractions, respectively. The particles were

slightly smaller than sizes derived from electrophoretic light scattering (Table 3.2), which is
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expected as DLS measures the hydrodynamic diameter.2* Particles of CSSF (Figure 3.6b) seem to
be held together better than those of CASF and CWSF, which could be due to intermolecular
forces. The core of each spherical nanoparticle appears darker than the surface, indicating the
encapsulation of curcumin in the core with proteins on the surface. Curcumin was not effectively
encapsulated in all CWSF particles as highlighted in the image showing spherical nanoparticles
with empty or partially filled core (Figure 3.6¢). This could be attributed to unfavorable binding
and supports the low encapsulation efficiency.

3.4.4. Functional groups of the curcumin-protein nanocomplexes

The nature and impact of intermolecular interactions on the functional groups of the protein
fractions and curcumin within the complexes was investigated by Fourier-transform infrared
spectroscopy. As shown in Figure 3.7, FTIR spectrum of curcumin showed a broad peak at 3500
cm*, which is characteristic of the stretching vibration of hydroxyl groups (O-H). This peak shifted
to 3396 and 3404 cm™ in CSSF and CWSF, respectively and this is likely as a result of hydrogen
bonding interaction between the protein and curcumin. The protein spectra also showed broad peak
of O-H group at 3273-3280 cm™ and a sharp peak around 1630 and 1450 cm™, which are
characteristics of carboxyl (-COO-) symmetrical stretching vibrations.>? The peaks around 1504
and 1628 cm™ in curcumin can be assigned to C-C stretching vibration of the aromatic system and
C=0 stretching vibration of enol group, respectively. The peaks at 1273 and 1427 cm-1 are
characteristics of stretching vibration of C-O of alcohol and bending vibration of C-H of alkanes,
whereas the peaks located within the region of 1026-957 are peculiar to C-O stretching vibrations
in carboxylic acids and esters. The peaks within 854 to 804 could be as a result of out-of-plane
bending mode of meta- and para-substituted aromatic systems.?3°3 Multiple stretching vibration

peaks within the region of 2839-3199 cm™ in both curcumin and protein fractions can be assigned
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to the hydrophobic C-H group. The spectra shifts observed in this region for the curcumin-loaded
protein complexes confirm that hydrophobic interaction played a role in curcumin-protein binding.
Peaks within the range of 1400-1700 cm™ in the protein fraction and curcumin-loaded complexes
can be assigned to amide | and Il bonds® and spectral shifts observed in curcumin-loaded
complexes were as a result of intermolecular interactions. The intensity of the O-H group of
curcumin increased while the hydrophobic C-H group (2839-3199 cmY) in the protein decreased
after curcumin encapsulation, indicating a decrease in surface hydrophobicity and increase in
solubility of the curcumin-loaded protein nanocomplexes.?* Most of the prominent peaks of the
proteins and curcumin appeared in the complexes suggesting that the interaction is mainly non-
covalent and therefore guarantees the structural integrity of curcumin within the complex is

preserved.
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Figure 3.7. Fourier transformed infrared spectra of (a) curcumin (b) ASF (c) CASF (d) SSF (e)

CSSF (f) WSF and (g) CWSF.

3.5. Effect of ionic strength of gastric fluid and resistance against pepsin degradation

Stability of the curcumin-loaded protein complexes in gastric fluid in the presence and absence of
pepsin is presented in Figure 3.8 a & b. Curcumin encapsulated with alkaline-soluble and water-
soluble fractions showed better stability against pepsin degradation or the gastric ionic condition
as observed from the smaller amounts of curcumin released after 2 h of gastric phase treatments.
For CASF, the amounts of curcumin released after 2 h were 7.5 and 0% in the presence and absence
of pepsin, respectively. This is because of strong curcumin-ASF binding (Table 3.1) resulting from
the high protein surface hydrophobicity, which limits the accessibility of pepsin to the protein
network or dissolution in gastric fluid. Moreover, 8.3% and 2.0% of curcumin were released from
CWSF after 2 h with and without pepsin, respectively. The low amount of curcumin released from
CWSF could be because of the tight folding, non-helical and globular structure of albumin, which
was previously reported to be resistant to pepsin, pancreatin® and trypsin degradation.'®
Conversely, solubility of globulin fraction (SSF) in concentrated salt solution resulted in
dissolution of the curcumin-protein complex under the ionic strength of the gastric fluid. This
enabled the accessibility of pepsin to the various protein cleavage sites and, consequently, higher
curcumin release (Figure 3.8). Since there was no significant difference between the amount of
curcumin released from CSSF (17.9% and 17.1% in the presence and absence of pepsin,
respectively), the release mechanism was mainly because of dissolution of the complex in the
gastric fluid rather than enzymatic disintegration of the complex. Unencapsulated curcumin

showed comparable curcumin release under the two tested conditions.
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Figure 3.8. Kinetic release profile of curcumin from the various complexes under simulated gastric
fluid in the (a) presence and (b) absence of pepsin. (c) Schematic representation of the salt-
dependent (CSSF) and pepsin-dependent (CWSF and CASF) curcumin release from the protein
nanocomplexes in the gastric digestion phase. Presence of salt decreases electrostatic energy
between protein molecules within the nanocomplex leading to increased aqueous solubility and
curcumin dissociation/release. Pepsin-resistant complex results in less curcumin release, thus

providing more biostable nanocomplexes to the intestinal phase. Image created with Biorender.

Overall, pepsin-dependent release of curcumin was estimated by comparing the kinetic release
profiles in the presence and absence of pepsin and were found to be 7.5, 0.8 and 6.3% for CASF,
CSSF and CWSF respectively. The result enabled the postulation of two release mechanisms of
curcumin encapsulated in the matrix of protein nanoparticles under gastric condition; salt-
dependent and pepsin-dependent release. These release mechanisms depend on the structural
properties of the protein such as solubility (salt-soluble protein, SSF), strength of the curcumin-
protein binding (as demonstrated in CASF), and access of pepsin to the protein network (CWSF).
As shown in the schematic representation (Figure 3.8c), salt-dependent release of curcumin
demonstrated by CSSF involves the screening out of charge-charge interactions between protein
nanoparticles by salt ions, thus decreasing surface tension, preventing aggregation and
precipitation, and increasing protein denaturation, solubility and consequently curcumin release.
The interaction of salt ions with the protein shell after disintegration of the electrostatic interaction
increased protein solubility and decreased hydrophobic contact between the protein shell and
curcumin core. TEM images (Figure 3.6¢) further corroborate the schematic representation and,
as shown from the effect of gastric ionic strength, the CSSF protein nanoparticles are held together

by strong electrostatic interaction, which are distorted in the presence of salt ions. The second
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mechanism (Figure 3.8c) demonstrated by CASF and CWSF involves pepsin degradation of the
protein shell network encapsulating curcumin leading to the release of curcumin. Amount of
curcumin released depends on access of pepsin to the protein cleavage sites, which depends on the
strength of protein-curcumin binding (CASF) or protein folding and conformation (CWSF).
Unlike CSSF, the low amount of curcumin released under gastric ionic strength indicates that the
particle-particle interaction shown in the TEM images of CASF and CWSF (Figure 3.6a & c) is
mainly due to other forces (e.g. hydrophobic, Van der Waals, etc.) rather than electrostatic
interaction. Thus, the nature of interaction forces holding CASF and CWSF compared to CSSF

could be responsible for their different nanoparticle arrangements.

This study shows that nanoencapsulation using the protein fractions improved curcumin solubility
as observed from the higher release from the loaded-complexes compared to free curcumin in the
presence of pepsin. Without the enzyme, CASF and CWSF complexes protected curcumin and
reduced its release compared to free curcumin while higher amount of curcumin was released from
CSSF because of its high solubility. Similar total gastric release amounts have been reported for
curcumin complexes with native and modified whole pea protein (1.8-13%),% and insect protein
(3.7-18.1%).! However, our study is the first to provide evidence of enzyme-dependent and salt-
dependent curcumin release mechanisms that rely mostly on the nature of the proteins. Low release
of curcumin from the complexes after 2 h of gastric digestion would ensure that more curcumin is

delivered to the intestinal phase for absorption and increased bioavailability.
4.0. Conclusion

The nature of binding of three pea protein fractions with curcumin was investigated and the
curcumin-loaded complexes of the protein characterized by spectroscopic and microscopic

techniques. The results show that surface hydrophobicity of the protein is essential for its binding
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with curcumin while the strength of this interaction dictates the encapsulation efficiency and
stability of the complex in the gastric phase of digestion. The solubility and structural properties
of the protein plays a key role in its binding, encapsulation efficiency and curcumin protection in
the gastric phase. Interaction of protein with curcumin induced a structural change in the protein
and improved its thermal stability. Transmission electron microscopy showed a successful
synthesis of well-ordered spherical nanocomplexes of curcumin. Taken together, antisolvent
precipitation technique resulted in the fabrication of thermostable pepsin-resistant and spherical
nanocomplexes of curcumin-protein fractions. The curcumin-pea protein fraction complex
released curcumin during gastric digestion through two different mechanisms; salt-dependent
mechanism as observed from curcumin-loaded salt-soluble fractions and pepsin-dependent
mechanism for the curcumin complex of water and alkaline-soluble pea protein fractions. The high
encapsulation efficiency, stability in gastric fluid and resistant to pepsin degradation suggest the

potential application of this complexes in the gastrointestinal delivery of curcumin.
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SUPPLEMENTARY INFORMATION

Molecular Interactions of Pea Globulin, Albumin and Glutelin with Curcumin: Formation
and Gastric Release Mechanisms of Curcumin-loaded Bio-nanocomplexes

Ogadimma D. Okagu, Chibuike C. Udenigwe
Food Biophysics 2022, 17(1), 10-25. https://doi.org/10.1007/s11483-021-09697-5

S1. Materials and Methods

S1.1 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) profiles of the
protein fractions

The SDS-PAGE profile of the protein fractions under reducing condition was analyzed in a 6 -
18% gradient gel (w/v, pH 8.8) and 5% stacking gel (w/v, pH 6.8). A solution of the fractions (7
mg/mL) was prepared in water and equal volume was mixed with sample buffer containing [3-
mercaptoethanol (5%, v/v), SDS (2%, m/v), 62.5 mM Tris-HCI (pH 6.8), glycerol (20%, v/v), and
bromophenol blue (0.5%, m/v). The mixture was heated at 95°C for 10 min while stirring at 300
rpm (Thermomixer, Eppendorf AG, Hamburg, Germany), allowed to cool and centrifuged at 7000
x g for 10 min. Aliquots of the supernatant and standard protein molecular weight marker (10 pL)
were loaded into the gel and electrophoresis performed at 150 V for 1.5 h using BioRad Mini
PROTEAN Tetra System (BioRad Inc., Mississauga, ON, Canada). The gel was stained with
Coomassie Brilliant Blue R-250 staining solution (Bio-Rad Inc., Mississauga, ON, Canada) and
destained with solution of water-methanol-acetic acid (50/40/10%). Thereafter, the gel image was

acquired with BioRad Imaging System (BioRad Inc., Mississauga, ON, Canada).

S2. Results and Discussion

S2.1. Protein profile of the fractions

The molecular weight profile of PPI and the various fractions were analyzed by reducing SDS-

PAGE. As depicted in Figure S3.1, PPI displayed several polypeptide bands with prominent ones
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at 15, 20, 25, 30, 37, 50, 70, 85 and 90 kDa, with the 20-kDa band being in highest proportion.
The alkaline-soluble fraction displayed similar polypeptide fractions as PP1 with slight differences
in the intensity of the bands. This could be because PPI was extracted under alkaline condition and
therefore the alkaline soluble fraction retained some of the original proteins of PPI. Similar result
was reported for commercial PPI and their associated fractions. The salt-soluble fraction showed
smeared polypeptide bands in the low molecular weight region of 10 to 37 kDa, with more intense
bands observed below 20 kDa. The resulting polypeptides could be because of the disintegration
of the disulfide bonds holding the six subunit of 11S legumin,>* breaking of the hydrophobic
interaction in vicilin thereby releasing the o, f and y subunits,* or denaturation of convicilin. Water-
soluble fraction showed polypeptide bands at 10-17, 25-30 and 75-80 kDa. The bands could be
resulting from the disintegration of dimeric pea albumin to each subunit, PA2a and PA2b.>® The
difference in the polypeptide band pattern between globulin and albumin indicates that both
proteins could be separated by dialysis. Therefore, different protein fractions of reasonable purity

could be isolated using different solvent systems.

S2.2. Yield of the pea protein fractions

As presented in Table S3.1, yield of the three protein fractions in different extraction solvents per
45 g pea protein isolate was expressed as percentage ratio of the freeze-dried fractions to the
original. Water soluble albumin (40.8%) predominate followed by alkaline soluble glutelin
(24.8%), salt soluble globulin (5.0%) and ethanol soluble prolamin (0.12%). This result differs
from previously reported pattern for commercial pea protein fractions where glutelin fractions was
the major fraction (87.5%) followed by water soluble fraction (7.0%), salt soluble fraction (2.47%)
and ethanol soluble fraction (1.52%).* The discrepancy could be because of variation in the protein

extraction processes, or other genetic and environmental factors.>”# Protein contents of ASF, SSF
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and WSF were high and similar (Table S3.1); however, prolamin fraction had a low protein content
of 9.1%. The protein contents of ASF, SSF and WSF are in good agreement with those reported
for commercial PPI.* The prolamin fraction was excluded from further analysis due to its low yield
and poor protein profile, which may be because of its co-extraction with polyphenols and poor

aqueous solubility.*

Table S3.1. Yield and protein content of the various pea protein fractions

Protein fractions Protein yield (g/45 g PPI) Protein content (%)
ASF 11.14+0.15° 88.52+1.36%
SSF 2.26+0.04° 84.68+1.26%
WSF 18.36+2.022 88.60+0.46%

Mean values with different letters in a column are significantly different (P < 0.05)
Abbreviations: ASF, alkaline soluble fraction; SSF, salt soluble fraction; WSF, water

soluble fraction.

Marker PPI ASF SSF WSF
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Figure S3.1. SDS-PAGE of PPI and the various protein fractions.
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CHAPTER FOUR

IMPACT OF IONIC STRENGTH AND LIPOPHILICITY ON MOLECULAR
INTERACTION OF PROTEINS WITH BIOACTIVE COMPOUNDS: STRUCTURE-
BINDING RELATIONSHIP
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Abstract

This study investigated the impact of ionic strength and lipophilicity of bioactive compounds on
their interaction with alkaline-soluble pea glutelin fraction (ASF). Stern-Volmer quenching
constant, Kp of 8.9+0.10, 5.3+0.06, 4.0+0.01, 1.1+0.00, 0.9+0.02 and 0.1+0.00 (x10* M) was
observed for curcumin-ASF (CuASF), astaxanthin-ASF (AsASF), cholecalciferol-ASF (ChASF),
-carotene-ASF (BCaASF), coenzyme Qio-ASF (Q10ASF) and [-sitosterol-ASF (BSiASF)
complexes, respectively. lonic strength increase did not significantly change Kp, the effective
quenching constant K, and bimolecular quenching rate constant Kq. However, it changed the mode
of interaction of cholecalciferol, B-carotene, coenzyme Q1o and B-sitosterol from static to static-
dynamic quenching. TEM showed that the morphology formed with protein (spherical nano-
complexes, micro-aggregates, or fibre-like particles) differed amongst the compounds. Leakage
assay, dynamic light scattering, and fluorescence microscopy showed that the complexes bind on
the surface of calcein-loaded giant unilamellar vesicles. The favourable binding of CuASF,
AsASF, ChASF and BCaASF complexes provides stable matrices for formulating protein-based

delivery systems.

Keywords: curcumin, coenzyme Qio, B-carotene, cholecalciferol, astaxanthin, [-sitosterol,
alkaline-soluble glutelin, plant protein, biomolecular interactions, giant unilamellar vesicles, ionic

strength, lipophilicity, fluorescence quenching
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1. Introduction

Lipophilic bioactive compounds, such as curcumin, lutein, coenzyme Qio, [-carotene,
cholecalciferol, astaxanthin, and B-sitosterol, are widely known to promote health through their
antioxidant, anticancer, antidiabetic, cardioprotective, anti-inflammatory and neuroprotective
properties.’3 However, their rapid photo, chemical and gastric degradation, fast metabolic rate,
relatively short half-life under physiological condition, and low water-solubility lead to low
bioaccessibility and bioavailability and hence limit their food and pharmaceutical applications.*-
13 To mitigate these challenges, food protein-based encapsulation systems have been developed
from native and succinylated pea protein,*'! pea protein fractions,** p-lactoglobulin,!? insect
protein,® whey protein,® 0 rapeseed cruciferin,'® gliadin,'® zein,”*"® soy,31° casein,® and millet
protein.?® These encapsulation systems have been applied in the stabilization, protection, and
release of the lipophilic nutraceuticals and hence enhancement of their bioavailability. Protein-
based delivery vehicles have gained wider application in this area than those of lipids and
carbohydrates due to the inherent physicochemical and structural properties of proteins, such as
well-organized hydrophobic, hydrophilic, amphipathic, charged, and neutral amino acid side
chains that can interact with various hydrophilic and lipophilic nutraceuticals via different
intermolecular forces. Moreover, protein offers better protection of bioactive compounds in the
salivary phase than carbohydrates due to the absence of proteolytic enzymes and eliminates the

challenges of recrystallization and explosion associated with lipid-based formulation.?*

Understanding the nature, mode, and strength of interaction between the lipophilic bioactive
compounds and protein carriers is essential in the rational design of protein-based encapsulation
systems with improved stability, high aqueous solubility, encapsulation efficiency, sustained and

controlled release of the bioactive compounds as well as industrial scalability.*>!4?! Tryptophan
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fluorescence quenching technique is a widely employed method of investigating the mode and
binding strength of protein-bioactive compound interactions.?>-?* Recently, this technique was
used to demonstrate that surface hydrophobicity, structural and physicochemical properties of
protein influence their interaction with bioactive compounds as well as how the overall nature and
strength of the interaction translate to loading, encapsulation efficiency, gastrointestinal stability,
and release profile.#>* However, there is limited information on the impact of some key
physiologically relevant parameters encountered during oral administration, such as ionic strength,
on hydrophobicity of the protein carriers and protein-bioactive compound interaction. In addition,
there is a dearth of information on the effect of bioactive compound lipophilicity on their strength
and nature of interaction with protein carriers, especially for established lipophilic nutraceuticals
such as curcumin, coenzyme Q1o, B-carotene, cholecalciferol, astaxanthin, and p-sitosterol. This
information would complement existing binding data employed in the encapsulation of bioactive
compounds to prevent undesirable interactions with the carrier food matrix and ensure appropriate
stoichiometry in the choice of protein-bioactive compound combinations for improved binding,
encapsulation efficiency and release profile. It would equally help mitigate the difficulty associated
with the complex nature of the gastrointestinal track with varying ionic strengths that could affect
protein-bioactive compound binding and hence the stability and integrity of delivery systems

during oral administration.

Development of efficient encapsulation systems is often accompanied with cytotoxicity
assessment because the same parameters that promote binding, encapsulation, stability, and release
could trigger unwanted physiological responses due to changes in the structural and
physicochemical properties of protein or bioactive compounds. One commonly used method

investigates the interaction occurring at the bio-nano/micro interface involving nano/micro
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particles and model membranes such as giant unilamellar vesicles. This information is essential as
undesirable interaction could negatively affect cell viability, efficacy of uptake, endocytosis,
exocytosis mechanisms, permeation and transepithelial capacity. The overall outcome of this
interaction could decrease protein digestibility and bioactive compound absorption, increase
nano/microparticle accumulation and inflammation, or cause considerable side effects in the

muscles, liver, and gut microbiota.?>2°

In our previous study, alkaline-soluble pea glutelin fraction (ASF) demonstrated higher
hydrophobicity than water-soluble albumin and salt-soluble globulin fractions, which translated to
higher binding strength and encapsulation efficiency of curcumin, and pepsin-resistance of the
nano-complexes formed.}* Hence, ASF was employed as model protein to understand its
interaction with structurally diverse bioactive compounds (Figure 4.1) of varying degree of
lipophilicity. The objectives of this study were to (1) evaluate the binding of pea glutelin fraction
with six lipophilic bioactive compounds (curcumin, coenzyme Q1o, B-carotene, cholecalciferol,
astaxanthin, and B-sitosterol); (2) investigate the influence of lipophilicity of the compounds on
protein interaction at various ionic strength; (3) characterize the protein-bioactive compound
complexes with dynamic light scattering and transmission electron microscopy; and (4) investigate
how bioactive compounds modulates the interaction of protein carrier with giant unilamellar

vesicles using calcein leakage assay and widefield fluorescence microscopy.
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Figure 4.1: Chemical structure of various lipophilic bioactive compounds.

2. Materials and methods

2.1.  Chemicals and Reagents

Curcumin (>94%), coenzyme Qo (>98%), P-carotene (=93%), cholecalciferol (=97%),
astaxanthin (=98%), B-sitosterol (=95%), 1,2-dioleoyl-sn-glycero-3-phosphocholine (=99%),
chloroform (=99.5%), dimethyl sulfoxide (=99.9%), ethanol, calcein, 1,2-dioleoyl-sn-glycero-3
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (=99%), and 8-
anilo-1-naphthalenesulfonic acid (ANS) were purchased from MilliporeSigma Chemical Co. (St.
Louis, MO, USA). Tris-EDTA (99.4-100.6%), sodium chloride (=99.0%),
Tris(hydroxymethyl)aminomethane (Tris-base, > 100.1%), and sodium hydroxide (=98%) were
purchased from Fisher Scientific (Toronto, ON, Canada). Triton X-100 was bought from VWR

(Mississauga, ON, Canada). Pulse Canada (Manitoba, Canada) generously donated the yellow pea
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seed. Milli-Q water was dispensed from water-purification system (Advantage A10 Q-POD Milli-
Q Water System) with resistivity of 18.2 MQcm and total organic carbon level < 5 ppb at 25 °C.

All chemical reagents were of analytical grade and no further purification was performed.
2.2.  PeaProtein Isolate Extraction

Pea protein isolate was extracted by isoelectric precipitation method as previously reported.**
Briefly, dehulled yellow pea seeds were ground, sieved and the powder extracted with NaOH
solution (0.05 M, 2 L, pH 12.7) to a final concentration of 100 g/L. The solution was stirred for 4
h in a magnetic stirrer (Cimarec, ThermoFisher Scientific, Waltham, MA USA) and centrifuged
with Sorvall LYNX 4000 Superspeed centrifuge (Cimarec, ThermoFisher Scientific, Waltham,
MA USA) under room temperature condition for 30 min at 5600 x g. The supernatant was adjusted
to pH 4.5 using HCI (1 M) and the precipitate formed separated after centrifugation for 30 min,
washed twice with Milli-Q water and pH adjusted to 7.0 with NaOH (1 M). The viscous solution
was lyophilized with Labconco freeze dryer (Labconco corporation, Kansas, MO, USA) after
freezing at —80 °C for 24 h. The total protein content of the resulting powder determined from

Lowry assay has been previously reported as 96.1%.%°
2.3.  lIsolation of Glutelin Fraction

Alkaline-soluble glutelin fraction (ASF) was extracted from the pea protein isolate after sequential
extraction of water-soluble albumin, salt-soluble globulin and ethanol-soluble prolamin fractions
as previously reported.**3° Briefly, albumin and globulin were extracted from pea protein isolate
(45 g) using NaCl solution (2 %, 600 mL) and separated by dialysis. Prolamin fraction was
extracted with ethanol (70%, 600 mL) from the residue obtain after aloumin and globulin

extraction and, finally, glutelin fraction was extracted using NaOH (0.02 M, 600 mL). In each step,
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the mixture was stirred for 3 h and centrifuged for 30 min at 20,500 x g. Each extraction was
carried out twice, centrifuged and the supernatants pooled. The supernatant of the glutelin fraction
was adjusted to pH 4.8, allowed to stand for 1 h, centrifuged, and the precipitate collected, washed
and the pH adjusted to 7 before centrifugation. The final precipitate of the alkaline-soluble glutelin
fraction was lyophilized and stored in -20°C. The total protein content of the glutelin fraction

determined by Lowry assay has been previously reported as 88.52%.
2.4. Surface hydrophobicity (Ho)

The surface hydrophobicity of alkaline-soluble pea protein isolate was determined as previously
reported with some modifications; this time at 0, 0.1 and 150 mM NacCl to determine the effect of
ionic strength. Protein solutions at various ionic strength were prepared in sodium phosphate buffer
(0.1 M, pH 7.2) to a final concentration of 1.0, 0.75, 0.5, 0.25, 0.125 and 0.0 mg/mL. Each
concentration at a given ionic strength (200 pL) was mixed with ANS (8 mM, 5Sul) prepared in
the same buffer in a black flat bottom Greiner 96-well microplate and fluorescence intensity
measured at an excitation and emission wavelengths of 390 and 470 nm, respectively in a Spark
multimode microplate reader (Tecan, Stockholm, Sweden). Surface hydrophobicity was calculated

as a slope of fluorescence intensity vs. protein concentration.
2.5. Determination of bioactive compound lipophilicity

The lipophilicity of curcumin, coenzyme Quo, B-carotene, cholecalciferol, astaxanthin, and -
sitosterol was determined using ALOGPS 2.1 program®! by uploading the canonical SMILES of
the various bioactive compounds in the web server (http://www.vcclab.org/web/alogps/). The
result obtained was further corroborated with that from ChemDraw version 21.0.0,

(https://perkinelmerinformatics.com/products/research/chemdraw).
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2.6.  Fluorescence quenching study of bioactive compounds interaction with alkaline soluble

pea protein fraction

The interaction of the six lipophilic bioactive compounds with the glutelin fraction of pea protein
isolate was investigated by fluorescence quenching technique using Varian Cary Eclipse (Agilent,
Santa Clara, CA, USA) as previously reported with some modifications.*>42224 Solutions of
curcumin, cholecalciferol, B-carotene and B-sitosterol were prepared in ethanol-water (50%
ethanol) whereas that of astaxanthin and coenzyme Q1o were prepared in DMSO-water (70%
DMSO) to a bioactive compound concentration range of 0-200 pM. Three sets of these solutions
were made at NaCl concentration of 0, 0.1 and 150 mM. Equal volume of each lipophilic
compound concentration was mixed with pea glutelin fraction (0.25 mg/mL) prepared at the
corresponding ionic strength resulting in a final protein concentration of 0.125 mg/mL and
bioactive compound concentration of 0, 2, 5, 10, 15, 20, 25, 30, 40, 50, 60, 80, and 100 uM. The
final concentration of ethanol and DMSO in their respective solutions were 25 and 35 %
respectively. The mixture in cuvette was shaken for 10 s and equilibrated for 3 min before
fluorescence measurement. The spectrofluorometer was first zeroed with ethanol-water (25%
ethanol) or DMSO-water (35% DMSO) at various ionic strength before fluorescence emission
scan was performed from 300 to 450 nm at excitation wavelength of tryptophan (280 nm).
Measurements were performed in triplicate and the binding parameters estimated from the

tryptophan fluorescence intensity.451422:24,32,33

The tryptophan fluorescence intensity of a protein is a function of the protein concentration. Hence,
the decrease in fluorescence intensity because of binding of bioactive compound to form a non-
fluorescence complex could be employed in estimating the strength and nature of the interaction.

Stern-Volmer equation can employ the changes in tryptophan fluorescence intensity to measure
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the binding parameters. Stern-Volmer equation (Eq. 4.1) can be used to estimate the Stern VVolmer

quenching constant Kp and biomolecular quenching rate constant, Kq from the slope of a plot of

2 vs. [Q].
2 = 14 Kot,[Q] = 1+ Kp[Q] 4.1

F and Fo are the fluorescence intensity of the protein with and without the quencher, respectively.
The quenchers in the present study are curcumin, coenzyme Qio, B-carotene, cholecalciferol,
astaxanthin, and B-sitosterol. [Q] represents the various concentrations of the quencher while to,
which is usually in the order of 10 s, is the lifetime of the fluorophore in the absence of the

quencher. 5142224

The modified Stern-Volmer equation (Eq. 4.2) could be used to estimate the accessible

fluorophore fraction (f) and the effective quenching constant for the accessible fluorophores, K,

F, 1
VS, —.
Fo—F [Q]

from the intercept (%) and slope (fiK) of a plot of

F, 1

F,—F  fKIQ] 2

+

:
f

The substantive binding site n for the various bioactive compounds on the protein could be

determined graphically from the slope of a graph of log [F";F

] vs. log[Q] (Eq. 4.3).4,5,14,22,24

1 [FO - F
0g
F

] = logK, + nlog[Q] 4.3

Ka is the binding constant.
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2.7. Transmission electron microscopy

Morphological analysis of the various complexes of pea glutelin with curcumin, coenzyme Q1o, -
carotene, cholecalciferol, astaxanthin, and B-sitosterol was performed with transmission electron
microscopy technique. First, protein solution in water (1 mg/mL) was prepared, centrifuged at
7200 xg, filtered with Whatman filter paper number 50, and degassed (Polylab vacuum desiccator)
to remove impurities and air bubbles. Colloidal solutions of the complexes were prepared by
mixing equal volume of each lipophilic compound (1 mg/mL) prepared either in ethanol
(curcumin, B-carotene, cholecalciferol, and p-sitosterol) or DMSO (coenzyme Qio, and
astaxanthin) with solution of protein and stirred at 320 rpm for 4 h. A drop of each sample (10 pL)
was added on a 300-mesh Formvar-carbon coated copper grid, allowed to dry and images acquired
at different magnifications with JEM-1400Flash Electron Microscope (JOEL, Tokyo, Japan) at an

accelerating voltage of 120 kV.
2.8. Interaction of protein-bioactive compound complexes with calcein-loaded GUV
2.8.1. Synthesis of Protein-Bioactive Compound Complexes

The complexes of the alkaline-soluble pea protein fraction and each of the six lipophilic bioactive
compounds were prepared by anti-solvent precipitation method as previously reported with slight
modifications.*? The solution (1 mg/mL, 0.5 mL) of curcumin, B-carotene, cholecalciferol, and
B-sitosterol prepared in ethanol, and coenzyme Q1o and astaxanthin prepared in DMSO was added
dropwise to solutions of the glutelin fraction (5 mg/mL, 2 mL) in six flasks placed on a magnetic
stirrer while stirring at 320 x g for 5 h until a steady negative zeta potential was attained. The
various flaks were covered with aluminium foil to protect the bioactive compounds from

photodegradation. The complexes were separated from the solvent by centrifugation at 7500 x g
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for 30 min using an Eppendorf 5430R centrifuge (Eppendorf, Mississauga, ON, Canada). The
residues were washed with Milli-Q water twice and redispersed in water (5 mL) for dynamic light
scattering and light microscopic analysis, or in leakage buffer (10 mM Tris, 150 mM NaCl, 1 mM

EDTA, pH 7.5) for the calcein-loaded GUV leakage assay.
2.8.2. Synthesis of hollow and calcein-loaded zwitterionic giant unilamellar vesicles

The preparation of hollow and calcein-loaded zwitterionic GUV was carried out using a previously
reported technique,®3* with some modifications. Lipid solution of 1,2-dioleoyl-snglycero-3-
phosphocholine (7.2 mg/mL) prepared in chloroform in a 50-mL centrifuge tube, protected with
aluminum foil, was dried under a stream of nitrogen for 4 h, followed by vacuum drying for an
extra 12 h. A solution of calcein at a concentration in which it undergoes self-quenching (70 mM,
12 mL) was prepared in leakage buffer and pH adjusted to 7.5 with NaOH (0.2 M). This solution
(9 mL) was used to rehydrate the dried film to a final lipid concentration of 2 mg/mL, vortexed for
1 min, sonicated at 30 °C for 1 h and subjected to five freeze/thaw cycles each comprising of 3
min in liquid N2, 5 min in water bath (60 °C) and 1 min vortex mixing. The calcein-loaded GUV
was separated from the free calcein by size exclusion column (sephadex G-50) using a leakage
buffer for equilibration and elution. The eluted calcein-loaded GUV was used for the leakage assay

and was placed in 4 °C for maximum of 72 h.

Fluorescence-labeled hollow and calcein-loaded GUV were prepared in a similar way for
microscopic visualization of the nature of interaction of protein-bioactive compound complexes
with calcein-loaded GUV. This time, a mixture of 1,2-dioleoyl-snglycero-3-phosphocholine (18
mg) and 1,2-dioleoyl-sn-glycero-3 phosphoethanolamine-N- (lissamine rhodamine B sulfonyl)

(ammonium salt) (1 mg) was dissolved in chloroform.
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2.8.3. Zwitterionic GUV leakage assay

Fluorescence spectroscopic technique using Varian Cary Eclipse (Agilent, Santa Clara, CA, USA)
was employed to study the impact of interaction of the various complexes of the protein-bioactive
compounds on the structural integrity of the calcein-loaded GUV as previously demonstrated.?%3*
Leakage buffer (pH 7.4) consisting of EDTA (1 mM), NaCl (150 mM) and Tris-base (10 mM) was
prepared in Milli-Q water. Equal volume of solutions of the redispersed complexes of the protein-
bioactive compound complexes in leakage buffer and calcein-loaded GUV (diluted two-fold with
leakage buffer) was mixed in a cuvette to a final complex concentration of 0.8-80 pg/mL.
Fluorescence emission scan (500 to 625 nm) was performed at excitation wavelength of calcein
(495 nm) and slit width of 2.5 nm, after the equipment was zeroed with the leakage buffer. The
baseline fluorescence intensity (Fo) of the calcein-loaded GUV was measured in the absence of
the protein-bioactive compound complexes and was monitored for 10 min to ensure peak
stabilization. After interaction of calcein-loaded GUV with various concentrations of the protein-
bioactive compound complexes, fluorescence intensity (F) was measured. The mixture of equal
volume of Triton X-100 (10%) with calcein-loaded GUV was assumed to cause 100% calcein
leakage to produce the maximum fluorescence intensity (Fwm). The percentage zwitterionic GUV
leakage induced by the interaction of the various protein-bioactive compound complexes was

estimated from (Eq. 4.4).

(F - Fp)
(Fm— Fo)

%Leakage = x 100 (4.4)

2.8.4. Widefield fluorescence microscopy

Widefield fluorescence microscopy was used to visualize the impact of interaction of the protein-

bioactive compound complexes on the calcein-loaded GUV as reported previously.?® Various
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solutions of the complexes (150 pL, 0.16 mg/mL) or 10% Triton X-100 (150 pL) were mixed with
calcein-loaded GUV solution, vortexed for 1 min, and allowed to stand for 15 min before mounting
on glass microscope slides. All solutions were prepared in leakage buffer and the hollow and
calcein-loaded GUV visualized before and after interaction with the various protein complexes of
the lipophilic compounds. Visualization was done separately in the rhodamine B (Aex 540, Aem
625) and calcein (Aex 494, Aem 517) channels, with the Axio Imager 2 fluorescence microscope
equipped with an Axiocam 506 monochromatic camera (Carl Zeiss, Oberkochen, Germany). The
images acquired were processed and optimized with Zen 2.3 pro and 3.4 software (Carl Zeiss,

Oberkochen, Germany).
2.8.5. Dynamic light scattering measurements

The particle size, zeta potential and polydispersity index of the various colloidal dispersions of the
protein complexes of the lipophilic bioactive compounds as well as the empty and calcein-loaded
GUV before and after interaction with the complexes were investigated by dynamic light scattering
technique, using Nano-ZS Zetasizer (Malvern Instrument Ltd., Malvern, UK) as previously
reported.?® The same composition of the calcein-loaded GUV-bioactive compound complex
mixtures used for widefield microscopy was analyzed in triplicate using Smoluchowski model at
refractive index of 1.450, F(ka) 1.50, absorption of 0.001 and backscattered angle of 173° at 25

°C.
2.9. Statistical Analysis

The mean values of the data generated from triplicate measurements in the fluorescence quenching

study, leakage assay and dynamic light scattering were analyzed by one-way analysis of variance,
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using the Turkey’s test and group mean differences, in Origin 9 software (OriginLab Corporation,

Northampton, MA, USA). Values at p < 0.05 were considered to be significantly different.
3. Results and discussion
3.1. Effect of lonic Strength on the Surface Hydrophobicity of ASF

The surface hydrophobicity of alkaline soluble pea protein fraction was previously reported to be
significantly greater than those of the water-soluble albumin and salt-soluble globulin
fractions.*% The higher surface hydrophobicity resulted in better encapsulation efficiency of the
lipophilic bioactive compound curcumin and offered better gastric protection and release profile.!*
Hence, it is crucial to understand the influence of some physiologically relevant parameters on the
surface hydrophobicity of protein and its subsequent binding to bioactive compounds. The present
study focused on understanding how ionic strength, a key physiological parameter, influences the
surface hydrophobicity of ASF and hence its interaction with different bioactive compounds of
varying lipophilicity. The surface hydrophobicity of ASF at zero ionic strength was greater than
those at 0.1 and 150 mM NacCl, although there was neither any particular pattern nor significant
difference between the surface hydrophobicity estimated at the three different conditions (Figure
4.2). A similar trend has equally been reported in the solubility curve of pea protein at different
ionic strength and pH. At neutral pH, the hydrophobicity of pea protein at zero ionic strength was
greater than those of higher ionic strength but no pattern was observed at various ionic
concentrations.®® At higher ionic strength, hydrophobic residues are buried towards the protein
core while polar residues are exposed to aqueous environment. This process leads to decrease in
interfacial energy and hence increase in protein solubility.3® The effect of ionic strength on
hydrophobicity is usually more pronounced at acidic pH. A previous study has reported an increase

in solubility of pea protein at pH 4.5 from 3.25% at zero ionic strength to 80.75% at 0.9 M NaCl.*®
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Unlike salt-soluble pea globulin,®

alkaline-soluble glutelin showed irregular hydrophobicity
pattern at varying ionic strength at neutral pH, which could be attributed to their different structural

and physicochemical properties.

60000 =
E R? = 0.9979
> R? = 0.9999
240000 = 0.0mM
A
= 300001 o
(8]
§ H, values
g 20000 + 501.04+4.41%
g 471.25+12.33%
T 10000+ 490.62+7.70°

0.0 0.2 0.4 0.6 0.8 1.0

Concentration (mg/mL)

Figure 4.2. Surface hydrophobicity plot of ASF at various ionic strength.

Mean values with same superscript are not significantly different at P < 0.05.
3.2. Protein-lipophilic bioactive compounds interaction at different ionic environment

The presence of tryptophan residues in the alkaline-soluble pea protein fraction, which
fluorescence at excitation wavelength of 280 nm, enables the estimation of the protein-bioactive
compound interactions by fluorescence quenching technique.* The interaction of bioactive
compounds in the vicinity of this fluorophore induces changes in fluorescence intensity and
emission wavelength because of changes in the local environment. This effect changes protein
secondary structure and conformation and could be induced by physical or chemical processes,

such as collision quenching, molecular rearrangement, excited state reaction, ground state
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complexation, and/or energy transfer. The magnitude of this effect is proportional to the
concentration of the interacting bioactive compounds. By monitoring the behaviour of tryptophan
fluorescence intensity and emission wavelength after interaction of various concentrations of the
lipophilic compounds, the nature and strength of the interaction could be estimated by calculating
the binding constants, accessible fluorophore fractions and the number of binding sites in the

protein 4,5,14,22,24

The fluorescence emission spectra of ASF in the presence and absence of various concentrations
of lipophilic bioactive compounds at 0, 0.1 and 150 mM NaCl are shown in Figures 4.3, 4.4 and
4.5, respectively. At the various ionic strengths, all the lipophilic bioactive compounds decreased
the tryptophan fluorescence intensity at increasing concentration. The fluorescence quenching is
because of binding of the small molecules, including curcumin, astaxanthin, cholecalciferol, -
carotene, coenzyme Q1o and B-sitosterol, which altered the microenvironment of the tryptophan
residue to form less fluorescent complexes and caused changes in protein conformation and
structure. This effect is more pronounce with less lipophilic bioactive compounds such as
curcumin, astaxanthin and cholecalciferol (Table 4.1 and 4.2), which reached a plateau at 100 uM
of the ligands, indicating greater binding affinity compared to -carotene, coenzyme Qo and B-

sitosterol.
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Figure 4.3. Fluorescence emission spectra of the curcumin-ASF, astaxanthin-ASF, cholecalciferol-

ASF, B-carotene-ASF, co-enzyme Q10-ASF and p-sitosterol-ASF complexes at zero NaCl

concentration depicting the impact of the interaction of the various bioactive lipophilic compounds

on the fluorescence spectra of ASF.

Pe and Pp represent baseline fluorescence intensity of ASF in 25% ethanol and 35% DMSO

respectively.
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Figure 4.4. Fluorescence emission spectra of the curcumin-ASF, astaxanthin-ASF, cholecalciferol-

ASF, B-carotene-ASF, co-enzyme Q10-ASF and [-sitosterol-ASF complexes at 0.1 mM NaCl

concentration depicting the impact of the interaction of the various bioactive lipophilic compounds

on the fluorescence spectra of ASF.

Pe and Pp represent baseline fluorescence intensity of ASF in 25% ethanol and 35% DMSO

respectively.
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Figure 4.5. Fluorescence emission spectra of the curcumin-ASF, astaxanthin-ASF, cholecalciferol-
ASF, B-carotene-ASF, co-enzyme Q10-ASF and B-sitosterol-ASF complexes at 150 mM NaCl
concentration depicting the impact of the interaction of the various bioactive lipophilic compounds

on the fluorescence spectra of ASF.

Pe and Pp represent baseline fluorescence intensity of ASF in 25% ethanol and 35% DMSO

respectively.

The fluorescence emission spectra of ASF after interaction with curcumin showed better peak
separation indicating stronger interaction compared to the overlapping peaks of -sitosterol. This

result indicates that although lipophilicity and hydrophilicity of the bioactive compounds plays
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key roles in their interaction with ASF, moderate rather than higher lipophilicity is essential for
stronger binding. It equally ensures that the bioactive compounds are soluble and
stoichiometrically available for interaction in an aqueous environment. This is evident in Table 4.1
and 4.2 as the binding parameters of B-sitosterol could not be determined at 150 uM NaCl due to
precipitation. ASF interaction with curcumin resulted in a hypsochromic shift of the maximum
emission wavelength, which is more pronounced at higher ionic strength. This is an indication that
the tryptophan residue is buried in the protein core.®”*® The interaction of astaxanthin,
cholecalciferol, B-carotene, coenzyme Q1o and B-sitosterol did not cause any significant effect on
the maximum emission wavelength of ASF, which shows that the tryptophan residue is hidden
from changes in polarity of the environment, hydrogen bonding, and effect of solvent.*142224 The
maximum emission wavelength of ASF at 335 nm, further corroborate that the lipophilic bioactive
compounds were probably interacting in the vicinity of tryptophan residue buried in the
hydrophobic core hidden from the hydrophilic aqueous environment of the solvent.!
Interestingly, this result indicates that traces of ethanol and DMSO in the solvent had negligible
impact on tryptophan residue and protein conformation. These solvents were inevitable due to the

extremely low solubility of the lipophilic bioactive compounds in water or buffer.

Table 4.1. Bioactive compound lipophilicity

Bioactive compounds LogP (ChemDraw) LogP (ALogPs)
Curcumin 2.56 3.62

Astaxanthin 6.57 7.40

Cholecalciferol 7.03 7.98

-Carotene 10.68 9.72

Coenzyme ND 9.94

f-Sitosterol 8.14 7.27

LogP is the logarithm of the partition coefficient. Positive value indicates
lipophilicity and the greater the value, the more lipophilic the bioactive
compounds. Negative value would indicate hydrophilicity.
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Table 4.2. Binding parameters of interaction of alkaline soluble pea protein with lipophilic

bioactive compounds at different NaCl concentrations.

Zero ionic strength

Complexes K(x10*'M" | Kp (x10* | Ko(x10® |n f
1) M-l) M-ls-l)

Curcumin-ASF | 6.3+0.38*° | 8.9+0.10° |8.9+0.10° | 1.25+0.01*® | 1.09+0.022P

Astaxanthin-ASF | 5.0+0.25¢ 5.3+0.06° | 5.3+0.06% | 1.18+0.01*P | 0.81+0.01°Pcde

Cholecalciferol- | 4.9+0.11¢ 4.0£0.01¢ | 4.040.01° | 0.73+0.00%"9 | 0.95+0.00°cde

ASF

B-Carotene-ASF | 1.6+0.03%¢f | 1.140.00"7 | 1.1+0.00" | 0.84+0.03%¢" | 0.80+0.01Pcde

Coenzyme Qio- | 1.7+0.14%¢f | 0.9+0.02%9 | 0.940.02"9 | 0.86+0.00%*" | 0.67+0.03%"9

ASF

B-Sitosterol-ASF | 0.7+0.10%®" | 0.1+0.00" | 0.1+0.00" | 0.75+0.06%"¢ | 0.37+0.05"9"
0.1 mM NacCl

Curcumin-ASF | 6.8+0.10° | 8.8+0.06° |8.8+0.06° | 1.27+0.00*° | 1.05+0.01"°

Astaxanthin-ASF | 5.4+0.21°¢ | 5.5+0.06° |5.5+0.06% | 1.14+0.01>¢ | 0.82+0.01bcd¢

Cholecalciferol- | 5.1+0.07° 3.8+0.02¢ | 3.8+0.02° | 0.70+0.01"9 | 0.94+0.00°cde

ASF

B-Carotene-ASF | 1.9+0.19%¢ | 1.1+0.01" | 1.1+0.01" | 0.94+0.01%%¢ | 0.72+0.04%9¢

Coenzyme Qio- | 2.4+0.29¢ 0.4+0.009" | 0.4+0.009" | 0.69+0.02"9 | 0.37+0.029"

ASF

B-Sitosterol-ASF | 1.9+0.24%¢ | 0.1+0.00" | 0.1+0.00" | 0.57+0.079 0.14+0.01"
150 mM NaCl

Curcumin-ASF | 6.3+0.51" | 9.6+0.37% |9.6+0.37% | 1.42+0.03% 1.13+0.022P

Astaxanthin-ASF | 5.3+0.16°¢ | 6.5+0.06° | 6.5+0.06° | 1.03+0.04>¢¢ | 1.03+0.01>¢d

Cholecalciferol- | 6.9+0.15% 3.6+0.11° | 3.6+0.11° |0.64+0.02"9 | 0.86+0.01°cd¢

ASF

B-Carotene-ASF | 0.9+0.21%" | 1.240.10" | 1.2+0.10" | 1.05+0.06"¢¢ | 1.40+0.25°

Coenzyme Qio- | 1.3+0.11%¢f | 0.4+0.019" | 0.4+0.019" | 0.73+0.14%%9 | 0.70+0.03%¢f

ASF

[-Sitosterol-ASF | n.d n.d nd n.d n.d

large molecules.

The superscripts with different letters (a-e) in a column indicates that the mean values are
significantly different (P < 0.05).
n.d., not determined due to precipitation. ND., not determined due to software limitation for

Abbreviations: ASF, Alkaline soluble pea protein isolate; K, effective quenching constant; n,
substantive binding pockets for the various lipophilic compounds in ASF; Kp, Stern-Volmer
guenching constant; Ko, biomolecular quenching rate constant; f, accessible fluorophore

fraction; ND, not determined.
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Using Eq. 4.1, the Stern-Volmer quenching constant Kp and bimolecular quenching rate constant
Ko were estimated at the linear region of a plot of % vs. [Q] (Figure 4.6) with data fitting

correlation coefficient above 0.95, and the nature of the protein-bioactive compound interactions
determined at various ionic strength and the results presented in Table 4.2. At various ionic
strength, curcumin and astaxanthin displayed a static quenching behaviour at low concentration
and dynamic quenching at concentration above 40 and 60 M, respectively. This is an indication
that the binding mode of these two bioactive compounds is independent of the ionic environment.
Cholecalciferol, B-carotene, coenzyme Q1o and B-sitosterol displayed mostly static quenching at 0
and 0.1 mM NacCl as evident in the linear plot. At higher ionic strength (150 mM), cholecalciferol,
[-carotene, and coenzyme Q1o displayed static quenching behaviour at low concentration of the
ligand and dynamic quenching above 50, 40 and 25 pM concentrations, respectively. -Sitosterol
demonstrated only dynamic quenching at various ligand concentration at 150 mM ionic strength
and the binding parameters could not be determined due to the non-linearity of the plot and
precipitation during measurement. Dynamic quenching results from excited state collision
between tryptophan residues of protein and the ligand while static quenching refers to ground state
complexation.®>*° This result indicates that there is lower dissociation rate of the protein-bioactive
compound complexes formed at lower concentration of the bioactive compound compared to the
higher concentration where there is tendency of protein binding site saturation and shifts in
chemical equilibrium. At lower ligand concentration, the rate of association exceeded the rate of
dissociation but this was reversed as the concentration increased. Lower ionic strength favoured
static binding of cholecalciferol, B-carotene, coenzyme Q1o and B-sitosterol to ASF while higher
ionic strength promoted dynamic quenching mode. The changes in the mode of binding of these

lipophilic bioactive compounds at higher ionic strength could be attributed to the effect of
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unfavourable polar environment. Therefore, the determination of the optimum ionic environment
and stoichiometric ratio of the protein and lipophilic bioactive compound is essential for efficient
stabilization and protection, especially during encapsulation and delivery in functional food
formulation. The estimated values of Kp and Kq (Table 4.2) showed that curcumin demonstrated
stronger binding to ASF and hence formed the most stable complex followed by astaxanthin and
then cholecalciferol whereas B-sitosterol displayed the least binding strength. These binding
parameters are correlated with the lipophilicity of the bioactive compounds where those with
moderate lipophilicity showed stronger binding than those of higher lipophilicity. This could be
because of unfavourable aqueous environment for the interaction. The Kp and Ko values of the
various bioactive compounds are similar at various ionic strength, which could be attributed to the
negligible impact of ionic strength on protein hydrophobicity (Figure 4.1). lonic strength changed
the nature of binding of cholecalciferol, B-carotene, coenzyme Q1o, and B-sitosterol to ASF from
static dominant to static-dynamic binding, but Kp and Kq were not affected by this factor.
Therefore, while the nature of binding of some bioactive compounds could be influenced by ionic
environment, Kp and Kq are heavily dependent on the protein hydrophobicity. The Kq values for
all the lipophilic bioactive compounds-protein complexes are greater than the limiting diffusion
rate constant (Kg;r = 2.0 x 10*° M1S1) suggesting that static rather than dynamic binding
played a major role in the fluorescence quenching.*! Therefore, the estimated binding parameters
(Table 4.2) are not as a result of collision between tryptophan residues and the lipophilic bioactive
compounds (dynamic binding) but due to the formation of less fluorescent ground-state complexes
(static binding).*® The Kp and Kq values (Table 4.2) indicate moderate binding strength and are of
the same order of magnitude with values reported in other protein-bioactive compound

fluorescence-based interaction studies.*>14222437 The value estimated for curcumin-ASF
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interaction is twice that reported earlier,’* which can be attributed to the different solvent
composition. Earlier report'* aimed at reducing ethanol composition to ~10% but the present study
involves bioactive compounds of higher lipophilicity (Table 4.1), hence requiring higher
concentration of ethanol or DMSO for better solubility. Interaction was carried out in 25% ethanol
for all ethanol soluble bioactive compounds, including curcumin. The higher the percentage of
ethanol, the higher the solubility and hence more molecules of curcumin available for interaction.
Studies have shown that 25% ethanol induces negligible structural changes in protein and hence

the solvent is adequate for interaction studies.?>#?
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Figure 4.6. Determination of Stern-Volmer constant, Kp and biomolecular quenching constant Kg
in the curcumin-ASF, astaxanthin-ASF, cholecalciferol-ASF, -carotene-ASF, co-enzyme Q10-
ASF and B-sitosterol-ASF complexes through a plot of Fo/F against the concentration of the

various lipophilic compounds at 0.0, 0.1 and 150 mM NaCl concentration.
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The effective quenching constant, K for the accessible tryptophan residue, also known as the

associative binding constant for the protein-bioactive compound complex and the accessible

tryptophan fraction, f were determined from the slope (fiK) and intercept (]lc), respectively, of the
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Figure 4.7. Determination of effective quenching constant (K) and the accessible fluorophore
fraction (f) in the curcumin-ASF, astaxanthin-ASF, cholecalciferol-ASF, B-carotene-ASF, co-
enzyme Q10-ASF and B-sitosterol-ASF complexes at 0.0, 0.1 and150 mM NaCl concentration

through a plot of Fo/(Fo-F) vs. 1/[lipophilic compound].

Similar to Kp and Kq values, K values estimated for curcumin, astaxanthin, and cholecalciferol are

significantly larger than those of B-carotene, coenzyme Q1o and B-sitosterol (Table 4.2) and hence
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demonstrate better interaction. lonic strength of the interacting medium did not cause any
significant effect on the values of K. This further suggests that the main driving force in the ASF-
bioactive compound binding is hydrophobic rather than electrostatic interaction because ionic
strength mainly influence binding constant when there is distribution of charges on the surface of
the protein.'® This result corroborates our initial assumption from the nature of the fluorescence
emission spectra and maximum emission wavelength that the protein-bioactive compound
interaction is likely occurring in the hydrophobic protein core hidden from changes in polarity of
the environment, and that binding constants, which indicate binding strength of the protein-
bioactive compound complex, depend on protein hydrophobicity. Since ionic strength did not have
a major effect on the protein hydrophobicity, the values Kp, Kgand K are not likely to be affected.
A previous study showed that the presence of monovalent ion, K™ had no significant impact on K
values for the interaction of biotin with B-lactoglobulin, a-lactaloumin, bovine serum albumin and
whey protein isolate. The study equally showed only slight increase in K values at NaCl
concentration of 10, 50, and 100 mM, which is attributed to increased surface hydrophobicity as
tryptophan residue is exposed on the protein surface at higher ionic strength.®? Similar observation

was not made in the present study probably due to different nature of the protein and ligands.

The estimated accessible fluorophore fraction, f and the substantive binding site, n calculated
graphically from Eqg. 4.2 and 4.3, respectively are shown in Table 4.2, Figure 4.7 and 4.8. The f
values show that curcumin, astaxanthin and cholecalciferol at zero ionic strength are accessible to
100, 81 and 95% tryptophan residues, and this could have contributed to their higher Kp, Kg and
K values compared to B-carotene, coenzyme Qio and B-sitosterol. There was no significant
difference in the f values for curcumin, astaxanthin and cholecalciferol with increasing ionic

strength, in line with the binding constant values, which were independent of the ionic
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concentration. However, there is no clear pattern in f values of p-carotene, coenzyme Q1o and f3-
sitosterol. The n values (Table 4.2) show that the number of curcumin and astaxanthin that bound
per protein is higher than that of other bioactive compounds and independent of ionic environment.
Cholecalciferol, B-carotene, coenzyme Qo and B-sitosterol had similar n values in the range of
0.57-1.05 at different ionic strength, except for B-carotene whose value surprisingly increased at

150 mM NaCl. The n and f values reported in this study are similar to previously reported

values,4514.22,24,32,37
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Figure 4.8. Determination of substantive binding site n of curcumin, astaxanthin, cholecalciferol,

[-carotene, co-enzyme Q10 and B-sitosterol, in ASF at 0.0, 0.1 and 150 mM NaCl concentration.

185



3.3.  Morphological characterization by transmission electron microscopy

The morphology of the protein-bioactive compound complexes was analyzed by transmission
electron microscopy and the data presented in Figure 4.9. The images were acquired at different
magnification due to the complexity of samples of diverse structural properties (Figure 4.1) and
limitation of acquiring images at strictly one magnification without destroying the carbon coated
copper grid. The various complexes displayed unique shapes and sizes. Curcumin-ASF interaction
formed spherical complexes of ~270 nm, similar to complexes of curcumin with pea globulin, pea
albumin,* whole pea protein, succinylated pea protein,* insect protein,® and zein-caseinate-sodium
alginate.** Astaxanthin and B-sitosterol formed spherical nanoparticles in the size range of 15-50
nm, cholecalciferol and B-carotene formed aggregate complexes in the size range of 0.5-1.5 um
while coenzyme Qio formed mainly fibre-like particles. The differences in the size and
morphology of the various nano and micro-complexes could be attributed to their varying degree
of lipophilicity. While curcumin, astaxanthin and cholecalciferol have moderate lipophilicity, B-
carotene, coenzyme Q1o and B-sitosterol have high lipophilicity. This difference would result to
varying degree of solubility and precipitation resulting in nano and micro-particles of difference
sizes and shapes. The size and shape of astaxanthin and cholecalciferol-protein complexes appear
similar to those reported for astaxanthin-loaded B-lactoglobulin nanocomplexes!? and
cholecalciferol encapsulated in pea proteint. Therefore, while curcumin, astaxanthin, coenzyme
Q10 and B-sitosterol formed mainly nanocomplexes, cholecalciferol and B-carotene formed micro-
complexes. The population of the particles formed by curcumin, astaxanthin and cholecalciferol is
higher than those formed by [3-carotene, coenzyme Qo and B-sitosterol. This is probably due to the
lower lipophilicity of the former (Table 4.1) and hence increased solubility and availability of

interacting bioactive molecules in the solvent. This result further strengthens the conclusion drawn
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from the binding parameters, that the binding strength of curcumin, astaxanthin and cholecalciferol
to ASF is greater than those of B-carotene, coenzyme Q1o and B-sitosterol because of their lower

lipophilicity in aqueous environment.

Figure 4.9. Transmission electron microscopy images of colloidal complexes of (A) ASF-
curcumin (B) ASF-astaxanthin (C) ASF-cholecalciferol (D) ASF-B-carotene (E) ASF-coenzyme

Q10 (F) ASF-B-sitosterol.

3.4. Interaction of protein-lipophilic bioactive compound complexes with calcein-loaded

zwitterionic GUV

Understanding the nature of interactions occurring at the bio-nano/micro interface is essential in
developing biocompatible and safe encapsulation systems in food formulation. In this study, we
used zwitterionic giant unilamellar vesicle as a model biomembrane and ASF-bioactive compound
complex as the nano/micro particles. Interaction of nano/micro particles with calcein-loaded GUV

could cause membrane disruption leading to calcein leakage and hence increase in calcein
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fluorescence intensity. Nano/micro particles can as well bind on GUV surface leading to calcein
fluorescence quenching.?® Calcein undergoes self-quenching at 70 mM and its fluorescence
intensity is significantly reduced on encapsulation into a lipid membrane. Disruption of this
membrane results in calcein leakage and dilution into the leakage buffer and hence increase in
fluorescence intensity. The percentage calcein leakage is estimated from Eq. 4.4. This value can
be positive or negative depending on whether interaction of nano/micro particles induced calcein
leakage leading to increase in fluorescence intensity or a decrease due to binding of the nano/micro
particles on GUV surface.?® This technique has been explored in investigating the cytotoxicity of
organic nanomaterials such as protein aggregates in nanoscale,** curcumin-loaded protein and
protein-chitosan nano complexes,?® lysozyme aggregates, amyloid fibril, lysozyme functionalized
single-walled carbon nanotube,?® and semihydrophobic polystyrene nanoparticles.* In this study,
the impact of protein-bioactive compound complexes of various stability, lipophilicity, sizes, and
shapes on GUV loaded with calcein was investigated by monitoring fluorescence intensity changes
after interaction. The steady maximum fluorescence emission wavelength at 518 nm (Figure 4.10)
after interaction of calcein-loaded GUV with various concentrations of the protein-bioactive
compound complexes indicated that the nano and microparticles interacted mainly with GUV and
did not form complexes with calcein; hence the structural properties of calcein is unaltered. As
shown in Figures 4.10 and 4.11, all the protein-bioactive compound complexes induced calcein
fluorescence quenching at various concentrations except for -sitosterol-protein complex, which
induced minimal calcein leakage at low concentrations. This behavior was observed in curcumin-
pea protein and curcumin-succinylated pea protein nano complexes, which caused negligible
calcein leakage at low concentration and fluorescence quenching at higher doses.?® Protein

complexes of curcumin, astaxanthin, cholecalciferol, and B-carotene that displayed higher binding
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strength (Table 4.2) caused major fluorescence quenching in a dose-dependent manner, although
this is more pronounced with curcumin-protein and p-carotene-protein complexes. The calcein
fluorescence quenching can be attributed to the binding of the complexes on the surface of the
GUV without disrupting the vesicle.?® The magnitude of this quenching effect is estimated by the
negative leakage percentage (Figure 4.11); the higher the negative value, the greater the binding
and hence more fluorescence quenching. Classic molecular dynamic simulation supports this
mechanism of nano/micro particle adsorption to lipid membrane.*” The micro/nano complex
binding to the surface of GUV cannot be electrostatically driven due to the net zero charge of the
zwitterionic GUV but hydrophobic interaction may be involved. The role of hydrophobic
interaction on particle binding to lipid membrane has been reported.***® Since the alkaline-soluble
pea protein fraction has high surface hydrophobicity (Figure 4.2) and the bioactive compounds are
highly lipophilic (Table 4.1), hydrophobic interaction could be playing a key role on the adsorption
of the nano and micro complexes to the GUV surface. The adsorption of carboxyl end-
functionalized polystyrene nanoparticles on neutral supported lipid bilayers is facilitated by
hydrophobic interaction and results in membrane disruption.*® Hydrophobic interaction is also
responsible for lipid membrane rupturing due to the binding of neutral liposome to nanoscale
amyloid fibril that originated from lysozyme.* The nature of the interaction with GUV could not
be directly linked to the shapes and sizes of the protein-bioactive compound complexes as the
nanoscale spherical complexes (formed by curcumin and astaxanthin) and microscale aggregates
(formed by cholecalciferol and p-carotene) (Figure 4.9) showed marked disparities in their
quenching effect to the calcein-loaded GUV. The protein complexes of curcumin and -carotene
had the highest adsorption effect on the GUV surface whereas B-sitosterol and coenzyme Q1o-

protein complexes, which had the lowest binding strength (Table 4.2), displayed the least effect.
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The different behaviours could be attributed to the different chemical and structural characteristics
as the various complexes contain the same macromolecule (alkaline-soluble pea glutelin fraction)
but different lipophilic bioactive compounds. This observation supports our earlier report that
encapsulated bioactive compounds play key role in modulating the interaction between the
encapsulating macromolecule and GUVs.? Therefore, the chemical and structural properties of
bioactive compounds and their nature and strength of interaction with macromolecule (protein)

play a key role on their impact on lipid vesicles.
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Figure 4.10. Binding-induced fluorescence quenching spectra of calcein-loaded GUV after
interaction of different concentrations of ASF-curcumin, ASF-astaxanthin, ASF-cholecalciferol,

ASF-B-carotene, ASF-coenzyme Q10 and ASF-B-sitosterol.
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Figure 4.11. Interaction of calcein-loaded GUV with various concentrations of CUASF, AsASF,
ChASF, BCaASF, Q10ASF and BSiASF led to calcein quenching/leakage as monitored by

fluorescence spectrometry.

Mean values with the same letters in the bar chart are not significantly different at p < 0.05.
3.5.  Changes in particle characteristics of GUV after interaction with nano/micro complexes

The size, zeta potential and polydispersity index of GUV were monitored before and after
interaction with nano/micro complexes of the various protein-bioactive compounds using dynamic
light scattering technique and the result presented in Table 4.3. All the various protein-bioactive
compound complexes are negatively charged since the protein (ASF) employed in the
complexation process is negatively charged (zeta potential -42.9 mV).1* The charge on the calcein-

loaded GUV was not significantly affected after interaction of the various nano/micro complexes.

191



The size of CuASF, ChASF and fCaASF complexes were slightly higher than sizes obtained from
transmission electron microscopy, and this could be attributed to hydrodynamic diameter. In
contrast, the size of ASASF, Q10ASF and BSiASF complexes were significantly larger than those
of transmission electron microscopy. It is possible that the interaction of astaxanthin and -
sitosterol induced protein aggregation as noted from their PDI and TEM images (Figure 4.9) while
fibre formation could have caused disparity in the size of Q10ASF (Figure 4.9). The size of the
GUV decreased ~200 folds after interaction with Triton X-100, which was used as the positive
control. This result could be attributed to the bursting and clearing of the vesicles, which is
responsible for the maximum calcein fluorescence intensity obtained after the addition of TritonX-
100 in the leakage assay (Figure 4.10). The addition of the various protein-bioactive compound
complexes decreased the size of the GUV significantly. This is contrary to the expectation that
nano/micro particle binding on the surface of GUV, as shown by fluorescence quenching in the
leakage assay (Figures 4.10 and 4.11), should increase the size. Similar observation was recently
reported for curcumin-pea protein complex where the size of GUV decreased from 1933 to 1091
nm after addition of the complex.?® Two major mechanisms have been postulated for this size
reduction. First, protein-bioactive compound complex binding to GUV surface could have induced
GUV division into smaller units while retaining the calcein content. The second mechanism
involves membrane shrinkage caused by strong hydrophobic interaction between the protein-
bioactive compound complexes and the GUV. The latter postulation has been reported to be more
feasible as the binding of the protein-bioactive compound complex, which cannot cross the
membrane bilayer, could cause osmotic pressure to build up leading to the escape of water trapped
in the GUV core while retaining calcein, hence the subsequent size reduction of the vesicle.?®4

The interaction of serum with PEGylated and non-PEGylated phosphatidylcholine/cholesterol

192



liposomes caused a reduction in the size of the vesicle following a similar mechanism.*® Studies
have shown that nonspecific binding of charged nanoparticles to large unilamellar vesicles and
supported lipid bilayer could reconstruct the elasticity and surface structure of the membrane.4%*
Loss of hydration has also been reported to be the major cause of size reduction after the binding
of anionic polystyrene nanoparticles on large unilamellar vesicles.®® Overall, the interaction of
protein-bioactive compound complexes with calcein-loaded GUV results in nano and
microparticle binding on the surface of GUV which shield the fluorescence properties of calcein
and caused a size reduction in GUV due to the osmotic pressure induced by the impermeable

particle on vesicle surface. The osmotic pressure led to the permeability of water (smaller

molecule) while retaining calcein, and hence decrease in the size of GUV.

Table 4.3. Size, polydispersity index and zeta potential of calcein-loaded GUV with and without

interaction of protein-bioactive compound complexes.

Samples Size (nm) PDI Zeta potential
IGUV 2009.7+117.6° 0.15+0.07° -6.8+0.7°¢
CuASF 382.7+2.6' 0.23+0.03° -17.9+0.3%"
AsASF 1029.6+25.5¢ 0.25+0.01° -16.1+0.3°
ChASF 510.3+6.8° 0.39+0.06° -19.4+0.39
BCaASF 1581.3+83.7°¢ 0.79+0.04° -23.6+0.3"
Q10ASF 633.2+5.6° 0.38+0.03° -19.5+0.6"9
BSiASF 360.9+9.6' 0.37+0.04° -21.0+0.49"
IGUV + CuASF 1112.3+26.8¢ 0.27+0.07° -10.1+1.3¢

IGUV + AsASF 1362.7+15.3° 0.15+0.07" -5.5+0.3%P

IGUV + ChASF 1605.7+18.0° 0.26+0.08° -5.2+0.3%P

IGUV + BCaASF 1587.0+31.0° 0.31+0.05° -9.0+0.4%¢

IGUV + Q10ASF 1417.7+48.3°¢ 0.34+0.13° -5.6+0.3%P

IGUV + BSiASF 1467.345.8"¢ 0.37+0.09° -5.240.23P

IGUV + TritonX-100 11.1+0.19 0.15+0.00P -3.4+0.42

Mean values having same letters in a column are not significantly different (P < 0.05)
Abbreviations: IGUV, calcein-loaded giant unilamelar vesicles; ASF, alkaline-soluble fraction
of pea protein isolate; CUASF, curcumin-ASF complex; AsASF, astaxanthin-ASF complex;
ChASF, cholecalciferol-ASF complex; fCaASF, -carotene-ASF complex; Q10ASF,
coenzyme Q1o-ASF complex; BSiASF, B-sitosterol-ASF complex
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Morphological examination with widefield fluorescence microscopy (Figure 4.12) showed that
calcein encapsulation increased the GUV size (Figure 4.12A&B) and enhanced the formation of
more orderly spherical vesicles with smooth surface. The addition of the nano/micro complexes
significantly decreased the size of the GUVs (Figure 4.12 C-H), which further corroborate the
postulated surface binding-osmotic pressure-induced shrinkage mechanism. The addition of the
positive control, Triton X-100 resulted in bursting and clearing of all the GUVs (Figure 4.12 1),
which also supported the 200-fold decrease in size obtained from dynamic light scattering and the
highest fluorescence intensity (Figure 4.10) observed in the leakage assay. The similarities in the
size and morphology of the GUV after interaction of the various nano-complexes also support their

similar mode of interaction.

_H s
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B
.

Figure 4.12. Widefield fluorescence microscopy images of (A) empty GUV, (B) calcein-loaded

GUV before interaction with colloidal nanocomplexes and after interaction with (C) ASF-
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curcumin (D) ASF-astaxanthin (E) ASF-cholecalciferol (F) ASF-B-carotene (G) ASF-coenzyme

Q10 (H) ASF-B-sitosterol and (I) Triton X-100. Scale bar is 20 uM.

4. Conclusion

This study demonstrated that physiologically relevant parameter like ionic strength influences the
surface hydrophobicity of pea glutelin protein, and the nature and strength of interaction between
the protein and bioactive compounds of different lipophilicity. The study also established bio-
nano/micro interaction by examining the influence of the various nano/micro protein-bioactive
compound complexes formed on zwitterionic giant unilamellar vesicles (GUV). The bioactive
compounds with moderate lipophilicity (curcumin, astaxanthin and cholecalciferol) demonstrated
higher binding strength than those of high lipophilicity (p-carotene, coenzyme Qio and [-
sitosterol). Lower ionic strength promotes mainly static quenching by the lipophilic bioactive
compound whereas higher ionic strength promotes mainly dynamic quenching. While K, Kq and
Ko values depend mainly on protein hydrophobicity, ionic strength affected the mode of
interaction. Morphological characterization with transmission electron microscopy revealed the
formation of nano-range spherical complexes for curcumin-protein, astaxanthin-protein, and f-
sitosterol-protein, micro-range aggregate complexes for cholecalciferol-protein and B-carotene-
protein, and fibre-like complex for coenzyme Qio-protein. The study shows that the nature of
bioactive compounds, lipophilicity, ionic strength, and stoichiometry are essential parameters for
rational design of efficient bioactive compound-loaded protein complexes. The non-rupturing of
GUVs after interaction with various nano/micro complexes of protein-bioactive compounds
suggests their low cytotoxicity. However, further imaging studies are needed to evaluate the

binding and distribution of the nano/micro complexes on the GUV surface.
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Abstract

Curcumin-loaded native and succinylated protein nanoparticles, as well as zwitterionic giant
unilamellar vesicles were used in this study as model bioactive compound loaded-nanoparticles
and biomembranes, respectively, to assess bio-nano interactions. Curcumin-loaded native protein-
chitosan and succinylated protein-chitosan complexes, as well as native protein-chitosan and
succinylated protein-chitosan hollow, induced leakage of calcein, encapsulated in the giant
unilamellar vesicles. The leakage was more pronounced with hollow protein-chitosan complexes.
However, curcumin-loaded native proteins and curcumin-loaded succinylated proteins induced
calcein fluorescence quenching. Dynamic light scattering measurements showed that the
interaction of curcumin-loaded native pea protein, curcumin-loaded succinylated pea protein,
native pea protein-chitosan, and succinylated pea protein-chitosan complexes with the giant
unilamellar vesicles caused a major reduction in the size of the lipid vesicles. Confocal and
widefield fluorescence microscopy showed rupturing of the unilamellar vesicles after treatment
with native pea protein-chitosan and succinylated pea protein-chitosan complexes. The nature of
interaction between the curcumin-loaded protein nanoparticles and the biomembranes, at the bio-
nano interface, is influenced by the encapsulated curcumin. Findings from this study showed that,
as the protein plays a crucial role in stabilizing the bioactive compound from chemical and
photodegradation, the encapsulated nutraceutical stabilizes the protein nanoparticle to reduce its
interaction with biomembranes.

Keywords: zwitterionic giant unilamellar vesicles; protein; curcumin; protein-chitosan

nanocomplexes; biomembrane; succinylation; bio-nano interaction
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1. Introduction

Curcumin-loaded native pea protein (CUR/PPI), succinylated pea protein (CUR/SPPI), native pea
protein-chitosan (CUR/PPI/CHI) and succinylated pea protein-chitosan (CUR/SPPI/CHI), as well
as hollow native pea protein-chitosan (PPI/CHI) and succinylated pea protein-chitosan
(SPPI/CHI),! and many other bioactive compound-loaded protein nanoparticles>® have
demonstrated promising physicochemical properties, such as high encapsulation efficiency, zeta
potential, water-dispersibility, small size, increased surface area-to-volume ratio, improved shelf
life, low polydispersity index, stability at high ionic strength, pepsin-resistant properties, enhanced
gastric stability, and sustained release of bioactive compounds compared to macroparticles.
However, there are concerns that changes in the structural and physicochemical properties of
proteins, during fabrication or conversion to nanoparticles that promote their food application,
could also result in unwanted physiological responses. This is plausible because unfavorable
nanoparticle-membrane interaction may impact cell viability, cellular uptake efficacy, exocytosis
and endocytosis mechanisms, as well as transepithelial and permeation capacity. The potential
outcome of this interaction might affect both the structural integrity of the protein nanoparticles
and the gastrointestinal cell membrane, and it could cause inflammation, nanoparticles
accumulation, decreased protein digestibility, and considerable side effects in the liver, gut

microbiota, and muscles.® 12

Although a few studies have investigated the mechanism of cytotoxicity of bioactive compound-
loaded protein nanoparticles,'® possible dose-dependent in vitro toxicity data have been
reported.!*1® For instance, curcumin-loaded zein nanoparticles, functionalized with polydopamine
in the presence and absence of dodecamer peptide coating, induced cell death (below 20% cell
viability) at a nanoparticle concentration above 5 ug/MI. The nanoparticles induced the generation
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of cellular-reactive oxygen species, two-times higher than those of free curcumin, and promoted
apoptosis of C6 glioma cells.** Curcumin-loaded human serum albumin nanoparticles, coated with
HER2 aptamer, induced higher cytotoxicity iN SK-BR3 cell line, compared to free curcumin, and
reduced cell viability to 36% after 72 h.™> While free curcumin reduced the viability of MCF-7
cells to ~60%, self-assembled curcumin-loaded human serum albumin nanoparticles induced
significant cell death at a concentration of 50 uM.*® Although the studies demonstrated the
anticancer activities of curcumin-loaded protein nanoparticles, no information was provided on
the effect of the nanoparticles on healthy cells. The mechanism of cytotoxicity can be evaluated
through the characterization of the interaction of protein-based nano-delivery systems and
biomembranes occurring at the nano-bio interface. This information is essential in the rational
design and applicability of nutraceutical-loaded, food-grade encapsulating agents in functional
food formulation. The underlying mechanism could depend on the physicochemical properties of
the loaded nano-encapsulating agents and their nature of interaction with the gastrointestinal
membrane. For instance, the shape and mechanical properties of single-walled carbon nanotubes,
functionalized with adsorbed lysozyme, its monomer, amorphous aggregate, and amyloid fibril
formed by lysozyme, coupled with the nature of their noncovalent interaction, played an important
role in the leakage of liposome content.'? Lysozyme proteins did not disrupt the lipid membrane
under physiological saline conditions except when they rearranged or aligned with the single-
walled carbon nanotube to form a one-dimensional shape.*? Poly-L-lysine and polyamidoamine
dendrimers, as well as semihydrophobic nanoparticles of polystyrene of various sizes, shapes,
functional group, flexibility, surface hydrophobicity, and charge density have been reported to
interact with lipid membranes differentially.”*® To date, there is no information available for

nutraceutical-loaded protein nanoparticles. The physicochemical properties of the engineered
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protein nanoparticles, with or without the loaded bioactive compounds, which dictate their delivery
function and food matrix compatibility,* could also determine the nature of their interaction with

the gastrointestinal cell membrane during oral administration.

Our previous study® reported the fabrication of hollow and curcumin-loaded pea protein-based
nanoparticles (Scheme 5.1) with the following physicochemical properties: hollow PPI/CHI and
SPPI/CHI (size: 151.5 and 176.3 nm, zeta potential: +40.8 and +20.3 mV, respectively, shape:
irregular morphology); CUR/PPI and CUR/SPPI (size: 165.6 and 159.9 nm, zeta potential: —46.8
and —53.9 mV, encapsulation efficiency: 34.65% and 24.92%, effective binding constant: 6.9 x
10* Mt and 4.2 x 10* M, respectively, shape: well-ordered spherical morphology);
CUR/PPI/CHI and CUR/SPPI/CHI (size: 194.5 and 183.3 nm, zeta potential: +20.9 and +12.8 mV,
encapsulation efficiency: 85.01% and 62.05%, effective binding constant: 14.5 x 10* M and
187.9 x 10* M1, respectively, shape: well-ordered spherical morphology). The aim of this study
was to assess the implication of the interaction occurring at the bio-nano interface for these well-
characterized, hollow, and nutraceutical-loaded food-grade nanoparticles of different
physicochemical properties, with a giant unilamellar vesicle (GUV) used as a model biomembrane.
The specific objectives were to evaluate: (1) food-grade nanoparticle-induced leakage or
guenching of calcein-loaded giant unilamellar vesicles; (2) the effect of interactions of food-grade
nanoparticles on the physicochemical properties of calcein-loaded biomembrane; (3) the impact

of the interaction on the structural integrity of the biomembrane.
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Scheme 5.1. Preparation of hollow and curcumin-loaded protein and protein-chitosan nano-
complexes with different physicochemical properties, as previously reported.t

2. Materials and methods
2.1. Chemical Materials

The 1,2-Dioleoyl-sn-glycero-3-phosphocholine (=99%), Chloroform (=99.5%), 1,2-dioleoyl-sn-
glycero-3 phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (=99%),
medium molecular weight chitosan, calcein, succinic anhydride (=99.5%), curcumin (=94%), and
ethanol were purchased from MilliporeSigma Chemical Co., Ltd. (St. Louis, MO, USA).
Tris(hydroxymethyl)aminomethane (Tris-base, > 100.1%), sodium chloride (=99.0%), Tris-
EDTA (99.4-100.6%), and sodium hydroxide (=98%) were purchased from Thermo Fisher
Scientific (Geel, Belgium). Triton X-100 was purchased from VWR (Mississauga, ON, Canada).
Yellow pea seed was donated by Pulse Canada (Manitoba, Canada). Milli-Q water was obtained

from the water-purification system (Advantage A10 Q-POD Milli-Q Water System), with total
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organic carbon level < 5 ppb and resistivity of 18.2 MQcm at 25 °C. Leakage buffer, which
comprises of 1 mM EDTA, 10 mM Tris, and 150 mM NaCl at pH 7.4 was prepared in Milli-Q

water. All chemical reagents were of analytical grade and used without further purification.

2.2. Synthesis of Hollow and Curcumin-Loaded Protein Nanoparticles

Pea protein isolate (PPI) with total protein content of 96.1%, as determined from Lowry assay,
was extracted from yellow pea seeds (Pisum sativum) by the isoelectric precipitation technique
and succinylated with succinic anhydride at pH 10.5 and a temperature of 38 °C, as previously
reported.® Detailed protocol is provided in sections S1.1 and S1.2 of the supplementary
information. Hollow and curcumin-loaded protein and protein-chitosan complexes were prepared
with the native (PPI) and succinylated pea protein isolates (SPPI), as briefly described in Scheme

5.1; detailed experimental procedures are presented in sections 2.2.1 to 2.2.4.

2.2.1. Preparation of Reaction Solutions

Protein solutions of PPl and SPPI (5 mg/mL) were prepared in Milli-Q water, while solutions of
Chitosan (2.5 mg/mL) and curcumin (1 mg/mL) were prepared in acetic acid (1%) and ethanol,
respectively. The containers of curcumin solutions were wrapped with aluminum foil to protect
curcumin from photodegradation. Protein and chitosan solutions were stirred for 6 h and
centrifuged with a Sorvall LYNX 4000 superspeed centrifuge (ThermoFisher Scientific, Waltham,
MA, USA) at 40,000x g for 30 min. The supernatant was vacuum filtered (Whatman filter paper
number 50, pore size 2.7 pum) and degassed with Polylab vacuum desiccator (Singhla Scientific
Industries, Punjabi Mohalla, Ambala, Haryana, India) to ensure air bubbles and gaseous impurities

are removed.
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2.2.2. Preparation of Curcumin-Loaded Native and Succinylated Pea Protein Nano-Complexes

Curcumin-loaded native and succinylated pea protein nano-complexes were synthesized by anti-
solvent precipitation, following a previously-reported protocol '. Briefly, each curcumin solution
in ethanol (1 mg/mL, 0.5 mL) was added, dropwise, to a solution of PPl and SPPI (5 mg/mL, 2.0
mL) in a separate flask, while stirring at 320x g for 5 h, until a steady negative zeta-potential was
maintained. The colloidal solutions were centrifuged at 7500x% g for 30 min using an Eppendorf
5430R centrifuge (Eppendorf, Mississauga, ON, Canada). The precipitate obtained was washed
twice with Milli-Q water and redissolved in water (5 mL) for dynamic light scattering, microscopic

studies, or in leakage buffer for a GUV leakage assay.

2.2.3. Preparation of Curcumin-Loaded Protein-Chitosan Nano-Complexes

The synthesis of curcumin-loaded native/succinylated pea protein-chitosan nano-complexes was
carried out by first synthesizing the curcumin-protein nano-complexes (0.5 mL curcumin, 1.5 mL
protein) by anti-solvent precipitation, as described in section 2.2.2. After stirring the colloidal
solution at 320x g for 3 h, chitosan was incorporated through electrostatic deposition method, by
dropwise addition of chitosan solution (2.5 mg/mL, 0.5 mL), while maintaining stirring for
additional 5 h. The mixture was centrifuged at 7500% g for 30 min after obtaining a steady positive
zeta-potential. The precipitate obtained was washed twice with water and redispersed, in water or

buffer, for further studies.

2.2.4. Preparation of Native/Succinylated Pea Protein-Chitosan Hollow Nano-Complexes

Hollow native and succinylated protein-chitosan nano-complexes were prepared by the
electrostatic deposition method, as previously reported . Briefly, each chitosan solution (2.5
mg/mL, 0.5 mL) was gradually added to a separate solution of native and succinylated pea proteins,

while stirring at 320x g for 5 h. The solution was monitored for steady positive zeta-potential, after
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which it was centrifuged at 7500x g for 30 min. The precipitate was washed twice with water and

redispersed, in water or buffer, for subsequent analysis.

2.3. Interactions of the Protein Nanoparticles with Calcein-Loaded GUV

2.3.1. Preparation of Empty and Calcein-Loaded Giant Unilamellar Vesicles

Zwitterionic giant unilamellar vesicles were prepared, according to a previously reported method,2
with some modifications. Briefly, a solution of 1,2-dioleoyl-sn-glycero-3-phosphocholine (7.2
mg/mL) was prepared in chloroform in a 50 mL centrifuge tube, covered with aluminum foil, and
allowed to dry under a stream of nitrogen for 4 h, followed by vacuum drying for an additional 12
h. Calcein solution (20 mM, 15 mL) was prepared in the leakage buffer (10 mM Tris, 150 mM
NaCl, 1 mM EDTA, pH 7.4) and pH adjusted to 7.5 with NaOH (0.2 M). The dried lipid film (36
mg) was rehydrated with this solution to reach a final lipid concentration of 2 mg/mL. The colloidal
solution was vortexed for 1 min, sonicated at 30 °C for 1 h, and subjected to five freeze/thaw cycles
to enhance the encapsulation of calcein in the vesicle. Each cycle was comprised of 3 min in liquid
nitrogen, 5 min in 60 °C water bath, and vortex mixing for 1 min. Size exclusion column (sephadex
G-50) was used to separate the calcein-loaded GUV from unencapsulated calcein, using a leakage
buffer for equilibration and elution. The eluted calcein-loaded GUV was stored for a maximum of

72 h at 4 °C and used for the leakage study.

Similarly, fluorescence-labeled calcein-loaded and free GUV was prepared for visualizing the
impact of nanoparticle interaction. In this case, a mixture of 1,2-dioleoyl-sn-glycero-3-
phosphocholine (20 mg) and 1,2-dioleoyl-sn-glycero-3 phosphoethanolamine-N-(lissamine

rhodamine B sulfonyl) (ammonium salt) (1 mg) was dissolved in chloroform.
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2.3.2. Zwitterionic GUV Leakage Assay

The influence of nanoparticles on the structural integrity of zwitterionic GUV was investigated by
fluorescence spectroscopy using Varian Cary Eclipse (Agilent, Santa Clara, CA, USA), as
previously reported,2 with minor modifications. The eluted calcein-loaded GUV was diluted two-
fold before mixing, with equal volume of colloidal solutions of hollow, curcumin-loaded protein,
and curcumin-loaded protein-chitosan nano-complexes to reach final nanoparticles concentrations
of 42 to 140 pg/mL. The spectrofluorometer was first zeroed with pure leakage buffer, and a
fluorescence emission scan was performed, from 500 to 625 nm, at the excitation wavelength of
495 nm (calcein) and slit width of 2.5 nm. The fluorescence intensity of the calcein-loaded GUV
was monitored for 10 min, to ensure stabilization of the signal, and used as the baseline
fluorescence (Fo). Fluorescence intensity (F) was measured after interaction of the calcein-loaded
GUV with various concentrations of nanoparticles. The maximum fluorescence intensity,
corresponding to the fluorescence intensity of calcein after 100% leakage (Fwm), was achieved with
equal volume of 10% Triton X-100. The zwitterionic GUV leakage induced by the protein

nanoparticles was estimated using to equation 5.1.

%Leakage = F=FR) 00 (5.1)
(Fu — Fo)

2.4. Morphological Characterization of the Structural Integrity of Zwitterionic GUV after

Interaction with Nanoparticles

The effect of interactions of hollow and various curcumin-loaded nano complexes, on the
structural integrity of zwitterionic GUV, was visualized with confocal and widefield fluorescence
microscopes. Each solution of calcein-loaded GUV (500 pL) was mixed with a solution of the

nanoparticles (150 pL, 0.28 mg/mL) or 10% Triton X-100 (150 pL) prepared in a leakage buffer,
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vortexed for 1 min, and allowed to stand for 15 min before mounting on glass microscope slides.
To image calcein-loaded and empty GUV in the solution after leakage, the morphology was
visualized separately in the rhodamine B (Aex 540, Aem 625) and calcein (Aex 494, hem 517) channels,
with the Axio Imager 2 fluorescence microscope equipped with an Axiocam 506 monochromatic
camera (Carl Zeiss, Oberkochen, Germany) and Zeiss LSM880 AxioObserver Z1 confocal
microscope equipped with AiryScan FAST (Carl Zeiss, Oberkochen, Germany). Zen 2.3 pro and

3.4 software (Carl Zeiss, Oberkochen, Germany) were used for image processing and optimization.

2.5. Dynamic Light Scattering Analysis

The impact of GUV-nanoparticle interaction on the particle size, polydispersity index, and zeta
potential of calcein-loaded GUV was evaluated with the dynamic light scattering technique, using
Nano-ZS Zetasizer (Malvern Instrument Ltd., Malvern, UK). Solutions of the calcein-loaded GUV
(500 pL) and nanoparticles (150 pL, 0.28 mg/mL) were mixed and analyzed with the
Smoluchowski model at absorption of 0.001, refractive index 1.450, F(ka) 1.50, and backscattered

angle of 173° at 25 °C, after triplicate measurements.

2.6. Statistical Analysis

Experiments were conducted in triplicate, and mean values of data from leakage assay and
dynamic light scattering were compared by one-way analysis of variance, using the Turkey’s test
and group mean differences, in Origin 9 software (OriginLab Corporation, Northampton, MA,

USA). Significant differences were defined at p < 0.05.

3. Results and discussion
3.1. Nanoparticle-Induced Giant Unilamellar Vesicle Disruption at Physiological pH

There is a lack of studies using leakage assays to investigate the interactions occurring at the bio-

nano interface, involving protein-based nanodelivery systems and giant unilamellar vesicles.
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Existing information on organic compounds, such as antibiotic peptides fengycins,» maculatin,
citropin, and aurein,» showed the disruption of liposomes as a measure of their antimicrobial
properties. Liposome leakage data have also been reported for organic nanoparticles, such as
lysozyme functionalized single-walled carbon nanotube, amyloid fibril in nanometer-order and
lysozyme aggregates,> semihydrophobic nanoparticles of polystyrene,» and nanoscale protein
aggregates,» focusing on cytotoxicity of the nanomaterials. In this work, the leakage-induced
fluorescence emission spectra of calcein-loaded giant unilamellar vesicles was monitored, after
interactions with various hollow and curcumin-loaded protein nanoparticles of different surface
chemistry, size, stability, and biocoating, to study the biophysicochemical interactions that occur
at the nano-bio interface. This assay is based on measuring the fluorescence intensity of calcein,
which is quenched when encapsulated in the lipid vesicle and fluoresce on leakage. Therefore, the
fluorescence intensity is directly proportional to the number of moles of calcein released from the
model biomembrane.>s The fluorescence emission scan (Figure 5.1) showed that the interaction of
the various nanoparticles with calcein-loaded giant unilamellar vesicles did not cause a major shift
in the maximum emission wavelength of encapsulated calcein. This indicates that the nanoparticles
do not cause any major modification in the structural properties of calcein. The GUV leakage assay
(Figures 5.1 and 5.2) showed that each nanoparticle pair—CUR/PPI and CUR/SPPI,
CUR/PPI/CHI and CUR/SPPI/CHI, or PPI/CHI and SPPI/CHI—demonstrated similar modes of
interaction with the GUV. This could be attributed to their similar physicochemical properties,
such as chemical composition, size, morphology, and zeta potential.! CUR/PPI and CUR/SPPI
induced minimal calcein leakage at the lowest nanoparticle concentrations (<5.6 pg/mL). At higher
concentrations, a dose-dependent quenching of calcein fluorescence was observed, and the effect

was more pronounced with CUR/SPPI than CUR/PPI. The extent of the quenching is quantified
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by the negative value of percentage leakage (Figure 5.2). The higher the negative percentage
leakage, the higher the quenching effect resulting from the nanoparticle-GUV interaction.
Curcumin forms a less stable complex with succinylated pea protein isolate (CUR/SPPI),
compared to native pea protein isolate (CUR/PPI), based on their Stern—Volmer binding
parameters 1. The higher stability of CUR/PPI, compared to CUR/SPPI, could have resulted to its
lower binding to GUV and, hence, lower fluorescence quenching on interaction. The quenching
effect is possibly due to binding of the nanoparticles on the GUV surface without rupturing the
membrane. The feasibility of this nanoparticle-membrane association mechanism has been well-
established through classic molecular dynamic simulation.> The net charge of DOPC GUV s zero,
thus ruling out the possibility of electrostatically-induced adsorption. Instead, hydrophobic
interaction has been reported to play an essential role in the adsorption of liposomes, with zero net
charge on nanoscale amyloid fibrils, derived from lysozymes and the subsequent disruption of the
membrane.2 In addition, hydrophobic interaction is responsible for the adsorption of carboxyl end-
functionalized polystyrene nanoparticles on neutral-supported lipid bilayers, dragging the lipids
from the model cell membrane to the nanoparticles’ surface and rupturing the membrane at high

nanoparticle concentration.
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Figure 5.1. Leakage-induced fluorescence emission spectra of calcein, encapsulated in the GUV,
after interaction with various concentrations of (A) curcumin-loaded succinylated pea protein, (B)
curcumin-loaded native pea protein, (C) curcumin-loaded succinylated pea protein-chitosan, (D)
curcumin-loaded native pea protein-chitosan, (E) hollow succinylated pea protein-chitosan, and

(F) hollow native pea protein-chitosan complexes.

Interactions of CUR/PPI/CHI and CUR/SPPI/CHI nanoparticles with GUV induced dose-
dependent minimal calcein leakage (Figures 5.1 and 5.2) which have a more pronounced effect in
the former. Unlike CUR/PPI and CUR/SPPI, the incorporation of chitosan modified the
physicochemical properties of the nanoparticles and resulted in calcein leakage rather than
quenching. The binding parameters showed that CUR/SPPI/CHI and CUR/PPI/CHI complexes are
significantly more stable than CUR/PPI and CUR/SPPI complexes, and the higher stability
resulted in minimal interaction with GUV. The leakage could be attributed to the rupturing of the

biomembrane by the nanoparticles. The curcumin-protein and curcumin-protein-chitosan
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nanoparticles possess opposite surface charges, different sizes, and chemical compositions 1, which
could account for their different modes of interaction. The interaction of other nanoparticles of
different physicochemical properties, such as amyloid fibril, heat-induced aggregate, and
monomer of lysozyme, with liposomes depends on their concentration, shape, and charge. While
amyloid fibril induced up to 70% calcein leakage, the lysozyme monomer and aggregates had
minimal impact on the liposomes.2 Carboxylated polystyrene nanoparticles of different sizes, 20
and 100 nm, coated with fetal bovine serum had different effects on the supported lipid bilayer.
Unlike the nanoparticle of 20 nm, which had negligible impact on the membrane, quartz crystal
microbalance with the dissipation technique showed that 100 nm particles, adsorbed on the
supported lipid bilayer, caused a significant decrease in frequency and increase in dissipation to
induce rupturing of the membrane.»s Negatively charged carboxyl-functionalized polystyrene
nanoparticles induced local gelation in fluid bilayers, whereas positively charged amidine-

functionalized polystyrene nanoparticles caused the fluidization of gelled membrane locally.2

Hollow PPI/CHI and SPPI/CHI nanoparticles showed dose-dependent significant leakage within
the tested concentrations. As with the curcumin-loaded protein and protein-chitosan pairs, PPI/CHI
and SPPI/CHI nanoparticles displayed similar modes of interaction. There was no significant
difference in the leakage effect observed at a nanoparticle concentration of 0.28 to 14 pg/mL.
However, major leakage of more than 40% was noted at a nanoparticle concentration of 140 pug/mL
(Figure 5.2). This effect could be attributed to nanoparticle-induced membrane perturbation.
Single-walled carbon nanotubes, functionalized with lysozyme from a chicken egg white,
demonstrated similar dose-dependent leakage of calcein from liposomes, attaining ~30% leakage
at a particle concentration of 80 ng/mL. The leakage effect of PPI/CHI and SPPI/CHI hollow could

be because of the low stability of the nanoparticles, as demonstrated from their low binding
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constants (data not shown). The irregular nanostructure of PPI/CHI and SPPI/CHI, coupled with
their numerous pores in solution, could also be contributing to the leakage. Pores have been
reported to considerably impact membrane integrity.»> Pore-forming toxins employ similar
mechanisms to form holes in biomembranes, leading to the death of target cells.s Our previous
study showed that curcumin encapsulation is essential for the stability of the protein-chitosan
complex.t The shape of nanoparticles plays an important role in their membrane disruption ability.
For instance, one-dimensional shape of single-walled carbon nanotube, coated with lysozyme, was

reported to be responsible for liposome disruption.:2

Based on the findings, we propose that the encapsulated guest compound, which stabilizes the host
macromolecule used as the delivery vehicle, influences the nature of interaction of hollow and
curcumin-loaded protein, as well as protein-chitosan nanoparticles, with biomembranes.
Therefore, as the protein or protein-chitosan complexes play a crucial role in stabilizing the
bioactive compound from chemical and photodegradation, the encapsulated compound modulates

the interaction of the host macromolecule with biomembranes.
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Figure 5.2. Percentage calcein leakage from the GUV, induced by (a) native protein-based
nanoparticles and (b) succinylated protein-based nanoparticles, with different surface chemistry

and physicochemical properties.

Bars with similar letters represent mean values that are not significantly different at p < 0.05.

3.2. Influence of Nanoparticle-GUV Interaction on the Size, Zeta Potential and Polydispersity
Index of the Vesicles

Dynamic light scattering measurements showed that the interaction of CUR/PPI and CUR/SPPI
with GUV caused a major reduction in the size of the vesicles. This was unexpected because the
calcein leakage assay showed a considerable fluorescence quenching effect above 14 pg/mL,
attributed to nanoparticle binding on the GUV surface. Hence, one would expect an increase in the

size of the GUV-nanoparticle complex. The reduction in size after binding of the nanoparticles
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could be because of strong hydrophobic interaction between the nanoparticles and GUV, resulting
in a shrinking of the membrane. Another reason could be due to nanoparticle-induced GUV
division, into smaller particles, while retaining the content of the membrane. The former
mechanism seems more likely, as the exposure of PEGylated and non-PEGylated
phosphatidylcholine/cholesterol liposomes to serum resulted in the shrinking of the
biomembrane.> The binding of proteins that are impermeable to the membrane triggered a high
osmotic pressure that caused the escape of water from the core of the liposome and, hence, the
reduction in liposome size.»? This mechanism can explain the observed shrinking of GUV, after
interaction with CUR/PPI and CUR/SPPI, with the membrane selectively allowing the escape of
water while retaining calcein at high osmotic pressure, resulting in reduced calcein fluorescence.
Other studies have shown that the surface structure and elasticity of supported lipid bilayers, or
large unilamellar vesicles, can be reconstructed by nonspecific adsorption of charged
nanoparticles.s2s For instance, the binding of anionic polystyrene nanoparticles, of different charge
density and similar size, on large unilamellar vesicles resulted in the shrinking of the vesicles, due
to local fluid-to-gel transition of the lipid, which equally caused the reduction in area per molecule

and loss of hydration.zs

The size of the calcein-loaded GUV, before and after interaction with CUR/PPI/CHI and
CUR/SPPI/CHI (Table 5.1), was comparable, suggesting minimal impact of the nanoparticles on
the vesicles. This result supports the minimal GUV leakage (Figure 5.2) related to the higher
stability of the curcumin-protein-chitosan nano-complexes. Although weaker than the effect of
10% Triton X-100, PPI/CHI and SPPI/CHI hollow caused a significant decrease in the size of the
GUV (Table 5.1). This effect could be attributed to direct bursting of the GUV on interaction with

the nanoparticles, which corroborates the significant calcein leakage (Figure 5.2). There was no
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definite pattern of zeta potential of the calcein-loaded GUV, before and after interaction with the
various nanoparticles, as the charges were contributed by the nanoparticles, leakage buffer, or
calcein since the zwitterionic GUV has a net zero charge. The polydispersity index of the GUV,
after interaction with PPI/CHI and SPPI/CHI hollow (Table 5.1), indicates the formation of a more
heterogeneous mixture (Figure 5.3). The rupturing of ~40% of the vesicles by the hollow
nanoparticles means that the remaining 60% intact GUV resulted in a heterogeneous mixture
(Figure 5.3). The positive control, Triton X-100, decreased the size of the GUV by ~200-fold due
to direct bursting and clearing of the vesicles. This is supported by results from confocal (Figure
5.4h) and widefield fluorescence microscopy (Figure S5.1i). Triton X-100 is a well-known
surfactant that causes almost 100% leakage or disruption of liposome vesicles; thus, it is commonly

used to estimate the percentage leakage of fluorophore from loaded vesicles (Section 2.3.1.).20

Table 5.1. Changes in size, polydispersity index, and zeta potential of calcein-loaded GUV after

interaction with the hollow or curcumin-loaded protein nanoparticles or Triton X-100.

Zeta Potential

Samples Size (nm) PDI (mV)
IGUV 1933.3+29.0° 0.30+0.03%¢  -57+0.2°
IGUV + CUR/PPI 1091.3+5.0° 0.33+£0.04*¢  -10.0+0.1°f

IGUV + CUR/SPPI 1028.7 +26.2¢ 0.25+0.02%¢ -115+0.3"%9
IGUV + CUR/PPI/CHI  1689.7 +55.2¢ 0.42 +0.10 2P -9.6+0.39¢
IGUV + CUR/SPPI/CHI 22227 +36.4% (.18 +0.05 "¢ -7.9+0.4¢d

IGUV + PPI/CHI 1464.7 +64.89 0.41 +0.06 2P -11.8+0.29
IGUV + SPPI/CHI 1551.7 +20.0%4 0.43+0.05% -7.4+0.2P¢
IGUV + Triton X-100 10.7+0.0° 0.10 +0.00 ¢ -1.0+0.82
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Mean values with different letters in a column are significantly different (p < 0.05) Abbreviations:
CUR/SPPI, curcumin-succinylated pea protein complex; CUR/PPI, curcumin-pea protein
complex; CUR/SPPI/CHI, curcumin-succinylated pea protein-chitosan complex; CUR/PPI/CHI,
curcumin-pea protein-chitosan complex; SPPI/CHI hollow, succinylated pea protein-chitosan
shell; PPI/CHI hollow, native pea protein-chitosan shell; IGUV, giant unilamelar vesicles loaded

with calcein.
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Figure 5.3. Dynamic light scattering size distribution curve of calcein-loaded giant unilamellar
vesicles (IGUV), before and after interaction with hollow (PPI/CHI and SPPI/CHI) and curcumin-
loaded protein nanoparticles (CUR/PPI, CUR/SPPI, CUR/PPI/CHI and CUR/SPPI/CHI) and

Triton X-100.

3.3. Morphological Properties of the GUV after Interaction with Nanoparticles

The images from confocal and widefield microscopy further corroborate the findings. The
morphology of the GUV, after interaction with CUR/SPPI, CUR/PPI, CUR/SPPI/CHI, and
CUR/PPI/CHI nano-complexes (Figure 5.4a—d and Figure S5.1c—f), looks similar to that of the
calcein-loaded GUV in the absence of the nanoparticles (Figure 5.4g and Figure S5.1b). This
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suggests minimal impact of the nanoparticles to the biomembrane. The size range of the
nanoparticles <200 nm 1 falls outside the range of the light microscope, making it difficult to
capture the nanoparticles on the surface of the GUV, as postulated for CUR/SPPI and CUR/PPI,
or in the vicinity of the GUV for CUR/SPPI/CHI and CUR/PPI/CHI nano-complexes. Figure 5.4e—
f and Supplementary Figure S5.1g—h confirmed membrane disruption and calcein leakage induced
by the hollow SPPI/CHI and PPI/CHI nanocomplexes, with impact more visible in SPPI/CHI. The
morphology of the empty GUVs (Figure 5.4i and S5.1a) indicates that calcein encapsulation
stabilizes the vesicles, thus giving it a definite structure. Taken together, the calcein leakage and

microscopy results show two distinct nanoparticle-GUV interaction mechanisms, as illustrated in

Figure 5.5.

Figure 5.4. Confocal microscopy images of calcein-loaded GUV, after interaction with (a)
CUR/SPPI, (b) CUR/PPI, (c) CUR/SPPI/CHI, (d) CUR/PPI/CHI, (e) SPPI/CHI, (f) PPI/CHI
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nanoparticles, and (g) calcein-loaded GUV, in the absence of nanoparticles, (h) calcein-loaded

GUV after treatment with Triton X-100 (10%) positive control, and (i) GUV without calcein.

Images in the first column were acquired at rhodamine B channel (GUV labeled with rhodamine),

the second column is at calcein channel, and the third column is the merger of both. Scale bar is 2
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Figure 5.5. Proposed nanoparticle-giant unilamellar vesicle interaction mechanisms.

4. Conclusion

The bio-nano interaction of nutraceutical-loaded protein nanoparticles was investigated using
hollow and curcumin-loaded protein nanoparticles of different surface chemistry (with or without
chitosan or curcumin) and physicochemical properties (size, zeta potential, morphology, binding
strength) as model delivery vehicles, with GUV as model biomembranes. Protein nanoparticle-
lipid membrane interaction is mainly influenced by the composition, physicochemical property,

and surface chemistry of nanoparticles. Interaction of CUR/PPI and CUR/SPPI nanoparticles,
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which have a smaller size range, higher negative zeta potential, spherical morphology, and lower
binding strength, compared to CUR/SPPI/CHI and CUR/PPI/CHI, where calcein-loaded GUV led
to the quenching of calcein fluorescence. Unlike CUR/PPI/CHI (effective binding constant 14.5 x
10* M) that induced minimal calcein leakage, interaction of CUR/SPPI/CHI nanoparticles
(effective binding constant 187.9 x 10* M™') with calcein-loaded GUV did not cause significant
change in the morphology and structure of GUV or calcein fluorescence. Conversely, PPI/CHI and
SPPI/CHI hollow with irregular morphology caused major rupturing of calcein-loaded GUV,
leading to increased calcein leakage. Therefore, we propose two mechanisms for the nanoparticle-
membrane interactions: 1) nanoparticle binding on membrane surface induces osmotic pressure,
resulting in water escape from the membrane and consequent shrinkage; 2) nanoparticle binding
on the membrane induces GUV bursting. The former was demonstrated by CUR/PPI and
CUR/SPPI nanoparticles, while CUR/SPPI/CHI, CUR/PPI/CHI, PPI/CHI, and SPPI/CHI
displayed the latter mechanism. CUR/SPPI/CHI nanoparticles with the highest stability and,
hence, minimal impact to the biomembrane could be potentially less deleterious during delivery
of bioactive compounds. Therefore, as protein and protein-chitosan complexes protect the
bioactive compounds from photo and chemical degradation, the encapsulated nutraceutical could
modulate the interaction of the protein-based nanoparticle with the gastrointestinal cell membrane.
This study provides the first evidence of the implication of interactions, occurring at the bio-nano
interface, for food protein-based nanodelivery systems. This information will guide the design of
delivery systems that safely interact with biological membranes, while ensuring the protection of

the guest compound from degradation and its sustained release at the target location in the body.
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SUPPLEMENTARY INFORMATION

Curcumin-induced stabilization of protein—based nano-delivery vehicles reduces
disruption of zwitterionic giant unilamellar vesicles

Ogadimma D. Okagu, Raliat O. Abioye, Chibuike C. Udenigwe

Molecules 2022, 27(6), 1941; https://doi.org/10.3390/molecules27061941

S1. Methodology

S1.1. Pea protein extraction

Isoelectric precipitation technique was employed in extracting pea protein isolate (PPI) from
yellow pea seeds (Pisum sativum) as previously reported.* Briefly, dehulled yellow pea seeds were
ground and sieved, the flour (200 g) extracted with NaOH solution (0.05 M, 2L) at pH 12.7 after
4 h of stirring in a magnetic stirrer (Thermo Scientific, Waltham, MA, USA). The resulting slurry
was centrifuged at 25 °C and 5600 xg for 30 min. The supernatant was separated from the residue
and pH adjusted to 4.5 with HCI (1 M) to precipitate PPI. The mixture was again centrifuged for
30 min and PPI collected, washed twice with Milli-Q water and pH adjusted to 7. The PPI paste
was frozen at -80 °C for 24h, and lyophilized (Labconco, Kansas, MO, USA) at -52 °C and 0.2

mbar. The total protein content as determined by Lowry assay was 96.1 %.

S1.2. Succinylation of the pea protein isolate

Pea protein isolate was succinylated according to a previously reported method *. It involves drop-
wise addition of a solution of succinic anhydride (0.5 M, 4 mL) to a pre-heated solution of PPI
(200 mL, 2% wl/v, 38 °C, pH 11) and the pH maintained at 10.5 with NaOH (1 M) while stirring
for 4 h. The mixture was dialyzed against deionized water with a membrane of molecular weight

cut-off of 3.5 kDa for 48 h at 4 °C. The retentate was lyophilized and the powder store at -20 °C.
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Figures

Figure S5.1. Widefield fluorescence microscopy images of (a) empty GUV (b) GUV-loaded
calcein in the absence of nanoparticles, and after interaction with (c)CUR/SPPI (d) CUR/PPI (e)
CUR/SPPI/CHI (f) CUR/PPI/CHI (g) SPPI/CHI (h) PPI/CHI nanoparticles and (i) Triton-X-100
(10%) positive control. Images in the first column were acquired at calcein channel, second column

at rhodamine B channel (GUV labeled with rhodamine), and third column is the merger of both.
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(1) Okagu, O.D.; Jin, J.; Udenigwe, C.C. Impact of succinylation on pea protein-curcumin
interaction, polyelectrolyte complexation with chitosan, and gastrointestinal release of
curcumin in loaded-biopolymer nano-complexes. J. Mol. Lig. 2020, 325, 115248.
https://doi.org/10.1016/j.molliq.2020.115248.
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CHAPTER SIX

CONCLUSION
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The main objective of this thesis was to investigate the structural basis of guest-host interaction in
the gastrointestinal delivery of lipophilic bioactive compounds. This knowledge is expected to
guide the rational design of delivery vehicles for the encapsulation, protection, and release of
unstable, biodegradable, and insoluble bioactive compounds with low bioaccessibility and
bioavailability. The four research objectives that motivated this research is based on the seven key

research questions listed in chapter one.

The first, second and third research questions, which are the first core objective of this thesis, were
addressed in chapter two. Using native pea protein and succinylated pea protein isolate as model
natural and modified proteins, respectively, a comparative study conducted showed that native and
succinylated pea proteins and their chitosan complexes could be used to create curcumin-loaded
biopolymer nano-complexes. The process of succinylation raised the protein negative charge,
facilitating electrostatic interaction with chitosan, but it also reduced the protein surface
hydrophobicity, reducing hydrophobic interaction with curcumin. The solubility and stability of
curcumin were improved via hydrophobic interaction with the protein in the protein-chitosan
polyelectrolyte complex. For curcumin encapsulation with the polyelectrolyte complex, it is
crucial to achieve a balance during succinylation to ensure an increase in negative charge with
little to no effect on the protein hydrophobicity. Curcumin demonstrated some degree of dynamic
binding to both the natural and succinylated proteins, whereas the addition of chitosan favoured
static binding. The succinylated protein hydrophobicity was restored by the electrostatic
interaction with chitosan, which also increased curcumin binding. The native protein-chitosan
combination had the highest encapsulation efficiency of curcumin due to the stronger binding.
There was a lower amount of curcumin released from succinylated protein-curcumin compared to

native protein-curcumin due to weaker binding and stabilisation occurring in the former. While
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complexes stabilised with chitosan provided superior protection in the stomach phase, native
protein-curcumin complexes were more effective at reducing the release of curcumin in the
salivary phase. These actions culminated in the same guantity of curcumin reaching the intestinal
phase and correspondingly identical bioaccessibility for both complexes. Therefore, without
protein modification by succinylation or polyelectrolyte complexation with chitosan, our
investigation showed that pea protein isolate successfully encapsulated and controlled-released

significant amounts of curcumin in a simulated gastrointestinal tract.

The second objective, which is based on the fourth research question, was explored in chapter
three and like in the first objective, the study further strengthened the finding that curcumin binding
to protein depends on the surface hydrophobicity of the protein. The key finding in this study is
that the structural and physicochemical properties of protein influence not only curcumin binding
but the release of the bioactive compound at different gastric conditions. The research
demonstrated that structural compatibility plays a key role in bioactive compound binding and
stabilization in gastric phase of digestion. The structural modification in the protein as a result of
its interaction with curcumin increased its thermal stability. Curcumin was successfully
encapsulated into well-ordered, spherical nanocomplexes as revealed by transmission electron
microscopy. In summary, using the antisolvent precipitation approach, spherical, pepsin-resistant,
and thermostable curcumin-protein fraction nanocomplexes were synthesized. The various pea
protein fraction complexes of curcumin released curcumin during gastric digestion by two separate
mechanisms: a pepsin-dependent process as observed for water- and alkaline-soluble pea protein
fractions and salt-dependent mechanism for salt-soluble pea protein fraction. The potential use of
these complexes in the gastrointestinal administration of curcumin is suggested by their high

encapsulation efficiency, stability in gastric fluid, and resistance to pepsin degradation.
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The fifth and sixth research questions, which fall under the third objective of this research, were
aimed at understanding the influence of lipophilicity of bioactive compounds and ionic strength of
the gastrointestinal fluid on the stability of protein-bioactive compound complexes. The study
showed that the nature of protein interaction with bioactive compounds of varying lipophilicity is
influenced by ionic strength. Curcumin, astaxanthin, and cholecalciferol, which have moderate
lipophilicity, showed greater binding strength than p-carotene, coenzyme Q1o, and B-sitosterol with
high lipophilicity. While higher ionic strength promoted primarily dynamic quenching, lower ionic
strength mostly favoured static quenching by the lipophilic bioactive molecules. lonic strength
impacted the mechanism of association while protein hydrophobicity mostly determined the K,
Ko, and Kp values. Transmission electron microscopy (TEM) morphological analysis
demonstrated the formation of nano-range spherical particles for the protein complexes of
curcumin, astaxanthin, and B-sitosterol, micro-range aggregate complexes for the protein-loaded
with cholecalciferol and B-carotene, and fiber-like complexes for the protein complex of coenzyme
Q10. The research demonstrates that stoichiometry, ionic strength, lipophilicity, and the type of the
bioactive compounds are critical factors in the rational design of effective protein complexes for

the purpose of bioactive compound delivery.

The final research objective, which represents the last research question, focuses on bio-nano
interaction and understanding of the nature of interaction occurring at the bio-nano interface
between protein-based nano delivery agents of various structural, physicochemical, and surface
functionality and the biomembrane. This research threw more light into the concern of potential
nanoparticle toxicity as many researchers believe that the same features that make nanoparticles
promising in food and pharmaceutical applications could trigger unwanted physiological responses

depending on the nature of nanoparticle interaction with mucus barrier, gastrointestinal lining, or
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nature of protein corona formation. This research investigated the underlying mechanism of
nanoparticle interaction with giant unilamellar vesicles, a model biomembrane, and revealed two
major mechanisms. First is osmotic pressure build-up induced by the nanoparticle binding to the
membrane surface, as demonstrated by curcumin-protein nanoparticles, which causes water to
escape from the membrane and leads to shrinking in vesicle size. Second is membrane bursting
because of nanoparticle binding as shown by curcumin-protein-chitosan and protein-chitosan
nanoparticles. The study further showed that hollow nanoparticles without curcumin caused major
disruption to the membrane and hence suggests that as the protein or protein-chitosan complexes
plays the role of stabilizing curcumin, the bioactive compound modulates the interaction of the
macromolecule with the biomembrane. This study is the first to demonstrate the implications of
interactions at the bio-nano interface for food protein-based nano delivery systems. This
knowledge will help in the development of delivery systems that interact with biological
membranes in a safe manner, protect the guest bioactive compound from deterioration, and enable

sustained release of the compound at the intended site in the body.

Overall, all four of the thesis objectives, which were derived from the research questions in chapter
one, have been accomplished. The findings showed correlation between the structural properties
of proteins, structural modification, solubility, hydrophobicity, lipophilicity of bioactive
compounds, and ionic strength of the environment, and their important roles on the nature and
strength of binding. The study further showed how the strength and mode of binding influence the
encapsulation and release efficiencies. The mechanism of release of bioactive compounds depends
on the structural and physicochemical properties of protein and the nature of the environment.
Macromolecular encapsulating agents play the role of encapsulation, protection, and release of

bioactive compounds while the loaded bioactive compound equally stabilizes the encapsulating
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agent to the reduce the impact on biomembrane. Taken together, the four objectives of this study
have provided the structural basis of interaction of bioactive compounds with proteins to enable

the rational design of nano delivery vehicles.

Future direction

Although the goals set out in this research have been fulfilled, for full utilization of protein-based
nanoparticles in functional food formulation, further research is required to understand the
influence of various ions in the saliva, gastric and intestinal juice. The present study investigated
the impact of Na* and CI" ions which are quite abundant in physiological fluids. Therefore, there
is need to study the influence of other ions such as K*, H.PO4-, HCO3, CO3s%, Mg?*, NH4" and
Ca?". It is only when the contributions of the various ions in physiological fluids have been fully
analyzed for their stabilizing or destabilizing effect to bioactive compound-loaded protein
complex, that a more accurate conclusion can be made to guide the preparation of protein-based

encapsulation systems.

Furthermore, there is need to investigate an encapsulation technique that will accommodate the
different structural and physicochemical properties of protein and various bioactive compounds.
The encapsulation technique employed in this study is peculiar to curcumin and hence gave rise to
heterogeneous nano and micro-complexes of coenzyme Qio, 3-carotene, cholecalciferol, and B-

sitosterol.

Finally, it will be important to understand the influence of complex macromolecules in the
gastrointestinal tract that can cause nanoparticle modification leading to protein-bioactive
compound stabilization, degradation, or toxicity. For instance, there is need to investigate the

nature of protein corona formed around the surface of the nanoparticles in the saliva, gastric fluid,
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intestinal fluid, and mucus barrier that could mask the engineered properties of protein-based nano
delivery systems. This study will ensure that bioactive compounds are delivered to their target site

and hence reduce the complications associated with the release of drug molecules in off-target cell

populations.
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