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Phen : Phenylalanine
PI : Hazelnut protein isolates
PL : Pancreatic lipase
PLA : Poly(lactic acid)
PMT : Photon counting photomultiplier
PP : Poly(propylene)
PUFA : Polyunsaturated fatty acid
Q3R : Quercetin 3-O-rhamnoside
QUE : Quercetin
RI : Recovery index
SCE : Supercritical carbon dioxide extraction
SD : Standard deviation
SDS : Sodium dodecyl sulfate
SEC : Size exclusion chromatography
SEM : Scanning Electron Microscopy
SK-Mel 28 : Metastatic human melanoma cancer cell line
TFA : Trifluoroacetic acid
TPC : Total Phenolic content
Trp : Tryptophane
Tyr : Tyrosine
UAE : Ultrasound-assisted extraction
US : Ultrasound
XOS : Xylooligosaccharides
α-TTP : α-tocopherol transfer protein
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α : The average degree of dissociation of the α-NH2 groups
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φ : The volumetric fraction of the oil
∆H : Enthalpy change
∆S : Entropy change
∆G : Gibbs free energy change
n : Slope of the plot
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τ0 : The lifetime of the fluorophore in the absence of quencher
Q : Concentration of phenolic extract
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INVESTIGATING THE VALORISATION POTENTIAL
OF HAZELNUT BY-PRODUCTS: TRANSFORMING WASTE

INTO FUNCTIONAL FOOD INGREDIENTS

SUMMARY

Hazelnuts are one of the most widely consumed nuts around the world. Considering
the nutritional value of hazelnuts, a wide range of hazelnut-based food products
are available in the market. Nevertheless, the processing of hazelnuts generates
a large number of by-products and waste. The most valuable by-products of the
hazelnut industry are shell, skin, and meal. These by-products are rich in bioactive
compounds, protein, dietary fibre, mono- and polyunsaturated fatty acids, vitamins,
minerals, phytosterols, and squalene. The current utilisation of hazelnut by-products
is mostly limited to animal feed supplementation of hazelnut meal and skin and use
as a low-value heat source for the shells. However, disposing of these by-products
or using them as a low-value heat source or animal feed supplementation results in
significant waste of a natural resource rich in nutritional components. Consequently,
valorising hazelnut by-products as bioactive ingredients in diverse fields such as food,
pharmaceutics and cosmetics has stimulated interest among scientists, producers, and
consumers.

In light of the above, a research strategy to investigate the valorisation potential of
hazelnut by-products has been developed. The objectives of this Ph.D. dissertation
were (i) to valorise hazelnut meal and explore the potential anti-obesity and antioxidant
activities of its protein hydrolysates; (ii) to investigate the effect of the hydrolysis
strategy (single or sequential hydrolysis) using Alcalase and Neutrase, as well as
the application of microfluidization pretreatment on the antioxidant and anti-obesity
activities and the functional properties of the protein isolates and hydrolysates; (iii) to
examine the formation of the protein-polyphenol complex from dephenolised hazelnut
meal protein isolates (dHPI) and hazelnut skin phenolic extracts (HSE); (iv) to monitor
the bioaccessibility of hazelnut proteins and polyphenols after protein-polyphenol
complexation.

Two different research studies (Chapters 3-4) were conducted in line with these
purposes. Firstly, hydrolysates of hazelnut proteins obtained with Alcalase and
Neutrase were mainly examined for their physicochemical properties, potential
anti-obesity effects, antioxidant capacities, and emulsifying properties (Chapter 3).
Later on, protein-polyphenol complexes formed from dephenolised hazelnut meal
protein isolates (dHPI) and hazelnut skin phenolic extracts (HSE) were investigated as
well as their effects on bioaccessibility (Chapter 4). The background and objectives of
this Ph.D. dissertation are introduced in the first chapter. Following that, an overview
of current scientific knowledge about the main and most valuable hazelnut by-products
and their actual valorisation, focusing on their chemical composition to inspire new
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applications of these valuable resources and fully exploit their potential, has been
reviewed in the second part.

In the third part, hazelnut meal protein hydrolysates obtained by a single or
combined hydrolysis by Alcalase and Neutrase were mainly characterised for their
physicochemical properties (SDS–PAGE, particle size distribution, Fourier transform
infrared, molecular weight distribution, etc.) and potential anti-obesity effect (FFA
release inhibition), antioxidant activity (DPPH and ABTS methods), and emulsifying
properties. The impact of microfluidization pretreatment was also investigated. The
combination of Alcalase with Neutrase permitted the highest degree of hydrolysis
(DH) (15.57±0.0%) of hazelnut protein isolate, which resulted in hydrolysates with
the highest amount of low molecular weight peptides, as indicated by size exclusion
chromatography (SEC) and SDS–PAGE. There was a positive correlation between
the degree of hydrolysis and the inhibition of FFA release by pancreatic lipase,
with a significant positive effect of microfluidization when followed by Alcalase
hydrolysis. Microfluidization enhanced the emulsifying activity index (EAI) of protein
isolates and hydrolysates. Low hydrolysis by Neutrase had the best effect on the
EAI (84.32±1.43 (NH) and 88.04±2.22 m2/g (MFNH)), while a negative correlation
between the emulsifying stability index (ESI) and the DH was observed. Again, the
combined Alcalase-Neutrase hydrolysates displayed the highest radical scavenging
activities (96.63±1.0% DPPH and 98.31±0.46% ABTS). FTIR results showed that
the application of microfluidization caused the unfolding of the protein structure. The
individual or combined application of the Alcalase and Neutrase enzymes caused
a switch from the β -sheet organization of the proteins to α-helix structures. In
conclusion, hazelnut meal may be a good source of bioactive and functional peptides.
The control of its enzymatic hydrolysis, together with an appropriate pretreatment such
as microfluidization, may be crucial to achieve the best suitable activity.

In the fourth part, the formation of the protein-polyphenol complex from dephenolised
hazelnut meal protein isolates (dHPI) and hazelnut skin phenolic extracts (HSE), as
well as its effect on the bioaccessibility of both hazelnut proteins and polyphenols,
were investigated. The dHPI+HSE complexes were of considerable size and dependent
on HSE concentration due to the occurrence of aggregation. Although catechin was the
main component of HSE, it did not cause aggregation, except for a slight rise in particle
size. According to fluorescence quenching, the hazelnut protein-phenolic extract
complex had a linear Stern-Volmer plot expressing static quenching between 0-0.5
mM concentrations, and the interaction was mainly dependent on hydrogen bonding
and van der Waals forces (∆H < 0 and ∆S < 0) and the reaction was spontaneous
(∆G < 0). According to Fourier Transform Infrared (FTIR) Spectroscopy results,
higher phenolic extract concentration caused an increase in irregular structures in
hazelnut protein, while the lowest phenolic concentration and catechin altered the
regular structure. Skin extracts did not alter the digestibility of dephenolised proteins,
but dephenolisation reduced the degree of hydrolysis by pancreatin. The formation
of the protein-polyphenol complex had a beneficial effect on the bioaccessibility of
hazelnut skin polyphenols predominantly on the gallolated form of the catechins such
as gallocatechin gallate and epigallocatechin gallate.
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The final part presents the general discussions and conclusions, as well as future
perspectives on the valorisation of hazelnut by-products, based on the findings of
the previous chapters. A by-product of the hazelnut oil industry, hazelnut meal,
was valorised as a source of bioactive peptides with an emphasis on their potential
anti-obesity and antioxidant properties. First, hazelnut meal protein isolates were
treated with microfluidization to improve their hydrolysis and functional properties.
Then, sequential or individual hydrolysis by Neutrase and Alcalase was performed
to prepare the protein hydrolysates. Finally, by combining Alcalase and Neutrase
hydrolysis, we achieved the highest degrees of hydrolysis (DH), inhibiting FFA
release by pancreatic lipase and scavenging free radicals. Regarding anti-obesity
and antioxidant properties, hazelnut protein hydrolysates have the potential as
functional food ingredients. Therefore, it is important to understand the process for
protein processing (pretreatment, degree of hydrolysis, etc.) based on its intended
application. Protein-polyphenol interactions improved the bioavailability of hazelnut
skin polyphenols, particularly the gallolated form of catechins like gallocatechin
gallate (GCG) and epigallocatechin gallate (EGCG). In recent years, researchers have
focused on polyphenolic compounds and plant-based proteins isolated from natural
sources. It is essential in vegan formulations such as foam-like products (mousse)
or emulsions (mayonnaise), where the functional properties of proteins are crucial.
Additionally, there is no consensus on whether protein-phenolic interactions affect
polyphenol bioavailability positively or negatively. Consequently, more research needs
to be conducted on this subject and reported in the literature
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FINDIK YAN ÜRÜNLERİNİN POTANSİYEL KATMA
DEĞERİNİN İNCELENMESİ: ATIK KONUMUNDAN

FONKSİYONEL GIDA BİLEŞENİNE DÖNÜŞÜM

ÖZET

Fındık, dünya çapında en çok tüketilen kuruyemişlerden biridir. Fındığın besin değeri
de göz önüne alındığında, piyasada çok çeşitli fındık bazlı gıda ürünleri mevcuttur.
Bununla birlikte, fındığın işlenmesi çok sayıda yan ürün ve atık oluşturmaktadır.
Fındık endüstrisinin en değerli yan ürünleri kabuk, zar ve küspedir. Bu yan ürünler,
biyoaktif bileşikler, protein, diyet lifi, tekli ve çoklu doymamış yağ asitleri, vitaminler,
mineraller, fitosteroller ve skualen açısından zengindir. Fındık yan ürünlerinin mevcut
kullanımı, fındık küspesi ve zarının hayvan yemi takviyesi, kabuklar için ise düşük
değerli bir ısı kaynağı olarak kullanımı ile sınırlıdır. Bununla birlikte, bu yan ürünlerin
bertaraf edilmesi veya düşük değerli bir ısı kaynağı veya hayvan yemi takviyesi
olarak kullanılması, besin bileşenleri açısından zengin bir doğal kaynağın önemli
ölçüde israfına neden olmaktadır. Sonuç olarak, fındık yan ürünlerinin gıda, eczacılık
ve kozmetik gibi farklı alanlarda biyoaktif bileşenler olarak değerlendirilmesi bilim
adamları, üreticiler ve tüketiciler arasında ilgi uyandırmaktadır.

Bu tez çalışması yukarıdaki bilgiler ışığında, fındık yan ürünlerinin katma
değer kazanma potansiyelini araştırılması üzerine kurgulanmıştır. Bu doktora
tezinin amaçları sırasıyla (i) fındık küspesine katma değer kazandırmak ve fındık
posasından elde edilen protein hidrolizatlarının potansiyel anti-obezite ve antioksidan
aktivitelerininin araştırması; (ii) Alkalaz ve Nötraz enzimleri kullanılarak hidroliz
stratejisinin (tek veya kombine hidroliz) yanı sıra mikroakışkanlaştırma ön işleminin
antioksidan ve anti-obezite aktiviteleri ve protein izolatları ile hidrolizatların
fonksiyonel özellikleri üzerindeki etkisini araştırmak; (iii) Fenolik bileşikleri
uzaklaştırılmış fındık küspesi protein izolatlarından (dHPI) ve fındık zarı fenolik
ekstraktlarından (HSE) protein-polifenol kompleksinin oluşumunun incelenmesi; (iv)
protein-polifenol kompleksi oluşumu sonrası fındık proteinlerinin ve polifenollerin
biyoerişilebilirliğininin izlenmesidir.

Bu amaçlar doğrultusunda iki farklı araştırma çalışması (Bölüm 3-4) yapılmıştır. İlk
olarak, Alcalase ve Neutrase enzimleri ile elde edilen fındık protein hidrolizatlarının
temel olarak fizikokimyasal özellikleri, potansiyel anti-obezite etkileri, antioksidan
kapasiteleri ve emülsifiye edici özellikleri incelenmiştir (Bölüm 3). Sonrasında defeno-
lize fındık küspesi protein izolatlarından (dHPI) ve fındık zarı fenolik ekstraktlarından
(HSE) oluşan protein-polifenol kompleksleri ve bunların biyoerişilebilirlik üzerindeki
etkileri araştırılmıştır (Bölüm 4).

İlk bölümde bu doktora tezinin araştırma çerçevesi ve hedefleri tanıtılmıştır.
Ardından, ikinci bölümde, başlıca fındık yan ürünleri, bu değerli kaynakların yeni
uygulamalarına ilham vermek ve potansiyellerinden tam olarak yararlanmak için
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kimyasal bileşimlerine odaklanılarak mevcut bilimsel bilgilere genel bir bakış açısı
oluşturulmuştur.

Ardından, ikinci bölümde, başlıca fındık yan ürünleri ve bunların değerlendirilmesi
hakkında mevcut bilimsel bilgilere genel bir bakış, bu değerli kaynakların yeni
uygulamalarına ilham vermek ve potansiyellerinden tam olarak yararlanmak için
kimyasal bileşimlerine odaklanılarak bahsedilmiştir.

Üçüncü bölümde, Alkalaz ve Nötraz enzimleri kullanılarak tek veya kombine hidroliz
ile elde edilen fındık küspesi protein hidrolizatlarının temel olarak fizikokimyasal
özellikleri (SDS–PAGE, parçacık boyutu dağılımı, Fourier dönüşümü kızılötesi
(FTIR), moleküler ağırlık dağılımı vb.) ve potansiyel anti-obezite etkisi, antioksidan
aktivite (DPPH ve ABTS yöntemleri) ve emülsifiye edici özellikleri karakterize
edilmiştir. Ayrıca bu özelliklerin üzerine mikroakışkanlaştırma ön işleminin etkisi
de araştırılmıştır. Alkalaz’ın Nötraz ile kombinasyonu, boyut dışlama kromatografisi
(SEC) ve SDS-PAGE sonuçları ile belirtilmek üzere, en yüksek miktarda düşük
moleküler ağırlıklı peptidlere sahip hidrolizatlarla sonuçlanan fındık protein izolatında
en yüksek hidroliz derecesine (DH) (%15,57±0,0) sahip olduğu rapor edilmiştir.
Hidroliz derecesi ile pankreatik lipaz tarafından serbest yağ asitleri salınımının
inhibisyonu arasında pozitif bir korelasyon vardır ve ardından Alkalaz hidrolizi
ile birlikte mikroakışkanlaştırmanın önemli bir pozitif etkisi olduğu görülmüştür.
Mikroakışkanlaştırma, protein izolatlarının ve hidrolizatların emülsiyon aktivite
indeksini (EAI) artırmıştır. Nötraz ile elde edilen düşük hidroliz derecesinin EAI
üzerinde en iyi etkiye sahip olduğu görülürken (84,32±1,43 (NH) ve 88,04±2,22 m2/g
(MFNH)), emülsiyon stabilite indeksi (ESI) ile DH arasında negatif bir korelasyon
gözlenmiştir. Yine, kombine Alkalaz-Nötraz hidrolizatları en yüksek radikal yakalama
aktivitelerini göstermiştir (96.63 ± %1.06 DPPH ve %98.31 ± %0.46 ABTS).
FTIR sonuçları, mikroakışkanlaştırma ön uygulamasının protein yapısının açılmasına
neden olduğunu göstermiştir. Alkalaz ve Nötraz enzimlerinin bireysel veya kombine
uygulaması, proteinlerin β -tabaka organizasyonundan α-heliks yapılarına geçişe
neden olmuştur. Bu çalışma ile, fındık küspesinin iyi bir biyoaktif ve fonksiyonel
peptit kaynağı olabileceği ve mikroakışkanlaştırma gibi uygun bir ön işlemle birlikte
enzimatik hidrolizasyonun kontrolünün, en iyi biyoaktiviteyi elde etmek için çok
önemli olabileceği sonuçlarına varılmıştır.

Dördüncü bölümde, defenolize fındık küspesi protein izolatlarından (dHPI) ve
fındık zarı fenolik ekstraktlarından (HSE) protein-polifenol kompleksinin oluşumu
ve hem fındık proteinlerinin hem de polifenollerin biyoerişilebilirliği üzerindeki
etkisi incelenmiştir. dHPI±HSE komplekslerinin boyutları dikkate değer büyüklükte
olduğu görülmüş ve agregasyonun meydana gelmesi nedeniyle HSE konsantrasyonuna
bağlı olduğu rapor edilmiştir. Kateşin, HSE’nin ana bileşeni olmasına rağmen,
partikül boyutunda hafif bir artış dışında agregasyona neden olmamıştır. Floresan
söndürme sonuçlarına göre, fındık proteini-fenolik ekstrakt kompleksi, 0-0.5 mM
konsantrasyonları arasında statik söndürmeyi ifade eden doğrusal bir Stern-Volmer
grafiğine sahiptir, etkileşim, esas olarak hidrojen bağına ve van der Waals kuvvetlerine
(∆H < 0 ve ∆S < 0) bağlıdır ve reaksiyon kendiliğinden olmuştur (∆G < 0). FTIR
sonuçlarına göre, yüksek fenolik ekstrakt konsantrasyonu fındık proteininde düzensiz
yapılarda artışa neden olurken, en düşük fenolik konsantrasyon ve kateşin düzenli
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yapıyı değiştirmiştir. Fındık zarı ekstraktları, defenolize proteinlerin sindirilebilirliğini
değiştirmemiştir, ancak defenolizasyon, pankreatin hidrolizi derecesini azaltmıştır.
Protein-polifenol kompleksinin oluşumu, fındık zarı polifenollerinin biyolojik
olarak erişilebilirliği göz önüne alındığında, ağırlıklı olarak gallokateşin gallat ve
epigallokateşin galat gibi kateşinlerin gallatlanmış formu üzerinde yararlı bir etkiye
sahip olduğu görülmüştür.

Son bölüm, önceki bölümlerde elde edilen veriler dikkate alınarak, genel tartışmalar
ve sonuçların yanı sıra fındık yan ürünlerinin değerlendirilmesine ilişkin gelecekteki
araştırmalar için tavsiyeler sunmaktadır. Fındık yağı endüstrisinin bir yan ürünü
olan fındık küspesi, potansiyel anti-obezite ve antioksidan özelliklerine vurgu
yapılarak biyoaktif peptit kaynağı olarak değerlendirilmiştir. İlk olarak, fındık
küspesi protein izolatları, hidrolizasyon ve fonksiyonel özelliklerini iyileştirmek
için mikro-akışkanlaştırma işlemine tabi tutulmuştur. Daha sonra, protein
hidrolizatlarını hazırlamak için Nötraz ve Alkalaz ile kpmbine veya bireysel hidroliz
gerçekleştirilmiştir. Alkalaz ve Nötraz hidroliz kombinasyonu ile, en yüksek hidroliz
derecesine, pankreatik lipaz tarafından serbest yağ asidi salınımı önleme ve serbest
radikal süpürme kapasitesine ulaşılmıştır. Anti-obezite ve antioksidan özellikleri
göz önüne alındığında, fındık protein hidrolizatları, fonksiyonel gıda bileşeni olma
potansiyele sahiptir. Bu nedenle, amaçlanan uygulamaya bağlı olarak protein işleme
sürecini (ön işlem, hidroliz derecesi, vb.) anlamak önemlidir. Protein-polifenol
etkileşimleri, fındık kabuğu polifenollerinin, özellikle de gallokateşin gallat (GCG)
ve epigallokateşin gallat (EGCG) gibi kateşinlerin gallatlı formlarının biyoerişilebilir-
liklerini iyileştirmiştir. Son yıllarda araştırmacılar, doğal kaynaklardan izole edilen
polifenolik bileşikler ve bitki bazlı proteinler üzerinde yoğunlaşmışlardır. Ancak,
protein-fenolik etkileşimlerin polifenol biyoerişilebilirliğini olumlu veya olumsuz
etkileyip etkilemediği konusunda fikir birliği yoktur. Sonuç olarak, bu konuda daha
fazla araştırma yapılması ve literatürde rapor edilmesi gerekmektedir.
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1. INTRODUCTION

It is well-known that animals and humans have been consuming nuts since ancient

times because of their high energy content. Nuts are generally considered to

be a healthy source of plant protein (10%–25%), polyunsaturated (PUFA) and

monounsaturated (MUFA) fatty acids, dietary fiber, vitamins (e.g., niacin, folate, E),

minerals (e.g., magnesium, copper, selenium, potassium), and antioxidants.There has

been an upward trend in the global consumption of nuts over the past few decades,

which may be due to media reports linking consumption of nuts to health benefits

based on favorable scientific findings (Wien, 2017).

One of the world’s most popular tree nuts, the hazelnut, or Corylus avellana L., is

also rich in nutrients, fat-soluble bioactives, and phenolics/phytochemicals (Pelvan

et al., 2018). It is particularly rich in flavan-3-ols and proanthocyanidins. In

comparison with other tree nuts, hazelnuts have the highest proanthocyanidin content

as well as a high level of hydrolysable tannins (Lainas et al., 2016). The Food and

Drug Administration (FDA) and the European Food Safety Authority (EFSA) both

recommend the consumption of nuts, including hazelnuts, on a daily basis to reduce

the risk of coronary heart disease (Pelvan et al., 2018).

Hazelnut production (with shell) exceeded one million metric tons worldwide in 2020

(1,072,308 MT). Turkey remains the top producer with 62% (865,500 MT), followed

by Italy (33%), and the USA (6%). Fresh consumption accounts for around 10%

of hazelnut intake, with the rest mainly processed industrially (approximately 90%),

predominantly to produce hazelnut oil, leaving huge quantities of by-products. The

in-shell hazelnuts are cracked before further processing or consumption, resulting in

a considerable residual biomass. According to global production statistics, the shells

(endocarps) account for approximately 50 to 55% of the weight of the mature nut (Fuso

et al., 2021). The oil content in hazelnut is approximately 60 % (Król and Gantner,

2020), so the residual hazelnut meal obtained from cold press oil extraction represents
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around 40% of the kernel mass. In terms of chemical composition, the meal should

be similar to that of the whole nut but without the oils. Around 2.5% of the hazelnut

kernel’s weight is made up of brown skin (also known as testa, perisperm, or pericarp),

which is discarded during roasting (Alasalvar et al., 2009) and found in the meal when

the kernels are pressed raw.

Hazelnut meal is rich in proteins (38-54%) (Acan et al., 2021; Aydemir et al.,

2014) and is thus an economical way to obtain protein. Furthermore, after being

hydrolyzed by enzymes, hazelnut meal can be transformed into bioactive peptides

used in various food formulations. There are many plant-based proteins that have

compact quaternary and tertiary structures, making them more resistant to proteolysis

(Hu et al., 2011). Food macromolecules are processed using microfluidization in a

continuous, low-temperature process with reduced nutrient component loss and fast

processing times (Zhang et al., 2021). Additionally, microfluidization as a pretreatment

may enhance the functional properties of proteins and their enzymatic hydrolysis, by

releasing the folded structure of proteins, exposing the core groups within them (Hu

et al., 2011; Zhang et al., 2021; Chen et al., 2016; Liu et al., 2017b).

There are several noncommunicable chronic diseases associated with obesity and

overweight. These include cardiovascular diseases, a leading cause of death

worldwide; diabetes; musculoskeletal disorders; and even certain cancers, including

liver, prostate, endometrial, breast, ovarian, gallbladder, colon, and kidney, among

other diseases (WHO, 2021). World Health Organization statistics indicate that 1.9

billion adults are overweight and 650 million are obese worldwide (WHO World

Health Statistics, 2021). The pancreatic lipase (PL) is the primary digestive enzyme

that hydrolyzes dietary fats (50–70%). Thereby, it promotes the absorption of fats

from the diet (Birari and Bhutani, 2007). Thus, inhibiting PL is an effective strategy

for limiting intestinal absorption of lipids and thereby contributing to weight loss.

Furthermore, plant-derived PL inhibitors provide a source of potential future drug

candidates that can complement the limited number of currently available anti-obesity

medications (Rajan et al., 2020; de la Garza et al., 2011). The peptides derived from

edible plants have recently emerged as very promising and safe candidates as PL

inhibitors, which may also be used in functional food formulations with anti-obesity
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properties (Coronado-Cáceres et al., 2020; Wang et al., 2022; Fan et al., 2018; Esfandi

et al., 2022).

The interaction between proteins and phenolic compounds occurs during food

processing or following consumption of other foods containing phenolic compounds

(Rohn, 2014). The type of interaction between proteins or phenolic compounds can be

either covalent or non-covalent and is affected by several factors, such as temperature,

pH, protein type, and concentration (Ozdal et al., 2013). Even though it has been

widely investigated in recent years, few studies have been conducted on the interaction

of plant-based proteins with phenolics. Studies on the interactions of proteins obtained

from nuts have so far been limited to walnuts or peanuts to the best of our knowledge.

Fluorescence quenching occurs due to interactions between proteins and ligands that

involve collisional effects, formation of ground-state complexes, non-radical energy

transfer, etc., that decrease protein fluorescence intensity. In addition shifts in λmax may

indicate important molecular events (folding/unfolding and position of fluorophore)

caused by the interactions between phenolics and proteins. Moreover, fluorescence

spectroscopy technique may help to understand how many phenolics molecules can

bind to the protein and the thermal stability of this binding and interaction. After

all, using fluorescence spectroscopy technique to investigate the protein-phenolics

interaction is very useful and novel approach in order to understand the many features

of the interactions effectively in a sample-size and time friendly way. FTIR is one

of the spectroscopic methods that provide information about the secondary structures

of proteins. Moreover, dynamic light scattering (DLS) and ζ -potential are practical

complementary techniques for determining the changes in proteins with the formation

of the protein-phenolic complex by monitoring the alteration in hydrodynamic radius

and charge distribution of the proteins, respectively.

It has been stated that protein-phenolic complexes formed as a result of interaction

suppress the antioxidant effects of phenolic compounds during gastrointestinal

digestion and form indigestible complexes (Ozdal et al., 2013; Rawel and Rohn,

2010). However, phenols interacting with proteins during gastrointestinal digestion

are thought to be protected from oxidation (Jakobek, 2015). Therefore, as the gastric
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chyme waits for a certain time, the appearance of phenolic compounds in the blood

may be delayed as a result of protein-phenolic interaction during digestion, and

phenolics can be separated from the complexes in the gastrointestinal tract without

any change in the total amount of phenolic substances (Zhang et al., 2014).

In fact, there is no literature available to study the interaction between the protein

isolate, prepared with hazelnut meal obtained from cold press oil extraction after

removing its remaining oil (defatting), and phenolic compounds obtained from the

hazelnut skin by using fluorescence spectroscopy technique. In this study, we have

also showed how to combine the effects of the interaction ability of hazelnut protein

and phenolics on their gastrointestinal digestibility for the first time

1.1 Purpose of Thesis

The objectives of this thesis;

1. To valorise hazelnut meal and explore the potential anti-obesity and antioxidant

activities of its protein hydrolysates;

2. To investigate the effect of the hydrolysis strategy (single or sequential hydrolysis)

using Alcalase and Neutrase, as well as the application of microfluidization

pretreatment on these activities and the functional properties of the protein isolates

and hydrolysates;

3. To examine the formation of the protein-polyphenol complex from dephenolised

hazelnut meal protein isolates (dHPI) and hazelnut skin phenolic extracts (HSE);

4. To monitor the bioaccessibility of hazelnut proteins and polyphenols after

protein-polyphenol complexation.
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2. VALORISATION OF HAZELNUT BY-PRODUCTS: CURRENT
APPLICATIONS AND FUTURE POTENTIAL

2.1 Introduction

Hazelnuts are very appreciated worldwide for their pleasant crispness and their unique

and delicate flavour due to the presence of a variety of volatile compounds (Alasalvar

et al., 2006). Hazelnuts and foods containing this nut have been labelled as functional

foods because their consumption is associated with human health benefits owing

to high amounts of nutrients and bioactive compounds such as monounsaturated

and polyunsaturated fatty acids, vitamins, minerals, dietary fibres, phytosterols

(β -sitosterol), squalene, and a variety of polyphenols (Alasalvar and Shahidi, 2008;

Köksal et al., 2006). Regular consumption of hazelnut has been reported to improve

cardiometabolic risk factors and thus prevent cardiovascular disease events by reducing

LDL and total cholesterol levels in the blood (Brown et al., 2022; Perna et al., 2016).

Hazelnut consists of several species and varieties (cultivars). Corylus avellana L. or

the European hazel, are the most common commercially grown hazelnut shrubs and

trees. This species was propagated from a selection of wild populations on the basis of

its large nut size with thinner shells, and the superior quality of the kernels (Erdogan

and Mehlenbacher, 2000). This may explain why most research has focused on this

species. All the data presented in this review are from Corylus avellana L. studies.

In 2020, the annual production of hazelnut (with shell) exceeded one million metric

tons worldwide (1,072,308 MT) with Turkey remaining the main producer with 62%

of the total production (665,000 MT), followed by Italy (13%) and the USA (6%)

(FAOSTAT, 2022b). Fresh consumption represents only a small part of the fate

of hazelnuts (approx. 10%) while most is processed industrially (approx. 90%)

(Baldi, 2010), mainly to produce hazelnut oil, leaving huge quantities of by-products

(Figure 2.1). In-shell hazelnuts are cracked before further processing or consumption

of the kernel (cotyledons/seed), which results in large residual biomass. Indeed, the
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shells (endocarps) represent approximately 50 to 55% of the weight of the whole

mature nut (Fuso et al., 2021) which represents a very large volume considering

the global production. The oil content in hazelnut is approximately 60% (Król and

Gantner, 2020), so the residual hazelnut meal obtained from cold press oil extraction

represents around 40% of the kernel mass. The chemical composition of the meal

should be similar to the whole nut minus the oils’ components. Nevertheless, very less

attention is given to this very valuable resource which could be a potential ingredient

for functional food preparations due to its high content of bioactive molecules and

nutrients, especially proteins (up to 54%) (Aydemir et al., 2014). The brown skin (also

known as testa or perisperm) surrounding the hazelnut kernel represents around 2.5%

of the total kernel weight, which is discarded as a by-product upon roasting (Alasalvar

et al., 2009) and is also found in the meal as the kernels are pressed raw.

Figure 2.1 : Fates of in-shell hazelnut and its by-products obtained after industrial
processing. The numbers are approximate (citations in sections 1 and 2), ND: not

determined.

This article reviews the current scientific knowledge concerning the main and the

most valuable hazelnut by-products, i.e., the meal, skin, and shell, and their actual

utilisation, with a highlight on their chemical composition to inspire new applications

of these valuable resources and exploit their full potential.
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2.2 Chemical Composition of Hazelnut By-products

2.2.1 Proximate composition and nutritional value

2.2.1.1 Proximate composition of the shell

Fibres are the predominant components in hazelnut shells, ranging from 80.9 to 88.2%

wet basis (wt%) (Xu et al., 2012; Yuan et al., 2018) (Table 2.1). Hazelnut shells contain

between 2.1 and 6.7 wt% proteins; 0.2-1.55 wt% fat and 0.8-2.0 wt% ash, of which

27.7% is potassium and 16.9% calcium (Gozaydin and Yuksel, 2017; Lopes et al.,

2012; Xu et al., 2012; Yuan et al., 2018). The moisture content of hazelnut shells is

estimated between 7.24 and 8.93% (Gozaydin and Yuksel, 2017; Yuan et al., 2018).

The fibres in the hazelnut’s shell constitute the structural non-extractive woody

material (lignocellulosic biomass) and are composed of three main polymers: 43%

lignin, 30% cellulose, and 27% hemicelluloses (Demirbaş, 2005). The presence of

smaller amounts of galactan (1.6% db. of shell) and arabinan (0.3%) in hazelnut shells

has been reported as well (Surek and Buyukkileci, 2017).

Unlike cellulose, which is a linear polymer of glucose units with α-1,4-linkages,

hemicellulose is a heteropolysaccharide composed of different hexoses, pentoses,

and glucuronic acid, with more frequent branches. Lignin is not a carbohydrate;

its structure is more complex than hemicellulose. It is a highly irregular

polymer consisting of non-repeating phenylpropanoid subunits (i.e., p-hydroxyphenyl,

guaiacyl, and syringyl units). Cellulose, hemicellulose, and lignin are linked

together by a variety of covalent and non-covalent linkages, making the hydrolysis

of lignocellulose even more difficult (Malherbe and Cloete, 2002). Hazelnut

hemicellulose is mainly composed of heteroxylan, which is made up of a backbone

of xylose units, substituted with arabinose, acetyl groups, uronic acid, and

possibly some phenolic compounds (Fuso et al., 2021; Pérez-Armada et al., 2019).

Xylooligosaccharides (XOS) and arabino-xylooligosaccharides (AXOS), a valuable

source of prebiotics, are two abundant oligosaccharides that can be obtained from the

hydrolysis of the hemicellulosic fraction of hazelnut shell (Fuso et al., 2021; Surek

et al., 2021).
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Increasing attention has been given to the recovery of mono/oligosaccharides and

bioactive compounds from hazelnut shells for utilisation in different products (Hoşgün

and Bozan, 2020; Pérez-Armada et al., 2019). Thermochemical pre-treatment and

enzymatic hydrolysis are required to obtain these products and thus add energy

and material costs that should be considered to determine the feasibility of a given

application (Hoşgün and Bozan, 2020). The complex structure of lignocellulose

and its recalcitrance to physical, chemical, or biological degradation has been the

main challenging aspect impeding its full valorisation from hazelnut shells. Even

though, progress is being made in the recovery of energy-rich molecules and bioactive

molecules from this biomass with new methods and applications(Beisl et al., 2017;

Bjelić et al., 2022; Gu et al., 2021; Shen and Sun, 2021). For example, lignin

has been used as nono and micro encapsulating material for diverse drugs or for

the improvement of mechanical properties of other polymer nanocomposites, as

a UV blocker, a source of bioactive compounds (antimicrobial and antioxidant),

surfactant in Pickering emulsions, and as carbonized nanostructures for energy storage

(supercapacitors) (Beisl et al., 2017).

Table 2.1 : Proximate composition of hazelnut (Corylus avellana L.) by-products
(wt%, db).

Moisture Ash Proteins Lipids Total fibres References
Shell 7.24-8.93 0.8-2.0 2.1-6.7 0.2-1.55* 80.9-88.2 (Gozaydin and Yuksel,

2017; Lopes et al., 2012;
Xu et al., 2012; Yuan
et al., 2018)

Skin 4.31-8.56 1.7-4.5 7.5-9.39 10.98-21.2 54.28-69.78
(insoluble:
46.45-67.1% ;
soluble: 2.68-10.0)

(Bertolino et al., 2015;
Ivanović et al., 2020;
Montella et al., 2013a;
Ozdemir et al., 2014;
Tunçil, 2020)

Meal 4.13-7.77 5.01-7.41 38.68-54.43.1-15.93 30.67-35.5 (carbo-
hydrates)

(Acan et al., 2021; Ata-
lar, 2019; Aydemir et al.,
2014)

*1.55% was calculated from wet basis value (1.44%) by considering moisture content (7.24%) of the
same reference (Yuan et al., 2018).
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2.2.1.2 Proximate composition of the skin

The dried hazelnut skin is a very rich source of dietary fibres. They contain 54.28

to 69.78 wt% of dietary fibres, of which 46.45-67.1% are insoluble and 2.68-10.0%

are soluble (Bertolino et al., 2015; Montella et al., 2013a; Ozdemir et al., 2014;

Tunçil, 2020). Dietary fibres are defined as “the edible parts of plants or analogous

carbohydrates that are resistant to digestion and absorption in the human small intestine

with complete or partial fermentation in the large intestine” (AACCI Report, 2001).

Insoluble fibres act to speed up the transit of food materials through the small

intestine while soluble fibres may reduce transit rates and delay gastric emptying

(Cummings, 2001). Generous dietary fibre consumption has been linked to improved

immune function and lower risks of developing several diseases, i.e., cardiovascular

diseases, diabetes, obesity, hypertension, cancer, and certain gastrointestinal disorders

(Anderson et al., 2009). Lipids are also abundant in hazelnut skin, constituting

10.98 to 21.2 wt% (db), but may be from oil absorption from the kernel during the

roasting process (Bertolino et al., 2015; Ivanović et al., 2020; Montella et al., 2013a;

Ozdemir et al., 2014; Tunçil, 2020). Hazelnut skin contains between 7.5 and 9.39 wt%

proteins, 17.45 and 19.09 wt% net carbohydrates, 1.7 and 4.5 wt% ash, and between

4.31 and 8.56 wt% moisture (Bertolino et al., 2015; Ivanović et al., 2020; Montella

et al., 2013a; Ozdemir et al., 2014; Tunçil, 2020). Hazelnut skin is a rich source of

essential minerals, i.e., magnesium (114 mg/100g), calcium (85.8 mg/100g), sodium

(60.5 mg/100g); phosphorous (52.6 mg/100g), potassium (15.9 mg/100g), iron (4.19

mg/100g), manganese (1.45 mg/100g), zinc (1.1 mg/100g), copper (0.44 mg/100g),

and selenium (23.9 µg/100g), while toxic metals like lead, arsenic and mercury were

not detected in this by-product (Ivanović et al., 2020).

2.2.1.3 Hazelnut skin is a rich source of vitamin E, Oleic, and Linoleic Acids

α-Tocopherol is a potent fat-soluble antioxidant that protects unsaturated fatty acids in

cell membranes and lipoproteins by preventing lipid peroxidation and scavenging free

radicals (Niki and Traber, 2012; Schneider, 2005). Hazelnut skin contains twice the

total tocopherols (α+β +γ) as the kernel without skin (226 to 593 vs 130 to 281 µg/g
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of skin, according to variety) with a predominance of α-tocopherol (168.2 to 443.8

µg/g) (Taş and Gökmen, 2015). Although the biological activity of tocopherols may

have similarities in-vitro, α-tocopherol is the only one retained at high levels in plasma

and tissues due to the selectivity of the hepatic α-tocopherol transfer protein (α-TTP),

while the other isomers are metabolised and excreted at higher rates (Szewczyk et al.,

2021). It is also the only isomer that is recognised to meet human requirements for

vitamin E (Monsen, 2000) Hazelnut skin content in tocopherols reported by others

(Taş and Gökmen, 2015) is comparable to levels in sunflower oil (585 µg/g oil) and is

higher than both refined and extra virgin olive oils (67 and 211 µg/g oil) (Aksoz et al.,

2020).

The oil fraction of hazelnut skin (10.98-21.2 wt% db.) is very rich in monounsaturated

fatty acid (MUFA) oleic acid (C18:1n-9) (75.2%) and the essential ω6 polyunsaturated

fatty acid (PUFA) linoleic acid (C18:2n-6) (16.2%) (Ozdemir et al., 2014). Ivanović

et al. (2020) have reported similar results with up to 74.81% oleic acid and 16.33%

linoleic acid of total fatty acids of hazelnut skin. The authors have also reported the

presence of traces of linolenic acid (C18:3n-3), essential ω3 fatty acid, and eicosenoic

acid (C20:1n-9) (<0.2%). Besides being the most energy-dense of all macronutrients (9

calories per gram, also true for saturated fatty acids), unsaturated fatty acids are known

to be beneficial for health as they are associated with reduced risks of cardiovascular

disease and certain cancers (i.e., colon, breast, and prostate) as well as the promotion

of neuronal development and cognitive function (Lunn and Theobald, 2006).

2.2.1.4 Proximate composition of the meal

Few studies have assessed the composition of hazelnut meal. This component is a very

rich source of proteins, containing between 38.7 and 54.4% protein (Acan et al., 2021;

Atalar, 2019; Aydemir et al., 2014). These levels are similar to the protein content of

soybean meal (45.0-48.8%, 12% moisture weight basis) (Thakur and Hurburgh, 2007).

This could explain the recent interest in finding uses for this by-product, focusing on

using hazelnut meal for generating bioactive peptides via hydrolysis methods (Cağlar

et al., 2021b,a; Göksu et al., 2022b; Li et al., 2021; Wang et al., 2020). Furthermore,

hazelnut proteins have been reported to be of high quality because of their amino acid
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profile. Indeed, all essential amino acids, including branched-chain and limiting amino

acids, are present in hazelnut proteins in appreciable amounts (Table 2.2) (Shahidi and

Miraliakbari, 2006).

Table 2.2 : Amino acid profile of hazelnut proteins (Shahidi and Miraliakbari, 2006).

Amino acid Content (%)
Isoleucinea,b 3.75
Valinea,b 4.37
Phenylalanineb 4.53
Lysineb,c 2.63
Methionineb,c 1.07
Threonineb,c 2.95
Tryptophanb 1.42
Histidineb 2.16
Cystined 1.51
Arginined 14.2
Tyrosined 2.99
Alanined 4.67
Aspartic acidd 10.5
Glutamic acidd 23.3
Glycined 4.65
Prolined 3.36
Serined 4.41
a Branched-chain amino acids,

b Essential amino acids,
c Limiting amino acids,

d Non-essential amino acids

To our best knowledge, there is no data on the dietary fibre content of hazelnut meal,

but it should contain at least the fibres of the skin as hazelnuts are mostly pressed

with their skin. Carbohydrates are the second most abundant nutrient in hazelnut meal,

representing between 30.67 and 35.5% of mass (Atalar, 2019; Aydemir et al., 2014).

The main simple sugars found in the meal are saccharose (3.97%); glucose (0.8%);

fructose (0.57%) and xylose (0.34%) (Acan et al., 2021). Hazelnut meal contains

also appreciable amounts of lipids (3.1-15.93%) and ash (5.01-7.4%), while moisture

content is estimated between 4.13 and 7.77% (Acan et al., 2021; Atalar, 2019; Aydemir

et al., 2014). The fat contained in hazelnut meal remains from oil extraction, thus and

due to lack of data, the qualitative fat profile in hazelnut meal is assumed to be the

same as described in the literature for hazelnut kernels: oleic acid (C18:1ω9) ≈ 80%;
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linoleic acid (C18:2ω6) ≈ 9%; palmitic (C16:0) ≈ 5%; stearic (C18:0) ≈ 3%; vaccenic

(C18:1ω7) acid ≈ 1%; others < 1% (Amaral et al., 2006).

2.2.2 Polyphenols and other bioactive components in hazelnuts by-products

A study that exploited the Phenol-Explorer database (www.phenol-explorer.eu) has

ranked hazelnut as the 21st richest food in polyphenols among 452 common foods

(including fruits, vegetables, seeds, nuts, cereals, oils, and beverages) with an

estimated polyphenol content of 495 mg/100 g (as the sum of the content of

individual polyphenols as determined by chromatography) (Pérez-Jiménez et al.,

2010). Chestnut was the only nut ranked higher than hazelnut (11th, 1215 mg/100

g). The actual chemical composition of hazelnut by-products may vary quantitatively

and qualitatively due to many factors including the nut variety, origin and climate,

the extraction techniques and conditions, the type of solvents used, and the analytical

method employed to identify and quantify the different compounds (Herrera et al.,

2020; Król et al., 2020; Nazzaro et al., 2012; Slatnar et al., 2014). Maceration

before extraction was reported to have a positive effect on the extraction of phenolic

compounds from hazelnut shells regardless of the method performed (Michele et al.,

2021).

2.2.2.1 Bioactive compounds of hazelnut skin

Hazelnut skin is the richest source of phenolic compounds among hazelnut

by-products, having 233 to 706 mg GAE/g extract (Ivanović et al., 2020; Ozdemir

et al., 2014; Taş and Gökmen, 2015). Furthermore, hazelnut skin had a high flavonoid

content, containing up to 664 mg catechin equivalent/g extract (Montella et al.,

2013b). The predominant phenolics present in hazelnut skin are (+)-catechin, gallic

acid, quercetin, kaempferol, (-)-epicatechin, p-hydroxybenzoic acid, procyanidin B2,

and protocatechuic acid (Ivanović et al., 2020; Król et al., 2020; Montella et al.,

2013b) (Figure 2.2). Other identified phenolics in hazelnut skin include ferulic

acid, caffeic acid, p-coumaric acid, rutin (quercetin-3-O-rutinoside), resveratrol,

naringenin, procyanidin B1, procyanidin C2 trimer, prodelphinidin beta-type dimers,

procyanidin beta 1 dimer, Procyanidin beta-type trimers, procyanidin beta-type
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gallate, myricetin-rhamnoside, quercetin-3-O-rhamnoside, phloretin-2-O-Glucoside,

kaempferol-rhamnoside, epigallocatechin, kaempferol-3-O-glucoside, apigenin, gal-

locatechin gallate, 3-coumaric acid (Bertolino et al., 2015; Ivanović et al., 2020;

Król et al., 2020; Spagnuolo et al., 2021). Proanthocyanidins also constitute a

considerable part of hazelnut skin polyphenols (29.0 mg CE/g extractable + 7.7 mg

CE/g bound) (Lainas et al., 2016). Proanthocyanidins are condensed tannins consisting

of oligo- or polymers of flavan-3-ols produced at the end of flavonoid biosynthetic

pathway, which are shown to possess important biological activities, i.e., antioxidant,

antimicrobial, antidiabetic, neuroprotective, and anticancer activities (Rauf et al.,

2019). Nevertheless, their known astringency may dictate the way hazelnut skin can

be used and the amount which can be introduced into a functional food formulation.

Hazelnut skin also contains an appreciable amount of serotonin (up to 4.1 µg/g in

some varieties), a neurotransmitter acting on both the central and peripheral nervous

system which is implicated in the regulation of mood, sleep, anxiety, appetite, and

blood pressure (Taş et al., 2019).

2.2.2.2 Bioactive compounds of hazelnut shell

Even though hazelnut shells have lower total phenolic content than the skin,

their presence in this by-product is still considerable (4.5 to 159.70 mg GAE/g

extract; flavonoid content up to 64.83 mg rutin equivalent/g extract) and are

certainly more diverse (Herrera et al., 2020; Salem et al., 2022; Xu et al.,

2012). The polyphenols present in hazelnut shells include the phenolic acids

(gallic acid, 4-hydroxybenzoic acid, vanillic acid, syringic acid, p-coumaric

acid, guaiacol, ellagic acid, coumaroylquinic acid, protocatechuic acid, caffeic

acid, ferulic acid, 3-hydroxybenzoic acid, sinapic acid, vanillic acid), esters

of phenolic acids (galloylquinic acid, coumaroylquinic acid, pentose esters of

coumaric acid, hexose ester of syringic acid, chlorogenic acid (3-O-caffeoylquinic

acid)), phenolic aldehydes (3,4-dihydroxybenzaldehyde (protocatechuic aldehyde),

vanillin, 3-methoxy-4-hydroxy-cinnamaldehyde), flavonoids ((+)-catechin,

(-)-epicatechin, myricetin, epicatechin gallate, naringenin, taxifolin, quercetin,

prodelphinidin dimer, procyanidin dimers, procyanidin trimer, kaempferol,
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diosmetin, apigenin, luteolin, pinobanksin, gallocatechin), flavonoid glycosides

(Kaempferol rhamnoside, Myricitrin, Phlorizin, Rutin, Isoquercitin), stilbenes

(Pinosylvin); lignans (Todolactol), and other phenols (Dihydroconiferyl

alcohol, 1-guaiacyl-3-OH-1-propanone, 1-guaiacyl -2,3-diOH-1-propanone,

1,3-(bis-guaiacyl)-1,2-propandiol, Coniferyl alcohol, Monomethyl pinosylvin,

4,4’-diOH-3,3’-dimethoxystilbene, glucopyranoside2[-4(OH)phe]) (Michele et al.,

2021; Herrera et al., 2020; Pérez-Armada et al., 2019; Shahidi et al., 2007; Yuan et al.,

2018).

Gallic acid is the most abundant phenolic compound in hazelnut shells

(Ciemniewska-Żytkiewicz et al., 2015; Michele et al., 2021; Shahidi et al., 2007),

while (+)-catechin was reported as the most abundant by others (Yuan et al.,

2018). Epicatechin gallate, chlorogenic acid, rutin, protocatechuic acid, vanillin and

todolactol are the other major phenolics found in hazelnut shells (Michele et al., 2021;

Yuan et al., 2018) (Figure 2.2).

2.2.2.3 Bioactive compounds of hazelnut meal

The presence of polyphenols in hazelnut meal is between 0.53 and 15.96 mg GAE/g

extract, which is appreciable, but considerably less than the skin and shell (Acan et al.,

2021; Simsek et al., 2017; Slatnar et al., 2014). This may explain why the studies

on polyphenols in this by-product are very limited and rather, much focus has been

given to its protein content. Interestingly, it was found that the phenolic contents

in hazelnut meal extracts are considerably higher than those of the unprocessed

flours of the kernels (Bener et al., 2022; Slatnar et al., 2014), including individual

phenolics from the flavan-3-ol group and hydrolysable tannins (Slatnar et al., 2014).

The major phenolics in hazelnut meal are quinic acid, quercetin-3-O-rhamnoside,

(+)-catechin, catechol, glansreginin A, glansreginin B; hexose ester of syringic acid

and procyanidin dimers, trimers, and tetramers. The following phenolics were

also identified at different levels: protocatechuic acid, quercetin-3-O-glucoside,

myricetin-3-O-rhamnoside, 4-hydroxybenzoic acid, B-type dimer gallate, caffeic acid,

(-)-epicatechin, (-)-epicatechin gallate, ferulic acid, gallic acid, p-coumaric acid

hexoside, quercetin, rutin, salicylic acid, sinapic acid, p-coumaric acid, vanillin,
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vanillic acid, and chlorogenic acid (Bener et al., 2022; Simsek et al., 2017; Slatnar

et al., 2014).

Figure 2.2 : Chemical structures of major phenolic compounds found in hazelnut
by-products. The asterisks: *,**,*** refer respectively to major phenolic compounds
of the skin, the shell, and the meal. Data were collected from the Phenol-Explorer
database (http://phenol-explorer.eu/) except for quinic acid, chlorogenic acid, and
rutin, which were from Chemspider (https://www.chemspider.com/), and glansreginin
A and B which were from Greenmolbd (https://www.greenmolbd.gov.bd/). Esterifica-
tion of syringic acid with a random hexose was made using Chemdraw online program
(https://chemdrawdirect.perkinelmer.cloud/js/sample/index.html). All data was openly

accessed on 10.05.2022.
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2.3 Insights Into Current and Valorisation of Hazelnut By-products

The shell, skin and meal are the main valuable by-products of the hazelnut industry.

These by-products are rich sources of diverse bioactive compounds, protein and

dietary fibre with great potential to become a valuable source of functional food and

ingredients. Therefore, studies investigating the valorisation of hazelnut by-products

have increased in recent years (Acan et al., 2021; Anil, 2007; Montella et al., 2013b;

Puliga et al., 2022; Saricaoglu et al., 2018; Uzuner and Cekmecelioglu, 2014). The

majority of the studies on shells are principally focused on recovery of phenolic

compound (Esposito et al., 2017; Masullo et al., 2017; Pérez-Armada et al., 2019;

Yuan et al., 2018), cellulosic compounds (Arslan et al., 2012; Hoşgün et al., 2017;

Hoşgün and Bozan, 2020; López et al., 2020; Puliga et al., 2022; Rivas et al., 2020;

Uzuner et al., 2017, 2018; Uzuner and Cekmecelioglu, 2014) and activated carbon

(Balci et al., 1994; Cimino, 2000; Demirbas, 2002; Demirbas et al., 2009; Demirbaş

et al., 2008; Kobya, 2004; Sencan et al., 2015). Similarly, studies on the application

of hazelnut skin have focused on isolation of phenolic compounds (Bertolino et al.,

2015; Contini et al., 2012; Ivanović et al., 2020; Mocciaro et al., 2019; Papirio, 2020;

Zeppa et al., 2015), dietary fibre (Bertolino et al., 2015; Papirio, 2020; Renna et al.,

2020; Yılmaz and Şebnem Tavman, 2016) and the pigment (Ozdemir et al., 2014).

For hazelnut meal, research has predominantly concentrated on protein hydrolysates

(Moure et al., 2002; Sen and Kahveci, 2020; Simsek, 2021; Tatar et al., 2015) and

bioactive peptides (Cağlar et al., 2021b,a; Göksu et al., 2022b,a; Gülseren and Çakır,

2019).

2.3.1 Valorisation of hazelnut shell

The main by-product of hazelnut production is hazelnut shells. However, disposing of

the shells or using them as a low-value heat source results in a significant waste of a

natural resource rich in phenolic and cellulosic compounds and lignin. Consequently,

utilising hazelnut shells as alternative source of bioactive ingredients in diverse fields

such as food, pharmaceutics and cosmetics has stimulated interest among scientists,

producers, and consumers (Yuan et al., 2018).
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Studies in the literature on the valorisation of hazelnut shells into ingredients

which contains natural polyphenols frequently centre upon the extraction procedure,

characterisation and identification of the phenolic composition (Michele et al., 2021;

Masullo et al., 2017; Pérez-Armada et al., 2019; Yuan et al., 2018). The optimal

method for obtaining phenolics from hazelnut shell by conventional extraction in

methanol or ethanol was 55.7% aqueous ethanol and 108.7 min at 20oC (Stévigny

et al., 2007). Yuan et al. (2018) optimised the ultrasound-assisted extraction process

parameters of phenolic compounds from hazelnut shells using response surface

methodology. The factors of the study were solvent type (methanol, ethanol and

acetone), concentration of solvents (20, 35, 50, 65 and 80%) temperature (30, 40, 50
oC), solid to liquid ratio (10, 20, 30, 40, 50 g/L), and extraction time (10 min, 20 min,

30 min, 1h, 2h, 3h, 4h). The optimal conditions were reported as 61% acetone and

4 hours of extraction time and 10 g/L ratio for the maximum recovery of phenolics.

Regarding extraction speed, ultrasound-assisted extraction is an effective alternative to

conventional extraction techniques for phenolic recovery from hazelnut shells. Since

acetone and methanol, two of the most efficient extraction solvents, are very toxic, they

may not be the most suitable solvent for extraction in the food industry. Thus, more

environmentally friendly solvents should be specified to extract phenolic compounds

from hazelnut shells using ultrasound assistance. Furthermore, several novel extraction

techniques have been developed using less toxic solvents, such as ethanol, water, and

resin. Three methods were used to obtain phenolic extracts from hazelnut shells:

ultrasonic bath, maceration and high-power ultrasonic using ethanol as a solvent.

Study results revealed that maceration positively impacts the extraction of different

phenolic compounds regardless of the method employed (Michele et al., 2021).

Pérez-Armada et al. (2019) also extracted the phenolic compounds from hazelnut

shells by using green processes. Hydrothermal autohydrolysis and polymeric resins

were applied to release and recover the polyphenols respectively. The combination

of autohydrolysis and resin adsorption resulted in a practical approach for recovering

polyphenols with antioxidant activity from hazelnut shells. In other respects, biological

activities of hazelnut shell extract were investigated by Esposito et al. (2017). The

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) bioassay was
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used to assess the antiproliferative activity of hazelnut shell extract and its key

components against human melanoma (primary and metastatic, A375 and SK-Mel

28, respectively) and cervical cancer (HeLa) cell lines. As a result of these studies,

hazelnut shell extracts may be useful as potentially expandable health-promoting

agents in functional foods, nutraceuticals, or dietary supplements. However, more

information is needed about the dose response and biological effects in vivo,

considering hazelnut polyphenols are extensively metabolised after oral consumption.

As described above, the main constituent of hazelnut shell is lignin. Because of

the polymeric structure of their components, hazelnut shells are so complex that

fractionation is necessary to yield valuable products, like all lignocellulosic biomass

wastes. In this regard, the hazelnut shell is an excellent candidate for a biorefinery,

which relies on the selective separation of the main components of the raw materials

and their conversion into new materials, chemicals and energy (Fuso et al., 2021).

Activated carbon has been utilised for many decades for gas purification, gas mixture

separation, exhaust air purification, solvent recovery, heavy metal removal, solution

decolorisation, and water purification (Cuhadar, 2005). Several applications have been

conducted on obtaining activated carbon from hazelnut shell by utilising its high lignin

content and using this activated carbon to absorb heavy metals such as lead (Ahmed

et al., 2019b; Pehlivan et al., 2009; Sencan et al., 2015), chromium (Bayrak et al.,

2006; Cimino, 2000; Kobya, 2004), cadmium (Jamali et al., 2009), zinc (Kazemipour

et al., 2008), nickel (Demirbas, 2002), copper (Demirbaş et al., 2008; Milenković et al.,

2009) and arsenic (Sert et al., 2017) from the environment (especially from aqeous

solutions) but also dyes (Ferrero, 2007) and CO2 (Lewicka, 2017).

Other potential valorisation applications have investigated the possible use of hazelnut

shell to produce fermentable sugar, ethanol or hydrogen. The transformation of

lignocellulosic biomass to ethanol occurs in two stages: the hydrolysis of cellulose

into sugars, followed by fermentation by yeasts or bacteria to transform fermentable

sugars into ethanol. The hydrolysis process utilises either acid or enzymatic hydrolysis

techniques. The high lignin content makes shells extremely resistant to decomposition.

When lignin and hemicellulose co-exist, cellulolytic enzymes cannot access the

cellulose for fermentation of sugar, so hydrolysis efficiency is reduced. There are
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several ways to change the macromolecular structure and increase the surface area and

pore size of lignocellulosic biomass before pre-treatment, which allows enzymes to

attach to the carbohydrate matrix and produce sugars, which can then be fermented

by bacteria or yeast. Physical, chemical, and biological processes are applied as

pre-treatment. While biological pre-treatment procedures can be time consuming,

physical pre-treatment methods have been shown to be energy inefficient. Chemical

pre-treatments, on the other hand, attracted great attention (Chen et al., 2007; Xu et al.,

2010). Although various chemical pre-treatment methods have been identified for

lignocellulosic materials, their effectiveness varies depending on the raw material. As

a result, an optimum pre-treatment must be developed for each raw material (Uzuner

et al., 2017).

According to Arslan et al. (2012), sulfuric acid was used to hydrolyze hazelnut shell

hemicellulose at various temperatures and acid concentrations. A kinetic model was

developed as a function of process variables to predict the concentration of reducing

sugar produced by hydrolysis and 0.4M sulfuric acid concentration was found to be

most suitable according to proposed model. In a previous study of same group, lignin

was removed using alkali pre-treatment (1–3% NaOH) and afterwards hydrolysed

using 0.7 M sulfuric acid at constant conditions of 90°C, 220 min and a solid/liquid

ratio of 1/5 (w/v). The hydrolysate was fermented by Pichia Stipitis to obtain ethanol

(Arslan and Eken-Saraçoğlu, 2010). In their studies, enzymatic hydrolysis was not

performed, and to our knowledge, no other study was recorded on the hydrolysis of

hazelnut shells. Only the hemicellulosic fraction may be effectively dissolved by dilute

acid, whereas alkali pre-treatment dissolves lignin and hemicellulosic sugars. As a

result, a significant amount of residual cellulose remains unutilised, thus enzymatic

hydrolysis becomes crucial. Accordingly, Uzuner and Cekmecelioglu (2014), designed

a study to observe the effect of single and combined enzymatic and chemical hydrolysis

on the formation of fermentable sugars from hazelnut shells. The optimised conditions

were a temperature of 130°C, an acid concentration of 3.42 percent (w/w) and an

optimum reducing sugar content of 16.65 g/L were achieved over a period of 31.7

min, resulting in a saccharification yield of 62.8% and low acetic acid levels. The

total sugar yield of the combined acid and enzymatic hydrolysis was 72.4% of the
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theoretical value. Combining dilute acid with enzymatic hydrolysis has also been

shown to be more effective than acid hydrolysis alone. Uzuner et al. (2017) also

investigated the influence of alkali pre-treatment and enzymatic hydrolysis on the

production of fermentable sugars from hazelnut shells. Different sodium hydroxide

(NaOH) concentrations, solid-liquid ratios, and pre-treatment times were used, and

optimal solid recovery, lignin removal, and reducing sugar production conditions

were predicted using response surface methodology. A response surface model

was developed to predict the optimal reducing sugar production using 3% NaOH,

a solid-to-liquid ratio of 1:13 and a pre-treatment period of 63 minutes at 121°C.

Uyan et al. (2020), on the other hand, used separated hydrolysis and fermentation

method and selected a near-critical water pre-treatment method (liquid hot water)

due to its unique economic and environmental properties to produce bioethanol using

Saccharomyces cerevisia. The maximum ethanol yield was 44.9% at 72 h with 0.5 g

solid loading. Another research group investigated the effect of different pre-treatment

methods on the enzymatic hydrolysis of hazelnut shells. First, they investigated the

effect of saturated steam pre-treatment parameters (from 160 to 200 °C and 0-30

min) on the hemicellulose removal and enzymatic hydrolysis of hazelnut shells.

These conditions gave the maximum 83% removal of hemicellulose at 200°C for

30 min, maximum 46% cellulose digestibility at 180°C for 30 min and produced

177 mg/g substrate of fermentable sugar (Hosgun and Bozan, 2014). Afterward,

for the conversion of hazelnut shell cellulose to fermentable sugars and ethanol,

low-temperature alkali (NaOH) pre-treatment, enzymatic saccharification, and ethanol

fermentation were investigated by same group (Hoşgün et al., 2017). A 6% NaOH

pre-treatment for 72 h and 1/10 solid/liquid ratio led to the maximum glucose recovery

of 48.3 g/100 g cellulose. The removal of lignin and hemicellulose was 41.2 and

37.79%, respectively, for these conditions, and 3.77 g of ethanol was produced from

100 g of untreated hazelnut shells. Next, they compared the effect of three different

thermochemical pre-treatment methods (steam, dilute H2SO4, and dilute NaOH) on

the glucose recovery from hazelnut shells while assessing the energy consumption

and energy efficiency of the process (e.g. the amount of glucose generated per MJ

of energy consumed) for each treatment (Hoşgün and Bozan, 2020). For this study,
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pre-treatments were applied as 1% H2SO4, 2.25% NaOH and steam at different

temperatures (120, 150 and 200 °C) and different pre-treatment times (15, 30, 60

min) following enzymatic hydrolysis with a mixture of cellulase and β -glucosidase.

The highest lignin removal (73.28%) was obtained with 2.25% NaOH pre-treatment at

200 °C for 60 min compared to acid and steam pre-treatment. After pre-treatment of

hazelnut shells with 1% H2SO4 at 200 °C, over 60% cellulose and 100% hemicellulose

were solubilised. The highest cellulose recovery (76.3%) was achieved with steam

pre-treatment at 200°C for 60 min. Glucose recovery was highest (58.7%) in the

biomass pre-treated with 2.25% NaOH at 150 °C for 60 min. The energy efficiencies

of pre-treatments were 1.53, 4.75, and 4.98 g glucose/ MJ for steam, acid and alkali

pre-treatments, respectively. They concluded that alkaline pre-treatment of hazelnut

shells is superior to other methods (acid and steam) in terms of glucose recovery and

energy efficiency.

Most recently, it was investigated the effect of different individual pre-treatment

methods (dilute acid, alkaline and liquid hot water) and the combination of these

methods on the chemical compositions and enzymatic hydrolysis yield (Hoşgün

et al., 2021). Overall, the use of a two-step pre-treatment on hazelnut shells

revealed the improved effect of the second pre-treatment; therefore, the sequence

of pre-treatment methods had a significant effect on both substrate properties and

enzymatic hydrolysis efficiency of biomass. Combination of alkali-liquid hot

water pre-treatments removed 60.7% of lignin, while a liquid hot water-dilute

acid pre-treatment combination removed the most hemicellulose (93.8%), and a

combination of dilute acid-liquid hot water pre-treatment gave the highest cellulose

recovery (94.0%) and the maximum glucose recovery (54.9%). The total energy

requirement of this combination was approximately 1.8 MJ to recover 10.2 g glucose.

According to these findings, the authors concluded that the complete removal of

the physical barrier of lignin and hemicellulose may not be necessary; partial

displacement of lignin and alteration of cellulose structure may also be effective in

increasing the sugar recovery from lignocellulosic biomass. On the other hand, another

comparison study on applying individual or combined pre-treatments was conducted

by López et al. (2020). Raw or autohydrolysed hazelnut shells were fractionated using
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different organosolv (a pulping technique that uses an organic solvent to solubilise

lignin and hemicellulose) processes including alkali, alkali-organosolv, organosolv or

acid-catalysed organosolv processes. A comparative study of the findings revealed that

acid-catalysed organosolv delignification achieved maximum lignin removal (65.3%)

by allowing limited cellulose losses. Other studies have investigated the possible

use of hazelnut shells to obtain prebiotic compounds such as oligosaccharides (Rivas

et al., 2020; Surek et al., 2021). The dissolution of the hemicelluloses is achieved

by a hydrothermal pre-treatment, while the lignin and cellulose remain in the solid

phase almost unchanged, allowing their further processing for a complementary

valorisation of the shells. The study conducted by Rivas et al. (2020) applied an

optimise hydrothermal pre-treatment at 210oC to transform hemicellulose into soluble

substituted oligosaccharides in liquid phase. Membrane filtration was performed to

refine the oligosaccharides, which constituted for up to 90.9 wt% of the non-volatile

solutes in the refined solution. The autohydrolysis step also yielded solids containing

up to 93.13% Klason lignin and glucan, representing recovery yields of these

components of greater than 85% and 90%, respectively. Besides, Surek et al. (2021)

designed a sophisticated study to produce xylooligosaccharides (XOS) with a low

degree of polymerisation (DP 2-6) from hazelnut shells. Aureobasidium pullulans

xylanase was used for the autohydrolysis of hazelnut shells. The maximal XOS (DP

2-6) synthesis was 22.5 g/L with an enzyme concentration of 240 U/g XOS and a

substrate concentration of 72 g/L at pH 5.0 and 40oC.

Due to their high lignin contents, hazelnut shells make an excellent substrate for the

growth of edible and medicinal fungi. In this regard, Ganoderma lucidum, Lentinula

edodes, and Pleurotus cornucopiae were grown on hazelnut shell substrates in order to

evaluate their potential as alternative growth substrates (Puliga et al., 2022). The use

of hazelnut shells as a substrate for mushroom growth is an eco-friendly alternative to

the valorisation of agricultural by-products.

2.3.2 Valorisation of hazelnut skin

Hazelnut skin is a by-product of the roasting process of hazelnut industry, representing

2.5% of total hazelnut kernel weight (Alasalvar et al., 2009). The skins detach from
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kernels during roasting, and then discarded as a waste. Roasted hazelnut skins are

rich sources of polyphenolic compounds, dietary fibres as well as vitamin E, oleic and

linoleic acids. Hence, the valorisation of such a rich biomass is promising. Valorisation

applications of hazelnut skin have primarily focused on the extraction, characterisation

and identification of phenolic compounds and dietary fibres, as in hazelnut shells

(Alasalvar et al., 2009; Fanali et al., 2021; Ivanović et al., 2020; Košt’álová and

Hromádková, 2019; Lelli et al., 2021; Montella et al., 2013a; Odabaş and Koca, 2016;

Tunçil, 2020; Yılmaz and Şebnem Tavman, 2016).

In a feasibility study to obtain phenolic extracts from hazelnut skin, Contini et al.

(2008) applied long maceration extraction technique at room temperature using 80%

(v/v) of aqueous methanol, ethanol or acetone, resulting in about 30% extraction

yield and up to 502 mg gallic acid equivalents/g total phenolic content. Odabaş and

Koca (2016), on the other hand, optimised the recovery of polyphenols from hazelnut

skin using ultrasound-assisted (UAE), microwave-assisted (MAE) and supercritical

carbon dioxide extraction (SCE) methods. They also compared these novel methods

with applying the maceration method. According to their findings, UAE was

reported (with the optimum following conditions; 45 min and 67.2-67.6% ethanol

concentration) to be the best technique for extracting polyphenols from hazelnut

skin, with the highest total phenolic content and antioxidant capacity values. Deep

eutectic solvents (DES) are promising alternative green solvents to conventional

solvents for the extraction of bioactive compounds from biomasses due to their

outstanding physicochemical properties, such as thermal stability, non-volatility,

excellent solubility and conductivity. They are also inexpensive, biodegradable, less

toxic and more synthetically accessible. In this regard, 15 different DES and natural

deep eutectic solvents (NADES) were studied in order to extract phenolic compounds

from hazelnut skin (Fanali et al., 2021). Among the solvents tested, choline chloride

(ChCl) and lactic acid-based NADES was reported as the most promising solvent with

the optimum conditions of a 35% water solution of ChCl and lactic acid (molar ratio

1:2) and 1:25 g/ml solid: solvent ratio at 80oC. When compared to a conventional

organic solvent, the optimized conditions enabled for the recovery of 39% more

phenolic compounds (Fanali et al., 2021).
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In addition to determining the optimum conditions for the extraction of phenolic

compounds, the characterisation of the bound polyphenols (especially proanthocyani-

dins) is also essential in valorising the hazelnut skin. It might provide information

on food processing and health studies on delivering proanthocyanidins in functional

foods, characterising phenolic bioactivity in hazelnuts, and determining polyphenol

metabolism after hazelnut intake (Lainas et al., 2016). Within this context, the effects

of roasting on bound and extractable polyphenols (proanthocyanidins) on hazelnut

skin were investigated by Lainas et al. (2016) resulting 21% recovery of bound

proanthocyanidins (mainly dimers, trimers and tetramers) with the alkaline hydrolysis

application.

Polysaccharides (Košt’álová and Hromádková, 2019), water and alkali-soluble

oligosaccharides (Montella et al., 2013a) and water-insoluble dietary fibres from

hazelnut skin (Tunçil, 2020) were identified and characterised by several researchers.

UAE has been optimised by Yılmaz and Şebnem Tavman (2016) in the extraction of

polysaccharides from hazelnut skin. Sonication times were evaluated, and maximum

ethanol insoluble extracts were obtained in 60 min, while the highest dry matter content

was obtained in 120 min with UAE (Yılmaz and Şebnem Tavman, 2016). Furthermore,

Montella et al. (2013b) evaluated the potential prebiotic activity of bioactive extracts

from hazelnut skin. The functional activity of extracts was demonstrated by utilizing

them as ingredients in a medium used to grow two probiotic strains (Lactobacillus

plantarum P17630 and Lactobacillus crispatus P17631).

Valorisation applications then focused on the fortification of model food products with

hazelnut skin and investigation of their sensory, functional and biological properties

etc. In a study to develop a novel coffee-based functional beverage, the addition

of crude hazelnut skin phenolic extract (HSPE) to increase the antioxidant capacity

of the espresso coffee brew (EC) was investigated by Contini et al. (2012). They

added HSPE before and after brewing the coffee and evaluated theirs in vitro (total

phenolic content and antiradical ability) and in vivo (antioxidant potential of plasma

in rats) antioxidant capacities. It was observed that adding HSPE to EC pre- or

post-brewing increased the antioxidant activity of the brew in vitro and in vivo. In vivo

experiments indicated that HSPE phenolics possessed higher antioxidant activity in
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rats than phenolics naturally present in coffee; also, synergic effects between HSPE and

EC phenolics may have occurred. In another study investigating the acute absorption

and bioavailability of phenolic compounds of a hazelnut skin beverage in healthy

subjects, the acute effect of these compounds on vascular/endothelial function was

evaluated (Mocciaro et al., 2019). Forty-one healthy adults consumed hazelnut skin

drinks prepared using the infusion method. After blood and urine samples were

collected, ten plasma and twenty-four urine metabolites were detected. Although

the determined bioavailability was around 27%, the circulating metabolites had no

significant effect on vascular/endothelial function. Bertolino et al. (2015) evaluated

the effects of hazelnut skin addition on the antioxidant capacity, physicochemical

properties and sensory characteristics of yoghurt. Skins from three different hazelnut

varieties (San Giovanni, Georgia and Tonda Gentile Trilobata) were utilized at two

concentrations (3% and 6%) to enhance the polyphenol and dietary fibre content of the

yoghurt.

The antioxidant capacities of fortified yoghurts increased compared to the control

group (plain yoghurt) during storage; however, no changes in the phenolic compounds

were reported. Moreover, yoghurts enriched with 6% hazelnut skin had the best

functional ability, whereas yoghurts containing 3% San Giovanni and Tonda Gentile

Tribolata hazelnut skin had the highest consumer rating. A similar study was

carried out by Dinkçi et al. (2021) to evaluate the physicochemical, rheological,

microbiological biochemical and sensory properties of functional yoghurt enriched

with hazelnut skin (2%, 3% and 4%). Their findings showed that enrichment

of yoghurt with hazelnut skin significantly improved the total solid and total fat

contents, titratable acidity, the viability of yoghurt bacteria, water holding capacity and

antioxidant activity of yoghurts. In the meantime, the sensory properties of yoghurts

fortified with hazelnut skin were similar to those of control yoghurts, which increases

the consumption potential of yoghurts enriched with hazelnut skin. In another study in

which dairy products were fortified with hazelnut by-products, the effect of hazelnut

skin (1%, 2% and 3%) and flour (1.5%, 3% and 4.5%) addition on the physicochemical

and sensory properties of vanilla ice cream was investigated by Dervisoglu (2006).

Their results revealed that hazelnut flour and skin could be good functional ingredients
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to produce a non-fat ice cream at addition levels of 3% and 1%, respectively. In

addition to dairy products, there are also studies in which bakery products are enriched

with hazelnut skin. Cikrikci et al. (2016) evaluated potential utilisation of hazelnut skin

as a functional ingredient in cake formulation. Firstly, they applied microfluidisation

to ameliorate the functional properties of hazelnut skin. The effects of different

proportions (10%, 15% and 20%) of microfluidised hazelnut skin on the rheological

behaviour of cake batter and texture, colour parameters and storage qualities of cakes

were investigated. Microfluidisation resulted in a highly branched fibrous structure

with higher water binding capacity from hazelnut skin. This structure gave gluten-like

strength and elasticity, increasing springiness and firmness scores. The results of

this study indicated that microfluidised HS could be a potential functional ingredient

candidate in bakery products. Recently, using various vegetables, vegetable juices

and legumes as an ingredient in pasta production has become widespread to improve

pasta’s nutritional value. Zeppa et al. (2015) assessed the future use of hazelnut skins

(4 different origins and 3 different quantities) to enhance the nutritional value of fresh

egg pasta. Concentration of skin affected all assessed physicochemical characteristics

and customer preferences with the pasta, although there were also significant variations

between the four varieties. The results indicated that it is possible to utilise hazelnut

skin in fresh pasta manufacture to produce fortified pasta with high antioxidant activity

and fibre content. An example is the use of hazelnut skin in poultry meat and meat

product aimed to evaluate the antioxidant, qualitative and sensory properties and shelf

life of chicken burgers (Longato et al., 2019). Hazelnut skins could be used as a

functional ingredient in the production of chicken burgers, which improved the cooking

characteristics and antioxidant capabilities. Another study investigated the potential

use of hazelnut skin powder as a natural and functional colourant with a high amount

of dietary fibre and phenolic compounds (Ozdemir et al., 2014). They reported that

high shear homogenisation was used to generate a desirable low micron particle size

for hazelnut skin to integrate into food formulations; however, no significant change

was observed in phenolic content and antioxidant activity.

Besides the use of hazelnut skin as a food ingredient, valorisation potential in other

fields has also been investigated. Esposito et al. (2020) aimed to develop bioactive
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pullulan-based packaging films loaded with phenolic-rich extracts from hazelnut

skin via solvent casting method. Fabricated films showed thermal stability up to

200oC, good UV-light barrier properties and mechanical performance, additionally

antioxidant and antibacterial activities. Another study aimed to separate different

fractions, such as reinforcing filler, antioxidants and plasticizers, through diethyl ether

and ethanolic extraction from hazelnut skin for high-added value poly(lactic acid)

(PLA) and poly(propylene) (PP) (Battegazzore et al., 2014). The dynamic mechanical

thermal analysis findings suggested that the first fraction (obtained after diethyl ether

extraction) was partly plasticised PLA. The second fraction (supernatant phase of

ethanolic extraction) was composed of UV absorbers and thermal stabilisers that

prolonged the induction time of PP oxidation (30%). The third fraction (solid phase

of ethanolic extraction) increased the storage modulus of PLA and PP by 30 and 20%,

respectively.

Considering the studies in which hazelnut skin was used as an ingredient in animal

feed, the effect of dietary hazelnut skin on production and composition of milk was

investigated by Campione et al. (2020). Dietary hazelnut skin had no negative impact

on dry matter intake or milk production. However, it tended to increase fat and slightly

decrease protein percentage in milk, indicating that it could be used to replace dried

beet pulp in a commercial formulation for lactating ewes with minor adverse effects.

Similar study focused on effect of inclusion of hazelnut skin in the diet of dairy ewes on

the chemical and sensory profile of cheese (Caccamo et al., 2019). The sensory profile

of cheeses manufactured with milk from ewes fed with hazelnut skin revealed a minor

production of off-flavours associated with spicy and acid characteristics. Lipolysis

levels in the prolonged ripening phase could enhance sensitivity to polyunsaturated

fatty acid (PUFA) oxidation.

2.3.3 Valorisation of hazelnut meat

The defatted hazelnut meal obtained from oil extraction can be considered as another

valuable by-product due to its nutritional value and high protein content. Depending on

its characteristics, the meal could benefit various applications in the food and beverage

industry. Valorisation studies of defatted hazelnut meal primarily focused on using it
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in animal feeding (Buyukcapar and Kamalak, 2007; Emre et al., 2008; Xu and Hanna,

2011; Yalçin et al., 2005). Subsequently, the functional and rheological properties of

isolated proteins from hazelnut meal were explored, since hazelnut meal protein could

be utilised as a new plant-based protein source in the food industry. In this context,

Tatar et al. (2015) evaluated the functional and rheological aspects of hazelnut meal

(DHC) and flour (DHF) (by-products of hot and cold press oil extraction), and protein

concentrates obtained from meal (DHCP) and flour (DHFP) as well as the influence

of the oil extraction technique on hazelnut protein characteristics. The results showed

that the emulsifying stability and fat absorption capacity of defatted hazelnut meal

(DHC) and defatted hazelnut meal protein (DHCP) were lower than those of defatted

hazelnut flour (DHF) and defatted hazelnut flour protein (DHFP). According to their

results, authors indicated that protein concentrates isolated from both meal and flour

had suitable emulsifying properties and water and oil absorption capacities to use as

a functional ingredient in different food products such as soups, cakes, meat products

and bread.

Non-thermal technologies such as high-pressure homogenisation (HPH) have been

reported to improve the functional properties of sarcoplasmic proteins (Villamonte

et al., 2016). Based on this, Saricaoglu et al. (2018) investigated the effect of HPH

treatment on functional and rheological properties and molecular structure of hazelnut

meal proteins. Their findings revealed that HPH treatment above 75 MPa unfolded

the proteins, resulting in a slight band intensity reduction. Functional properties

of hazelnut meal protein suspensions, such as emulsifying, solubility and foaming,

increased after HPH treatment up to 100 MPa due to increased protein-solvent

interaction. Pressures above 100 MPa, on the other hand, could promote further

unfolding of the protein, resulting in the formation of hydrophobic and -SH residues

and increased protein aggregation and decreased solubility, emulsifying and foaming

capabilities. Hence, HPH treatment up to 100 MPa appeared to be a potential

strategy for improving the functional and rheological characteristics of hazelnut

meal proteins. The same group produced hazelnut milk from defatted hazelnut

meal and applied multi-pass HPH to evaluate the effects of HPH conditions on the

physicochemical properties of hazelnut milk (Gul et al., 2022). They reported that
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homogenisation pressure, hazelnut meal concentration and temperature significantly

affected the physicochemical, rheological and colour properties of hazelnut milk.

Optimised hazelnut milk production conditions were determined as 12.97% hazelnut

meal concentration, 1,140 bar homogenisation pressure and 38.1oC homogenisation

temperature with 72.4% efficiency. In another study using novel technologies, the

effects of osmotic dehydration pre-treatment and ultrasound-assisted extraction on

the functional properties of hazelnut meal protein were investigated by Geow and

Tan (2021). The results demonstrated that osmotic dehydration pre-treatment had no

significant effect on the functional properties of the defatted meal. The parameters of

ultrasound assisted-extraction process, on the other hand, have a considerable impact

on the functional properties of the defatted meal. It was concluded that defatted

meal extracted from higher parameter settings is ideal for foods with high juiciness

and tenderness requirements, whereas defatted meal extracted from lower parameter

settings is appropriate for milk-based drinks.

Bioactive peptides can be formed during the digestion or processing of

protein-containing foods (Vermeirssen et al., 2004). Likewise, they can be produced

in vitro through applying proteases to intact dietary proteins. Enzymatic formation

of bioactive peptides is particularly beneficial since organic solvents and hazardous

chemicals can be avoided. The formed peptides are appropriate for use in various

fields, including food, pharmaceutical and cosmetics (Agyei and Danquah, 2011).

In the light of this information, researches on the bioactivities of peptides obtained

from hazelnut meal protein has drawn attention. Gülseren (2018) conducted an

in-silico study to assess the potential biological functionality of peptides generated

from hazelnut, applying three different gastrointestinal (GI) and three non-GI enzymes.

The predicted functions of the generated hazelnut peptides were Angiotension

I-converting enzyme (ACE)-inhibitory and Dipeptidyl peptidase (DPP)-IV-inhibitory,

while anti-oxidative activity was a considerably less probable third category. A

further study was carried out to evaluate the in vitro inhibition properties of tryptic

hazelnut peptides by the same group (Gülseren and Çakır, 2019). They reported that

at relatively low protein content, ACE-inhibitory was around 40%. They verified

their results by conducting Liquid Chromatography Quadrupole Time-of-Flight Mass
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Spectrometry (LC-Q-TOF/MS) and in silico identification of ACE-inhibitory activities

of peptides. One hundred seventy-nine individual peptides were identified in ACE

inhibitory fractions. Their potential inhibitory ability was assessed in silico on 22

thermolysin-generated peptides, 3 for chymotrypsin and 4 for trypsin. The same group

continued their investigation, focusing on determining in vitro and in silico DPP-IV

inhibitory activities of peptides from hazelnut meal protein (Cağlar et al., 2021a).

According to their findings, hydrophobic interactions might be the main form of

interaction between hazelnut peptides and DPP-IV. Their overall results indicating that

hazelnut meal might be a potential source of ACE-inhibitory and DPP-IV-inhibitory

peptides that can be used in functional food formulations. Similar study was conducted

to determine the potential bioactive activities of protein hydrolysates from hazelnut

meal (Simsek, 2021). Alcalase and Trypsin + Chymotrypsin were used to hydrolyse

the protein isolates. The peptide fractions above and below 5 kDa were examined

in order to inhibit angiotensin I-converting enzyme (ACE), dipeptidyl peptidase-IV

(DPP-IV), and -glucosidase activities in vitro. Peptide fractions > 5 kDa were more

effective in inhibiting ACE, whereas peptide fractions 5 kDa were more effective in

inhibiting DPP- IV and -glucosidase, with no significant difference in treatment with

Alcalase and Trypsin + Chymotrypsin suggesting that hazelnut meal protein can be

a possible source of bioactive peptides and protein hydrolysates might be used as an

alternative ingredient for functional foods.

Recently, valorisation applications of hazelnut meal have also focused on using

hazelnut meal as a functional food ingredient. In this regard, Sen and Kahveci (2020)

isolated protein from industrial hazelnut meal to assess its functional properties and

potential utilisation of obtained protein in a functional drink. The functional beverage

was prepared with two different concentrations of protein isolate (2% and 4%) and

formulated beverages compared with a reference beverage. Study results suggested

that untrained panellists favoured a beverage with 4% hazelnut protein as much as

the reference drink. The potential use of hazelnut beverage obtained from defatted

hazelnut meal for yoghurt production was evaluated in terms of microbiological,

physicochemical, bioactive and rheological properties of the final product (Gul et al.,

2022). Their findings revealed that, hazelnut beverage enriched yoghurt has higher
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viscosity and lower syneresis that plain cow’s milk yoghurt. Hazelnut enriched yoghurt

had reduced acidity values during storage, which is important for extending shelf life.

Sensory analysis results concluded that increasing the hazelnut beverage concentration

reduced the sensory acceptability. However, for optimal yoghurt production in terms

of sensory and physicochemical characteristics, a volume-based 3 (cow’s milk) to 1

(hazelnut beverage) ratio is recommended. In another study, hazelnut meal was added

as a partial replacer of milk-originated powders (whey and skimmed milk powders)

and sugar in compound chocolate production (Bursa et al., 2021). The influence of

hazelnut meal on the various rheological, physicochemical, sensory properties and

bioaccessibility of phenolic compounds in compound chocolates was determined. The

product with the highest bioactive and overall acceptability scores was targeted in the

optimization study. Results suggested that the enrichment of compound chocolate

with hazelnut meal could improve the functional properties of compound chocolate

while reducing product costs. The same group also investigated the using hazelnut

meal as a partial replacer of sugar, whey and milk powder in the chocolate spread

production (Acan et al., 2021). Similar results to the compound chocolate study were

reported. On the other hand, Göksu et al. (2022b) investigated the addition of bioactive

peptide fractions (1%) obtained from hazelnut meal in industrial hazelnut paste and

evaluated the ACE-inhibitory activity after in vitro simulated digestion and effect

of enzymatic proteolysis on allergenic characteristics of hazelnut paste. According

to their results, the IC50 values for ACE inhibitory fractions were around 2-27

µg/ml. After simulated digestion, several fractions showed significant bioactivity.

The presence of intact and further hydrolysed peptides was predicted in the digested

paste, and partial hydrolysis of the peptides might have increased ACE-inhibitory

properties. Furthermore, allergic suppression was observed in some of the samples

due to the allergenic activity test results. In other respects, the rheological, textural

and rheological characteristics of final products need further investigation, while in

vivo and clinical studies remain crucial. Same group conducted a similar study on the

production of industrial cocoa cream with inclusion of hazelnut protein hydrolysates

(1%) to evaluate stability of hydrolysates through processing and simulated digestion

(Göksu et al., 2022a). Their results revealed that hazelnut protein allergenicity was
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reduced by proteolysis up to around 20% in cocoa cream products. Regarding (ACE)

inhibitory and antidiabetic action, partial degradation and mixing of degraded versus

non-degraded peptides maintained and enhanced bioactive characteristics in digested

cocoa cream products. However, antioxidant activity was not improved in most

cases. Consequently, hazelnut meals are a valuable source of bioactive compounds’

production and industrial utilisation, which could maintain their bioactivity beyond

industrial production and gastrointestinal digestion.

Utilisation applications of hazelnut meal were further centred upon forming bioactive

and edible films from hazelnut meal proteins. Aydemir et al. (2014) characterised

the bioactive, functional and edible film-making attributes od hazelnut meal protein

isolates. They applied hot extraction and acetone washing steps to meals before protein

isolation. Both treatments improved the bioactive, gelling and solubility properties of

protein isolates but got limited beneficial impact on the edible film making properties.

On the other hand, the effects of ultrasound (US) treatment on nano-emulsion

film-forming properties of hazelnut meal proteins and clove essential olive (CEO)

were investigated by Gul et al. (2018). According to study results, US treatment

significantly influenced the physical, optical, mechanical, barrier, and microstructural

properties and the film’s antibacterial and antioxidant activities due to altering particle

characteristics of film-forming nano-emulsions. Enrichment with the CEO altered the

mechanical properties of films by increasing the protein-oil contacts rather than the

protein-protein interactions. At the same time, the US application enhanced the tensile

strength and elongation at break due to a more homogenous dispersion of oil droplets

in the protein matrix. The characteristics of hazelnut protein-based films can be further

improved to fulfil criteria for commercial applications in the food industry by adjusting

film-forming parameters such as ultrasound and dosages of plasticizers and emulsifiers.

2.4 Conclusions and Perspectives

Valorising waste products from the hazelnut industry is expected to have a positive

impact on the environment and increase the sustainability of this important food

system. Currently, hazelnut shells, roasted skin, and defatted meal are the most obvious

waste streams to develop into value-added products. Increasing the value of these
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products can create new commercial opportunities for farmers and hazelnut processors.

Currently, most applications have been performed at lab-scale, and a considerable

effort is needed to develop commodity-scale utilisation of these materials. Likewise,

investments to develop the necessary infrastructure, transportation networks, storage,

and commercially-viable applications are needed to fully realise the uses for these

materials.

Finding new uses for hazelnut meal and roasted skin may have the lowest barrier

to implementation, as hazelnut is already valued as an ingredient. Furthermore, the

potential health benefits of nuts and their associated compounds are appealing to

consumers. As skins and meal are used in new applications, careful attention is needed

to maintain the proper allergen labelling. Furthermore, excessive consumption of

phenolics can lead to anti-nutritional effects and toxicity. Overconsumption may not be

a major concern, as the natural astringency of phenolics limit their intake. Importantly,

these co-products are unlikely to bear current FDA-authorized health claims, as these

are based on whole nut products, rather than isolated meal or skins. Further research

is needed to validate the health-promoting mechanisms and amount of intake needed

to improve human health.

Hazelnut skins and defatted meal could be used directly as food ingredients. However,

further processing will increase their value as sources of bioactive peptides and

phenolics. Additional research is needed to describe the specific benefits of these

isolates. This may be a challenge given the bitter and astringent nature of these

co-products. Thus, new technology and demonstration of consumer appeal and sensory

acceptability are necessary to increase the desirability of these product that use these

new ingredients.
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3. COMBINED NEUTRASE-ALCALASE PROTEIN HYDROLYSATES
FROM HAZELNUT MEAL, A POTENTIAL FUNCTIONAL FOOD
INGREDIENT

3.1 Introduction

Hazelnut, widely cultivated in Turkey, constitute one of the most produced and

consumed nuts worldwide (Ozdemir and Akinci, 2004). A big part of hazelnut

production is processed industrially, mainly to produce hazelnut oil, leaving large

quantities of hazelnut meal (Baldi, 2010). Hazelnut meal is very rich in portion of tea

catechin with bovineoteins (38-54%) (Acan et al., 2021; Aydemir et al., 2014) and thus

may be a cheap source of proteins that can be either introduced in food formulations

or used as a base to produce bioactive peptides after enzymatic hydrolysis.

Plant-based proteins often have compact quaternary and tertiary structures, which may

make them resistant to proteolysis (Hu et al., 2011). Microfluidization is a novel

physical modification technique for processing food macromolecules with benefits

such as continuous operation, low-temperature treatment, reduced nutrient component

loss, and quick processing times (Zhang et al., 2021). In addition, microfluidization as

a pretreatment may improve the functional properties of proteins and their enzymatic

hydrolysis, with the protein structure becoming more loosened, exposing core groups

hidden inside the folded structure (Hu et al., 2011; Zhang et al., 2021; Chen et al.,

2016; Liu et al., 2017b).

Obesity and overweight are both major risk factors for several noncommunicable

chronic diseases, including cardiovascular diseases, which are the leading causes of

death worldwide; diabetes; musculoskeletal disorders; and even associated with some

cancers, including liver, prostate, endometrial, breast, ovarian, gallbladder, colon,

and kidney (WHO, 2021). According to the last statistics from the World Health

Organization, 1.9 billion adults worldwide were overweight in 2016, with 650 million

obese (WHO World Health Statistics, 2021). Pancreatic lipase (PL) is the primary
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enzyme responsible for the hydrolysis of dietary fats (50–70%), which facilitates their

absorption (Birari and Bhutani, 2007). This is why inhibiting PL is a good strategy

to limit intestinal absorption of lipids and thus contribute to weight loss or prevent

weight gain. In addition, plant-derived PL inhibitors are known resources that can lead

to the selection of future drug candidates and thus enrich the current limited available

anti-obesity drugs (Rajan et al., 2020; de la Garza et al., 2011). In recent years,

bioactive peptides from edible plants emerged as very promising and safe candidates

as PL inhibitors which may also be introduced in functional food formulations with

anti-obesity potential (Coronado-Cáceres et al., 2020; Wang et al., 2022; Fan et al.,

2018; Esfandi et al., 2022).

This study aimed to valorize hazelnut meal and explore the potential anti-obesity

and antioxidant activities of its protein hydrolysates. In addition, the effect of the

hydrolysis strategy (single or sequential hydrolysis) using Alcalase and Neutrase, as

well as the application of microfluidization pretreatment on these activities and the

functional properties of the protein isolates and hydrolysates, was investigated.

3.2 Materials and Methods

3.2.1 Enzymes and chemicals

Alcalase 2.4 L FG and Neutrase 0.8 L were obtained from Novozymes®(Bagsværd,

Denmark), type II lipase from porcine pancreas (100-650 units/mg protein using olive

oil and 30 min incubation) and bile salts (B8756-100G) sodium dodecyl sulfate (SDS),

DPPH (2,2-Diphenyl-1-picrylhydrazyl), ABTS (2,2’-azino-di-(3-ethylbenzthiazoline

sulfonic acid), were purchased from Sigma–Aldrich. (St.Louis, Missouri, USA). Other

reagents were purchased from Merck, and only analytical-grade reagents were used for

analysis.

3.2.2 Hazelnut meal characterization

Hazelnut meal from Corylus avellana L. species was kindly donated by a local

company in Ordu, Turkey. The meal was obtained as a by-product of cold press

oil extraction followed by hexane defatting. Proximate analysis of the meal was
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characterized according to standard methods (AOAC, 1990). Total carbohydrate

content was calculated by subtracting total protein, lipid, ash, and moisture percentages

from a hundred. Protein, fat, ash, and total calculated carbohydrates of the

hazelnut meal were 35.52±1.72, 3.64±0.33, 7.84±0.09, and 41.65±2.20% (dry

basis), respectively. Moisture represented 11.37±0.02% of the meal.

3.2.3 Protein extraction from hazelnut meal

Crude hazelnut proteins were isolated from hazelnut meal by the conventional alkali

extraction-isoelectric precipitation method as described in the literature with slight

modifications (Saricaoglu et al., 2018; Tatar et al., 2015). The meal was first suspended

in distilled water (1:12, meal:water), and the pH of the slurry was adjusted to 12 with

2 N NaOH. The mixture was then stirred for an hour at room temperature. After

centrifugation at 14480 g for 10 minutes (25oC), the supernatant was collected and the

pellets were subjected to two further extractions. After filtration of the supernatants

(Whatman grade-4 filter paper to remove eventual low-density particles), proteins were

precipitated upon pH adjustment to the isoelectric point (4.5) with 2 N HCl and further

centrifugation for 5 minutes at the same centrifuge force. For easier solubilization

of the dried protein isolates, the precipitate was redissolved in water, and the pH

was adjusted to 7 before lyophilization. The protein content of the hazelnut meal

and protein isolate was estimated using the Kjeldahl method (nitrogen content × 5,18;

AOAC 18: method 950.48). The protein recovery from hazelnut meal was calculated

as the ratio of the proteins extracted from 100 g dry meal to the protein content of the

meal, multiplied by a hundred. Crude proteins isolated were 22.75±1.18% of the dry

meal. Considering a purity of 62.12±0.22% and the actual protein content in the meal

(35.52±1.72%), protein recovery was estimated at 39.87±3.99%. The purity of the

isolates was considered in the calculation of the degree of hydrolysis of the proteins.

3.2.4 Preparation of hazelnut protein hydrolysates

Hazelnut protein isolates (PI) were hydrolyzed by Alcalase and Neutrase separately or

sequentially combined in both orders. Microfluidization pretreatment was applied to

improve the hydrolysis and functionality of the proteins tentatively. PI was solubilized
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in distilled water at a concentration of 3% with pH adjusted to 8. Microfluidized

samples were passed two times through the microfluidizer (LM10, Microfluidics,

Westwood, MA, USA) at 120 MPa (Chen et al., 2016). The enzymatic hydrolysis

conditions were set with respect to the manufacturer’s recommendations. Briefly,

hydrolysis by Neutrase (1%, enzyme/substrate) or Alcalase (0.15%) was performed

at pH 8 (1N NaOH) and a temperature of 50 oC under continuous stirring (200 rpm).

Upon the addition of the enzyme, the pH was maintained at 8 (1 N NaOH) every 15

minutes, and the volume of the added base was recorded each time for 120 min. The

enzymes were inactivated by heating the mixture at 95 oC for 10 min. Combined

enzymatic hydrolysis was performed by hydrolysis at halftime by one enzyme and the

addition of the second enzyme after the inactivation of the first one. After cooling

down, the hydrolysates were centrifuged at 5000 g for 30 min, and the supernatant was

lyophilized and then stored at -80oC until further use (Cağlar et al., 2021a). The degree

of hydrolysis was calculated according to the method proposed by Adler-Nissen et al.

(1986) as given in Equation 3.1.

DH(%) =
B×Nb

α ×MP×htot
×100 (3.1)

where B is the volume of NaOH consumption in L; Nb is the normality of the base; MP

refers to the mass of protein in kg (nitrogen content × 5,18 for hazelnut; 18); htot is the

total number of peptide bonds in the protein substrate (meqv/g protein) (the average

htot = 8 meqv/g for most of the proteins (Nielsen et al., 2001)); α is the average degree

of dissociation of the α-amino groups released during hydrolysis expressed as:

α =
10(pH−pK)

1+10(pH−pK)
(3.2)

where pK is the average pK of the α-NH2 groups liberated during hydrolysis, which

was assumed to be 8 for hazelnut proteins (Thurlkill et al., 2006); the pH at which the

proteolysis was conducted was 8, making α = 0.5 and 1/α = 2.

The following obtained samples were characterized as described in the next sections:

PI: hazelnut protein isolate; MFPI: microfluidized PI; NH: Neutrase hydrolysates of

PI; MFNH: Neutrase hydrolysates of MFPI; AH: Alcalase hydrolysates of PI; MFAH:

Alcalase hydrolysates of MFPI; MFNAH: Hydrolysates obtained with sequential
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hydrolysis by respectively, Neutrase and Alcalase of MFPI; MFANH: Hydrolysates

obtained with sequential hydrolysis by respectively, Alcalase and Neutrase of MFPI.

3.2.5 SDS-PAGE analysis

Mini-protean TGX 4-20% pre-cast gels (Bio-Rad Laboratories, USA) were used to

perform SDS-PAGE in accordance with Laemmli’s (Laemmli, 1970) methodology.

The range of the protein molecular standard for this gel was 5-250 kDa. For the range

of 5-50 kDa, Mini-protean Tris-Tricine 10-20% pre-cast gels (Bio-Rad Laboratories,

USA) were also employed. Briefly, 20 µg of protein were loaded into each well after

the loading dye and SBW samples were mixed 1:1 (v/v). Coomassie Brillant blue

G-250 was used to stain protein bands.

3.2.6 Molecular Weight (MW) distribution

A high-performance size-exclusion chromatograph (HP-SEC) (Dionex HPLC, Dionex

GmbH) outfitted with two serially connected Agilent columns, Agilent Bio SEC-5

(5 m particle size, 100 pore size) and Agilent Bio SEC-5 (5 m particle size and 300

pore size), as well as a UV-detector was used to analyse the hazelnut protein isolates

and hydrolysates. A calibration curve of known molecular weights as a function of

retention time was made using a commercial protein standard mix with a molecular

weight range of 1 to 670 kDa. Three independent injections (n = 3) were used, and the

average area of each peak was calculated and displayed in relation to the overall peak

area.

3.2.7 Amino acid profile

After mixing a known quantity of freeze-dried and powdered samples with 4 ml of 6

N HCl, then flushing with nitrogen gas for 30 s, the process of hydrolysis involved

maintaining tubes at 110 C for 24 hours, and were filtered (using a syringe filter made

of PES, 0.2 m). Samples were diluted before being determined to contain AA using

LC/APCI-MS. A 250 m 4.6 m 3 m C18 Phenomenex column connected to an Agilent

6120 quadrupole operating in SIM positive mode was used to inject a 2 µL sample into

an LC-MS system (Agilent 1100 HPLC, Waldbron, Germany) for mass spectrometry
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(Agilent Technologies, Germany). Agilent Mass Hunter, Qualitative software was

used to quantify the peak area and compare it to an AA standard mix (Ref# NCI0180.

20,088, Thermo Scientific Pierce, Rockford, IL, USA).

3.2.8 Fourier-Transform Infrared spectroscopy (FTIR)

An FTIR tensor II spectrophotometer was used to determine the secondary structure

of the materials (Bruker Optics Inc., Billerica, USA). Lyophilized materials at room

temperature were used to determine the spectra as absorbance at wavelengths between

400–4000 cm−1 in every four scans. After baseline correction, the amide I region

(1600–1700 cm−1) was smoothened by the Savitzky-Golay algorithm. The peak

was deconvoluted using a Gaussian peak-fit model, and the limit of error (R2)

was converged between 0.99-1 by using Origin Pro 2022b software (Origin Lab

Corporation, USA). Relative percentages of the peaks corresponding to β -sheet

(1610-1645 and 1680-1700 cm−1), random coil (1648±2 cm−1), α-helix (1652±2

cm−1), and β -turn (1660-1680 cm−1), were calculated by the area of the deconvoluted

peaks (Hu et al., 2011).

3.2.9 Scanning Electron Microscopy (SEM)

The surface morphologies of lyophilized protein samples were examined by SEM

(Thermofisher ChemiSEM Axia). A thin layer of platinum was sputter coated onto

the samples before being photographed at a 7.5 kV acceleration voltage and a 100 µm

scale with low vacuum mode (Low Vacuum Detector, LVD).

3.2.10 Dynamic light scattering analysis

Average protein particle size, their polydispersity and ζ -potential were measured

by the mean of dynamic light scattering analyser (Nano-ZS, Malvern Instruments,

Worcestershire, UK Samples were dissolved or diluted to a final concentration of 0.1%

in PBS (pH 7.4). The following constants were set: sample refractive index: 1.33 and

sample absorption: 0.1 (Bernat et al., 2015).
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3.2.11 Determination of emulsifying properties

Emulsifying properties were determined according to the method by Pearce and

Kinsella (Pearce and Kinsella, 1978). For each sample, 10 ml olive oil was mixed with

30 ml of protein in PBS solution (3.2 mg/ml). The mixture was homogenized using an

Ultra Turrax homogenizer (T18 digital, IKA, Germany) at a speed of 20,000 rpm for 1

min. An aliquot of the emulsion (50 µl) was pipetted from the bottom of the container

at 0 and 10 min after homogenization and mixed with 5 ml of sodium dodecyl sulphate

(SDS, 0.1%) solution. The absorbance of the diluted solution was measured at 500 nm

using a UV-Vis spectrophotometer (Optima SP-3000 nano spectrophotometer, Tokyo,

Japan). The absorbances measured immediately (A0) and 10 min (A10) after emulsion

formation were used to calculate the emulsifying activity index (EAI) and the emulsion

stability index (ESI), as shown in Equation 3.3 and Equation 3.4, respectively (Zarai

et al., 2016).

EAI
(
m2/g

)
=

(2×2.303×A0 ×N)

(c×φ ×10000)
(3.3)

ESI(min) =
A0 ×10
A0 −A10

×10 (3.4)

where N refers to the dilution factor, c refers to the concentration of the proteins (g/ml),

and φ refers to the volumetric fraction of the oil (0.25).

3.2.12 Assessment of FFA Release Inhibition

Potential anti-obesity activity of hazelnut protein peptides (hydrolysates) was assessed

through their ability to inhibit pancreatic lipase (PL), by measuring the amount of free

fatty acids (FFA) released from triglycerides by this later. The experimental procedure

was performed according to Zhang et al. (2022) with slight modifications. Briefly, a

volume of olive oil was homogenized with three volumes of bile salt (1.0 mg/ml) using

the Ultra Turrax homogenizer (T18 digital, IKA, Germany). The emulsified substrate

(4 ml) was mixed with 1 ml of each peptide solution at different concentrations (4,

8, 16, and 32 mg/ml) or PBS as control (pH 7.4) and homogenized at 15,000 rpm

for 2 min. PL (1 ml, 1,6 mg/ml) (Liu et al., 2019) previously preincubated at 37
oC for 5 min was added to the mixture to undergo the lipolysis for 30 minutes. The
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reaction was terminated by the addition of 15 ml of ethanol (95%) and vortex. The FFA

produced was calculated after titration with 0.05 M NaOH to neutralization (pH 7).

The inhibition of FFA release (%) was estimated using Equation 3.5 and Equation 3.6

(Aguilera-Angel et al., 2018).

FFA(%w/w) =
VNaOH ×CNaOH ×MWLipid

2×WLipid
(3.5)

FFA release inhibition (%) =
FFAcontrol −FFAsample

FFAcontrol
×100 (3.6)

where FFA (%w/w) corresponds to the amount of free fatty acids released after the

digestion process, VNaOH is the volume of NaOH (in L) used to neutralize the FFAs

released after hydrolysis (assuming that all triacylglycerides are hydrolyzed into two

molecules of FFAs and one molecule of monoacylglyceride), CNaOH is the molarity

of NaOH, MWLipid is the average molecular weight of olive oil (885,4 g/mol) which

was deduced from olive oil composition (99% triglycerides with 80% oleic acid, which

refers to glyceryl trioleate) (Boskou et al., 2006), and WLipid is the weight of 1 ml olive

oil (0.917 g), FFAcontrol is the amount of FFA released in the control group, and FFA

sample is the amount of FFA released in the sample group.

3.2.13 In-vitro Antioxidant Activity

Two different methods assessed the total antioxidant capacity; DPPH and ABTS

analyses were performed. The DPPH radical scavenging activity was determined using

a modified version of the method described by Wang et al. (2021b) Each sample was

mixed with 2 ml of 0.1 mM DPPH in a 95% ethanol solution. The mixture was mixed

and left for 30 minutes at room temperature in the dark before its absorbance was

measured at 517 nm. The 50% inhibitory concentration values (IC50) were calculated

using a nonlinear fit to the experimental data and used to evaluate the scavenging

activity. The DPPH radical scavenging rate was calculated using Equation 3.7.

DPPH radical scavenging activity (%) =

(
A1 −As +A0

A1

)
×100 (3.7)

where A0 represents the absorbance of ethanol and the sample solution at 517 nm,

A1 represents the absorbance of ethanol and DPPH at 517 nm, and AS represents the

absorbance of the sample solution and DPPH at 517 nm.
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ABTS radical scavenging activity was determined following the method of Liu et al.

(2016) with slight modifications. First, ABTS and potassium persulfate were combined

after being dissolved in distilled water to final concentrations of 7 and 2.6 mmol/L,

respectively. Allow the mixture to remain dark at room temperature for 12 hours

before using. It was then diluted by combining 1 ml of ABTS solution with 60 ml

of phosphate-buffered saline (PBS) to get an absorbance of around 1.00 at 734 nm

using a spectrophotometer. PBS was used to dissolve all analyzed samples. 5 ml of

fresh ABTS solution was mixed with 500 L of analyzed materials for 2 hours in the

dark. A spectrophotometer was then used to measure the absorbance at 734 nm. As a

blank control, PBS was used.

The ABTS radical scavenging activity was calculated according to the following

formula Equation 3.8.

ABTS scavenging activity (%) =
Ablank −Asample

Ablank
×100 (3.8)

3.2.14 Statistical Analysis

All analyses were performed in triplicate, and the data were presented as mean

± standard deviation (SDSD One-way analysis of variance (ANOVA) followed by

Duncan’s post hoc multiple comparison test using GraphPad Prism 8.0 (San Diego,

California, USA) and the SPSS statistic program (Version 28.0) for IOS (SPSS Inc.

Chicago, IL).

3.3 Results and Discussion

3.3.1 Protein Hydrolysis Efficiency

3.3.1.1 Degree of protein hydrolysis and SDS-PAGE patterns

Combined enzymatic hydrolysis showed sigmoidal curves, while individual enzymes

showed the usual asymptotic curves (Figure 3.1a). The highest degree of hydrolysis

(DH) was achieved by Alcalase-Neutrase combined enzymatic treatment (MFANH)

with a maximum of 15.57±0.0%. When the order of the enzyme treatment was

inverted (MFNAH), the DH dropped to 13.34±0.0%, which was not significantly
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different from Alcalase single enzymatic treatment (AH: 13.34±0.0%; MFAH:

13.06±0.39%). Neutrase showed the lowest DH with values of 6.12±0.0% (NH) and

6.95±0.39% (MFNH). Differences between microfluidized and non-microfluidized

samples were not significant.

The SDS-PAGE profiles confirm the different hydrolysis rates achieved by each sample

(Figure 3.1b and Figure 3.1c). Protein isolates (PI and MFPI) exhibited five distinct

protein patterns, 1: 37-50 kDa; 2: 25-37 kDa; 3: 25 kDa; 4: 20-25 kDa (the most

intense protein); and 5: 15-20 kDa (Figure 3.1b). The intensity of these protein bands

was significantly reduced upon enzymatic hydrolysis, with the most reduction shown

by each combination of Alcalase and Neutrase (MFNAH and MFANH).

Literature reported that microfluidization pretreatment might enhance the hydrolysis

of specific proteins by different enzymes, e.g., soy protein by pancreatin (Chen

et al., 2016) and papain (Lin et al., 2015), and oyster protein by trypsin (Cha et al.,

2018). The non-significant effect of microfluidization on the degree of hydrolysis

of hazelnut protein in our study could be due to an insignificant change in the total

available cleavage sites for Alcalase and Neutrase, despite the observed morphological

and functional changes described in the following sections. The literature lacks

sufficient information on the effect of microfluidization on the hydrolysis of proteins

by these two enzymes. Zhang et al. (2021) studied the effect of microfluidization

on the functional properties of rice dreg protein before hydrolysis by Alcalase and

Neutrase, but the authors did not provide details on the changes in the degree of

hydrolysis. Combined enzyme hydrolysis of proteins may result in a synergistic

effect on both the degree of hydrolysis and the biological activities of the hydrolysates

(Wang et al., 2010; Zheng et al., 2018; Hunsakul et al., 2022; Stressler et al., 2019).

Nevertheless, research on this promising strategy is still very limited and can be further

explored. Alcalase and Neutrase are bacterial endoproteases produced by Bacillus

licheniformis and Bacillus amyloliquefaciens, respectively. The first is a relatively

aggressive but stereoselective serine protease, while the latter is a mild metalloprotease

(Novozymes®catalogs). Wang et al. (2010) found that the sequential hydrolysis of

whey protein with Alcalase and Neutrase was more efficient and effective in inhibiting

ACE activity than single-enzyme hydrolysis or Alcalase-trypsin combination.
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(a)

(b)

(c)

Figure 3.1 : Degree of hydrolysis (A) and changes in SDS-PAGE profiles of
microfluidized and non-microfluidized hazelnut protein isolates and their hydrolysates,
prepared with Alcalase, Neutrase, or the combination of both (B, C). M: Marker, 1:PI,

2: MFPI, 3:NH, 4:MFNH, 5:AH 6:MFAH, 7:MFNAH, 8:MFANH.

45



3.3.2 Molecular Weight (MW) Distribution of Protein Isolates and Hydrolysates

The molecular weight profiles of microfluidized and non-microfluidized hazelnut

protein isolates and their hydrolysates, prepared with Alcalase, Neutrase, or the

combination of both, are displayed in Figure 3.2.

Figure 3.2 : Molecular weight distribution of hazelnut protein isolates and their
hydrolysates, prepared with Alcalase, Neutrase, or the combination of both.

The pattern of the MW distribution of PI was of >2000 kDa (43.8%), 1000-2000

kDa (24.6%), 400-500 kDa (14.0%), 10-50 kDa (13.1%) and 5-10 kDa (4.5%). The

MW distribution increased 52.6% at 1000-2000 kDa, while more (10.6%) peptides

were obtained at 5-10 kDa with the microfluidization pretreatment. On the contrary,

microfluidization pretreatment negatively affected Neutrase hydrolysates. Peptide

fractions obtained by Neutrase hydrolysis were distributed <50 kDa; however, larger

size peptide fractions (50-100 kDa) were obtained by Neutrase hydrolysis with

microfluidization pretreatment. There was no significant effect of microfluidization on

Alcalase hydrolysates. On the other hand, peptide fractions were extensively obtained

at <3 kDa with the combined enzyme treatments (MFNAH and MFANH).

Molecular weight is a crucial factor that reflects protein hydrolysis and corresponds

with the bioactivity of protein hydrolysates (Li et al., 2008). AH and MFAH had high
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percentages of <3 kDa fraction, while lower percentages of this fraction were found in

NH and MFNH. This revealed that this fraction was a significant substrate for Alcalase.

3.3.3 Amino Acid Profile of Hazelnut Protein Isolates and Hydrolysates

The amino acid composition of hazelnut meal protein isolate was analyzed in order to

assess its potential as a functional food component. The results are shown in Table 3.1.

Table 3.1 : Amino acid profile of hazelnut meal protein isolates (mg/g protein).

Amino acids Content Amino acids Content
LYS 11.04±0.7 MET 6.44±0.7
ARG 83.22±3.5 TYR 21.4±0
HIS 17.12±1.4 ILE 51.18±1.7
GLY 28.81±0.7 LEU 51.02±3.4
SER 33.92±0.3 PHE 34.03±1.8
ALA 32.24±0.9 ∑EAA 216.81±11.7
THR 23.42±0.9 ∑BCAA 131.21±6.8
GLU 80.34±0.3 ∑NEAA 298.26±2.3
ASP 151.75±0.7
PRO 25.92±0.5
VAL 29±1.7

The data are presented as the mean± standard deviation of three replicates. LYS:
Lysine, ARG: Arginine, HIS: Histidine, GLY: Glycine, SER: Serine, ALA: Alanine,

THR: Threonine, GLU: Glutamic acid, ASP: Aspartic acid, PRO: Proline, VAL:
Valine, MET: Methionine, TYR: Tyrosine, ILE: Isoleucine, LEU: Leucine, PHE:
Phenylalanine, EAA: Essential amino acids, BCAA: Branced chain amino acids,

NEAA: Non-essential amino acids

Aspartic acid (151.75±0.7 mg/g), arginine (83.22±3.5 mg/g) and glutamic acid

(80.34±0.3 mg/g) were the major amino acids found in PI. The essential amino

acid (EAA) contents of PI that are used as functional food ingredients are crucial,

especially in terms of sports nutrition (Kato et al., 2018), since these amino acids

act as substrates in muscle protein synthesis (Gorissen et al., 2018; Sen and Kahveci,

2020). EAA content of PI was determined as 32.79% of total amino acids, and leucine

and isoleucine were the major EAA. This result was similar to the result of Sen and

Kahveci (2020) and was substantially higher than many different plant-based proteins

such as lupin (21%), oat (21%), wheat (22%), hemp (23%), soy (27%) and brown rice

(28%) (Gorissen et al., 2018). On the other hand, branched-chain amino acids (BCAA)

have also been reported to be potent stimulators of skeletal and liver protein synthesis
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in addition to serving as substrates (Kato et al., 2018). Thus, BCAA content (sum

of leucine, isoleucine and valine) of PI was also determined and found to be 19.27%

of total protein in PI, which was higher than the results of Sen and Kahveci (2020)

and other plant-based proteins mentioned above. Moreover, non-essential amino acid

(NEAA) content was found 67.21% of the total protein in PI.

3.3.4 Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR is a spectrophotometric method that provides information about the structures

of proteins and measures the wavelength and strength of IR radiation’s absorption

(Kong and Yu, 2007). FTIR measures the vibrational transitions of functional groups,

generally between the ground state and the first excited state (4000-500 cm−1).

Covalent bonds in atoms exhibit distinctive vibrations known as stretching (changes

in bond lengths) and bending (changes in bond angles) (Arrondo et al., 1993). To

make assumptions about the presence of a specific functional group of the molecule,

the FTIR spectrum is divided into four distinct regions according to their binding type:

single bond (O-H, C-H, N-H: 2500-4000 cm−1), triple bond (C≡C, C≡N, X=C=Y:

2000-2500 cm−1), double bond (C=O, C=N, C=C: 1500-2000 cm−1), fingerprint

region (500-1500 cm−1) (Mohamed et al., 2017).

FTIR spectra of all protein samples are given in Figure 3.3. Nine distinct IR peaks

of protein concentrate were observed by the various functional groups from lipids,

proteins, and other substances. These are Amide A, Amide B, Amide I, Amide II, and

fingerprint region bands (Amide III-VII). The maximum intensity points of PI or these

bands were indicated in Figure 3.3. Microfluidization and enzyme treatment changes

the conformational properties of proteins. Although there was a change in the intensity

of the peaks after different treatments, no new peak was observed in any sample. The

most prominent peaks were observed between 1200-1800 cm−1 and 2800-3500 cm−1.

Two peaks determined in the fingerprint region of the native protein PI originated

from bending vibrations of aliphatic CH2 at 1462 cm−1 (asymmetric) and at 1396

cm−1 (symmetric) (Dogan et al., 2007). The bands at 1233 cm−1 and 1094 cm−1

are antisymmetric and symmetric double-bond stretching vibrations of the phosphate
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moiety (PO2−), respectively (Arrondo and Goñi, 1998). All the bands in the fingerprint

region are specific to the molecule and are often used to describe the molecules.

Moreover, Kavipriya and Ravitchandirane (2021) stated that the peaks in 2363 cm−1

and 2341 cm−1 in the triple bond region were related to CO2 symmetric axial

deformation, and these peaks in this region were ignored in this study.

The peaks between 1200-1800 cm−1 and between 2800-3500 cm−1 were the most

significant ones. The spectrum of PI had characteristic amide A band at 3290

cm−1 (tensile vibration of intermolecular hydrogen bonding between O-H and N–H

stretching occurring in the hydrogen bonds and intermolecular H bonding), amide B

band at 2926 (asymmetric stretching of aliphatic CH2) and 2854 (symmetric stretch

of aliphatic CH2), amide I band at 1635 cm−1 (C=O stretching vibrations of peptide

linkages), and amide II at 1541 cm−1 (C-N stretching, 40%, and N-H bending, 60%

of amino acids) (Dogan et al., 2007). The changes of the spectra in the range of

2800-3500 cm−1 were indicated in Figure 3.3b. The increase in the intensity of the

amide A band indicates the formation of hydrogen bonds and the decrease in the

hydrogen bonds indicates that the hydrogen bonds are partially broken down (Liu et al.,

2022). MFANH and MFPI had lower peak intensity while the other protein samples

had higher. However, the Amide B band (2800-3000 cm−1) of MFANH and MFPI

was lower than PI and blue shifted to 2924 and 2852 cm−1, which means that the

hydrophobic regions of the protein (aliphatic groups) are destroyed (Liu et al., 2022).

The increase in the intensity of the peaks in this region is related to the fragmentation of

the proteins into smaller pieces as a result of the enzyme application and the exposure

of their hydrophobic regions.

The two major peaks, (Amide I and II) are clearly related to the structure of the peptide

bond (OC-NH). Since the peak intensities in the protein backbone region (800-1800

cm−1) are related to the vibrations of the peptides in the sample, they vary linearly

with the decomposition products of protein. Therefore, the area under these bands was

calculated in Table 3.2 to see the difference in treatments in contrast to the control (PI)

(Andrade et al., 2019). The secondary structure of the proteins was calculated by the

deconvoluted amide I band in Table 3.2.
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(a)

(b)

(c)

Figure 3.3 : FTIR spectra of hazelnut protein isolates and their hydrolysates, prepared
with Alcalase, Neutrase, or the combination of both in the range of 500-4000 cm−1

(A), 2800-3500 cm−1 (B) and 1200-1800 cm−1 (C).
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Table 3.2 : Secondary structure content (%) of protein samples from FTIR data.

PI MPI NH MFNH
Integrated Areas

Amide I (1712-1579 cm−1) 5.28±0.5 2.82±0.9 7.37±0.6 6.32±0.1
Amide II (1579-1477 cm−1) 2.67±0.3 1.56±0.08 4.33±0.2 3.69±0.3
Amide A (3700-3000 cm−1) 16.69±0.2 7.87±0.6 20.31±0.06 18.91±0.5
Amide B (3000-2815 cm−1) 2.26±0.1 1.30±0.5 1.84±0.1 2.09±0.2
Secondary Structure (%)

α-helix 0.86 0 26.21 57.51
β -sheet 55.98 47.46 34.8 22.98
β -turn 20.35 19.76 19.29 15.81

Random Coil 22.81 32.78 19.71 3.69
α-helix+ β -sheet 56.83 47.46 61.01 80.49

AH MFAH MFNAH MFANH
Integrated Areas

Amide I (1712-1579 cm−1) 5.95±0.6 6.49±0.9 5.70±0.7 4.80±0.4
Amide II (1579-1477 cm−1) 3.52±0.08 4.03±0.4 3.60±0.7 3.10±0.03
Amide A (3700-3000 cm−1) 22.72±0.2 17.98±0.7 15.43±0.2 9.29±0.1
Amide B (3000-2815 cm−1) 2.18±0.3 1.97±0.7 1.83±0.1 1.27±0.3
Secondary Structure (%)

α-helix 39.13 65.56 83.08 50.99
β -sheet 25.22 17.45 14.31 34.53
β -turn 27.2 15.63 0.15 0.22

Random Coil 8.45 1.36 2.46 14.26
α-helix+ β -sheet 64.35 83.01 97.39 85.52

The data are presented as the mean± standard deviation of three replicates.

After the microfluidization process (MFPI), a significant decrease in the intensity of

the amide A, I, and II bands and even the disappearance of the peaks were observed. It

was stated that after the microfluidization process, the amide I band density of rice dreg

protein 6 and peanut protein 5 decreased and unfolded in the structures of the proteins,

especially due to the increase in the random coil structure. Microfluidization is an

efficient pretreatment technique that aids in enzymatic hydrolysis. Pressure changes

the protein structure and affects the enzyme’s cleavage sites, changing the rate of

hydrolysis and the properties of the protein 6.

Since the sum of α-helix and β -sheet gives the total intermolecular hydrogen bonds

(degree of compactness) (Liu et al., 2022), they are also indicated in Table 3.2.

The β -sheet structure in all protein samples compared to PI was decreased and

the α-helix structure was increased especially after enzyme treatments, similar to
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the Alcalase hydrolysis of potato protein isolate reported by Akbari et al. (2020).

β -Sheet structures, which preserve hydrophobic amino acids, are in the interior

regions of folded proteins, while α-helix typically resides on the exterior of protein

molecules. As a result of the protein unfolding during hydrolysis, (1) β -sheet structure

disassembles and decreases by the revealing of hidden hydrophobic residues, and (2)

an improvement in the α-helix structure of the protein was observed (Akbari et al.,

2020).

A significant increase was observed in the amide A band (hydrogen bonding was

intense) and amide B (aliphatic groups were exposed) in the enzyme application

alone (AH and NH) while a decrease in the amide A and B was observed with the

microfluidization application beforehand (MFAH and MFNH).

For MFNAH and MFANH, there was less intensity in the Amide A, B, and I and

II bands compared to the enzyme treatments alone (MFNH and MFAH). Since

Neutrase is more selective than Alcalase, the first use of Alcalase may have increased

the number of free amino acids transferred to the water phase and increased the

availability of amino acids for the more selective Neutrase (MFANH). Consequently,

applying microfluidization before enzyme application or using firstly Alcalase and then

Neutrase enzyme caused a decrease in these amide bands.

3.3.5 Scanning Electron Microscopy (SEM)

Microfluidization or enzyme treatment caused a reduction in the particle size

(Figure 3.4) of the proteins. The microstructure of native protein (PI) is in the form

of heterogeneous large clumps with a flake-like and smooth structure. This was

probably due to the removal of water during the lyophilization process (Ghanghas

et al., 2021). The absence of forces necessary to break up the frozen liquid into

droplets or significantly modify their surface topology during the freezing evaporation

process may be the cause of the bigger particles and flake-like shape 58. A significant

change in the surface structure of the protein was observed with the deformation of

the proteins by the microfluidization treatment. Massive, irregular protein clumps

were broken up into smaller sizes, in line with the results obtained by particle size

analysis. Similarly, large clumps of rice dreg protein (Zhang et al., 2021), fenugreek
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(Ghanghas et al., 2021), and peanut protein (Hu et al., 2011) protein were reported to

be fragmented into smaller clumps after the microfluidization as well as a decrease in

particle size. Enzyme treatment alone (Alcalase or Neutrase) supported the formation

of low-sized clumps on the one hand, and large clumps were formed on the other. More

platy, fragile and angular structures were observed in AH than in NH. The enzyme

treatment together with microfluidization supported the formation of small clumps in

the samples. A similar result was obtained by Hu et al. (2011) with the application

of microfluidization and trans-glutaminase enzyme of peanut proteins. Proteins with

a lower molecular structure may come into contact with more water, causing the

structure to become more porous when the water sublimes. This is evident in MFANH,

which has a significantly smaller pore structure.

3.3.6 Particle Size, Size Distribution and ζ -potential

Both microfluidization and enzymatic hydrolysis treatments significantly reduced the

average particle size of hazelnut protein isolate, from 374.3±20.65 (PI) to 182.6±2.26

(MFPI); 241.97±7.75 (NH); and 261.13±0.96 nm (AH). The lowest size was observed

in proteins that have undergone both microfluidization and proteolysis, with no

significant differences between these samples, 159.9±4.23 (MFNH); 145.90±0.85

(MFAH); 151.97±2.07 (MFNAH); and 157.1±0.44 nm (MFANH) (Figure 3.5a).

Likewise, microfluidization reduced the size dispersity of the protein particles, from

a PDI of 0.45±0.02 (PI) to ≈ 0.21 for all microfluidized samples, regardless of

the enzymatic hydrolysis (Figure 3.5b). However, non-microfluidized hydrolysates

showed a slight increase in their PDI, 0.53±0.03 (NH) and 0.55±0.02 (AH). Hazelnut

protein isolates and hydrolysates were negatively charged with ζ -potential comprised

between -12.47±0.59 and -17.7±1.61 mV (Figure 3.5b). Particle size and size

polydispersity reduction is a common consequence of protein microfluidization (Ge

et al., 2021; Wang et al., 2021a). Generally, enzymatic hydrolysis also reduces the size

of protein particles (Wang et al., 2021b; Du et al., 2022).
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Figure 3.4 : Morphologies of microfluidized and non-microfluidized hazelnut protein
isolates and their hydrolysates, prepared with Alcalase, Neutrase, or the combination

of both.

3.3.7 Emulsifying Properties

Emulsifying properties of microfluidized and non-microfluidized hazelnut protein

isolates and their hydrolysates, prepared with Alcalase, Neutrase, or the combination
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(a)

(b)

(c)

Figure 3.5 : Average particle size (a), size distribution (b) and (c) surface charge of
microfluidized and non-microfluidized hazelnut protein isolates and their hydrolysates,
prepared with Alcalase, Neutrase, or the combination of both. Different letters (a-d)

indicate statistically significant differences (P < 0.05).
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of both are expressed as emulsifying activity index (EAI) and emulsion stability index

(ESI) (Figure 3.6). Emulsifying activity index was expressed as the area of oil/water

interface stabilized per unit weight of protein. Emulsion stability index stability was

expressed as the time needed to achieve a turbidity of the emulsion that is one-half

of its original value. Microfluidization treatment allowed a significant increase in

terms of EAI, from 58.76±1.34 (PI) to 71.80±0.9 m2/g (MFPI). Hydrolysates obtained

by Neutrase showed the best emulsifying activity with EAI of 84.32±1.43 (NH) and

88.04±2.22 m2/g (MFNH). On the contrary, Alcalase hydrolysis did not significantly

improve the EAI of the protein isolates, 55.36±1.77 (AH) and 61.24±1.63 m2/g

(MFAH), even though EAI in MFAH was significantly higher than AH. Interestingly,

the combined enzymatic treatment reduced the EAI of the proteins to 40.35±0.94

(MFNAH) and 41.65± 0.65 m2/g (MFANH), which again correlates with the highest

degree of hydrolysis achieved by these samples. Unlike EAI, the best ESI was

achieved by the most hydrolyzed proteins, 46.96±1.58 (MFNAH) and 60.03±1.28

min (MFANH).

Alcalase hydrolysates showed better ESI than Neutrase, which also positively

correlates with their respective degrees of hydrolysis. Microfluidization had an

additional positive impact on the stability of emulsions in hydrolyzed proteins,

23.70±0.81 (MFNH) vs 16.71±0.64 min (NH) and 34.42±0.91 (MFAH) vs

24.02±1.12 min (AH). Protein isolates showed the least ESI with 14.04±0.94 for

PI and 14.00±0.75 min for MFPI, with no significant differences from the control,

10.69±0.21 min.

Similarly to our results, Imura et al. (2015) obtained the best emulsifying properties

with soybean hydrolysates with the lowest degree of hydrolysis and the worst with

the most hydrolyzed proteins, even lower than protein isolates. Increased degree

of hydrolysis of proteins was associated with low emulsifying capacity by many

other researchers (Linarès et al., 2000; Quaglia and Orban, 1990; Leni et al., 2020;

Ahmed et al., 2019a; Avramenko et al., 2013). Inversely, the stability index of

emulsions was reported to be higher in hydrolysates with most degree of hydrolysis

by Baharuddin et al. (2016), which is in agreement with our present data. However,

protein hydrolyzation can also independently increase EAI, decrease ESI, or have

56



Figure 3.6 : Emulsifying properties of microfluidized and non-microfluidized hazelnut
protein isolates and their hydrolysates, prepared with Alcalase, Neutrase, or the
combination of both. Results are expressed as emulsifying activity index (EAI)
and emulsion stability index (ESI). Small letters (a-f) indicate significant differences
between ESI groups (p < 0.05). Capital letters (A-D) indicate significant differences

between EAI groups (p < 0.05).

no significant effect on the emulsifying properties of proteins (Ghribi et al., 2015;

Arteaga et al., 2020; Konieczny et al., 2020; Betancur-Ancona et al., 2009; Barac

et al., 2012). This was reported to be dependent on other factors including the pH,

protein source, processing steps, and the enzyme type being used for the hydrolysis

process (Vogelsang-O’Dwyer et al., 2022). For instance, Tamm et al. (2016) have

found that a higher degree of hydrolysis by Alcalase on pea protein had a negative

effect on their emulsifying properties while trypsin had improved emulsions with the

increase of the degree of hydrolysis of the same protein source. Thus, further studies

sibling directly the effects of structural and surface properties of protein hydrolysates

on their functional properties would be very useful (Vogelsang-O’Dwyer et al., 2022).

Recently, Zhang et al. (2021) had reported a negative effect of microfluidization (120

MPa) on rice dreg protein isolate on EAI and no effect on ESI, which differs from

our findings for hazelnut isolates. This, once again shows that the impact of a single

parameter can drastically differ when the other parameters are different. Nevertheless,
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in this study emulsification conditions were identical between all samples thus, the

differences between the samples may only be ascribed to their respective functional

properties.

3.3.8 Inhibition of FFA Release

Hazelnut protein isolates and hydrolysates showed a dose-dependent inhibition of FFA

release by the action of pancreatic lipase on olive oil triglycerides (Figure 3.7). The

best FFA inhibition was achieved by the most hydrolyzed proteins which were obtained

by combining Alcalase and Neutrase, i.e., MFNAH and MFANH, with respectively

a maximum inhibition of 38.56±0.66 and 36.15±0.62% at the concentration of

32 mg/ml and a minimum of 15.65±1.44 and 12.05±0.21% at the concentration

of 4 mg/ml. There were no significant differences between these two samples.

Among Alcalase hydrolysates, microfluidization had a significant positive effect on

the inhibition of FFA release in comparison with non-microfluidized samples at all test

concentrations (at 32mg/ml: 25.29±1.27% (MFAH) vs 20.47±1.36% (AH)), except

for the lowest concentration which had no significant difference between these two

samples (7.23±0.12 and 6.01±1.6%, respectively). Neutrase hydrolysates had lower

FFA release inhibition with maximums of 8.45±1.85 (MFNH) and 8.42±1.56% (MH),

which correspond to the lowest degrees of hydrolysis. Protein isolates had the lowest

inhibition with 4.82±0.08 (MFPI) and 2.41±0.04% at their highest concentrations.

Plant-based bioactive peptides may inhibit pancreatic lipase through different

mechanisms. They may bind directly to the active site of the enzyme, alter its

conformation, or destroy bile salts/oil emulsions, on which lipase relies for effective

hydrolysis, by altering the lipophilic/hydrophilic balance of bile salts (Zhang et al.,

2022). This last mechanism concords with the low emulsifying activity shown

by MFNAH and MFANH in the present study. Wang et al. (2020) identified

a bioactive peptide (RLLPH) isolated from Corylus heterophylla Fisch with, in

addition to the inhibition of pancreatic lipase, had an adipogenesis inhibition in

3T3-L1 adipocytes by the regulation of adipogenic transcription factors and adenosine

monophosphate-activated protein kinase (AMPK) activation. This makes hazelnut
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Figure 3.7 : Inhibition of FFA (%) of microfluidized and non-microfluidized hazelnut
protein isolates and their hydrolysates, prepared with Alcalase, Neutrase, or the

combination of both.

protein hydrolysates a good candidate as a functional food ingredient with anti-obesity

potential.

3.3.9 In-vitro Antioxidant Activity of Protein Isolates and Hydrolysates

3.3.9.1 DPPH Radical Scavenging Activity

The DPPH radical is frequently used to measure antioxidant activity of numerous

natural bioactive compounds due to its stability and potential to behave as a free

radical scavenger (JAO and KO, 2002). A concentration-dependent analysis was

performed on hazelnut PI and hydrolysates prepared with Neutrase and Alcalase with

or without microfluidization pretreatment and their combinations. Figure 3.8a shows

the DPPH radical scavenging activity of hazelnut PI and its hydrolysates at various

concentrations (0.2-3.2 mg/ml). As shown in Figure 3.8, the effect of combined

enzyme application and microfluidization pretreatment on DPPH radical scavenging

activity becomes increasingly significant as concentration increases (p < 0.05). The

DPPH radical scavenging activities of MFNAH and MFANH at highest concentration
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(3.2 mg/ml) were 74.45±1.94% and 96.63±1.06%, respectively. Microfluidization

pretreatment had no statistically significant difference in DPPH radical scavenging

activity of PI as the concentration increased. In contrast, it negatively affected

hydrolysates prepared using Neutrase and positively on hydrolysates prepared using

Alcalase. (p < 0.05). The DPPH radical scavenging activities of combined

Alcalase-Neutrase hydrolysates with microfluidization pretreatment were higher than

that of combined Neutrase-Alcalase hydrolysates with microfludization pretreatment

at all concentrations (p < 0.05), which indicates the order of the enzyme is critical in

combined enzyme application. These results are in accordance with the findings of

Zhang et al. (2021) on rice dreg protein isolates. For the hazelnut PI and hydrolysates,

the lowest IC50 value (the highest radical scavenging activity) of MFANH was 0.86

mg/ml, followed by 0.91, 0.97, 0.98, 1.18, 1.24, 1.25 and 1.53 mg/ml for the MFAH,

MFNH, NH, MFPI, MFNAH, PI and AH respectively. The differences in DPPH

radical scavenging capacities across hydrolysates may be linked to free amino acid

compositions, molecular distribution, peptide structures and sequencing (Sarmadi and

Ismail, 2010; Li et al., 2015).

3.3.9.2 ABTS Radical Scavenging Activity

The peroxidase substrate ABTS has become a useful substrate for assessing total

antioxidant capacity since it forms a relatively stable radical (ABTS) on one electron

oxidation (Liu et al., 2016; Apak et al., 2007). The ABTS radical scavenging

activity of the hazelnut PI and hydrolysates were measured at 0.25-2 mg/ml to

further confirm the antioxidant activities and the results are shown in Figure 3.8b.

Increasing trends were monitored on ABTS radical scavenging activities of PI

and MHPI in a concentration-dependent manner. No significant difference was

observed in the radical scavenging activities of individual enzyme hydrolysates with

or without microfluidization pretreatment (NH, MFNH, AH, MFAH) after 0.5 mg/ml

concentration. Unlike the DPPH analysis, it was observed that the antioxidant activities

of Alcalase hydrolysates at low concentrations were higher than other hydrolysates

(p < 0.05).
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(a)

(b)

Figure 3.8 : DPPH (A) and ABTS (B) radical scavenging activities of microfluidized
and non-microfluidized hazelnut protein isolates and their hydrolysates, prepared
with Alcalase, Neutrase, or the combination of both. Different letters (a-d) indicate

statistically significant differences (P < 0.05).

On the other hand, again different from the DPPH analysis, no significant difference

was observed between combined enzyme treatments (MFNAH and MFANH) at all

concentrations (p< 0.05). The highest ABTS radical scavenging activities of MFANH

and MFNAH were 99.37±0.13% and 100.73±0.63%, respectively at the concentration
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of 2 mg/ml. The lowest IC50 value (the highest radical scavenging activity) of MFNH

was 0.33 mg/ml among the hazelnut PI and hydrolysates, followed by 0.55, 0.55, 0.75,

0.96, 1.04, 1.37 and 1.67 mg/ml for the MFNAH, MFANH, NH, AH, MFAH, MFPI

and PI respectively.

3.4 Conclusion

In this study, hazelnut meal, a by-product of the hazelnut oil industry was valorized

and used as a source of bioactive peptides with a special focus on their potential

anti-obesity and antioxidant activities. Sequential or individual hydrolysis by Neutrase

and Alcalase was performed to prepare the protein hydrolysates. Microfluidization

was applied to tentatively improve the hydrolysis and the functional properties of

the hydrolysates. Combined Alcalase-Neutrase hydrolysis resulted in the best records

regarding the DH the inhibition of FFA release by pancreatic lipase, and free radical

scavenging activities. The DH correlated positively with the ESI of the hydrolysates

but negatively correlated with their EAI. Microfluidization caused the unfolding of

protein structure which resulted in the enhancement of the EAI of protein isolates

and hydrolysates and the FFA release inhibition for Alcalase hydrolysates. Hazelnut

protein hydrolysates from hazelnut meal may be a good candidate as a functional food

ingredient with potential anti-obesity and antioxidant properties. Protein processing

(pretreatment, degree of hydrolysis, etc.) should be mastered according to the desired

application of the protein hydrolysates.
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4. INTERACTIONS BETWEEN HAZELNUT (CORYLUS AVELLANA L.)
PROTEIN AND PHENOLICS AND IN VITRO GASTROINTESTINAL
DIGESTIBILITY

4.1 Introduction

Hazelnuts are grown in countries with temperate climates around the world. In

2020, Turkey (approximately 63%) met most of the world’s requirements in hazelnut

production, followed by Italy (about 13%) (FAOSTAT, 2022a). After cracking their

hard shells, they are processed as hazelnut oil, hazelnut paste, or direct use as natural or

roasted fine particles. The hazelnut oil and protein contents are approximately 60% and

15%, respectively (USDA, 2022). On the other hand, the protein content of defatted

hazelnut meal after cold press oil extraction was in the range of 35-41% (Saricaoglu

et al., 2018). Thus, the high protein amount of hazelnut meal makes it possible to

evaluate it as a potential plant-based protein source.

Protein-phenolic interactions occur with the proteins found in the plant, during food

processing, or after consumption together with phenolic sources (Rohn, 2014). These

interactions are covalent or non-covalent and are affected by parameters such as

temperature, pH, types and concentrations of proteins or phenolics (Ozdal et al.,

2013). Although it has been a widely investigated subject in recent years, studies

on the interaction of plant-based proteins with phenolics are limited. To the best of

authors’ knowledge, studies on the interaction of proteins obtained from nuts are also

limited to walnuts or peanuts. Therefore, interactions of walnut protein isolate walnut

hull phenolics (Su et al., 2018) and walnut flour phenolics from walnut flour/hull

(Labuckas et al., 2008) were investigated in addition to the investigations on the effect

of walnut phenolics in walnut protein edible coating (Grosso et al., 2020).

Fluorescence spectroscopy and Fourier-transform infrared spectroscopy (FTIR) are

productive techniques for understanding ligand binding with protein molecules.

Changes in the microenvironments of tryptophane (Trp) and tyrosine (Tyr) amino
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acids in proteins can be observed, and tips on how proteins can interact with

phenols by fluorescence spectroscopy. FTIR is one of the spectroscopic methods that

provide information about the secondary structures of proteins. Moreover, dynamic

light scattering (DLS) and ζ -potential are practical complementary techniques for

determining the changes in proteins with the formation of the protein-phenolic

complex by monitoring the alteration in hydrodynamic radius and charge distribution

of the proteins, respectively.

It has been stated that protein-phenolic complexes formed as a result of interaction

suppress the antioxidant effects of phenolic compounds during gastrointestinal

digestion and form indigestible complexes (Ozdal et al., 2013; Rawel and Rohn,

2010). However, phenols interacting with proteins during gastrointestinal digestion

are thought to be protected from oxidation (Jakobek, 2015). Therefore, as the gastric

chyme waits for a certain time, the appearance of phenolic compounds in the blood

may be delayed as a result of protein-phenolic interaction during digestion, and

phenolics can be separated from the complexes in the gastrointestinal tract without

any change in the total amount of phenolic substances (Zhang et al., 2014).

In this study, protein isolate was prepared with hazelnut meal obtained from a

cold press oil extraction after removing its remaining oil (defatting) and phenolics

(dephenolisation). Phenolic compounds were obtained from the hazelnut skin.

Protein-phenolic complexes were examined by fluorescence quenching, FTIR

analyses, and dynamic light scattering (DLS). Moreover, the bioaccessibility of

phenolics after protein-polyphenol complexation was also monitored after in-vitro

gastrointestinal digestion, and thus changes in the degree of hydrolysis of proteins

by pancreatin were also determined.

4.2 Materials and Methods

4.2.1 Materials

Hazelnut (Corylus avellana L.) meal (Tombul variety), obtained after cold press oil

extraction, was kindly donated by Hazelnut Research Institute, Giresun, Turkiye.

The meal was first characterised for fat, protein, moisture, and ash content by
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standard methods (AOAC, 1990). Then, total carbohydrate content was calculated by

subtracting percentages of total fat, protein, ash, and moisture contents from a hundred.

Protein, fat, ash, moisture, and total calculated carbohydrates of the hazelnut meal were

32.08±1.66, 26.72±1.33, 5.31±0.01, 4.08±0.04, and 31.81±0.37%, respectively.

Hazelnut skin was obtained from the roasting process of hazelnut destinated

for direct consumption. α-amylase (A1031, 1500 U/L), pepsin from

porcine gastric mucosa (P7012, ≥ 25000 U/mL), bile extract porcine

(B8631, 160 mM), pancreatin from porcine pancreas (P7545, 8×USP),

Trolox ((±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid), DPPH

(2,2-Diphenyl-1-picrylhydrazyl) and HPLC grade standards (catechin (C), gallic acid

(GA), protocatechuic acid (PCA), gallocatechin gallate (GCG), (-)-epigallocatechin

(EGC), epicatechin (EC), (-)-epigallocatechin gallate (EGCG), phlorizin, quercetin

3-O-rhamnoside (Q3R), quercetin (QUE)) were purchased from Sigma-Aldrich (St.

Louis, Missouri, USA). Other reagents were purchased from Merck (Darmstadt,

Germany). The chemicals used in this study were from a commercial source and were

either from analytical or HPLC grade.

4.2.2 Preparation of hazelnut skin extracts (HSE)

200 ml of 70% aqueous ethanol was added to 30 ± 0.01 g of hazelnut skins, vortexed

for 1 min, and then sonicated in a cooled ultrasonic bath for 15 min. After that,

the treated samples were centrifuged for 10 min at 4000 rpm at 4 oC (Heidolph,

Schwabach, Germany)), and the supernatant was collected. Then 200 ml 70%

aqueous-ethanol was added to the pellet, and this procedure was repeated two more

times. Ethanol was evaporated using a rotary evaporator (IKA RV 10 auto pro V,

Staufen, Germany), and the aqueous extract was freeze-dried (Christ Alpha 1-2 LD

plus, Osterode am Harz, Germany) and kept at -20oC until further analyses.

4.2.3 Preparation of protein isolate from hazelnut meal)

Before protein extraction, hazelnut meal was first defatted and then dephenolyzed.

Meal defatting was performed by stirring the meal in n-hexane overnight with a

solid/solvent ratio of 1:4, followed by decantation and drying under a fuming hood
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(Norazalina et al., 2011). Dephenolisation of the defatted meal was performed using

the same extraction method with hazelnut skin explained in section 2.2. According

to the literature, total proteins were isolated from defatted and dephenolyzed hazelnut

meal by the mean of the alkali extraction-isoelectric precipitation method, with slight

modifications (Saricaoglu et al., 2018; Tatar et al., 2015). A non-dephenolyzed sample

was also extracted. Hazelnut meals were dissolved in distilled water at a solid/water

ratio of 1:12. After pH adjustment to 12 (5 M NaOH), the mixture was stirred for 1

hour at room temperature. After centrifugation at full speed (14 480 g) for 10 min, the

supernatant was collected, and the pellets were subjected to two further extractions

under the same conditions, with a reduction of the volume of water to 2/3 of the

initial. The supernatants were mixed and filtered through Whatman grade-4 filter

paper to remove present low-density particles. Protein precipitation accrued upon

pH adjustment to 4.5 with HCl 5M. The heterogeneous solution was then centrifuged

for 5 minutes at the same speed. The precipitate was dispersed in water, and the pH

was readjusted to 7 before freeze-drying the proteins. This last step has permitted

better solubilization of the lyophilized proteins in the following analysis. The protein

contents of the hazelnut meals and protein isolates were estimated using the Kjeldahl

method (nitrogen content × 5,18; AOAC method 950.48 (AOCS, 1990)). The protein

recovery from hazelnut meal was calculated as the ratio of the proteins extracted

from 100 g dry meal (with consideration of the purity) to the meal’s protein content,

multiplied by 100.

4.2.4 Amino acid profile of the hazelnut protein isolate

A known amount of freeze-dried and powdered samples was mixed with 4 mL of

6 N HCl, followed by 30 s of nitrogen gas flushing; hydrolysis was carried out

by keeping tubes at 110oC for 24 h, after which hydrolyzed samples were filtered

(syringe filter, PES, 0.2 m) and diluted before AA determination using LC/APCI-MS.

A 2 µL sample was injected into an LC-MS system (Agilent 1100 HPLC, Waldbron,

Germany) through a C18 Phenomenex column (250 m 4.6 m 3 m), which was

linked to an Agilent 6120 quadrupole in SIM positive mode (Agilent Technologies,

Germany). The peak area was compared to an AA standard mix (Ref# NCI0180.
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20,088, Thermo ScientificPierce, Rockford, IL, USA) and quantified using Agilent

MassHunter, Qualitative software (Harrysson et al., 2018).

4.2.5 Preparation of protein-phenolic complex solutions

The total phenolic content of the phenolic extract was calculated as mM catechin

equivalent per g with the calibration graph of catechin solutions between 0.10-1 mM.

The mixture of protein and phenolic solutions were prepared according to

Günal-Köroğlu et al. (Günal-Köroğlu et al., 2022). The stock protein solution was

at 10 mg/ml concentration, and dilution series of phenolic extract or catechin between

0-0.5 mM concentrations was prepared.

4.2.5.1 Particle size, size distribution, and ζ -potential determination

Mean particle size, size distribution, and ζ -potential of protein-polyphenol complexes

were measured using a dynamic light scattering analyzer (Nano-ZS, Malvern

Instruments, Worcestershire, UK). Samples were diluted to a final concentration of

0.1% solid matter in 1X PBS (pH 7.4) to avoid multiple scattering effects (Adrar et al.,

2021). In addition, constant values of the samples concerning refractive index and

absorption of 1.33 and 0.1 were considered, respectively (Bernat et al., 2015).

4.2.5.2 Fluorescence quenching

Phosphate buffered saline (10 x PBS) at pH 7, and 25% ethanol solution with PBS

were used to dissolve protein and phenolic compound, respectively. Stock solutions of

dHPI and HSE were freshly prepared and mixed at 1:1 (v/v) shortly before analysis.

The change in fluorescence emission intensity was measured after 2 min of adding

HSE to dHPI. The addition of a constant volume of quencher to the protein solution

avoided complications due to dilution effects within titration-type experiments.

The FS5 Spectrofluorometer (Edinburgh Instruments, Livingston, UK) with a 150

W Xenon lamp and a single photon counting photomultiplier (PMT) detector was

used for all intrinsic fluorescence measurements (Hamamatsu, R928P). The excitation

wavelength range (λex) was 280/295 nm, while the emission wavelength range (em)
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was 290/310 to 420 nm (measured every 2 nm). Other instrument parameters were a

slit width of 2 nm (for excitation and emission) and a photomultiplier (PMT) detector

voltage of 1245 V.

The phenolic extracts did not absorb significant energy at the established emission

wavelength. However, a blank was still prepared for each phenolic concentration,

where the protein solution was replaced by phosphate-buffered saline (PBS). The

respective spectrum of each phenolic extract was then subtracted from the emission

spectrum of the corresponding mixture. Finally, each measurement was repeated in

triplicate, and the mean and standard deviations were calculated.

4.2.5.3 Stern-Volmer equationg

Stern-Volmer Equation at different temperatures (298, 308, 318 K) was used to

determine the fluorescence quenching in Equation 4.1 (Papadopoulou et al., 2005).

F0/F = 1+Ksv[Q] = 1+Kqτ0[Q] (4.1)

where Fo is the fluorescence intensity of dHPI solution, F is the fluorescence intensity

of dHPI- HSE solutions, [Q] is the concentration of phenolic extract in dHPI solution

(mM), τ0 is the lifetime of the fluorophore in the absence of quencher (10−8 s), Ksv

is the Stern-Volmer constant, defining the quenching efficiency (M−1), Kq is equal to

Ksv/τ0 the bimolecular quenching constant (M−1 s−1). The Stern-Volmer quenching

constant Ksv for dHPI-HSE system was obtained by the slope of the regression curves

of (F0/F) against [Q].

The fluorescence quenching includes both static and dynamic quenching, and the

maximum dynamic constant is 2.0×1010 M−1 S−1 in an aqueous solution (Lakowicz,

2006). In the case where Kq is greater than the maximum dynamic constant, static

quenching is dominant. The static quenching constants were also calculated in

Equation 4.2 according to the double-logarithmic Equation (Zhang et al., 2018).

log
[

F0 −F
F

]
= logKA +n log[Q] (4.2)

where KA is the intercept of the plot (binding constant), and n is the slope of the plot

(the number of the binding sides).
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4.2.5.4 Thermodynamic parameters

Van’t Hoff equations were used to calculate the thermodynamic parameters at 298, 308,

and 318 K (Equation 4.3, Equation 4.4, and Equation 4.5) (Jia et al., 2017; Seedher and

Agarwal, 2010).

lnKA =−∆H/RT +∆S/R (4.3)

∆G =−RT lnKA (4.4)

∆G = ∆H −T ∆S (4.5)

where KA represents the binding constant, R represents the universal gas constant

(8.134 J mol−1 K−1 ), and T is the experimental temperature (K). ∆H, ∆S, and ∆G

represent the changes in the enthalpy (kJ mol−1 ), entropy (kJ K−1 mol−1 ), and Gibbs

free energy (kJ mol−1 ), respectively.

The following data (enthalpy change (∆H) and entropy change (∆S)) were used to

assess the results: (a) hydrophobic forces when ∆H > 0 and ∆S > 0, (b) electrostatic

interactions when ∆H < 0 and ∆S > 0, (c) electrostatic and hydrophobic interactions

when ∆H > 0 and ∆S < 0, (d) H-bonding and van der Waals forces when ∆H < 0 and

∆S < 0 (Ross and Subramanian, 1981).

4.2.5.5 Fourier Transform Infrared (FTIR) spectroscopy

The secondary structure of dHPI-HSE complexes was determined using an FTIR tensor

II spectrophotometer (Bruker Optics Inc., Billerica, USA). The materials in powder

form were measured as absorbance at room temperature at wavelengths of 400–4000

cm−1. Signals were captured in every four scans. The second derivative of the amide

I region (1600-1700 cm−1 ) was smoothened by the Savitzky-Golay algorithm and

was deconvoluted using a Gaussian peak-fit model by using OriginPro 2022b software

(Origin Lab Corporation, USA). Relative percentages of the peaks corresponding to

intermolecular β -sheet (161–1645 and 1680-1700 cm−1 ), random coil (1641-1648

cm−1 ), α-helix (1648-1656 cm−1 ), and β -turn (1660-1680 cm−1 ), were calculated

by the area of the deconvoluted peaks (Shi et al., 2017).
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4.2.6 Assessment of hazelnut protein digestibility by pancreatin

According to the literature, hazelnut protein isolates were hydrolyzed by pancreatin

(Berdutina et al., 2000; Karamać et al., 2016; Moreno et al., 2020). As the protein

concentrations should be significant for proteolysis (protein/water ratio of 1:20), the

concentrations of HSE and catechin were made to meet the protein/polyphenols

ratios used in the fluorescence quenching study. Before pancreatin addition

(enzyme/substrate 1:20, w/w) under a continuous stirring (400 rpm), the pH and the

temperature of the protein-phenolic solutions were adjusted to 8 with 0.5 N NaOH

and 40oC. The pH was maintained at 8 (0.5 N NaOH) every 15 minutes, and the

volume of added NaOH was recorded for 2 h. The enzyme was inactivated by heating

the mixture at 95oC for 15 minutes (Daliri et al., 2021). After cooling down, the

solutions were centrifuged at 5000 g for 30 min to remove the insoluble matter. The

supernatant containing the hydrolysates was freeze-dried and then stored at -80oC until

further use (Cağlar et al., 2021a). The degree of hydrolysis was calculated according

to Adler-Nissen (1979) in Equation 4.6:

DH(%) =
B×Nb

α ×MP ×htot
×100 (4.6)

where B is the base consumption in litres; Nb is the normality of the base; MP refers

to the mass of protein in kg (nitrogen content × 5,18; (AOAC, 1990)); htot is the

total number of peptide bonds in the protein substrate (meqv/g protein) (the average

htot = 8 meqv/g for most of the proteins (Nielsen et al., 2001)); α is the average

degree of dissociation of the α-NH2 groups released during hydrolysis expressed in

Equation 4.7:

α =
10(pH−pK)

1+10(pH−pK)
(4.7)

where pK is the average pK of the α-NH2 groups liberated during hydrolysis, it was

assumed to be 8 for hazelnut proteins (Thurlkill et al., 2006); the pH at which the

proteolysis was conducted is 8, making α = 0.5, 1/α = 2.
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4.2.7 Simulated in-vitro gastrointestinal digestion for HSE bioaccessibility

In-vitro gastrointestinal digestion conditions were applied, and the salivary, gastric, or

intestinal fluids were prepared according to Minekus et al. (2014). The flow diagram

of the protocol is given in Table 4.1. Considering the detectability of compounds after

digestion, 0.5 mM catechin and HSE were used for in-vitro gastrointestinal digestion

analysis. Digests from the gastric and intestinal phases were centrifuged (Hettich,

Tuttlingen, Germany) at 14 000 rpm and 4 oC for 5 min, and the supernatants were

kept at 20 oC until further analyses.

4.2.7.1 Spectrophotometric analyses

The total phenolic content was determined using the Folin-Ciocalteu reagent according

to the method modified from Turkmen et al. (2006) using gallic acid as a standard.

TPCs in the samples were calculated via the recovery index values of the samples

as mg gallic acid equivalent (GAE) per gram extract (R1). TPC of the HSE or

catechin solutions (HSE or C) at the initial phase was assumed as reference (R0)

and the recovery index of the phenolic compounds (RI) in the samples was calculated

according to Equation 4.8.

RI(%) =
R1

R0
×100 (4.8)

The total antioxidant capacity was assessed by two different assays,

cupric ion reducing antioxidant capacity (CUPRAC) and DPPH

(2,2-diphenyl-1-picrylhydrazyl) analyses were performed according to Apak

et al. (2004) and Kumaran and karunakaran (2006), respectively. In all assays, Trolox

(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) was used as a standard,

and the results were expressed in terms of mg Trolox equivalent (TE) per 100 g of

sample.

4.2.7.2 HPLC-DAD analysis of phenolic compounds

The polyphenolic profiles of samples were identified using the method of Capanoglu

et al. (2008). Sample extracts were filtered via a 0.45 µm membrane filter and analyzed
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Figure 4.1 : Flow diagram of simulated in vitro gastrointestinal digestion. pH
adjustment was made with 0.1 M HCL or 1 M NaOH for each phase.

using a Waters 2695 HPLC system equipped with a PDA (Waters 2996) detector.

A Supelcosil LC-18 (25 cm × 4.60 mm, 5 m column Sigma-Aldrich, Steinheim,

Germany) was used. The mobile phases were composed of Milli-Q water with 0.1 per

cent (v/v) Trifluoroacetic acid (TFA) (Mobile A) and acetonitrile with 0.1 per cent (v/v)
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TFA (Mobile B). A linear gradient was utilized, with 95% solvent A and 5% solvent

B at 0 minutes, 65% solvent A and 35% solvent B at 45 minutes, 25% solvent A and

75% solvent B at 47 minutes, and returning to original conditions at 54 minutes. The

flow rate was 1 ml/min. Detection was carried out at 280 and 360 nm. Identification

was based on the retention times and distinctive UV spectra. External standards were

used for quantification.

4.2.8 Statistical analysis

All the experiments were replicated three times, and the data were represented as mean

± SD. Data were statistically analyzed for multiple comparisons using SPSS software

(version 28, IBM SPSS inc, Armonk, NY, USA) for analysis of variance (ANOVA).

Duncan’s novel multiple-range test was applied to compare different samples (p <

0.05). For size results, values with four digits were analyzed separately from the two

and three-digit groups (due to their extremely high size, all two/three-digit numbers

would not seem significantly different).

4.3 Results and Discussion

4.3.1 Effect of dephenolisation on protein purity and protein recovery and amino

acid profile

Dephenolisation of hazelnut meal before protein isolation affected both protein

recovery and the purity of the protein isolates. Indeed, dephenolisation treatment

permitted the achievement of a much higher purity of the isolates (98.38±1.04 %)

than the non-dephenolised sample (78.73±1.33 %). However, the protein recovery

was significantly lower in the dephenolised sample than the non-dephenolised one

(45.57±4.48 vs 76.65±6.13 %), which is assumed due to protein loss during

dephenolisation treatment (there was a significant decrease in protein content after

dephenolisation) (Table 4.1). The amino acid profile of hazelnut meal protein isolate

is shown in Table 4.2.
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Table 4.1 : Protein content and protein recovery from defatted hazelnut meal (dry
basis).

Defatted meal Dephenolised meal
Protein content (%) 46.87 ± 1.04 28.06 ± 0.59
Crude proteins isolated (%) 39.52 ± 1.08 12.98 ± 1.00
Purity of isolates (%) 78.73 ± 1.33 98.38 ± 1.04
Recovery (%, pure basis) 76.65 ± 6.13 45.57 ± 4.48

Table 4.2 : Amino acid profile of hazelnut meal protein isolate (mg/g protein).

GLYCINE 38.86±0.81 ASPARGINE 88.22±0.67
ALANINE 35.81±1.09 LYSINE 18.89±0.48
SERINE 41.83±0.4 GLUTAMINE 184.81±3.42
PROLINE 28.36±0.99 METHIONINE 4.68±5.32
VALIN 27.54±1.4 HISTIDINE 17.31±3.2
THREONINE 25.31±0.32 PHENYLALANINE 38.79±1.65
CYSTEINE nd ARGININE 94.33±11.46
ISOLEUCINE 53.88±2.17 TYROSINE 19.92±0.08
LEUCINE 54.56±3.04

4.3.2 Average particle size, size distribution, and ζ -charge

The average particle size, polydispersity index (PDI), and ζ -potential of the protein

isolates with or without the complexation/presence with/of polyphenols are shown

in Figure 4.2. The dephenolisation of the protein isolates reduced their average

size from 164.23±2.85 nm (HPI) to 73.86±5.56 nm (dHPI). The addition of HSE

to dHPI at 0.05 mM resulted in particles of similar size to HPI (190.37±2.89 nm,

P-value= 0.8911). Interestingly, the size increased tremendously with the increase of

HSE concentrations (1840.67±102.3; 2908.33±45.61 and 7807.33±570.62 nm for

dHPI+HSE: 0.125;0.25; and 0.5 mM, respectively). dHPI+C resulted in complexes

with a size similar to HPI at all tested concentrations (p < 0.05). HPI showed

a PDI of 0.40±0.01 which increased upon dephenolisation (dHPI) 0.64±0.06) and

then decreased to the initial PDI after the addition of catechin (dHPI+C) at all

concentrations (p < 0.05) (Figure 4.2a). The lowest PDI was reached by dHPI+HSE

at the concentration of 0.25 and 0.5 mM of HSE, respectively: 0.18±0.04 and

0.21±0.00).
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All samples showed net negative surface charges at pH 7.4, as indicated by their

ζ -potentials, with no significant differences (avg.≈ -9.84 mV) except for dHPI+HSE

(0.5) which showed higher absolute charge than the other samples (-12.56±1.23 mV)

(Figure 4.2b).

(a) (b)

Figure 4.2 : DLS results of hazelnut protein isolates (HPI), dephenolized HPI (dHPI),
and dHPI-HSE/Catechin complexes at different concentrations of polyphenols (mM).

A: Average size and polydispersity index (PDI). B: ζ -potential.

With the increase in HSE concentration, polyphenols may function as bridging agents

between protein molecules, leading to the creation of greater protein-polyphenol

complexes (Su et al., 2018; He et al., 2009). However, catechin did not increase the size

of HPI with the same significance as HSE even though it was the main component later.

This could be ascribed to the presence of other polyphenols with larger molecular sizes

than catechin in the extract (e.g. GCG, EGC, EGCG, phlorizin, Q3R, QUE shown in

Table 4.6). Indeed, it has been reported that only phenolic compounds with sufficient

size are able to interact with more than one site on the proteins, which may form

cross-links between distant proteins, in what is called the “multidentate” mechanism

of polyphenol-protein interaction leading to the aggregation of the proteins (Bin Bao,

2018). In contrast, catechin, a relatively small molecule, would form a layer around the

proteins without being able to link between them in the “monodentate” mechanism.

Similarly, Dai et al. (2022) reported that the saturating level of SPI and catechin

binding occurred when the catechin concentration rose over a specific point. Since
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there was more catechin than SPI’s binding sites could accommodate, the complex’s

particle size was no longer raised.

The precipitation of these samples evidenced the aggregation of HPI+HSE samples

after storage (supplementary data 1). It is quite predictable for proteins to have a

negative net charge in a solution with pH (7.4) above their isoelectric point (pI =

4.5) (Ghribi et al., 2015). The slight increase in the surface charge of dHPI+HSE

at the highest concentration of skin extracts could be conferred by these later due

to the eventual saturation of protein particles with polyphenols (Ghribi et al., 2015).

Proteins and peptides need to have relatively high absolute ζ -potential in order to avoid

their natural tendency to aggregate in the aqueous environment (Mohan et al., 2015).

This, together with the DLS results of the dHPI alone, strengthens the assumption

that dHPI+HSE aggregated because of the presence of polyphenols, not due to the

pH of the medium or an eventual low net charge of the proteins. Bulkier phenolics

in the extract have more bonding points (-OH groups) and are more flexible forms

(gallolated), resulting in more intense interactions (Jakobek, 2015). Bulkier phenolics

in the extract have more bonding points (-OH groups) and are more flexible forms

(gallolated), resulting in more intense interactions (Jakobek, 2015), which may cause

some charged groups (amino acids) buried inside the protein, and these groups couldn’t

contribute surface charge anymore.

4.3.3 Fluorescence quenching

Changes in the intrinsic fluorescence intensities (FI) of dHPI in the presence of an

increasing concentration of HSE are shown in Table 4.3.

A broad and slightly shouldered peak was observed in the hazelnut protein itself,

independent of phenol. This type of fluorescence intensity peak means the presence of

a high amount of tyrosine (Tyr) amino acid in addition to the tryptophan (Trp). When

the amino acid composition of the HPI was controlled, the concentration of Tyr and

Trp were calculated as around 19.9 mg/g-protein and 25.3 mg/g-protein, respectively.

The fluorescence emission of the proteins is dominated by Trp, which absorbs at the

longest wavelength. In the presence of Trp, although there are phenylalanine (Phen)
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Figure 4.3 : Fluorescence emission spectra (at λex 280 nm) of dHPI HSE.complex
at 298 (a), 308 (b), and 318 K (c) in phosphate buffer solution at pH 7 with an
increase in HSE concentration (0-0.5 mM). Each curve represents a triplicate assay

after correction for phenol extract fluorescence.

and Tyr amino acids in the protein, the energy they absorb is mainly transferred to

Trp. Protein fluorescence is generally excited at 280 nm, but Phen displays a structured

emission with a maximum near 282 nm. Therefore, Phen, having a very small quantum

yield, was not excited as in this present study. The emission maximum of Tyr and Trp

in water occurs at 303 nm and 350 nm, respectively. Thus, in Figure 4.3, the observed

emission peaks were due to the absorption of both Tyr and Trp at 280 nm. On the other

hand, resonance energy transfers repeatedly occur from Tyr to Trp, so only a minor

contribution of Try to the emission of most proteins can be observed.

In order to display the emission of Trp alone, the fluorescence intensity of the same

samples was also excited at 295 nm, where the absorption is primarily due to Trp, and

no excitation of Tyr exists. In Figure 4.4, the fluorescence intensity of dHPI obtained

at λex = 295 nm was much lower than 280 because only the Trp residues were excited

at this wavelength with a lower quantum yield. This decreased fluorescence intensity

at 295 nm was another indicator of the presence of Tyr in terms of the contribution of

Tyr to the higher fluorescence intensity at 280 nm.

There was a continuous decrease in the fluorescence intensity of HPI when the phenol

concentration increased from zero to 0.5 mM at all temperature conditions. This means

that a fluorescence quenching of hazelnut proteins is induced by phenolic extracts.

Fluorescence quenching is the decrease of the quantum yield of fluorescence from a

fluorophore induced by a variety of molecular interactions with quencher molecules

(Papadopoulou et al., 2005). For quenching, molecular contact is required between
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Figure 4.4 : Fluorescence intensity results of dHPI at the excitation wavelength of
295 nm with an increase in HSE concentration (0-0.5 mM) in PBS at pH 7 and room

temperature.

the fluorophore and the quencher. Due to molecular interaction or the change in

the solvent composition, the excitation and emission behaviour of fluorophore can

be changed. For instance, Tyr is relatively insensitive to solvent polarity, while Trp

is highly dependent upon polarity and/or the local environment (Lakowicz, 2006).

The reason is the uniquely complex fluorophore of Trp with two nearby isoenergetic

transitions; however, emission from tyrosine appears to occur from a single electronic

state.

The quenching ability of HSE (0-0.5 mM) on the fluorescence emission of native

hazelnut protein was investigated at different temperatures (298, 308, 318 K)

(Table 4.3). The intensity of the fluorescence dropped considerably as the HSE

concentration was increased at all temperatures.

When the effect of temperature on the changes in fluorescence intensity was compared

in the presence of phenol extracts, no significant change was observed between 298

and 308 K (Figure 4.3). However, the further increase in temperature to 318 K resulted

in a rapid decrease in protein fluorescence intensity indicating the hazelnut protein is

thermally unstable at this temperature.

Although the phenol induced a decrease in fluorescence intensity, λmax for HPI was

measured at 340 nm, which is the expected λmax for the indole group of Trp alone

(Figure 4.4). Moreover, linear Stern-Volmer curves were observed at all temperature

78



conditions (Figure 4.5a). This usually has a meaning that all the main fluorescing

residues of the protein are equally accessible to the solvent. If two fluorophore

populations are present, and one class is not accessible to the quencher, then the

Stern-Volmer plots deviate from linearity toward the x-axis.

The fraction of accessible fluorescence was also calculated from the Equation (9):

F0

∆F
=

F0

F0 −F
=

1
faKa

1
[Q]

+
1
fa

(4.9)

F0/∆F was found linear to 1/[Q] so that the slope gave the 1/(fa Ka), and from the

intercept to ordinate, 1/fa was found. Then the effective quenching constant for the

accessible fluorophore (Ka) was calculated as the ratio of 1/fa to 1/(fa Ka). The linear

lines intersect the y-axis at a value of around 1, meaning that all the fluorescence is

due to quenchable Trp. This data, therefore, conforms to the assumptions from the

Stern-Volmer curves that all the main fluorescing tryptophan residues are quenchable

and no others buried within the protein or unavailable to the quencher are expected.

4.3.3.1 Stern-Volmer plot

Stern-Volmer plots were obtained in Figure 4.5a by plotting the F and F0 values versus

the phenolic extract concentration [Q] at different temperatures. The linearity of the

Stern-Volmer plot indicates that there is only one quenching mechanism, which can be

static or dynamic. The maximum dynamic bimolecular quenching constant (Kq) is 2

x 1010 M-1 s-1, and the major quenching process is static if the Kq values are higher

than this value (Cao and Xiong, 2017; Chen et al., 2019). Kq values of dHPI+HSE

complexes were calculated as 34.716, 26.548, and 27.001 at 298, 308, and 318 K,

respectively, which indicated the major quenching mechanism was static.

A non-fluorescent ground-state complex is formed between the fluorophore and

quencher via static quenching (Lakowicz, 2006). The Stern-Volmer constant (Ksv)

was lower at higher temperatures. The decrease in Ksv values as the temperature

increases is observed in the case of the static quenching mechanism (Zhang et al.,

2018; Al-Shabib et al., 2020) due to its negative effect on the stability of complex

formation (Jia et al., 2017; Liu et al., 2017a; Wu et al., 2011).
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(a)

(b)

(c)

Figure 4.5 : Stern-Volmer plots (a). the double logarithm regression curves (b). and
Van’t Hoff plots (c) for dHPI-HSE mixtures at different temperatures (blue: 298 K; red:
308 K; black: 318 K) to calculate the number of binding sites (n). binding constant

(KA). and thermodynamic parameters.
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Relatively high values were obtained from the Ksv values determined for

β -lactoglobulin/α-casein/β -casein catechin/derivatives complexes in the literature

(Hasni et al., 2011; Kanakis et al., 2011). A fluorophore buried in a macromolecule

is usually inaccessible to water-soluble quenchers, so the value of K is low. Larger

values of K are found if the fluorophore is free in solution or on the surface of

a biomolecule (Lakowicz, 2006). It has known that β -lactoglobulin has one Trp

residue on the surface of the protein molecule and is accessible to the solvent (Yılmaz

et al., 2021). Moreover, it has been reported in some studies that gallolated forms

have higher binding affinity compared to catechin (Hasni et al., 2011; Kanakis et al.,

2011). Relatively larger phenolic compounds provide two or more aromatic rings and

hydroxyl groups for interactions. It was also reported that phenols with gallolated

monomers (epigallocatechin gallate-EGCG) have a higher affinity for whey protein or

β -lactoglobulin binding than non-gallate ones (Gallic acid, chlorogenic acid, ferulic

acid) (Jia et al., 2017; Cao and Xiong, 2017). The molecular weight of phenols, their

structural flexibility, and the number of OH groups in their structures have greatly

affected the formation of multiple bonds, as well as an increase in hydrophobicity

with size (Jakobek, 2015). Many of the phenolics found in HSE were in gallolated or

glycosylated form, as well as a mixture of these. This explains the high binding affinity

in this study.

The number of binding sites (n) was calculated from the double-logarithm regression

curve (Figure 4.5b). The n values at all temperature conditions were greater than

1 as a result of intermolecular cross-linking between proteins at all temperatures

indicating that at least one phenol molecule independently interacted with the protein

and while the other phenolic compound may have formed a bridge between the

proteins. In addition, The decrease in Ka values with temperature indicates that the

protein-phenolic interaction is exothermic, and the stability of the complex decreases

(Acharya et al., 2013).

4.3.3.2 Thermodynamic parameters

Thermodynamic parameters were calculated from Van’t Hoff plot (Figure 4.5c) and

shown in Table 4.3. Since ∆H < 0 and ∆S < 0, hydrogen bonding and van der
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Waals forces were the main interaction mechanism between the dHPI and HSE. Since

∆H > ∆S, dHPI+HSE interaction was induced primarily by enthalpy (Tang et al.,

2016). Negative entropy (∆S) resulted in an unfavourable increase in molecular order

upon complex formation. The decrease in conformational mobility in the protein, as

well as the exposure of hydrophobic surfaces to the solvent, can both contribute to

unfavourable entropy (Petrucci et al., 2011). Negative enthalpy (∆H) implies that the

enthalpy of the protein-phenolic complex is lower than that of the reactants (protein and

phenolics), which relates to (1) the increase in bond enthalpy, the number of the bonds,

and bond strength, and (2) immobilization of the sufficiently counteracted ligand by

liberation of bound water (Li and Wang, 2015). Besides, hydrogen bonding is an

exothermic event (Petrucci et al., 2011).

Table 4.3 : Stern-Volmer constants and thermodynamic parameters of dHPI-HSE
complex at different temperatures.
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298 34.696 34.696 0.986 49.9114 1.422 0.952 -9671.72
-18944.28 -31.12308 26.548 26.548 0.973 345,939 1.443 0.993 -9298.33

318 27.001 27.001 0.988 319,890 1.162 0.949 -9049.4

Favourable enthalpy contributions overcome unfavorable entropic contributions, and

the reaction depends on temperature. Eventually, molecular interactions must have

been strong enough as a result of complex formation to cover the loss of entropy. As

temperature rises, hydrophobic interactions grow more powerful, and hydrogen bonds

become weaker. A reduction in the binding constant with rising temperature points to

H-bonding as the main force (Acharya et al., 2013).
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∆G of all dHPI+HSE complexation was negative, and the interaction was spontaneous.

Generally, protein-phenolic interactions were reported as spontaneous reactions (∆G<

0). On the other hand, mainly hydrogen bonding and van der Waals forces were

responsible for human serum albumin (Li and Wang, 2015) and bovine serum albumin

(Li and Hao, 2015) catechin interaction in the literature.

4.3.4 Fourier Transform Infrared (FTIR) spectroscopy

To investigate further whether any structural change of dHPI was associated with the

interaction with phenolic extracts, FTIR spectra of dHPIs were recorded with and

without the addition of HSE (0.05, 0.125, and 0.25 mM) and catechin (0.125 mM).

There are basic FTIR spectrum regions specific to each sample: (1) the functional

group region between 1500 and 4000 cm−1, and (2) the fingerprint region between 400

and 1500 cm−1. The fingerprint region is unique for each protein. The characteristics

of the side chains, the force field’s specifics, and hydrogen bonding all play a role

in the complexity of the fingerprint region bands. As a result, structural information

from these bands is limited. In this region (Table 4.3), a peak was observed at 1462

cm−1 originating from CH2 bending vibrations and 1396 cm−1 originating from CH3

bending vibrations (Dogan et al., 2007).

Nine distinctive IR bands are produced by the amide groups of the protein backbone

(Amides A and B and amides I–VII) and provide important information about the

secondary structure and conformation of the protein backbone. The two most

noticeable vibrational bands of the protein backbone are amides I and II (Ferraro et al.,

2015). The absorbance of dHPI had characteristic amide I band at 1631 cm−1 (C=O

stretching vibrations of peptide linkages), amide II at 1522 cm−1 (C-N stretching,

40% and N-H bending, 60% of amino acids), and a wide amide A band at 3273

cm−1 (tensile vibration of intermolecular hydrogen bonding between O-H and N–H

stretching occurring in the hydrogen bonds and intermolecular H bonding) and amide

B at 2922 cm−1 (CH2 asymmetric stretch) and 2855 cm−1 (CH2 symmetric stretch)

(Dai et al., 2022; Dogan et al., 2007) (Figure 4.6).

No new bands were formed with dHPI HSE or catechin complex formation. Thus, the

protein-phenolic complex formation was mostly a physical process, and no covalent
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Figure 4.6 : FTIR spectra of dHPI. dHPI-HSE complex and dHPI-catechin complex.
dHPI: dephenolyzed protein isolate; dHPI+C: hazelnut meal protein isolate-catechin

solution; dHPI+HSE: hazelnut meal proteinisolate-hazelnut skin extract solution.

bonds were created between the matrix and the core as a result (Han et al., 2021).

Any change in spectral peak intensity and position implies a constitutive change in the

protein (Yan et al., 2021). dHPI HSE or catechin complexes caused differences in all

amide bands of native hazelnut protein. The amide A band of dHPI HSE complexes

was slightly shifted to 3276 cm−1, suggesting that the hydrogen bonds were increased,

while dHPI catechin complex had any shifts.

The amide B band is attributed to the C–H tensile vibration of the CH3 and CH2 groups

of protein (Dai et al., 2022). The amide B band of all dHPI-phenolic complexes was

shifted to 2925 cm−1, suggesting that hydrophobic interactions took place.

Any change in the amide I band (1600-1700 cm−1) and amide II bands (1500-1600

cm−1) relates to the secondary structure of the protein (Jiang et al., 2018). Amide

I and II band was red-shifted from 1631/1522 to 1634/1525, 1637/1524, 1637/1524

and 1635/1525 cm−1 for dHPI+HSE(0.05), dHPI+HSE (0.125), dHPI+ HSE(0.25) or

dHPI+C(0.125) complexes, respectively. Hence, the secondary structure of hazelnut

proteins was altered upon extract or catechin complexation (Figure 4.6). The reason

for the increase in the intensity of the amide I and amide II bands was related to the

increase of the protein C=O, C-N, and N-H groups with hydrogen and hydrophobic

interactions (Hasni et al., 2011).
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The secondary structure content of hazelnut protein is given in Table 4.4. In the

presence of the lowest concentration of phenolic extract (0.05 mM), the distinct

decrease in β -turn was supported by transition to α-helix as with the dHPI catechin

(0.125) complex. A significant increase was observed in the number of the random

coil as the phenolic concentration increased compared to the native dHPI. At the

highest phenolic concentration (0.25 mM), there was a slight decrease in the α-helix

and β -sheet structure, although the number of random coil increased. The effect of

phenolic concentration was observed by the regular or irregular structure (Table 4.4).

In the presence of phenolic at the lowest concentration (0.25 mM), regular structures

(α-helix and β -sheet) increase, and the protein became more stable and rigid. The

sum of the regular structures of the native protein was interrupted, and a more

unfolded protein was formed via protein-phenolic interaction at medium at higher

phenolic extract concentration. Similarly, Hasni et al. (2011) emphasized that the

secondary structure of α− and β -casein tea polyphenol (catechin, epicatechin,

epigallocatechin, and epigallocatechin gallate) complexes changed depending on the

phenolic concentration. At the same time, polyphenols at higher concentrations caused

a decrease in the a-helix structure, while it increased at lower concentrations.

Table 4.4 : Intensity values of major FTIR bands and Secondary structure content (%)
of dHPI-phenolic complexes from FTIR data.

dHPI dHPI+HSE dHPI+HSE dHPI+HSE dHPI+Catechin
(0.05) (0.125) (0.25) (0.125)

α-helix 17.92 32.88 28.78 26.76 36.88
β -sheet 60.78 54.10 49.29 28.23 54.62
β -turn 17.38 1.78 24.10 11.79 1.63
Random Coil 3.92 11.23 11.44 33.22 6.87
Regular Structure 78.70 86.99 78.07 55.00 91.50
Irregular Structure 21.30 13.01 35.54 45.00 8.50
dHPI: dephenolyzed protein isolate; dHPI+C: dephenolyzed hazelnut meal protein

isolate-catechin solution; dHPI+HSE: dephenolyzed hazelnut meal protein
isolate-hazelnut skin extract solution.

The protein/phenol concentration in the medium is of great importance for the

protein-phenolic interaction. At low phenolic concentration, the interaction regions

of the proteins do not reach saturation, and intermolecular interactions occur due

to the interaction of phenolics (multisite ligand) with several regions of the protein

85



(multidentate mechanism). For this mechanism, phenolics must be large enough to

form bridges between proteins. Thence, the irregular structure gradually increased in

the presence of phenolic extract at 0.05 and 0.125 mM concentration via multidentate

mechanism. When the phenolic ratio increases, several phenolics interact with

one protein (monodentate mechanism) (Bin Bao, 2018). Especially most likely

the monodentate mechanism is seen more intensely at higher phenolic extract

concentrations because it was very close to the saturation point of the protein-phenolic

interaction. Eventually, the more irregular structure of the protein was altered upon

phenolic binding, so the protein was more flexible. Similar to this study, changes in

the amide I band density of α-/β -casein or β -lactoglobulin tea phenolic (catechin,

epicatechin, epigallocatechin, and epigallocatechin gallate) complexes (Hasni et al.,

2011; Kanakis et al., 2011) and rice bran protein catechin complexes (Li et al., 2020)

were observed depending on the phenolic concentration, and the amide I band intensity

increased at low phenol concentration and decreased as the concentration increased.

Moreover, it was also reported that conformational changes were more noticeable for

epigallocatechin and epigallocatechin gallate compared to catechin and epicatechin

since the bulkier and larger phenolics provide more perturbation (Hasni et al., 2011;

Kanakis et al., 2011). As a result, phenolics in the HSE at a lower concentration (0.05

mM) showed a similar effect to catechin (0.25 mM) since they contain glycosylated or

gallolated forms of catechin.

4.3.5 Effect of polyphenols on hazelnut protein digestibility

The rate of hydrolysis of hazelnut proteins by pancreatin was fast during the first 1

h, then gradually decreased to become almost stagnant between 105 and 120 minutes,

a typical proteolysis trend (Figure 4.7). Non-dephenolised proteins showed a higher

digestibility in comparison with all dephenolised samples during all the reaction times

(p<0.05) and reached a maximum of 32.55±1.12 % after 2 h. Within the dephenolised

samples, the degree of hydrolysis was slightly reduced by the presence of HSE

or catechin but progressively retrieved with time till no significant difference was

observed after 120 min (DH≈25%). Interestingly, the addition of HSE or catechin
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to the dephenolised hazelnut proteins did not restore the degree of hydrolysis achieved

by non-dephenolised proteins.

Figure 4.7 : Degree of hydrolysis of hazelnut protein isolates (HPI), dephenolized
HPI (dHPI), and dHPI-HSE/Catechin (C) complexes at different concentrations
of polyphenols (mM). *The actual concentrations are 16.67 times higher but
protein/polyphenol ratios are kept the same as what was used in the other parts of

the study.

Although polyphenols may have mostly a negative effect on the digestibility of

proteins, literature data showed a quite unpredictable effect of polyphenols on the

enzymatic digestibility of proteins (Velickovic and Stanic-Vucinic, 2018). Ni et al.

(2020) have shown a positive impact of salal fruit phenolic extracts on the degree

of hydrolysis of whey protein by Flavourzyme®. On the contrary, Wang and

Tang (2012) reported an enhancement in the degree of hydrolysis, by trypsin, of

buckwheat protein isolates upon dephenolisation. The enhancement of hydrolysis

by the presence of polyphenols may be ascribed to an eventual partial unfolding of

the proteins caused by polyphenols, facilitating the access of the protease to catalytic

sites in non-dephenolised hazelnut protein isolates and thus may have enhanced their

hydrolysis (Ni et al., 2020). This hypothesis is also supported by the decrease in the

size of the dHP sample (Figure 4.2), which could be due to an eventual folding upon

dephenolisation, making some catalytic sites inaccessible inside the three-dimensional

structure of the protein. The fact that the addition of polyphenols did not improve the

digestibility of the proteins implies that what may be happened upon dephenolisation

was irreversible. Finally, the recovery of the degree of hydrolysis in the dHPI+HSE and

dHPI+C after 120 min in comparison with dHPI supports the fact that the interactions
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between dHPI and polyphenols were non-covalent and thus reversible, which is in total

correlation with the fluorescence quenching study (section 3.2).

4.3.6 Simulated in vitro gastrointestinal digestion

In order to determine the effect of in vitro gastrointestinal digestion on the phenolic

extract and protein-phenolic solutions, total phenolic content and total antioxidant

capacities were measured, and individual phenolic compounds were identified for each

gastrointestinal digestion phase. The results vary in both extract and protein-phenolic

solutions at each stage of in vitro gastrointestinal digestion due to their solubility at

acidic or alkaline pH and interactions with enzymes.

4.3.6.1 Spectrophotometric analyses

The changes in the total phenolic contents (TPC) of samples and recovery indexes (RI)

of phenolic compounds at each digestion phase are shown in Table 4.5. At the initial

phase, the TPC of phenolic solution systems was determined in the following order:

extract solutions> protein-phenolic solutions. The HSE solutions followed a similar

trend as the initial phase in the gastric phase, whereas the TPCs of the c solutions were

found as protein-phenolic solution extract solutions. The TPCs of the extract solutions

were higher in the intestinal phase than the TPCs of the protein-phenolic solutions, as

they were in the initial phase.

TPCs of C and dHPI+C showed a significant increase in the intestinal phase compared

with the initial phase, following a decreasing trend after gastric digestion. Similar

trends were observed in the gastric and intestinal phases of HSE and dHPI+HSE

samples, apart from the intestinal phase of HSE. After intestinal digestion, 136.1%

and 78.2% of the phenolic compounds were present in the intestinal fraction for C and

HSE extract solutions, respectively. However, 98.4% and 68.4% of these compounds

were available in the dHPI+C and dHPI+HSE solutions, respectively.

In order to determine the effect of in vitro gastrointestinal digestion on total antioxidant

capacity, DPPH and CUPRAC assays were performed. The total antioxidant capacities

of initial solutions and gastric and intestinal phases are given in Table 4.5. The

total antioxidant capacities of C and HSE extract solutions throughout the digestive

88



tract varied between 94.04±5.9 to 143±0.5 mg TE/g extract and 128.71±0.4 to

181.01±11.9 mg TE/g extract, respectively, whereas the total antioxidant capacities

of dHPI+C and dHPI+HSE protein-phenolic solutions ranged from 128.71±0.4 to

181.01±11.9 mg TE/g extract and 62.85±7 and 106.75±10.6 mg TE/g extract,

respectively throughout the gastrointestinal tract according to the DPPH method. The

DPPH values of the extract solutions decreased from the initial phase to the intestinal

phase. In contrast, the DPPH values of the protein-phenolic solutions increased in the

intestinal phase following the decrease in the gastric phase.

The total antioxidant capacities of C and HSE extract solutions across the

gastrointestinal system changed from 1067.58±23 to 2285.63±90.5 mg TE/g extract

and 321.2±22.7 to 705.01±8.9 mg TE/g extract, respectively, on the other hand,

the total antioxidant capacities of dHPI+C and dHPI+HSE protein-phenolic solutions

varied between 1849.34±35.7 to 2174.95±195.2 mg TE/g extract and 364.46±19.4

and 763.34±8.1 mg TE/g extract, respectively throughout the digestive tract according

to the CUPRAC method. The CUPRAC values of the extract solutions decreased from

the initial phase to the intestinal phase (p < 0.05). In contrast, the DPPH values of the

protein-phenolic solutions increased in the intestinal phase following the reduction in

the gastric phase (p < 0.05). In addition, the CUPRAC values of the extract solutions

showed a significant increase in the intestinal phase compared with the initial phase,

following a decreasing trend after gastric digestion (p < 0.05). Similar trends were

found in the dHPI+HSE protein-phenolic solution (p < 0.05).

4.3.6.2 HPLC-DAD analysis of phenolic compounds

The major phenolic compounds of initial and digested extract solutions and

protein-phenolic solutions were detected by HPLC-DAD analysis. Comparisons of

the phenolic profiles of samples are shown in Table 4.6. Up to 10 individual phenolic

compounds were identified in the samples. Since the phenolic compounds identified

in the HSE are mainly composed of catechins, the catechin standard was used as the

control group in this study.

In the analyzed HSE initial extract solutions, gallic acid (GA) and protocatechuic

acid (PCA) were detected as the hydroxybenzoic acids; gallocatechin gallate (GCG),
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Table 4.5 : Total phenolic content (TPC), recovery index of phenolic compounds (RI)
and antioxidant capacities (DPPH and CUPRAC methods) in gastrointestinal digestion

phases.

Initial Phase
TPC RI DPPH CUPRAC

Exact Solution C 1040.37±61.5aB 100.0 143±0.5aA 1221.99±66.5bB

HSE 714.39±54.3cA 100.0 142.61±0.1aA 705.01±8.9cA

Protein-Phenolic Solution HPI+C 982.11±66.6bA 94.4 130.6±2.1bB 1945.56±54.5aaB

HSE+dHPI 317.88±26.4dB 44.5 104.61±12.4cA 522.54±4.4dB

Gastric Phase
TPC RI DPPH CUPRAC

Exact Solution C 760.68±3.3bC 73.1 131.38±0.9aB 1067.58±23.2bC

HSE 357.78±22.4cC 50.1 128.52±1.3aB 321.2±22.7cC

Protein-Phenolic Solution HPI+C 891.77±32.1aB 85.7 128.71±0.4aB 2174.95±195.2aA

HSE+dHPI 256.5±16.7dC 35.9 62.85±7bB 364.46±19.4cC

Intestinal Phase
TPC RI DPPH CUPRAC

Exact Solution C 1416.09±6.8aA 136.1 94.04±5.9bC 2285.63±90.5aA

HSE 559±33.5cB 78.2 105.84±7.7bC 638.84±26.1cB

Protein-Phenolic Solution HPI+C 1024.03±63.9bA 98.4 181.01±11.9aA 1849.34±35.7bB

HSE+dHPI 488.64±29.4dA 68.4 106.75±10.6bA 763.34±8.1cA

a-d Small letters show the variation among initial, gastric, and intestinal phases of
the same sample (p < 0.05). A-C Capital letters show the variation between samples
at the same phase (p < 0.05). TPC: total phenolic compounds, mg GAE/g extract;
RI: recovery index of phenolic compounds, %; DPPH: antioxidant capacity by
DPPH, mg trolox equivalent/g extract; CUPRAC: antioxidant capacity by CUPRAC,
mg trolox equivalent/g extract.C: catechin solution; HSE: hazelnut skin extract
solution; DHPI+C: hazelnut meal protein-catechin solution; HSE+dHPI: hazelnut
meal protein-hazelnut skin extract solution. The analyses were performed in triplicate.
The results are given as mean ± standard deviation.

(-)-epigallocatechin (EGC), catechin (C), epicatechin (EC) and (-)-epigallocatechin

gallate (EGCG) were identified as the flavanols; quercetin 3-O-rhamnoside (Q3R)

and quercetin (QUE) were detected as flavonols, and phlorizin was identified as

chalcone. On the other hand, no phenolic compounds were detected in the initial

phases of protein-phenolic solutions of both dHPI+C and dHPI+HSE. A lower amount

of catechin was observed in the C solution’s gastric phase compared to the initial

amount (p < 0.05). Besides, the amount of C that reappeared in the gastric phase of

the dHPI+C solution was significantly lower than the amount determined in the gastric

phase of the C solution (p < 0.05). The amounts of detected phenolic compounds

other than GA and GCG decreased in the HSE solutions’ gastric phase compared to

their initial levels (p < 0.05).

90



Table 4.6 : Phenolic profiles of initial gastric and intestinal phases of solutions after in
vitro GI digestion.

Compounds mg/g C dHPI+C
Initial Gastric Intestinal Initial Gastric Intestinal

Gallic acid nd nd nd nd nd nd
Protocatechuic acid nd nd nd nd nd nd
Gallocatechin nd nd 10.43±0.6 nd nd 32.1±2.6
(-)-Epigallocatechin gallate nd nd 18.45±1.6 nd nd 14.22±1.2
Catechin 2417.25±102.4 2144.43±87.3 917.82±23.9 nd 1837.46±64.9 885.8±17.4
Epicatechin nd nd 22.94±2.5 nd nd 151.54±.8.4
(-)-Epigallocatechin gallate nd nd 11.11±0.2 nd nd nd
Phlorizin nd nd nd nd nd nd
quercetin 3-O-rhamnoside nd nd nd nd nd nd
Quercetin nd nd nd nd nd nd

Compounds mg/g HSE dHPI+HSE
Initial Gastric Intestinal Initial Gastric Intestinal

Gallic acid 1.02±0.3 1.05±0.2 1.12±0.1 nd 0.88±0.0 1.5±0.1
Protocatechuic acid 1.04±0.7 0.8±0.0 1.01±01 nd 0.84±0.0 0.62±0.0
Gallocatechin 0.23±0.0 0.87±0.0 9.9±0.6 nd 0.32±0.0 29.65±2.8
(-)-Epigallocatechin gallate 2.42±0.2 2.2±0.1 0.58±0.0 nd 1.52±0.1 4.46±0.3
Catechin 4.01±0.8 2.56±0.2 4.85±0.3 nd 2.8±0.3 1.94±0.1
Epicatechin 2.03±0.1 1.31±0.1 2.39±02 nd 0.98±0.0 3.2±0.2
(-)-Epigallocatechin gallate 2.08±0.3 0.63±0.0 8.27±0.6 nd 0.45±0.0 41.81±2.6
Phlorizin 0.44±0.0 0.33±0.0 nd nd 0.27±0.0 0.64±0.0
quercetin 3-O-rhamnoside 0.98±0.0 0.78±0.0 0.67±0.0 nd 0.51±0.0 0.85±0.0
Quercetin 0.1±0.0 nd nd nd nd nd

a-c Small letters show the variation of the same phenolic compound among initial, gastric, and intestinal phase of the same
sample (p < 0.05).

Furthermore, QUE was found to be below the limit of detection for the gastric

and intestinal phases of HSE solutions. The phenolic compounds identified in

the HSE solution, except for QUE, were re-detected in the gastric phase of the

dHPI+HSE solution. There were significant reductions in the quantities of the phenolic

compounds, except for PCA and C, between the gastric phases of HSE and dHPI+HSE

(p < 0.05). C was metabolized with digestion, and GCG, EGC, C, and EC were

detected in the intestinal phases of C and C + dHPI solutions, whereas EGCG was

only determined in the C solution. GC and EC were found to be significantly higher

amounts in the intestinal phases of dHPI+C solution than in C solution (p < 0.05). On

the other hand, GA, GCG, EGC, EC and EGCG, and Q3R had better accessibility in

the intestinal phase of the dHPI+HSE solution than in the intestinal phase of the HSE

solution after digestion (p < 0.05).

To the best of our knowledge, there is no study investigating the changes of phenolic

compounds of hazelnut skin during in-vitro gastrointestinal digestion, while there

is many research in the literature examining their phenolic profile and antioxidant

activities. However, since tea and green tea principally contain high amounts of
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catechins, the bioaccessibility of tea catechins and the effect of protein-catechins

interactions on their digestibility is trend topic research areas.

It is reasonable to conclude from the fact that the inability to detect phenolic

compounds from the initial phases of dHPI+C and dHPI+HSE complexes might

be explained that the lower (or non) the recovery, the more catechins and other

polyphenols bind to proteins. These findings are in accordance with prior research on

tea polyphenols and milk proteins (Green et al., 2007; Hasni et al., 2011). However,

during the simulated gastric digestion, these bound polyphenols and catechins were

released from polyphenol-protein complexes. The addition of hazelnut meal protein

did not affect PCA and C recovery after gastric digestion. GA, GCG, and EGC

might be more stable in acidic conditions compared to C, EC, and EGCG, but also

acid-catalyzed epimerization of EGCG might occur (Xie et al., 2013).

GCG and EC were more stable after intestinal digestion in dHPI+C complex, while

EGC, C, and EGCG were more accessible in C solution. Some studies have also

reported that EGC and EGCG are unstable, while EC and ECG are relatively stable

(Chen et al., 1998; Zhu et al., 1999). The difference in intestinal stability of these

catechins might be attributed to the fact that three adjacent hydroxyl groups in

EGC and EGCG at positions 3’, 4’, and 5’ are more susceptible to the formation

of semiquinone free radicals at near neutral pH when a proton was donated (Shim

et al., 2012). Additionally, strong protein-flavonoid interactions are mediated by

the hydrophobic binding of flavonoids with proline-rich regions of intact proteins

and peptide fragments. According to the literature, larger polyphenols with a

higher number of aromatic rings and hydroxyl groups are more effective in forming

complexes with proline-rich peptides. Gallate catechins ECG, GCG, and EGCG

have more aromatic and hydroxyl groups than non-gallolated catechins EC and EGC

resulting in higher binding activity with proteins. As a result, they become more stable

during in-vitro digestion, which explains GCG and EGCG’s increased bioaccessibility

in HSE when complexed with hazelnut protein (Green et al., 2007; Xie et al., 2013).
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4.4 Conclusions

In the presence of hazelnut skin phenolics, quite large complexes were formed

depending on the HSE concentration, and catechin formed relatively smaller

complexes. This was related to the fact that the phenolics found in hazelnut skin

were bulkier and more flexible. Moreover, it was found that the dominant forces in

dHPI HSE complex formation were hydrogen bonding and van der Waals forces. The

reaction depends on temperature and spontaneous (∆H < 0; ∆S < 0; ∆G < 0). The

interaction of dHPI and HSE caused significant changes in the secondary structure of

proteins, which was mainly affected by the phenolic concentration. With the increase

of phenolic concentration, the secondary structure of the protein became loosened and

protein disordered. This situation most likely increased the flexibility of the protein,

especially improving its functional properties. The protein-polyphenol interactions

principally had a positive effect on the bioaccessibility of hazelnut skin polyphenols,

mainly on the gallolated form of the catechins such as GCG and EGCG. Phenolics

and plant based-proteins isolated from natural sources are among the subjects that

have been researched in recent years. It is especially important in vegan formulations

such as foam-like products (mousse) or emulsions (mayonnaise), where the functional

properties of proteins are essential. Furthermore, there is no definite opinion on

whether the effects of protein-phenolic interactions on the bioavailability of phenols

are positive or negative in their consumption. Therefore, more research on this subject

needs to be done and brought to the literature.
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5. CONCLUSIONS

5.1 Status and Main Outcomes of This Thesis

5.1.1 Valorisation of hazelnut by-products: current applications and future

potential

The valorisation of waste products from the hazelnut industry is expected to have a

positive impact on the environment and contribute to the sustainability of this important

food sector. The most obvious waste streams to develop into value-added products are

hazelnut shells, roasted skins, and defatted meal. It may be possible to increase the

value of these products, which may open up new commercial opportunities for farmers

and hazelnut processors. There is a considerable amount of work that needs to be

done to develop commodity-scale applications of these materials; most applications

are currently conducted at the lab-scale. To fully exploit the possibilities of these

materials, investments will also be necessary to develop the necessary infrastructure,

transportation networks, storage, and commercially-viable applications.

Developing new uses for hazelnut meal and roasted skin might be the easiest to

implement since hazelnut is already regarded as a valuable ingredient. The potential

health benefits of nuts and their associated compounds are also attractive to consumers.

A careful attention to allergen labeling is required as skins and meal are utilized in new

applications. A high intake of phenolics may also cause toxicity and antinutritional

effects. Due to the natural astringency of phenolics, overconsumption may not be a

serious concern. Importantly, as these co-products are derived from whole nuts, rather

than isolated meals and skins, they are unlikely to bear FDA-authorized health claims.

Further research is needed to validate the health-promoting mechanisms and amount

of intake needed to improve human health.
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Defatted hazelnut meal and skins of hazelnuts can be used directly as ingredients

in foods. However, further processing will make them more valuable as sources of

bioactive peptides and phenolics. In order to describe the specific benefits of these

isolates, further research is required. Considering the bitter and astringent nature of

these co-products, this may be a challenge. Therefore, it is necessary to demonstrate

the consumer appeal and sensory acceptability of products containing these new

ingredients in order to increase their desirability.

5.1.2 Combined Neutrase-Alcalase protein hydrolysates from hazelnut meal, a

potential functional food ingredient

A by-product of the hazelnut oil industry, hazelnut meal, was valorised and used

as a source of bioactive peptides with a special focus on their potential anti-obesity

and antioxidant properties. Protein hydrolysates were prepared by sequential or

individual hydrolysis by Neutrase and Alcalase. In order to improve the hydrolysis

and the functional properties of the hydrolysates, microfluidization was applied. The

combination of Alcalase-Neutrase hydrolysis achieved the highest DH, inhibited the

release of FFA by pancreatic lipase, and free radical scavenging activities. A positive

relationship was found between the DH and the ESI of the hydrolysates, while

a negative relationship was found between the DH and their EAI. As a result of

microfluidization, protein structures became unfolded, resulting in enhanced EAI and

FFA inhibition in Alcalase hydrolysates. Protein hydrolysates from hazelnut meal may

be a potential anti-obesity and antioxidant food ingredient. Pretreatment of proteins

(degree of hydrolysis, etc.) should be optimized according to the intended application

of the protein hydrolysates.

5.1.3 Interactions between hazelnut (Corylus Avellana L.) protein and phenolics

and in vitro gastrointestinal digestibility

The presence of hazelnut skin phenolics led to relatively large protein complexes

depending on the HSE concentration, whereas catechin formed relatively smaller

complexes. There was a link between this and the fact that the phenolic compounds

found in hazelnut skin were bulkier and more flexible. Moreover, it was found that
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the dominant forces in dHPI HSE complex formation were hydrogen bonding and

van der Waals forces. The reaction depends on temperature and it is spontaneous

(∆H < 0; ∆S < 0; ∆G < 0). Protein secondary structure was significantly altered

by the interaction of dHPI and HSE, mainly due to the concentration of phenolics

in the mixture. The secondary structure of the protein became loosened and disordered

with an increase in phenolic concentration. Due to this situation, the protein is more

likely to have a greater degree of flexibility, thereby improving its functional properties.

In this study, protein-polyphenol interactions mainly influenced the bioavailability of

hazelnut skin polyphenols, especially GCG and EGCG, which are galloylated types

of catechins. Recently, several studies have been conducted on phytochemicals and

plant proteins isolated from natural sources.The function of proteins is particularly

important in vegan formulations such as foam-like products (mousse) and emulsions

(mayonnaise). Further, there is no consensus regarding whether protein-phenolic

interactions affect the bioavailability of phenols positively or negatively. Thus, it is

necessary to conduct further research and bring it to the attention of the literature on

this topic.
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functional and edible film-forming properties of isolated hazelnut
(corylus avellana l.) meal proteins. Food Hydrocolloids, 36:130–142.

Baharuddin, N., Halim, N., Sarbon, N. (2016). Effect of degree of hydrolysis
(dh) on the functional properties and angiotensin i-converting enzyme
(ace) inhibitory activity of eel (monopterus sp.) protein hydrolysate.
International Food Research Journal, 23(4):1424.

101
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