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Abstract

Bone disorders are one of the most prevalent diseases throughout the world, ranking Asia
among the top list of people suffering from Osteoporosis (OP), especially women. There is an
accelerated increase in OP during early postmenopausal years. Other prevalent bone disorders
include osteomalacia, osteoarthritis, osteopenia, osteomyelitis, osteodystrophy, etc. The main
cause for the prevalence of OP is the reduction of the organic matrix of bones i.e. protein
leading to the fragility of bone and ultimately breaking of the bone. Treatment of bone disorders
includes various techniques and measures like collagen fillers, collagen injections, tissue grafts
(autograft, allograft), bone implants, tissue engineering, health supplements, etc. With the
advent of third-generation biomaterial, bioactive glass (BG) has been widely used for bone
regeneration as scaffolds and tissue engineering as it stimulates the natural bone to repair itself.
In this view, emphasis is laid on the targeted oral delivery of protein and nutrients along with
bioactive glass for bone regeneration using a polymeric matrix. To the best of our knowledge,
it is the first time that oral delivery of bioactive glass is carried out for bone health applications
due to its osteoinductive and osteoconductive properties. Also, BG is the reservoir of essential
micronutrients that are essential for bone mineralization. For this, the synthesis of Nano-sized
BG particles is carried out and it is radiolabelled with Technetium-99m (Tc-99m) and the
labeling efficiency is calculated at different pH ranges. BG formed is found to be bioactive and
biocompatible and is easily taken up by the intestinal cell lines (Caco-2). These studies made
these nanoparticles a suitable candidate for oral drug delivery application. To provide complete
nutrition for overall bone health various edible protein films have been fabricated fortified with
BG network and essential vitamins like vitamin D and vitamin K. We have explored the
application of BG in drug delivery and as functional food by carrying out in-situ mineralization
of bioactive glass in food-grade polymer for targeted protein delivery and fabrication of

bioactive glass fortified functional food for bone health respectively. The materials thus formed



are tested for cytocompatibility and found to be biocompatible. Finally, to protect against
micro-organisms and pathogens and to prevent photo-oxidation, the active packaging material
is fabricated that can be used for the packaging of the drug and food. Further, the radiolabeling
of BG and its binding stability in different gastrointestinal pH conducted in the present study
can be explored in the future in an animal model where the whole ADME process (Absorption,
Distribution, Metabolism, and Excretion) can be studied when these particles are ingested
orally. The pharmacokinetics and pharmacodynamic studies will help in deducing the efficacy

of bioactive glass through the oral route in bone regeneration.
This thesis is summarized in five chapters.

Chapter 1 Discusses a brief introduction to bone disorders and their prevalent treatments. It
also talks about the application of biomaterials and the advantages of bioactive glass for bone

regeneration applications.

Chapter 2 This chapter describes the synthesis, characterization, and functionalization of
bioactive glass nanoparticles through an in-situ mineralization process. Physico-chemical
characterization is carried out to investigate the morphology, crystallinity, and functionality of
the nanoparticles. An in-vitro cell proliferation assay is conducted to check the
cytocompatibility against caco-2 and U20S cell lines. The cellular uptake studies of the said
nanoparticles for caco-2 cell lines are studied to prove it to be an efficient oral delivery
nanocarrier. The radiolabeling efficiency of *™Tc with formed nanoparticles is monitored at
different pH levels at various time intervals. Thus, this work demonstrated the fabrication of
biomaterial that can be employed as a potent radiopharmaceutical for long-term follow-up

studies and in-vivo imaging.

Chapter 3 The present chapter focuses on fabricating sandwiched film as a controlled drug

delivery system using dextran for the delivery of collagen and vitamin D along with bioactive



glass to the colon site. To provide both organic and inorganic nutrients to the bone framework,
in-situ mineralization of the bioactive glass network is carried out in a collagen matrix and is
cast into a film. This film is sandwiched between the dextran film as the latter is considered to
be important in colon-specific delivery. CD spectra depict the conformational changes in the
secondary structure of collagen due to the inter- and intramolecular interactions of the BG
network with the collagen fibrils. The rheological study is done to depict the visco-elastic
nature of the sandwiched film in different GI tract pH. UV-Visible spectroscopy reveals the
release of vitamin D and collagen at pH 6.8. The SDS-PAGE profile helps deduce the targeted
delivery of collagen at the colon site having pH 6.8. Cellular cytotoxic studies are employed to

deduce the biocompatible nature of the film.

Chapter 4 The chapter focuses on the fabrication of soy films as a functional food for bone
nutrition. The film formed is fortified with an in-situ mineralized bioactive glass (BG) network
containing essential minerals required for good bone health. Also, vitamin K1 is supplemented
into the films. Nutritional analysis is carried out to show that the films are a rich source of
protein containing about 67% of protein per 100 g having energy calories of 330 Kcal/100 g
and essential micronutrients required for bones. The rheological studies are conducted for the
functional soy-based film. The mechanical analysis of the formed film is done along with its

antimicrobial assay.

Chapter 5 A comprehensive study on Zein film blended with glycerol and essential oils (EOs)
is presented in this work. In particular, UV shielding properties and antimicrobial efficacy of
developed active zein films are tested. Antibacterial assays are conducted to prove that the
films are effective against spoilage microorganisms. Thermal and mechanical characterization
of the film is carried out. To deduce its efficacy as packaging/coating material, water vapor

permeability testing, and oxygen transmission rate are also investigated.
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 Overview

Bone health plays an important role in jovial sustainable life. It helps in movement and
locomotion alongside protects our internal organs. For a jovial and healthful lifestyle, bones
need to be strong, flexible, and healthy. Bones play a crucial role in a human body structure.
Besides serving as storage for minerals and helping regulating blood sugar levels, bones also
act as a shield for softer organs like ribs in the chest for the heart and lungs, and the skull
protecting the brain. With the advent of bone health issues including lowbone mass density,
Osteoporosis (OP), and Osteomalacia, it is been estimated that by 2030, the number of
individuals affected by OP and low bone density will increase to 71.2 million (a 29 % increase

from 2010) [1].
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The bone framework consists of an organic matrix nd inorganic salts. The organic matrix
contains 90 % of collagen protein [2] . Consitituting the major portion of the extracellular
matrix,it plays a crucialrole in the structure and functioning of bone tissues [3]. It is structural
protein that forms white fibres of the skin, cartilage, bones, tendon, and all other connective
tissues [4,5]. The inorganic portion primarily consists of phosphate and calcium ions. The
nucleation of calcium and phosphate ions forms a hydroxyapatite layer and its association with
collagen is responsible for the typical stiffness and strength of bone tissue. Other factors
accountable fpr maintaining bones include parathyroid hormone (PTH), estrogens, and Vitamin
D [3]. Vitamin D3 (cholecalciferol) and vitamin D2 (ergocalciferol) are the two main
physiological forms of vitamin D. Physical activity also appears to be crucial for bone mass. A
healthy nutitional diet combined with exercise is always advisable to maintain overall bone

health [6].

Table 1.1 List of essential nutrients for good bone health

Essential nutrients | Biological response Reference
for bone health (in-vivo & in-vitro)
Collagen Stimulate Hum, J. and Boccaccini, A.R., 2018.
osteoinduction Collagen as coating material for 45S5

bioactive glass-based scaffolds for bone
tissue engineering. International journal of

molecular sciences, 19(6), p.1807.
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Soy Protein Protect against bone | Bawa, S.E., 2010. The significance of soy
loss and beneficial | protein and soy bioactive compounds in the
against osteoporosis prophylaxis and treatment of

osteoporosis. Journal of
osteoporosis, 2010.

Vitamin D Essential for calcium | Amrein, Karin, et al. "Vitamin D
absorption and bone | deficiency 2.0: an update on the current
mineralization status worldwide." European journal of

clinical nutrition 74.11 (2020): 1498-1513.

Vitamin K Prevent vascular | Wasilewski, Grzegorz B., Marc G.
calcification and | Vervloet, and Leon J. Schurgers. "The
promote bone | bone—vasculature axis: calcium
metabolism supplementation and the role of vitamin

K." Frontiers in cardiovascular
medicine (2019): 6.

Vitamin C Collagen synthesis DePhillipo, Nicholas N., et al. "Efficacy of
vitamin C supplementation on collagen
synthesis and oxidative stress after
musculoskeletal injuries: a systematic
review." Orthopaedic journal of sports
medicine 6.10 (2018):
2325967118804544.

DTU: 2024

Page 3



Chapter 1: Introduction

Silicon (Si)

Essential for metabolic
processes,  formation
and calcification of
bone tissue, Dietary
intake of Si increases

bone mineral density.

Costa-Rodrigues, J., S. Reis, A. Castro, and
M. H. Fernandes. "Bone anabolic effects of
soluble Si: in vitro studies with human
mesenchymal stem cells and CD14+
osteoclast precursors.” Stem cells
international 2016 (2016).

Jugdaohsingh, Ravin, Katherine L. Tucker,
Ning Qiao, L. Adrienne Cupples, Douglas
P. Kiel, and Jonathan J. Powell. "Dietary
silicon intake is positively associated with
bone mineral density in men and
premenopausal women of the Framingham
Offspring cohort.” Journal of Bone and

Mineral Research 19, no. 2 (2004): 297-

307.

Calcium (Ca)

Favors osteoblast
proliferation,
Extracellular matrix

mineralization (ECM)

Rizzoli, René, Emmanuel Biver, and Tara
C. Brennan-Speranza. "Nutritional intake
and bone health." The lancet Diabetes &
endocrinology 9, no. 9 (2021): 606-621.

Maeno, Shinichi, Yasuo Niki, Hideo
Matsumoto, Hideo Morioka, Taku Yatabe,
Atsushi Funayama, Yoshiaki Toyama,
Tetsushi Taguchi, and Junzo Tanaka. "The
effect of calcium ion concentration on

osteoblast viability, proliferation and
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differentiation in monolayer and 3D
culture.” Biomaterials 26, no. 23 (2005):

4847-4855.

Phosphorous (P) Stimulates expression | Peacock, Munro. "Phosphate metabolism
of MGP (matrix gla|in health and disease." Calcified tissue
protein) a key regulator | international 108 (2021): 3-15.

in bone formation

With the escalation of technology-related mental work, there is poor participation in physical
activity leading to a sedentary lifestyle [7]. Physical inactivity reduces bone mineral density
[8]. There is an increasing identification that inadequate exercise, poor vitain D, and low
calcium intake are common in current society [9]. The consequence is that urban youngersters
are getting affected by bone-related health issues including weakening of bones, bone fragility,
etc. Nearly 70 % of children in the USA are deficient in vitamin D and calcium [10]. There is
an increasing number of young adults complaining about osteoarthritis (OA) problems [11].
OA is the most common form of arthritis among people [12]. An unbalanced diet and wearing
of cartilage surrounding the bone leads to OA. It can happen in any joint but the majority occur
in the hip, spine, hand, and knee joints [13]. Apart from this, OP is another common problem
that is more prevalent in females over the age of 50 due to postmenopausal changes in the body
[14]. The main cause for OP is a decrease in estrogen levels during menopause which causes
bone mass reduction and collagen protein depletion in the body with aging [15]. This eventually

grounds the fragility of bones and ultimately the breaking of bones [16,17].
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The aforementioned bone disorders are listed below along with the present treatments [15-17]:

1. Osteoporosis (OP)

It is a bone disorder that results in a decrease in bone mass & mineral density. Overall bone
structure and quality is also impacted. Osteoporosis can decrease bone strength and increase
the risk of bone fracturing. The most commonly affected bones are the ribs, hips, and the bones
of wrist and spine. The prevalence of Osteoporosis increases with age (especially after the age
of 65 years) and hormonal changes in women during menopause. A study states that in
Germany, the 12-month prevalence of Osteoporosis in adults aged 65 years and older is 24.0%
in women and 5.6% in men. As the population ages due to demographic change, the prevention

of osteoporosis and osteoporosis fractures is becoming more and more relevant.

Treatment involved:

e Bisphosphonates

For both men and women at increased risk of broken bones, the most widely prescribed
osteoporosis medications are bisphosphonates such as Alendronate (Binosto, Fosamax),

Risedronate (Actonel, Atelvia), Ibandronate, Zoledronic acid (Reclast, Zometa).

The side effects of Bisphosphonates include nausea, abdominal pain and heartburn-like

symptoms. Although these are less likely to occur if the medicine is taken properly.

e Denosumab

Compared with bisphosphonates, denosumab (Prolia, Xgeva) produces similar or better bone
density  results and reduces the chance of all types of  breaks.
It is delivered via a shot under the skin every six months. Recent research indicates there could
be a high risk of spinal column fractures after stopping the drug, therefore you might need to

continue to take it indefinitely.
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e Hormone-related therapy

Estrogen, especially when started soon after menopause, can help in maintaining bone density.
However, estrogen therapy can increase the risk of breast cancer and blood clots, which can
cause strokes. Therefore, estrogen is typically used for bone health in younger women or in
women whose menopausal symptoms also require treatment.
Osteoporosis medications have been better studied in men to treat it and thus are recommended

alone or in addition to testosterone replacement therapy.

e Bone-building medicines

Teriparatide (Bonsity, Forteo), Abaloparatide (Tymlos), Romosozumab (Evenity). After
stopping to take of these, you will need to take another osteoporosis drug to maintain the new

bone growth.

2. Osteopenia

Osteopenia is a clinical term used to describe a decrease in Bone Mineral Density (BMD) below
a normal level, though not to an extent to be referred as osteoporosis. Although it is similar to
osteoporosis, the key difference is that osteopenia has NO symptoms. Some people can

experience bone pain or weakness in rare cases.

The natural bone loss that occurs gradually during adulthood is considered to be the cause of
primary forms of osteopenia and osteoporosis. Lifestyle factors such as alcohol use disorder,
smoking, sedentary lifestyle, thin body habitus (BMI under 18.5 kg/m2) serves to accelerate

the process in the form of secondary causes along with certain medications and disease states.

A study reflects that currently, 34 million Americans are afflicted with osteopenia. Overall,
females have a four-fold higher overall prevalence of osteopenia as compared to males. In the
United States, 54% of postmenopausal women are osteopenic, and an additional 30% are
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already considered osteoporotic. By age 80, this relative trend predictably shifts in favour of
osteoporosis as 27% of women are osteopenic, and 70% are osteoporotic. According to a

survey, Asia has reported the lowest average t-scores by region worldwide.

Treatment involved:

e Physical activity and exercise

Physical activities that make body work against gravity like walking, yoga, Pilates and tai chi

can improve strength and balance without putting too much stress on your bones.

e Vitamin and mineral supplements

e Following an eating plan that’s healthy

Eating enough and getting the right kinds of vitamins and minerals can strengthen the bones

and improve the overall health.

3. Osteoarthritis

Osteoarthritis is the most common type of arthritis. It is a degenerative joint disease, in which
the tissues in the joint break down over time.
Most common in older people, osteoarthritis affects each person differently. For some, it is
relatively mild and does not hamper day-to-day activities while for others, it can cause

significant pain and disability.

Women are more prone to having osteoarthritis than men, especially after age of 50 years. For
many women, it develops after menopause. Usually, joint injuries, abnormal joint structure and
genetic defect in joint cartilage can result in developing osteoarthritis in younger people.
Osteoarthritis happens when the cartilage and other tissues within the joint break down or have

a change in their structure.

Treatment involved:
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e Medications

Acetaminophen, Nonsteroidal anti-inflammatory drugs (NSAIDs), Duloxetine (Cymbalta)

e Therapy

Physical & Occupational Therapy, Transcutaneous electrical nerve stimulation (TENS)

e Surgical and other procedure

Cortisone injections, Lubrication injections, Realigning bones, Joint replacement, Knee

osteotomy, Artificial hip.

4. Osteogenesis Imperfecta

Osteogenesis Imperfecta (OI) is a disorder in which the bones fracture (break) easily.
Also referred as brittle bone disease Ol results from a change or mutation in the genes that
carry information for making a protein known as type I collagen. This protein is necessary for
making the bones stronger. Since, Type I collagen is also in other connective tissues like tendon,
ligament, lung, and skin, these tissues can also be affected sometimes. The symptoms can range

from mild with only a few fractures to severe with many medical complications.

Treatment involved:

Ol treatments are designed to prevent or control symptoms and vary from person to person.

e Fracture care

e Physical therapy

Preferably, combination of muscle strengthening with aerobic conditioning exercises/work out

e Bracing

Braces can allow people to get around and function more easily.
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e Surgical procedures

e Medication

Bisphosphonates are drugs used to treat osteoporosis. These drugs do not build new bone, but
they slow the loss of existing bone. They have been shown to reduce vertebral compressions

and some long bone fractures.
5. Osteomalacia

Osteomalacia, often referred to as "soft bone disease" is a metabolic bone disorder specified
by the inadequate mineralization of bone tissue. Mineralization refers to the process where
minerals coat the inner layer of the bone, forming a hard outer shell. The incomplete formation

of this shell leaves the collagen soft and vulnerable.

The main reason behind this condition is deficiency in Vitamin D, calcium or phosphate,
weakening and softening bones. While osteoporosis is a more widely recognized bone disorder,
osteomalacia represents a distinct but equally significant concern within the realm of bone
health. Osteomalacia can cause a range of exhausting symptoms and complications, including

bone pain, muscle weakness, and an increased risk of fractures.

Vitamin D deficiency is the most common nutritional deficiency among children and adults.
The present lifestyle of the people also contributes for the same. In children, inadequate
concentrations of vitamin D may even cause rickets. Osteomalacia describes a disorder of
“bone softening” in adults, a condition where the bone does not harden the way it should after
forming, is usually due to prolonged deficiency of vitamin D. Result of this deficiency is
abnormal osteoid mineralization. Contrarily, rickets results from deficient mineralization at the

cartilage of growth plates in children.
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Common symptoms of Osteomalacia include pain in the bones and hips, bone fractures, and

muscle weakness along with difficulty in walking for the patients.

Treatment involved:

Depending on the individual case, patients who have osteomalacia can take vitamin D, calcium

or phosphate supplements.

With the increase in the number of bone health issues among individuals, various health
treatments have evolved in recent times. As mentioned earlier, these treatments include surgery
(bone grafts, knee transplant) [18], bisphosphonate injections, collagen fillers [19], and
numerous oral bone health supplements. Modern bone grafts, bone substitutes attempt to
facilitate and enhance healing process. Various bone grafts have been employed such as
autologous bone grafts where the osseous matter is harvested from one anatomic site and
transplanted to another site in the same patient. This type of bone grafting confers MHC (Major
histocompatibility Complex) compatibility while processing healing. The limitations lie in the
harvesting process of autografts such as increased blood loss, increased operative time, etc.
Allopathic bone grafts are the other version of bone grafts that is harvested from the human
cadavers and transplanted to the recipient. It has high success rate with less surgical time. But
high cost and susceptible to viral infections are among its drawbacks. Another treatment that
has been widely used for bone disorders include bisphosphonate. They help in inhibiting bone
resorption and prevent bone fractures. But studies have shown that oral bisphosphonates have
been associated with several gastrointestinal side effects such as oesophageal ulcers, upper
gastrointestinal hemorrhage [20]. Collagen supplements and collagen fillers are generally used
in dermal applications but pose some side effects like hypersensitive reactions type IV in
human body. [21] Figure 1.2 below depicts the possible treatments for bone diseases and the

side effects of health supplements.
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Figure 1.2 Treatments for bone diseases and the side effects of health supplements.

Among all these regimens, oral health supplements for bone are preferred as oral delivery is
the most amicable route for patients. Oral delivery is considered to be the most widely used,
cost-effective, non-invasive, and placable strategy for patients to treat any disease. The
compliance of patients towards is generally higher that other routes such as intravenous,
subcutaneous, and intramuscular injections which can be painful to the patients. Also, these
injections may cause infections if not handled with care. But, the major concern that remains
with the oral administration of drugs is their bioavailability. The drug following the oral route
may show poor absorption due to insufficient stability in a harsh gastric environment and also
due to poor solubility [22]. Thus, new pharmaceutical approaches such as multifunctional

sustainable nanoparticle (NP) formulations can be adopted to make the drug available after oral
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administration. In this respect, there has been growing interest in multifunctional NPs that can
be explored as drug carriers enclosing active pharmaceutical ingredients (API) for biomedical
and diagnostic applications. Notable, mesoporous NPs (pore size 2 to 50 nm) with tailorable
properties have been of great interest to be used as lucrative biomaterials for targeted drug
delivery applications [23]. Variations of such nanomaterials such as silicas, metal, metal oxides,
bioactive glass (BG), polymers, lipids, etc. have been explored for biomedical and drug

delivery applications.

Through the onset of biomaterials, the biomedical sector has been revolutionized. These
materials can be engineered to support, augment, replace, or restore damaged tissues or a
biological function. Metals, ceramics, pol ceramics, polymers, and glass can be used in creating
biomaterial. Biomaterials are used for a wide range of applications in treating bone ailments
like medical implants, as scaffolds for hard and soft tissue engineering. An ideal biomaterial
should be non-toxic, biocompatible, biodegradable, and bioactive. With the advent of third-
generation biomaterials, bioactive glass (BG) has substantial properties, making it a central
choice for use in bone tissue engineering applications. BG being osteoconductive,
osteoinductive, and osteostimulative [24], has received great attention for treating bone defects.
Studies have shown that dissolution of BG enhances osteoblast activity and bone
mineralization [25]. First introduced in 1969, this FDA (Food and Drug Administration)
approved [26,27] has been commercially used in different healthcare sectors like orthopedics
and dental with a trading name of Perioglas, Novabone, Novamin, etc.[28]. It has been used in
soft tissue engineering as saffolds, bone grafts, and coating over metallic implants [29,30]. It
has the potential to anchorage new bone tissue growth and bone mineralization by forming
hydroxyapatite (HA) like material in in-vitro and in-vivo conditions showing promising

bioactivity [31,32]. BG has been used as scaffolds for tissue engineering [30], has been
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employed as dental implants, and as a particulate substitute in toothpaste for hypersensitivity

[24,33]. Figure 1.3. below depicts the biomedical applications of BG.

(Bioactive glass as scaffolds

for bone tissue engineering
(Fernandes, Hugo R., et al. "Bioactive
glasses and glass-ceramics for healthcare
applications in bone regeneration and tissue
engineering." Materials 11.12 (2018): 2530.)

Bioactive glass as bone

grafts (Huang, Chao, et al. "Research
progress of bioactive glass and its
application in orthopedics." Advanced
Materials Interfaces 8.22 (2021): 2100606)

Bioactive glass

for bone
regeneration

Bioactive glass based
implantable hydrogels for
hard and soft tissue

regeneration (salasubramanian,
Preethi, etal. "Boron-containing bioactive
glassesin bone and soft tissue
engineering." Journal of the European Ceramic
Society 38.3 (2018): 855-869.)

Bioactive glass as coating
material over metallic
implants for bone tissue

bonding (Joy-anne, N. Oliver, et al.
"Bioactive glass coatings on metallic
implants for biomedical
pplications." Bioactive materials 4 (2019):
K 261-270)
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Montazerian, M. and Zanotto, E.D., 2017. A guided
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discoveries. Journal of Materials Science, 52(15),

pp.8695-8732.

i i ——
‘;@ e —
§ SENSODYNE REPAIR

Bioactive glass products for a) periodontal disease therapy (Perioglas).
b) orthopaedic bone grafting (NovaBone) and c) particulates in
toothpaste for dentinal hypersensitivity treatment (NovaMin)

Application of Bioactive glass
as oral drug supplement and
drug carrier for bone health

< ? Healthy bone
1 : \

Figure 1.3 Biomedical applications of BG

Importance of oral medicine and its implications:

Oral delivery of drugs and health supplements plays a pivotal role in treating health ailments.

It is considered to be the most amicable and placable way to treat patients. Oral drug delivery

is the most convenient, high patient compliance, cost effective, and safe route of administration

to treat various diseases. But oral availability becomes a concern. Though oral delivery is

considered to be the most amicable way to consume drugs and other health supplements, due

to the harsh GI tract environment, there is much loss of drug in the upper GI tract before

systemic absorption causing the bioavailability of drugs often questionable through oral route.

This leads to a larger amount of drug dosage formulations that may impose side effects like

DTU: 2024

Page 14



Chapter 1: Introduction
__________________________________________________________________________________________________________]

calcification due to Ca deposition , nausea & polyuria due to higher dosages of Vit D [34,35].
Therefore, to ensure adequate bioavailability and optimum dosage of essential nutrients and
vitamins, these need to be protected in the digestive tract. For this purpose, there comes the
role of biopolymers in drug delivery system for the efficient delivery of drugs to the targeted

site.

Biopolymers in oral delivery: Biopolymers have revolutionized medical and pharmaceutical
field. They are considered to be the important class of materials due to their specific
characteristics such as biodegradability, biocompatibility, non-toxicity, non-immunogenicity
and extensive blood circulation time. They also pose an advantage of high drug loading ration
for both macro and micro- sized drug molecules. Biopolymers successfully act as efficient drug
delivery system by ensuring the availability of drug to the specific site. Various polysaachrides
and protein have been explored as biopolymers and are FDA approved. Chitosan, dextran,
alginate, collagen, silk fibroin, etc. are few examples. Figure 1.4 depicts the types of

biopolymers used in oral drug delivery system.
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Biopolymers in
oral delivery

Figure 1.4 Biopolymers in oral delivery

Reviewing all its applications in bone regeneration, the present thesis work focuses on the oral
delivery of BG for bone health applications. The basic composition of 45S5 BG includes 45 wt
% Si02, 24.5 wt % CaO, 24.5 wt % NaO and 6 wt % P>Os [28]. Micronutrients like Si, Ca,
and P play a pivotal role in bone mineral density.Various researchers have shown the potential
application of SiO2 nanoparticles in oral delivery of macromolecules[36]. BG has also been
explored as an oral delivery vehicle for gastrointestinal regeneration [37]. All these findings

have led us to explore the application of oral delivery of BG as a bone health supplement.

For this purpose, several formulations of BG were prepared in combination with collagen, soy
protein, and fortification of essential vitamins for bone health. Soy foods contain varying levels
of various types of isoflavones known to be osteogenic compounds that help prevent bone loss

especially in postmenopausal condition. Soy protein has been reported to have positive effect
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both on bone metabolism and cardiovascular health [38]. Soy consumption hs also shown
improvement in the bone markers that stimulates the osteoblast activity and shows a positive
impact on bone mineral density and bone microstructure [39]. These studies led to the usage of
soy protein as base food material mineralized with BG and vitamin K for bone health
applications. Vitamin K mediates the carboxylation of glutamyl residues on bone protein i.e.
osteocalcin and maintain bone health. It has been studied that low serum concentration of vit
K is associated with low bone mineral density and increased of fracture thus depicting vit K as
an essense for good bone health. Collagen has also been explored in the present study to
fabricate oral edible film fortified with BG. Collagen is the most abundant fibre like protein on
our body [2]. It the main constituent of bone mass and is found throughout the body [3].
Collagen peptides significantly inreases the organic substance of the bone. Collagen may help
people with osteoporosis. Various studies have demonstrated that collagen peptides increase
bone mineral density and enhance bone markers thus indicating a reduction in bone loss and
elevation in bone formation [40]. Collagen peptides have also shown positive effect on
cartilage, tendons due to the production of elastin [41]. Herein, we have explored the
application of BG in drug delivery and as functional food by carrying out in-situ mineralization
of bioactive glass in food-grade polymer for targeted protein delivery and fabrication of
bioactive glass-fortified functional food for bone health respectively. The materials thus formed
are tested for cytocompatibility and found to be biocompatible. Finally, to protect against
micro-organisms and pathogens and to prevent photo-oxidation, the active packaging material
is fabricated that can be used for the packaging of the drug and food. It is for the first time BG
has been introduced as a radiopharmaceutical by radiolabelling it with *™Tc (Technetium-
99m). *™Tc is widely used radiopharmaceutial in medical sector for dynamic imaging and
diagnostic purposes of organs and tissues. Its applications are oriented to study renal, hepatic,

helatobiliary, bone, cardiac, and oncological diseases. Once entered into the human body, **™Tc
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concentrates in the thyroid gland and the gastrointestinal tract and its excretion is rapid mostly
in the urine and in the form of feces. The short six hour half-life and its rapid elimination from
the body limit its toxic effects and make it a valuable agent in imaging and diagnosics, all while
curbing the radiation exposure to the patient [42,43] Subsequently, the radiolabeling of BG
and its binding stability in different gastrointestinal pH conducted in the present study. This
can further be explored in future in an animal model where the whole ADME process
(Absorption, Distribution, Metabolism, and Excretion) can be studied when these particles are

ingested orally.

1.2 Major Objectives of the Thesis:
v To synthesize radiolabelled Nano-sized bioactive glass particles for bone regeneration.
v Application of bioactive glass in drug delivery and as a functional food.

» In-situ mineralization of bioactive glass in food-grade polymer for targeted protein

delivery.
» Fabrication of bioactive glass-fortified functional food for bone health.

v" To evaluate cytocompatibility and cellular uptake of bioactive glass for intestinal and

bone cells.
v" To fabricate active polymeric film for drug/ food packaging applications
1.3 Outline of the thesis:
The chapters included in the thesis are as follows:

Chapter II discusses the synthesis of BG nanoparticles using vitamin C as a template followed

by its radiolabelling with **™Tc and explored BG as a potent radiopharmaceutical.
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Chapter III involves the fabrication of dextran sandwiched film for the targeted delivery of
collagen-BG complex along with vitamin D at the targeted site. Structural and functional

characterization was carried out for the formed film.

Chapter IV discusses the formulation of BG in functional food applications. Soy-based
functional food was fabricated and fortified with BG network and vitamin K for bone health
applications. A detailed structural analysis of the edible film was carried out. The nutritional

analysis was also conducted to showcase its potential as food for bone health.

Chapter V elaborates on the fabrication of the UV shielding antimicrobial edible active

packaging material to be used for drug and food packaging materials.
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Chapter 2

Synthesis and functionalization of bioactive glass as a potent
radiopharmaceutical for bone regeneration

2.1 Introduction:

Osteoporosis (OP), osteomalacia (often called soft bones), and osteopenia are some of the
common bone disorders related to the decrease in the level of bone mineral density and often
leading to fracture of bone and dependable lifestyle [1]. Bone fractures have become a global
public health issue. The prevalent disorders related to bones are majorly due to the decreased
mineralization of bones i.e. reduction in the inorganic matrix of bones [2]. Various organic and
inorganic nutrients are required to keep the overall well-being of bones. For instance, collagen
protein is the major protein in the extracellular matrix (ECM) and supports osteoconduction
[3]. Similarly, various studies have shown a positive impact of soy protein against OP and
prevent bone loss [4,5]. Micronutrients like vitamin C, vitamin D, and vitamin K play an
essential part in nurturing bones. Vitamin C plays a vital role in collagen synthesis that helps
maintains the organic matrix of the bone framework [6]. Likewise, vitamin K prevents vascular
calcification and promotes bone metabolism [7]. For efficient calcium (Ca) absorption in our
body, vitamin D plays a crucial role [8]. Along with organic nutrients, different inorganic
constituents make a bone framework like Ca that favors osteoblast proliferation and ECM
mineralization [9]. Phosphorous (P) stimulates the expression of MGP (matrix gla protein) [10],
a key regulator in bone formation, and silicon (Si) is required for the formation and calcification
of bone tissues [11]. For overall bone health, all these aforementioned nutrients perform an
indispensable role. The deficiency of any of these nutrients may harm bone health. There are
various treatments available to nurse bone disorders such as knee transplants, bone grafts [12],

intravenous injections of bisphosphonates, steroids, collagen fillers, etc. [13], Ca and vitamin
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D-based supplements in combination with collagen [14]. Among all these possible treatments,

oral delivery of nutraceuticals is widely accepted as it is most placable for patients.

With the advent of third-generation biomaterials, bioactive glass (BG) has widely been used
and explored for bone regeneration applications. BG has been used as scaffolds for bone tissue
engineering [15] and has also been proposed as a potential biomaterial for bone grafts [16] BG
has also been explored as coating material over metallic implants [17] as they are
osteoconductive and osteoinductive [18]. Commercially, various BG products like Perioglass
for periodontal disease therapy, Novabone for orthopedic bone grafting, and Novamin as
particulates of BG in toothpaste for dentinal hypersensitivity treatment are available [19].
These attributes of BG make it a potent biomaterial for bone mineralization applications. To
serve the purpose of bone health issues, the present investigation proposes the oral delivery of
BG nanoparticles for bone regeneration and a healthy skeletal system. Oral delivery of BG has
been studied for gastrointestinal regeneration [20-22]. It is the first time that oral delivery of
bioactive glass is proposed to be explored as a bone health supplement for bone regeneration.
The basic composition of 4555 BG is 45 wt % (weight) Si03, 24.5 wt % CaO, 24.5 wt % NaO,
and 6 wt % P>Os and is found to form a bond with a bone showing bioactivity [20,23]. This
composition of BG showcases it as a reservoir of micronutrients for bones. Also, the
phenomenon of bioactivity plays an essential role in bone mineralization by forming a
hydroxyapatite (HA) i.e. calcium phosphate layer. Herein, a well-established method of in-situ
mineralization of bioactive glass is carried out [24,25] using vitamin C as a template. The
choice of vitamin C as a reacting surface for precursors of BG is done as the former plays an
important role in the synthesis of collagen. The synthesized nanoparticles are thoroughly
characterized for their functional and structural properties including XRD, FTIR, and TEM.
The mineralization of BG nanoparticles is confirmed by SEM/EDAX. The nanoparticles are

subjected to in-vitro biocompatibility studies against Caco-2 (human colorectal
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adenocarcinoma cells) and U20S (human osteosarcoma cells) cell lines. The cellular uptake
studies are also conducted against Caco-2 cell lines since the proposed delivery method of
nanoparticles is through an oral route. To the best of our knowledge, this is the first time that
BG nanoparticles have been radiolabeled with technetium- 99m (*™Tc) and is subjected to oral
delivery, unlike the conventional method of **™Tc incorporation via injection. The labeling
efficiency is checked using ITLC (instant thin layer chromatography) at different pH variants

of GI tract and physiological pH. This attempt may help in knowing the biodistribution of BG

through in-vivo imaging.
2.2 Experimental section
2.2.1 Materials

Precursors for the in-situ mineralization of bioactive glass (BG) nanoparticles namely tetraethyl
orthosilicate (TEOS), triethyl phosphate (TEP), sodium acetate, and calcium acetate
monohydrate along with vitamin C were obtained from Sigma-Aldrich, USA. Hanks’s
Balanced Salt Solution, HBSS (also known as simulated body fluid, SBF) was also procured
from Sigma-Aldrich, USA for the in-vitro bioactivity analysis. Cell studies were carried out for
Caco-2 cell lines (human colorectal adenocarcinoma) and U20S cell lines (human osteoblast-
like osteosarcoma) obtained from National Centre for Cell Science (NCCS), Pune, India. **™Tc-
pertechnetate freshly eluted from **Mo (Molybdenum-99) by solvent extraction method was
acquired from the Regional Centre, Board of Radiation and Isotope Technology (BRIT),
Department of Atomic Energy, India. For all experiments, Milli-Q water was used. All the
reagents used in the experiments were of analytical reagent (AR) grade of high purity. All the

procedures were performed at room temperature of 25 °C unless otherwise stated.
2.2.2 Methods

2.2.2.1 Synthesis of vitamin C templated bioactive glass nanoparticles (BGCNPs)
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For the in-situ mineralization of vitamin C templated BG nanoparticles, vitamin C (1mg/ml)
was dissolved in 10mM TRIZMA buffer at pH 8 under constant stirring at 25 °C. After
complete dissolution, precursors namely TEOS, TEP, sodium acetate, and calcium acetate

monohydrate were gradually added successively as reported by our previous lab work [26] and

the particles thus formed were named BGC.

2.2.3 Characterization techniques
2.2.3.1 FTIR

FTIR spectra were recorded by grounding the sample with potassium bromide (KBr) in the
ratio of 1:100 and pelleted. The spectra were recorded by NICOLET 380 FTIR spectrometer

in an operating range of 4000 — 400 cm™' with a resolution of 4 cm™!.
2.2.3.2 XRD

To deduce the amorphous and crystalline nature of the nanoparticles, XRD was performed on
Rikagu Miniflex-II. The operating specifications were 20 kV and a current of 10 mA using Cu

— Ko radiations with a scanning range 20 of 10 ° to 70 ° at a scanning rate of 0.2 °/min.
2.2.3.3 Particle size and distribution

The particle size and size of distribution were investigated using Transmission Electron
Microscopy (TEM), JEOL 100 TEM, operating at 100 kV. Before imaging, BGC nanoparticles
were sonicated for 30 min using ethanol as dispersing medium. Consequently, 5 pl of that

solution was pipetted over 200 mesh C-coated Cu grid.
2.2.3.4 Nitrogen sorption analysis

The porosity of BGC was determined by nitrogen adsorption-desorption analysis at -196 °C
using Microtrac BEL (Model BELSORP-max), Japan, and with nitrogen as adsorptive gas (N2,

cross-sectional area 0.162 nm?). As per the procedure, BGC nanoparticles were vacuum heated

__________________________________________________________________________________________________________]
DTU: 2024 Page 29



Chapter 2: Synthesis and functionalization of bioactive glass as a potent
radiopharmaceutical for bone regeneration
__________________________________________________________________________________________________________]
at 300 °C for 3 h. The surface area was determined using Brunauer-Emmett-Teller (BET)
equation. The pore size distribution was determined by the Barrett-Joyner-Halenda (BJH)

method applied to the desorption branch of isotherm.

2.2.3.5 Morphological and elemental evaluation

The surface morphology of BGC was observed using Scanning Electron Microscopy (SEM,
ZEISS EVO MAI15). The samples were gold coated and then observed at an accelerating
voltage of 5.0 kV at 500 X magnification. The elemental evaluation was done using EDAX
(Energy Dispersive X-Ray Analysis) at a running voltage of 20 kV using ZEISS EVO MA15

to investigate the presence of Si, P, Na, and Ca ions in a sample.

2.2.3.6 In-vitro formation of hydroxyapatite- Bioactivity test

The bioactive nature of BGC was studied concerning hydroxyapatite forming ability when
immersed in simulated body fluid (SBF) as described by Kokubo et. al [27]. The samples were
prepared with a BGC/SBF ratio of 3:1 and were placed in an incubator shaker at 37 °C under
constant shaking at 120 rpm. The SBF solution was replaced every 3 days and the study was
conducted for 30 days. At required time intervals, the solution was centrifuged and particles
were rinsed with absolute ethanol, dried, and stored for further analysis using XRD, FTIR,

SEM, and ICP-MS (Inductively coupled plasma mass spectrometry).

2.2.3.7 ICP-MS

After in-vitro bioactivity assay, the leftover SBF after recovery of BGC via centrifugation, was
analyzed by ICP-MS. This helps in highlighting the ionic exchange that took place between the
BGC surface and SBF during the bioactivity process. Concentrations of Si, P, and Ca in the
remaining SBF were measured for all periods. This estimation was done using Agilent 7900,

ICP-MS, USA. As per the standard procedure, BGC nanoparticles were heated at 900 °C for
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24 h. The resulting ash was dissolute in aqua-regia followed by dilution using Milli Q. The
solution was then filtered and administered into the ICP plasma chamber, followed by

desolvation and ionization. The ionized plasma was analyzed using a mass spectrometer.

2.2.3.8 Biocompatibility and cell viability

The cytotoxicity of BGC was examined by MTT assay. Since the oral delivery of BGC is
proposed in the present investigation, therefore, cellular toxicity against intestinal cell lines
(Caco-2 cell line) becomes indispensable. Also, bioactive glass is considered to be osteogenic
[28], thus cytocompatibility is monitored against human osteosarcoma cell lines (U20S cell
lines). The study was conducted for 24 h and 48 h for both cell lines. The basic principle behind
the MTT assay is that only metabolically functioning cells can transform MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) to purple formazan. The extent of
formazan generated can be quantified using TECAN multimode microplate reader at a
wavelength of 570 nm and is directly proportional to the number of living cells. The
standardized protocol was followed as reported by other researchers to carry out this assay

[29,30]. The cell viability was calculated as described elsewhere [30].

2.2.3.9 Cellular uptake

The uptake of extracellular material across the plasma membrane of eukaryotic cells is
characterized by different routes i.e. from passive to active transport as discussed [31].
Internalization of particles > 1 pm can occur through micropinocytosis and nanoparticles are
transported mainly via Caveolae and Clathrin-mediated and independent endocytosis [32]. The
cellular uptake efficiency of BGC nanoparticles was evaluated using a flow cytometer (Becton
Dickinson LSR II, San Jose, SA, USA) equipped with cell quest software. Initially, BGC
nanoparticles were made fluorescent by tagging them with FITC (Fluorescein isothiocyanate)

to be estimated via flow cytometry. The uptake efficacy was examined for Caco-2 cell line.
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Caco-2 cells were seeded in a 6-well plate at a density of 2.0 x 10° cells per well (counted by
hemocytometer). The cells were allowed to adhere overnight. As the cell confluency reached
70 %, the culture medium was removed and cells were rinsed with 1 ml PBS (phosphate bufter
saline). Subsequently, cells were incubated with FITC-BGC at a concentration of 25, 50, and
100 pg/ml for 24 h. After incubation, the cells were washed three times with ice cold PBS,
trypsinized and centrifuged at 4000 rpm at 4 °C for 5 min. The pelleted cells thus obtained
were resuspended in 500 pl of PBS and were acquired on flow cytometer. A total of 10,000
events per sample were obtained at the excitation wavelength of 375 nm and emission
wavelength of 510 nm. The fluorescence signal from the cells were recorded and the cells
without any treatment were used as a control for autofluorescence. Each analysis was done in

triplicate.
2.2.3.10 Radiolabeling of BGC nanoparticles with Technetium-99m (**"Tc)

Radiolabeling of BGC with *™Tc is concluded to fabricate BGC as a radiopharmaceutical that
can further be employed for biodistribution profile studies. In the present study, the
stability/labeling efficiency of BGC-**"Tc is studied at pH variants of the GI tract (pH 1.2 &
6.8), neutral pH (7), physiological pH (7.4), and alkaline pH (8.5). These ranges of pH were
chosen as radiolabeled BGC has to travel through the GI tract following oral delivery and after
cellular uptake may enter the systemic circulation. Five different vials were taken having
designated pH values containing 1 mg/ml of BGC and 100 pl of SnCl, (Stannous Chloride)
followed by the addition of *™Tc (4.0 mCi). The labeling efficiency was assessed by ascending
instant thin-layer chromatography (ITLC). The radiochemical purity of free and labeled BGC
was checked by using a 31ET Whatman strip having acetone as the mobile phase. The labeling
efficiency was calculated using the following equation [33]:
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Labeling efficiency % = (total counts — counts of free pertechnetate/total counts) x 100

Statistical analysis

Data are expressed as mean + SD. Statistical analysis was carried out through Origin Pro 8.6
32-bit software using two-way ANOVA, (least significant difference) at the significance level
of p-value <0.05. The results are reported as the mean =+ standard deviations of at least three

replicates.
2.3 Results and Discussions
2.3.1 FTIR

When IR radiation passes through a sample, some of the radiation is absorbed, and the rest
passing through the sample is recorded. Fig.1 (b) shows the FTIR spectra of BG, BGC, and Vit
C. BG (without template) and BGC are depicted separately just to indicate the presence of
vitamin C in the formed nanoparticles thus showing the presence of template with BG
nanoparticles. The peak at 1103 cm™ and 473 cm™! corresponds to Si-O-Si stretching. A small
peak at 959 cm™! is assigned to the non-bridging oxygen with the surface of active silanol (Si-
OH) [25,34,35]. The peak at 674 cm™! indicates the P-O bending vibration. The peak at 1649
cm! of Vit C refers to the C=0 vibration present in the lactone ring [36]. The -OH stretching
and vibration can be seen around peaks 1412 cm™' and 1565 cm™ that also be visualized in BGC
with a slight deviation of 1412 cm™! to 1446 cm™ addressing the ionic interaction among Vit C
and BG precursors. The bands between 1400 — 1100 cm™ of Vit C are ascribed to C-OH
vibrations. The peak at 3374 cm™ in Vit C depicts O-H stretching and can also be seen in BGC
at 3436 cm™! confirming the in-situ mineralization of BG nanoparticles using Vit C as a template

and signifies ionic interactions among different moieties [25,36].
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Fig.2.1 a) XRD pattern b) FTIR spectra
2.3.2 XRD

As crystalline size approaches the nanoscale, the XRD peak broadens [37]. Broadening of the
diffraction peak escalates as the crystalline size drops from 50 nm to 25 nm [38]. Fig.1 (a)
depicts the possibility of the synthesized BGC to be nanosized as there can be seen a broad
diffraction domain at 20 value range from 15 ° to 30 °. It can also be inferred from the
diffraction pattern that the formed BGC is highly amorphous as depicted by various researchers
[39,40]. Vit C, on the other hand, is highly crystalline in its pure form. During ionic/physical

interaction of Vit C as a template with BG precursors during in-situ mineralization of BG, there
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occurs alteration in its structural integrity of Vit C according to reaction sites of the same. Alike

observations can also correspond to FTIR spectra (fig.1 (b))

2.3.3TEM

TEM micrographs confirmed the size of the BGC in the Nano range (Fig.2 (a & b). Using
Image J-analysis, particle size distribution was evaluated and the mean diameter of BGC came
out to be 25.36 = 1.2 nm as depicted in Fig 2 (d). The nanoparticles formed are spherical.
Further, the amorphous nature of the prepared BGC has also been reflected by the selected area
electron diffraction (SAED) pattern (Fig. 2 (¢)) that is consistent with the XRD (Fig.1(a)) The
EDAX spectra confirm the in-situ mineralization of BG nanoparticles employing Vit C as a
template. (Fig.2 (e)). The elemental analysis of the formed nanoparticles using EDAX is shown

in Table 1.

Table 2.1: Elemental analysis of BGC using EDAX spectra. (p<0.05)

Element Atomic % EDAX analysis
Observed Calculated

P 6.75 7.22

Ca 3.11 1.72

Si 42.89 37.74

Na 35.55 29.23

C 11.70 24.05
Total 100 99.96
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Fig. 2.2 a) & b) TEM images of BGC c) SAED pattern of BGC nanoparticles d) Particle
size distribution based on TEM images using image J bundled with 64-bit Java-1.8.0_172

analysis software e) EDAX spectra of BGC nanoparticles
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2.3.4 Nitrogen sorption analysis

To confirm the mesopores distribution of synthesized BGC, BET analysis was extended for the
t-method and the result is displayed in Fig.3. The analysis depicted the mesoporous nature of
the nanoparticles with a mean pore diameter of 8.18 nm as depicted in the inset image. Pore
size was not homogenous and can be attributed to the ionic interaction between ionic moieties
of BG and vitamin C. The investigation represents type IV isotherm with hysteresis loop H4

[41,42]. The surface area was calculated using the BJH method and was found to be 75.912

m?/g.
C !
3 60-
- l Pore Characterization:
< BJH surface area (m?/g) 75.912
o $/
S 40- /d Average pore radius (A°) 7.480
o P
= ,,,,.jj/-/ BJH cumulative desorption 0.971
o " pore volume (cc/g) (at
20 -8
E L P/P0=0.997
3 .0.,'/"" —— BGC
>
0 ! 1

00 02 04 06 08 1.0
Relative pressure (P/Pg)
Fig. 2.3 Nitrogen adsorption-desorption isotherm and pore size characterization of BGC

nanoparticles

2.3.5 Bioactivity test

Bioactivity can be defined as the potential of the material to interact with the living tissue by
forming body-like constituents [27]. In terms of bones, bioactivity is a property of a material

to bond with the bone tissues by forming a hydroxyapatite (HA) like layer which constitutes
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the major portion of the inorganic matrix of the bones [43]. The in-vitro bioactivity of BGC
was evaluated by soaking it in simulated body fluid (SBF). The particles were examined for up
to 1 month and thorough structural, functional, and morphological characterization were
studied. Also, changes in the chemical composition of the counterpart of BGC i.e. the ion
concentration of the SBF solution after immersion of the sample as a function of time were
examined by ICP-MS. Fig.4(a) illustrates the XRD pattern obtained after the interaction of
BGC with SBF at different time intervals. When compared with BGC before immersion in SBF
as shown in Fig.1 (a), there is an occurrence of small peak at about 20 =~ 32°[39,40]. The
intensity of this aforementioned peak keeps on increasing with direct proportionality with time,
thus showing increased crystallization. This crystallization is an outcome of the development
of an HA-like layer (Calcium phosphate silicate, JCPDS-00-049-1674) on the surface of
BGCNPs. Further, the formation of HA is also confirmed by FTIR spectroscopy (Fig 4(b)).
The peak at 1642 cm™ corresponds to the -OH group after the interaction of BGC with SBF.
Apart from this, the peak at 803 cm™ is attributed to the carbonate group [34,40,42]. The
absorption band for phosphate can be visualized at 1108 and 953 cm™.. The peak at 471 cm™ is
attributed to the bending vibration of the phosphate group [24]. The presence of all these peaks
confirms the formation of HA over the BGC surface. It is critical to note that the intensity of

the prior mentioned peaks has significantly increased as the interactivity time for BGC and

SBF is augmented to 30 days.
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Fig.2. 4 Bioactivity analysis of BGC nanoparticles by its immersion in SBF a) XRD b) FTIR

To further validate the bioactivity mechanism of nanoparticles in SBF, ICP-MS plays a vital
role. It allows the determination of ionic exchanges established between the glass surface and
SBF. Measurements have been carried out on the remaining SBF. The results obtained show
variations in the concentration of calcium (Ca), phosphorous (P), and silicon (Si) with respect
to time. The presence of Si in SBF is an indication of the dissolution of silica from BGC to
form silanol. This eventually leads to the formation of silica gel over the surface of said
nanoparticles further forming the HA layer [44]. As depicted in Fig.6 (b), the concentration of
Ca and P decreases with an increase in time. In contrast, the concentration of Si increases over
time confirming the dissolution of the glass surface during the bioactivity process. These
aforenamed results stand in accordance with various researchers [24,27,44]. After immersion
of BGC in SBF, the samples were retrieved from SBF after a stipulated time interval, and the
surface topography of the same was monitored using SEM. As depicted in Fig. 5, HA growth
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over BGC in patches can be seen after 24 h. With the escalation in the time period, it is evident
from the images that HA starts aggregating and spreads throughout the surface of the particles.
EDAX spectra (Fig.5) depicting Ca, P, and O confirms the formation of calcium phosphate
(HA) and stand as per FTIR (Fig.4(b)). Enhanced HA showing an increased percentage of Ca
and P at day 30 when compared with day 1 from EDAX as shown in Fig.6 (a) (as a bar graph)

validates the bioactivity phenomenon.

cps/eV

a) e ‘]
a P 24 h
< - oe I
Ca P 7 days
= I . .
W s
14 days
f 53 o) IP T d
| ﬁé -P = 21 days
e
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_MLJLL L
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Fig. 2.5 Bioactivity analysis by SEM micrographs (500 X magnification) along with EDAX

spectra
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Fig. 2.6 a) Bioactivity analysis by atomic percentage calculation of Ca & P observed at 24 h
and 3 weeks by EDAX. b) ICP-MS for leftover SBF fluid after bioactivity test (dissolution

of Ca, P, and Si in SBF after immersion of BGC nanoparticles)
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2.3.6 Biocompatibility test

With the advent of the application of nanoparticles in drug delivery systems (DDS), cellular
viability is a crucial aspect to be studied. The cellular toxicity of BGC was evaluated at varying
concentrations from 0.5 pg/ml to 100 pg/ml. The assay was carried out for the incubation
period of 24 h and 48 h against Caco-2 cell lines and U20S cell lines. It is evident from Fig.7
(a & b) that the viability of cells remains 80 % and above over the entire concentration range
for both cell lines. This showcases the promising nature of BGC to be biocompatible and a

potent oral delivery system. These results stand analogous to various researchers [45,46].

2.3.7 Cellular uptake

The cellular internalization of nanoparticles is highly influenced by the physiochemical
properties of nanoparticles. Since the oral delivery of BGC has to follow the GI tract, therefore,
the cellular uptake of FITC-tagged BGC at varying concentrations (25 pg/ml to 100 pg/ml)
against Caco-2 cell line was evaluated using a flow cytometer. The fluorescence intensity
produced is directly proportional to the amount of material internalized. From Fig. 7 (c), it can
be inferred that as the concentration of BGC increases, there is a six-time increase in fold
change when compared with blank cells. Due to its nanosized range, BGC is easily internalized
via endocytosis through the intestinal cell line [31,46]. This study shows that BGC is a suitable

candidate for oral delivery applications.
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Fig. 2.7 Biocompatibility assay of BGC nanoparticles against a) Caco-2 cell lines b) U20S

cell lines c) Cellular uptake of BGC nanoparticles over Caco-2 cell lines.

2.3.8 Radiolabeling efficiency

One of the important requisites of radiopharmaceuticals is its stability in systemic body fluid.
Numerous biomolecules in human body fluid tend to bind with Tc-99m. Therefore, the labeling
efficiency of Tc-99m with BGC is checked using radio TLC. Also, the ingestion of

nanoparticles is proposed to follow the oral route, which resonates that it has to encounter the
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different pH conditions of the GI tract, consequently labeling efficiency is monitored at
different pH ranges (acidic-neutral-basic). The residence time of any ingested material in the
stomach is nearly about 2 h, therefore at pH 1.2 (stomach pH), labeling efficacy is checked up
to 2 h. Subsequently, food descends to an intestinal region where residence time varies from 6
to 10 h, and eventually, it enters into the systemic circulation after being absorbed via intestines,
for that reason at pH 6.8 & pH 7 (intestinal pH) and physiological pH (pH 7.4), the labeling
effectiveness is checked up to 24 h. From Fig. 8, it can be comprehended that the labeling
efficiency of BGC-Tc 99m is approximately more than 91 % after 6 h and is maintained at
around 88 % even after 24 h. The TLC chromatographs depicted in Fig. 8 (b to e) reveal the
major portion of labeled *™Tc-BGC and a very less proportion of free TcO4™ (pertechnetate).

The above data discern the application of Tc-99m labeled BGC as an effective

radiopharmaceutical for oral delivery applications.

__________________________________________________________________________________________________________]
DTU: 2024 Page 44



Chapter 2: Synthesis and functionalization of bioactive glass as a potent
radiopharmaceutical for bone regeneration

a) Radiolabeling of BGC with Tc-99m = “¥- @
" H1.2,1h
gm mih m2h nh n2ah | ‘ 4
§1oo — # e — :
:3 80 ?; Jili E!i]l[ %H ﬁl
| N b
£ i I
E 40 ‘ i} -]I ‘,‘
N B | il Il
20 ‘ g ‘5, ‘1
i J I ‘ s
5 i ; l po
pH1.2 pH6.8 pH7.0 pH74 pH8S P A A W
LC:—)J F";m pH6.8,1h pH7.0,1h
*x 0,
0
- J
Nl
§ o |
i
o ‘
! \
10 ’ «,»L
i ,,.w, Mm"’\vww.m . PR BEEEE.
BEEREEEEREREEEREER
e H8.5,1h
) x pH7.4,1h PHB.5
T EEEEEEE

Fostoeiom
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2.4 Conclusion

The present investigation describes the successful synthesis and characterization of BGC. It
also demonstrates its productive interaction with SBF showing bioactivity thereby resulting in
biomineralization. The in-vitro studies also show the biocompatible nature of the formed
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particles for both intestinal and bone cells (caco-2 and U20S cell lines respectively). The
cellular uptake studies depict the potential of these particles for oral delivery application. The
stable radiolabeling of BGC with *™Tc at different pHs indicates its usage as a

radiopharmaceutical, which in the future may be explored for in-vivo imaging for diagnosis

and targeted delivery applications.
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Chapter 3

Characterizing Dextran-Sandwiched Collagen Bioactive Glass
Film for Enhanced Oral Targeted Delivery: A Physicochemical
and Structural Investigation

3.1 Introduction:

The bone framework consists of an organic matrix and inorganic salts. The organic matrix
contains 90 % of collagen protein [ 1]. Constituting the major portion of the extracellular matrix,
it plays a crucial role in the structure and functioning of bone tissues [2]. It is a structural protein
that forms white fibers of the skin, cartilage, bones, tendon, and all other connective tissues
[3,4]. The inorganic portion primarily consists of phosphate and calcium ions. The nucleation
of calcium and phosphate ions forms a hydroxyapatite layer and its association with collagen
is responsible for the typical stiffness and strength of bone tissue. Other factors accountable for
maintaining bones include parathyroid hormone (PTH), estrogens, and Vitamin D [2]. Physical
activity also appears to be crucial for bone mass. A healthy nutritional diet combined with
exercise is always advisable to maintain overall bone health [5]. With the escalation of
technology-related mental work, there is poor participation in physical activity leading to a
sedentary lifestyle [6]. Physical inactivity reduces bone mineral density [7]. There is an
increasing identification that inadequate exercise, poor vitamin D, and low calcium intake are
common in current society [8]. The consequence is that urban youngsters are getting affected
by bone-related health issues including weakening of bones, bone fragility, etc. Nearly 70 %
of children in the USA are deficient in vitamin D and calcium. [9]. There is an increasing
number of young adults complaining about osteoarthritis (OA) problems [10], OA is the most
common form of arthritis among people [11]. An unbalanced diet and wearing of cartilage

surrounding the bone leads to OA. It can happen in any joint but the majority occur in the hip,
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spine, hand, and knee joints [12]. Apart from this, Osteoporosis (OP) is another common
problem that is more prevalent in females over the age of 50 due to postmenopausal changes
in the body [13]. The main cause for OP is a decrease in estrogen levels during menopause
which causes bone mass reduction and collagen protein depletion in the body with aging [14].
This eventually grounds the fragility of bone and ultimately the breaking of the bone [15,16].
Vitamin D3 (cholecalciferol) and vitamin D2 (ergocalciferol) are the two main physiological
forms of vitamin D. Vitamin D3 is naturally produced by the skin when exposed to sunlight. It
has been shown to have a more pronounced effect in elevating the concentration of 25(OH) D
in serum [17]. With the exponential increase in skeletal ailments, a combination of Vit D and

Ca appears to be substantial for bone health as Vit D is needed for Ca absorption in the body

[18].

With the advent of third-generation biomaterial, bioactive glass (BG) has been widely used for
bone regeneration as scaffolds and tissue engineering as it stimulates the natural bone to repair
itself [19]. Mesoporous BG has a high drug-carrying capacity because of its structure and it is
not only osteoconductive and osteoproductive but also osteoinductive, therefore it is considered
an ideal component for bone repair mechanism [20]. Some examples of their applications are
in orthodontics, maxillofacial, and orthopaedics [21]. In this study, 45S5 BG nanoparticles
containing 45% SiOzare first time used for oral route. Apart from silica, it a rich repository of
Calcium (Ca), phosphrous (P), and sodium (Na) [22]. It is to bring attention that biodegradable
and biocompatible silica nanoparticles has been recently emerged with enormous potential as
a oral delivery vehicle for various therapeutics including macromolecules [23]. Silica is
considered “Generally regarded as safe” (GRAS) by US FDA and are employed in many
nutraceuticals and cosmetics [24,25] This lead to the exploration of BG as oral drug delivery
component. BG is well known for the mineralization of bone by forming a hydroxyapatite (HA)

layer as it manifests bioactivity when contacted with simulated body fluid [26,27]. HA is
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known to be very essential for bone regeneration in-vivo [28]. Thus, BG stands to be a
fundamental oral bone health supplement since it is enriched with Ca, Si, andP which are very

much required for bone mineralization.

Various health supplements containing Calcium (Ca), Vitamin D, and collagen derivatives are
available in the market to support the skeletal system of the human body. Oral delivery of
collagen hydrolysates has been used in practice and has exemplified their efficacy in alleviating
discomfort caused due to bone-related problems. It has also proved to have beneficial effects
on skin aging, OA, OP, rheumatoid arthritis, etc. [4]. But oral availability becomes a concern.
Though oral delivery is considered to be the most amicable way to consume drugs and other
health supplements, due to the harsh GI tract environment, there is much loss of drug in the
upper GI tract before systemic absorption causing the bioavailability of drugs often
questionable through oral route. Also,the burst release of drugs causes poor absorption in body
due to erractic drug release. This leads to a larger amount of drug dosage formulations that may
impose side effects like higher doses of Ca supplemnts causes calcification due to Ca deposition
[29], nausea & polyuria are symptoms against higher dosages of Vit D [30]. Therefore, to
ensure adequate bioavailability and optimum dosage of essential nutrients and vitamins, these
need to be protected in the digestive tract. Studies have shown that sustained release of drugs
are found to be more effective in treating ailments promising high bioavalability and fewer

systemic side effects [31].

Taking into account all these aspects, this study aims at bringing the novel formulation of
essential nutrients Ca**, vitamin D and collagen and their controlled delivery at colon to support
bone framework.Colon is onsidered to be an ideal site for delivery of proteins and vitamins as
it lacks proteases that degrade the protein in upper GI tract [32]. The combination of Ca with
vitamin D and collagen shows a synergistic effect in bone metabolism as evident by various

researchers [33]The formulation is not just pH sensitive but also enzyme specific to ensure the
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targeted delivery of the desired nutrients to support bone framework. Herein, in situ
mineralization of BG particles[19] is carried out in the collagen protein matrix followed by the
addition of Vitamin D to form collagen BG (CBG) film. To assure the bioavailability of said
nutrients at the targeted site i.e. delivery of collagen-bioactive glass assembly to the colon, it is
necessary to protect the collagen protein from degradation in the upper GI tract. For this
purpose, CBG is sandwiched between dextran film to promote colon-targeted delivery by
forming a layered film Dextran-CBG-Dextran named DCD. Dextran is a neutral
polysaccharide obtained from Leuconostoc mesenteroides with a backbone of a-(1,6)- glycosyl
residues. It has a random coiled structure and has been approved to be used in the food industry.
Also, its main applications are in pharmaceutics, medicine, coatings, etc. [34]. The degradation
of dextran takes place in the presence of the dextranase enzyme found in colonic microflora
[35]. Also, proteins that enter large intestine are digested by bacterial enzymes. Colon cells
have the capacity to absorb peptides and amino acids due to the presence of amino acid
transpoters. [36] All these attributes of dextran make it a perfect choice for colonic delivery.
Colon-specific protein delivery poses benefits as compared to the upper GI tract as it contains
lesser protein degrading enzymes than the latter. Also, the residence time for food is longer and
the colon has high responsiveness to agents that enhance the absorption of drugs [37,38]. Due
to the targeted delivery, protein drug concentration can also be reduced simultaneously thus
enhancing the bioavailability of the protein [39]. Being natural and FDA-approved [40], chosen
biopolymers i.e. collagen and dextran are generally characterized by low toxicity which makes
them advantageous for oral delivery applications. In-situ mineralized BG can prove to be the
answers for the the above mentioned enigma of various health supplements since the BG

network formed in collagen promises a sustained release of Ca and other ions accounts [19]. It

also accounts for various application in bone regeneration [41].
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Since the fabricated edible film in this study is composed of collagen protein, Vit D and BG
that eventually form HA, therefore, it can serve as a health supplement to support complete
bone health. The structural, morphological, and thermal analysis of the fabricated film is done
by Fourier Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD), Scanning
Electron Microscopy (SEM), and Thermogravimetric Analysis (TGA). The conformational
studies are conducted through Circular Dichroism Spectroscopy (CDS). The mineralization of
the BG network in collagen protein is confirmed by SEM/EDAX. The release studies of
nutrients from the film are carried out using UV-Visible spectroscopy followed by Sodium Do-
decyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE). The mechanical integrity of
the fabricated film at different pHs of the GI tract is studied using a theometer. Further in-vitro
disintegration studies are performed at colonic pH followed by the biocompatibility testing of

the fabricated film over Caco-2 cell lines.

3.2 Experimental Section

3.2.1 Materials

For the preparation of the film, dextran (70 M.W. 60,000-80,000 Da, pure, product code:
D/0124/48) was purchased from Thermo Fischer Scientific, UK. Collagen and vitamin D
(calciferol) were procured from Sisco Research Laboratories Pvt. Ltd., Mumbai, India.
Glycerol, dextranase from Penicillium sp. (D8144-500 UN), precursors for in-situ
mineralization of BG particles namely triethyl orthosilicate (TEOS), triethyl phosphate (TEP),
sodium acetate, and calcium acetate monohydrate were acquired from Sigma Aldrich, USA.
Cell studies were carried out using Caco-2 cell lines (human colorectal adenocarcinoma cells)
that were obtained from National Centre for Cell Science (NCCS), Pune, India. Simulated

gastric fluid (SGF) and simulated intestinal fluid (SIF) solutions were prepared as per the
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protocol described earlier [42]. For SGF preparation, 2 g NaCl and 3.2 g pepsin were dissolved
in 500 ml distilled water. Subsequently, 3 ml concentrated HCI was added to it and the final
volume was made up to 1 L. The solution was adjusted to pH 1.2. The pH of intestinal region
(small & large) of human digestive system ranges from 6 to 7.4 [43]. Therefore, for in-vitro
experiments, working pH chosen for intestinal fluid is kept 6.8 . Thus, for SIF preparation, 6.8
g monobasic potassium phosphate (KH>PO4) was dissolved in 650 ml of water followed by the
addition of 1 g pancreatin mixture and 0.1 % (w/v) of dextranase. The pH of the solution was
adjusted to pH 6.8 by adding 0.2 N NaOH and the solution was made to 1 L. For all
experimental procedures, Milli Q water was used and all other reagents used in this study were

of analytical reagent (AR) grade of high purity. All experiments were carried out at room

temperature i.e., 25 °C unless otherwise stated.

3.2.2 Film fabrication

For the fabrication of sandwiched film DCD, primarily dextran film was obtained by dissolving
2 % dextran (w/v) in milli Q water for 30 min followed by the dropwise addition of glycerol
(dextran/glycerol ratio 5:1) to the solution with constant stirring for further 30 min till the
homogenous mixture is obtained. The solution was then cast onto a polypropylene (PP) petri-
plate with a 5 cm diameter and was left undisturbed till it was partially dried. This film having
dextran and glycerol was simply named dextran. Simultaneously, in another beaker, 10 %
collagen (w/v) was dissolved in TRIZMA buffer at pH-8 and was stirred constantly for 45 min
at room temperature (25 °C). In-situ mineralization of BG is carried out as it creates the
homogenous system of BG network into collagen fibril network. BG precursors namely TEOS,
TEP, sodium acetate, and calcium acetate monohydrate were sequentially added dropwise with
an interval of 30 min with constant stirring, and the solution was kept in a silicon oil bath for
24 h at 37 °C to synthesize bioglass as reported earlier [19,44].During this mineralization

process, the rate of hydrolysis of TEOS to silica gel takes place [45]. After 24 h, the solution
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was again stirred while adding 20 pl of Vit D (1 mg/ml) and poured over the dextran that was
cast previously and was left for drying at room temperature. This film was named CBG.
Subsequently, another dextran layer was discharged over CBG to form sandwiched film DCD.
To elucidate the interlinkage of various components of the fabricated film, all film variants i.e.
dextran (having dextran and glycerol), collagen (pure collagen film), CBG, and DCD were
prepared. The thickness of the dextran as measured by precision micrometer was 0.11 + 0.02
mm and for collagen, it was 0.21 = 0.01 mm. For CBG, the thickness came out to be 0.25 +
0.01 mm irrespective of maintaining the same weight percentage of collagen in both collagen-

based films. This might be due to the in-situ mineralization of the BG network in the collagen

matrix while forming CBG. The thickness of DCD was observed to be 0.46 + 0.09 mm.
3.2.3 Characterization of the films
3.2.3.1 X-ray Diffraction (XRD)

XRD was performed on film variants. Measurements were carried out with Rikagu MIniflex-
IT operating at 20 kV and a current of 10 mA using Cu-Ka radiations with a scanning range of

20 of 5° to 70° at 0.2 °/min.
3.2.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

Dried film samples were powdered and mixed thoroughly with potassium bromide at the ratio
of 1:100 and pelleted. The IR spectra of pellets were then recorded using the NICOLET 380

FTIR operating in the range of 4000 — 400 cm™' with a resolution of 4 cm™'.
3.2.3.3 Morphological characterization by Scanning Electron Microscopy (SEM)

The surface topography of film samples was studied with SEM (ZESIS EVO MA15). The
samples were coated with gold and then observed at an accelerating voltage of 5.0 kV at 500

X magnifications.
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3.2.3.4 Thermogravimetric analysis (TGA)

TGA serves in understanding the thermal events associated with polymeric substances and
nanomaterials when subjected to heating under predetermined heating rate and temperature
conditions. Thermal analysis of the films was measured over time with respect to temperature
using TGA (TGA 4000, Perkin Elmer, USA). The samples were weighed approximately 5 mg

and heated from 0 °C to 800 °C at a heating rate of 10 °C/min in an N> gas flow of 50 ml/min.

3.2.3.5 Circular Dichroism Spectroscopy (CDS)

The study of conformational stability and secondary structure of pure collagen and CBG was
confirmed by CDS. CD spectra of the protein samples were recorded using a Jasco
Spectropolarimeter (model J-815) equipped with a Peltier thermostat-controlled cell holder at

25 °C and a cuvette with a path length of 1 cm.

3.2.3.6 Rheological studies

The comprehensive rheological analysis of DCD in SGF and SIF was carried out with an MCR
702, advanced rheometer, Anton Paar, Austria, loaded with Rheoplus Software using parallel
plate (PP-40) geometry at a measuring distance of 1 mm at 37 °C. Amplitude sweep studies
were performed from 0.01 to 100 strain % at 10 rad/s to define rheological stability. The
mechanical deformation and flow behavior were measured by frequency sweep experiments
which exhibit storage modulus (G ') and loss modulus (G ") as a function of angular frequency
(o) in the range of 0.1 — 100 rad/s at 0.1 % strain. Loss factor versus strain % was depicted to

demonstrate the stability of DCD in the GI tract environment.

3.2.3.7 Swelling and drug release studies

The swelling studies on various films i.e. dextran, collagen, and DCD were carried out by

immersing aforementioned film variants (square shaped 5 cm x 5 cm) into SGF, pH 1.2 for 3
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h. After 3 h, samples were rinsed and transferred to SIF, pH 6.8, and the swelling experiment
was pursued in the same way for the next 6 h. The swelling ratio from the conducted experiment
was calculated gravimetrically as reported earlier [46]. To explore the release study of collagen
and Vit D from DCD, the supernatant of the film samples was quantified using a UV- VIS
spectrophotometer. The release profile in the case of vit D was studied for 9 h at wavelength
281 nm in SGF and SIF as per the protocol described [47,48]. Similarly, collagen release was

estimated in different GI tract buffers using Bradford assay by UV- Visible spectroscopy at

wavelength 595 nm as per the procedure described [49].
3.2.3.8 MTT assay

The cytotoxicity of DCD was examined by MTT assay [50]. Caco-2 cell lines were maintained
in Minimum Essential Medium (MEM) with 2 mM L-glutamine and Earle’s BSS adjusted to
contain 1.5 g/l sodium bicarbonate, 0.1 mM non-essential AA, 10 mM sodium pyruvate, 20 %
FBS and 0.1 % penicillin/ streptomycin at 37 °C with 5 % COa. The cells were seeded onto 96
well plates at 10* cells/ well and were incubated under standard culturing conditions. Once 70
% confluency was achieved, the film suspension was added at a varying concentration ranging
from 0.5 pg/ml to 100 pg/ml followed by the incubation of cells for 24 h. The principle behind
the MTT assay is that only metabolically active viable cells can convert MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) to purple formazan which has a
maximum absorbance at 570 nm. The amount of formazan generated can be quantified and is
directly proportional to the number of viable cells. To carry out the assay, initially, 10 % MTT
reagent was added along with Opti MEM and incubated for 2 h at 37 °C under ambient cell-
culture conditions. After 2 h, the plate was taken out followed by the addition of 10 ul DMSO
(Dimethyl sulfoxide) in each well to dissolve formazan crystals. After incubation, absorbance
was measured at 570 nm using TECAN multimode plate reader. The cell viability was

calculated as described elsewhere [51].
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3.2.3.9 SDS-PAGE analysis

To investigate the protein release at different pH from DCD, SDS-PAGE was employed. The
amount of collagen released from DCD was analyzed as explained in swelling and drug release
studies. Herein, 200 pl were drawn from the release medium, and the concentration of collagen
was determined using Bradford reagent and was adjusted to 10 pg/ml. Reducing SDS-PAGE
was performed on discontinuous buffered using 5 % stacking gel and 7.5 % resolving gel (Mini
Protean Tetra Cell: Bio-Rad Laboratories, Germany) as reported [46,52]. Before running the
gel electrophoresis, the film suspension was dialyzed (using dialysis tubing cellulose

membrane D9277, Sigma Aldrich) in dialysis buffer for 24 h at 4 °C.

3.2.3.10 Disintegration studies

In-vitro disintegration studies of DCD were examined in SIF, pH 6.8 at 37 °C. Herein, the film
strip was sliced under sterile conditions into a square shape (5 cm x 5 cm), weighed precisely,
and placed in 10 ml of SIF, pH 6.8. The sample was taken out at the required time interval
(every 1 h to 9 h), washed with water, dried, and weighed. The media (SIF) was refreshed every
2 h. The percentage disintegration was calculated from dry weight before and after the
immersion [53]. Also, to examine the changes in the molecular interaction and functional
groups in DCD after dissolution, the said samples were analyzed by FTIR, and the alterations
in surface morphology were studied by SEM/ EDAX. The dissolution of BG network was also
studied in SIF after disintegration using ICP-MS (Inductively coupled plasma mass

spectroscopy)

Statistical analysis

Data are expressed as mean = SD. Statistical analysis was carried out through Origin Pro 8.6

32-bit software using two-way ANOVA, (least significant difference) at the significance level
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of p-value <0.05. The results are reported as the mean + standard deviations of at least three

replicates.

3.3 Results and discussion

331 XRD

XRD patterns were employed to examine the physical and crystallographic properties of the
fabricated films. In Fig.1, the diffraction domain at 26 ~10.1 © and 22.4 ° of collagen represents
the intermolecular lateral distance between triple helical collagen chains and diffuse scattering
respectively. The diffraction peak at 30.4 ° resonates with a typical triple helical structure of
collagen [54]. Broad diffraction at 22.4 ° is a result of unordered collagen depicting its
amorphous nature. The determined d-spacing values d = 0.88 nm and d = 0.44 nm for the peak
at 10.1° and 22.4 ° respectively provide the interlayer distance (lamellar layers) in collagen
fibril. In-situ mineralization of BG in collagen matrix leads to a slight change in the
diffractogram of CBG causing a decrease in d-spacing = 0.83 nm at a peak of 10.1 °. This is
due to the stacking of the BG network in the collagen matrix and suppression in peak 2 at 22.4
° with the shift at 19.2 © [50]. The mineralization of the BG network resulted in the crosslinking
of its ionic moieties with collagen fibril that proceeds the orientation among collagen
interlayers. Both CBG and DCD have lower intensity as compared to collagen portraying the
changes in the triple helical structure of collagen protein. The broad peak of DCD at 19.1 © and

small bump at 10.6 ° shows the amorphous nature of the sandwiched film
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Fig. 3.1 XRD patterns of various films- collagen, dextran, CBG, and DCD

3.3.2 FTIR

To elucidate the physical and chemical interaction of biomacromolecules (collagen protein and
dextran) with BG precursors and Vit D, functional groups in the films were examined by FTIR
spectra (fig.2) The wide peak observed at 3414 cm™ (fig.2a) in collagen is related to N-H
stretching of amide A. Spectral region observed at 1656 cm™ corresponds to the protein
secondary structural components of amide I which is due to the C=0 stretching vibrations of
peptide linkages. The peak observed at 1531 cm™ is representative of amide II showing N-H
deformation and C-N vibrations. O-H stretching located at 1401 cm™ represents the triple
helical structure of collagen assembled by three amino acids i.e. glycine, proline, and
hydroxyproline [54]. Amide III representation observed at 1249 cm™ is due to coupled C-N
stretching and N-H bending motions. The characteristic peaks of both amide and amine

vibrations are observed at 603 cm™ [50]. The FTIR spectra (fig.2a) of BG show the absorption
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peaks at 1116, 813, and 471 cm™! that is associated with the bending and stretching vibration of
Si-O-Si bonds [44]. The appearance of prominent bands at 640 cm™ and 496 cm™ observed for
CBG in fig.2(a & b) as compared with collagen (fig.2a) correspond to asymmetrical stretching
vibrations of the phosphate group displaying the interaction of BG precursors with collagen
protein. The peak at 1047 cm™ in CBG also corresponds to the Si-O-Si asymmetric stretch and
confirms the in-situ mineralization of the BG network into collagen with the retention of amide
I (C=0) peak at 1650 cm™! [44]. The reduction in intensities at amide I and amide II in CBG
may be ascribed to the physical interaction of ionic moieties present in the BG network with
C=0, C-N, N-H groups of collagen protein suggesting a significant change in orientation of
protein structure [55]. In addition, a weak shoulder observed at 1401 cm™! in collagen is shifted
to 1404 cm™! with increased intensity in CBG depicting physical interlinkage of the BG network
with collagen fibril and forming Si-OH [52]. The association of BG with collagen was further
revealed by the shifting of the amide A band from 3414 cm™ (N-H stretching) of collagen to
3262 cm’! for CBG. The aforementioned FTIR findings are supporting the in-situ
mineralization of the BG network in the collagen matrix. The FTIR spectra is following the
XRD pattern indicating the changes in the triple helical structure of collagen due to the
incorporation of BG precursors and its mineralization thereby forming the BG network. Fig.
2b depicts the distinctive spectra of dextran. The peak at 3302 cm™ in dextran corresponds to
the secondary -OH group [56] and O-H stretching due to intra- & inter-molecular H-bonding
between crosslinker glycerol and dextran [57]. It is evident from the FTIR spectra of DCD that
there exists a significant van der Waal interaction between dextran and loosely bound Ca" ions
of the BG network in CBG [56]. The characteristic absorption peak of the C-C bond of dextran
at 1627 cm™! is shifted to 1633 cm™ in DCD with increased intensity showcasing the physical

interaction between CBG and dextran. Also, the peak at 674 cm™ & 521 cm™ in DCD depicts

the phosphate group [58] pronouncing the interaction between different layers of films during
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its fabrication. In general, the sandwiched film DCD showed the combined peaks of dextran,

collagen, and BG.

Transmittance (%)
Transmittance (%)

Dextran
Collagen 1002
4000 3000 2000 1000 4000 3000 2000 1000
Wavenumber (cm-1) Wavenumber (cm-1)

Fig.3.2 a) FTIR spectra of collagen, BG, and CBG (left panel) b) FTIR spectra of Dextran, CBG, and DCD

(right panel)

3.3.3 Morphological determination by SEM

The topographical structure of different film variants was observed using SEM as depicted in
Fig. 3. From the images, it was observed that dextran (Fig.3a) has a smooth surface showcasing
homogenous distribution of glycerol during film fabrication forming a continuous structure
[59]. Glycerol acts as a plasticizer and the hydrogen bonding of glycerol and dextran (shown
in FTIR, Fig.2b) resulted in a uniform film structure [60]. Collagen (Fig.3b) showed a
continuous arrangement of collagen fibers in the film matrix maintaining structural integrity
and forming a patterned assembly of polypeptide chains [61]. Under the influence of metal
ions, there exists protein aggregation. Also, peptide chains undergo self-association to form
non-covalently linked peptides [62]. In-situ mineralization of BG in collagen causes the
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intercalated network formation of BG with collagen fibers forming the crosslinked
microstructure as shown in CBG (Fig.3c). The physical interaction of ionic constituents of BG
within protein molecules as evident by FTIR (Fig.2b) causes the interconnection among
collagen fibrils forming a clustered arrangement of polypeptide chains. This physical
crosslinking and agglomerated structure of CBG becomes more evident in the cross-sectional
view of DCD in Fig. 3d. The presence of Si, P, Ca, and Na elements in CBG and DCD EDAX
spectra in Fig.3e & 3f respectively supports the mineralization of BG into collagen protein

matrix and stands by FTIR findings. The elemental analysis of the BG network in DCD using

EDAX is also shown in Table 1.

Table 3.1: Elemental analysis of BG in DCD using EDAX spectra. (p-value <0.05)

Element Atomic % EDAX analysis
Observed Calculated

Si 12.07 13.27

Na 41.50 44 .44

Ca 16.90 12.03

P 34.20 30.24

Total 100 99.98
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Thermogravimetric analysis was carried out to analyze the weight loss percentage of
biomacromolecule-based films dextran, collagen, and its variants. The observed thermal
stability of CBG (Fig.4a) is more as compared to collagen. This can be attributed to the
mineralization of the BG network with collagen fibrils forming dense aggregation and
crosslinked structure as manifested in SEM images (Fig.3¢c) and depicted in FTIR (Fig.2b). A
three-stage thermal degradation was observed in all film samples. In the first stage, the weight
loss in the range of 70 °C to 120 °C is attributed to the loss of moisture/ free water during
evaporation for all film variants [52]. Major weight loss in collagen and CBG occurs in the
second stage in the range of 160 °C to 380 °C, predominantly due to protein degradation [63].
Finally, at 700 °C, approximately 27 % of CBG content remains pertaining to the inorganic
content of BG in it. The second degradation step for dextran occurred in the range from 200 °C
to 250 °C with a weight loss of about 25 % and is associated with the breaking of glycosidic
linkage eventually resulting in the depolymerization of dextran. The third step that occurred in
the range between 250 °C to 380 °C is ascribed to the degradation of the dextran chain with
approximately 80 % weight loss. At 700 °C, a complete loss of dextran is discerned [60]. In
comparison with collagen and dextran, DCD has more thermal stability. Mineralized BG in
collagen forming compact agglomerated structure enclosed in a sandwiched layer of dextran

as shown in SEM (Fig.3d) and FTIR (Fig.2b) may have imparted more thermal strength to

DCD leaving 18 % of inorganic residue near about 700 °C.
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Fig.3.4 a) TGA of collagen, dextran, CBG, and DCD at a heating rate of 10 °C/min in N, gas flow

of 50 ml/min b) Circular Dichroism spectra of collagen protein and CBG

335 CDS

CDS is a potent device for investigating the folding of collagen and other triple helical peptide
systems [64]. With the in-situ mineralization of BG in collagen, the protein might have
encountered constructional changes. Therefore, CDS is done for CBG only as dextran is only
fabricated to protect the CBG film in upper GI tract. There supposed to be no chemical
interaction of dextran with collagen as per FTIR (fig.2b). To understand the structural and
conformational changes of pure collagen after interaction with precursors of BG, CD spectra
of native collagen and with BG were studied. CD spectrum in the far UV region of collagen is
shown in Fig. 4b. Pure Type I collagen demonstrates a strong negative ellipticity band between
204 — 210 nm [64]. The collagen protein used in this investigation is marine based with 97 %
purity. It contains 380 mg of calcium per 100 g (Table 2). Therefore, due to the presence of
calcium in the protein sample, there is a strong negative ellipticity at 241 nm [65]. The negative
ellipticity in the range from 210 to 245 nm is ascribed to a-helix and random coil secondary
structures of the polypeptide chain [66,67]. With in-situ mineralization of BG network in
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collagen protein, there exists a reduction in negative ellipticity and a red shift towards 245 nm
depicting the change in the a-helical structure of the protein which can also be deduced from
XRD (Fig. 1) spectra. Apart from the presence of calcium ions that are already present in the
collagen protein sample, the ionic moieties existing in the BG network like Ca?*, PO4*, Si-O-
Si linkage, and Si-OH may have been responsible for the physical interaction with collagen
protein as demonstrated in FTIR spectra of CBG (Fig 2b) which may have led to the
modification in the helical and random coil arrangement of the polypeptide chain of collagen

fibrils. These observations validate the conformation changes in the secondary structure of

collagen protein during CBG fabrication.

Table 3.2: Estimation of protein content and Ca in pure collagen protein.

S.No. Test parameters Test result Test Method

1. Protein  (Nx6.25), 96.62+ 4.83 IS:7219:1973
g/100 g

2. Calcium (as Ca), 380.60+17.03 STRC/STP/F129
mg/100 g

3.3.6 Rheological Studies

Rheological properties play an indispensable role in comprehending the stability of both liquid
and semi-solid pharmaceutical products. It helps in the fabrication of pharmaceuticals by
elucidating the stability of polymer structure. For drug delivery, a drug delivery system (DDS)
needs specific flow properties. The rheological interpretation of a semi-solid drug carrier
system is an important physical parameter for targeted drug delivery. To determine drug release
behavior from DCD in different intestinal fluids (SGF & SIF), an oscillatory frequency sweep

and amplitude sweep test were carried out (Fig 5). These measurements can help deduce
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information regarding inter- and intramolecular forces in the material [68]. The storage
modulus (G") depicts the elastic component of the material and the loss modulus (G") gives
information about the viscous property of the material. Initially, an amplitude sweep test was
performed to determine the viscoelastic region. Within the viscoelastic region, G' remains
constant under applied stress for DCD in SIF whereas there is a dip in storage modulus for
DCD in SGF (Fig 5¢). For frequency sweep, the measurements were carried out in LVER
(linear viscoelastic region) over a frequency range of 0.1 to 100 rad/s. As can be seen from Fig
5b, G' of DCD in SGF is greater than G' of DCD in SIF over the measured frequency range
which indicates the presence of a gel-like structure of DCD in gastric (stomach) fluid. The loss
factor or damping factor is a ratio of loss modulus to storage modulus and it describes the
viscoelastic behavior of the material. From Fig. 5a, it can be seen that the loss factor of DCD
in SIF is greater as compared to DCD in SGF. In general, a low value of loss factor depicts the
capacity of the material to store more energy/load rather than dissipate it [69]. As the strain %
increases, the viscous nature of the DCD in SIF increases, eventually losing its elastic nature.
This is attributed to the strain-softening of polymeric chains in SIF. At pH 6.8, deprotonation
of the -OH group on dextran forms an alkoxide anion that leads to chain repulsion resulting in
dissociation and mobility in polymeric chains. Since the IEP (isoelectric point) of collagen is
around 5.5 [70], with the increase in the pH, the zeta potential of collagen becomes negative
[19]. Thus, the negative charge density on DCD in SIF pH 6.8 causes instability of the polymer
matrix due to anion-anion charge repulsion. This may contribute to the increased mobility
among polymeric chains causing chain mobility and escalating the fluid nature of DCD in SIF.
It is pertinent to note that at higher angular frequency, G' of DCD in SGF increases indicating

material stiffening. In contrast, the elastic modulus for DCD in SIF sharply decreases at higher

frequency resulting in a liquid state (viscous) behavior of the film. These observations can be
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correlated with loss factor data elucidating the dynamic nature (visco-elastic) of the film at

different pHs of the GI tract [32].
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Fig. 3.5. a) Loss factor versus shear strain b) Comparative frequency sweep studies from 0.1 to 100
rad/s at 0.1 % strain variation in storage modulus (G') ¢) Comparative amplitude sweep profiles at a

constant angular frequency of 10 rad/s for strain % 0.01-1000 at 37 °C.
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3.3.7 Swelling and drug release studies

To determine the swelling behavior, all film variants (dextran, collagen, DCD) were immersed
in SGF at pH 1.2 for 3 h followed by SIF at pH 6.8 for another 6 h. It was observed that
approximately after 30 min, there was a complete dissolution of stand-alone dextran and
collagen due to weaker physical interaction between polymer and glycerol as depicted in FTIR
(Fig.2). Therefore, only the swelling data of the functional film DCD is depicted in Fig. 6a. As
observed, there was a low account of swelling for DCD at pH 1.2, going maximum up to 38
%. This could be attributed to the presence of H" ions in an acidic buffer causing the protonation
of the -OH group in dextran forming H>O and making it a leaving group and causing minimal
swelling [32,71]. On the other hand, when DCD was placed in SIF at pH 6.8, swelling occurs.
The pronounced swelling in SIF is due to the deprotonation of the hydroxyl group in dextran
leading to charge repulsion and opening of polymeric chains. Also, the crosslinking BG
network in the collagen matrix and physical interaction between loosely bound Ca*" ions of
BG with dextran as evidenced by FTIR (Fig 2b) causes the opening of DCD layered structure
and thus swelling to reach a maximum of up to 80 %. The aforementioned observation
corroborates with rheology data depicting increased loss factor causing molecular mobility in
SIF at pH 6.8. After 6 h, there exists a declination in swelling showing disintegration of the
film due to anion-anion charge repulsion. Simultaneously, at regular intervals during the
swelling experiment, the supernatant solutions from SGF & SIF were taken out and were
further subjected to determine the release of Vit D and collagen at wavelength 265 nm and 595
nm respectively. From Fig. 6b, it was observed that the release of Vit D was 4.3 % upto 1 h
and 15 % after 3 h. Similarly, collagen release was initially 8.5 % after 1 h and it reaches a
maximum of 20 % in SGF after 3 h. When the film was placed in SIF, the release percentage
of Vit D increased to 61 % and maintained a sustained release of about 78 % for 9 h. Likewise,

collagen release in SIF increased to 75 % at 4 h and reaches a maximum of 95 % at 9 h. It can
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be concluded that the release of Vit D and collagen in SGF was minimal due to the acidic pH
and protective dextran layer. While in SIF, the release was escalated due to deprotonation, and
also the presence of dextranase helped in the degradation of the protective dextran layer, thus
releasing the nutrients (collagen & vit D) at the targeted site. These findings justify the
objective of swelling to understand the function of film for the controlled and targeted release
of the protein at various pH (SGF & SIF) [46]. Analysis from ICP-MS (fig.6c¢) of the SIF fluid

after disintegration showed that the presence of Si has increased and that of P decreased

confirming the dissolution of silica network during disintegration and formation of HAP
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observations and the error bars represent corresponding standard deviations.
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3.3.8 MTT assay

Cellular viability is a vital tool for an oral delivery system to promote drug delivery and drug
dissolution [72]. One of the main intents of this study was to assess the biocompatibility of the
BG network on intestinal cells as maximum absorption occurs through the intestinal region. As
the aim is to deliver BG particles along with collagen and Vit D, the MTT assay was performed
in DCD film at a varying concentration (0.5 pg/ml to 100 pg/ml) on Caco-2 cell lines. The
assay was carried out after 24 h exposure of the sample to the cell lines and the results are
displayed in Fig 6¢. From the fig, it can be seen that the viability of cell lines was above 80 %
for the complete concentration range. The inserted graph in the image shows the magnified
range from 0.5 pg/ml to 5 pg/ml proclaiming approximately 95 % viability. These results are
highly encouraging to employ these films for oral delivery applications and follow earlier

reported work [56,73].

3.3.9 SDS-PAGE for protein analysis

Dextran is considered to be the promising polymer vehicle for the colon-targeted delivery of
proteins. Therefore, to elucidate the role of dextran in the controlled targeted release of collagen
at the colon site, two separate gels were run having protein samples released from CBG and
DCD respectively at different pH (SGF & SIF). M represents the protein latter in the SDS-
PAGE profile (Fig. 7). As depicted in Fig. 7a & 7b, pure collagen designated as C and CBG
exhibited a typical collagen protein profile having al and a2 chains with a molecular weight
of about 100 kDa as a major component. These findings have also been reported earlier that
fish collagen comprises two or more different chains (typically al & a2) around 97-100 kDa
[74-76]. In Fig. 7a, Columns 1 to Column 3 (depicted as numeric 1, 2, & 3) have protein
samples released in SGF after consecutive 3 h, and columns 4 to column 7 (numeric depictions

4,5, 6, & 7) have protein samples released in SIF after consecutive 4 h. Thus, from the SDS
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profile, the release of collagen is evident in SGF for CBG samples. But for DCD, the protein
bands exist only in SIF samples as shown in Fig. 7b columns 1 to 3. The absence of protein
band in SGF in DCD might be attributed due to the feeble amount of protein as depicted in the
release assay also (Fig. 6b). Hence, it can be inferred that dextran can be used as the
fundamental polysaccharide for colon-targeted protein delivery as colon microflora contain
dextranase enzyme that helps in the degradation of dextran [37,77] and thereby resulting in

protein release. It is important to note that the released collagen retained its primary structure

when compared to native collagen(C ) in harsh GI tract environments.
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|
Fig.3.7 a) SDS-PAGE profile in the absence of sandwich layer of dextran b) SDS-PAGE profile in

the presence of sandwich layer of dextran

3.3.10 Disintegration studies

As depicted in Fig. 8c, major disintegration or erosion of the film started after 6 h and reaches
a maximum of 80 % showcasing maximum weight loss of dextran and collagen due to the
dissolution of DCD during swelling at intestinal pH and by the enzymatic action of dextranase
and proteases respectively. Near about 18 % remains of DCD film show the residence of
inorganic matter of the BG network. The surface morphological difference can be seen after
soaking and dissolution of the said film in SIF at pH 6.8 in Fig 8a. The formation of an apatite-
like crystal can be visualized in SEM. This may correspond to the hydroxyapatite (HAP)
formation over the BG network as BG tends to show bioactivity when present in simulated
body fluid [19,78]. The elemental presence of Si, P, Ca, and O as depicted in EDAX spectra
(inserted in Fig 8a) substantiates the formation of HAP. FTIR spectra (Fig. 8d) also validate
the aforementioned findings with new peaks observed at 580 cm™ and 1069 cm™! corresponding
to P-O peaks after DCD disintegration in SIF [79]. Also, the peaks at 1465 cm™ and 807 cm’!
indicate the formation of carbonate apatite [2]. Therefore, it can be inferred from precedent
data that the major organic portion of the film was dissolved in SIF persisting inorganic content
of HAP formed during the bioactivity of the BG network. Analysis from ICP-MS (fig.8b) of
the SIF fluid after disintegration showed that the presence of Si has increased and that of P
decreased confirming the dissolution of silica network during disintegration and formation of

HAP [80].
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Fig.3.8 a) SEM image of DCD after disintegration at 50 X, along with EDAX spectra c)

Disintegration % of DCD with respect to time. d) FTIR spectra of DCD before and after degradation.

3.4  Conclusion

This investigation is strongly evident in the delivery of collagen and Vit D to the colon-targeted
site using dextran as a controlled drug delivery system. The SDS-PAGE release profile
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corroborated with drug release data signifying targeted nutrient delivery. The formed films are
found to be visco-elastic. In-situ mineralization of the BG network imparts more thermal
stability to the sandwiched film due to the intercalation of BG into collagen fibrils. The key
features possessed by the film include pH sensitivity, enzyme specificity, biocompatibility,

biodegradability, and bioactivity. These attributes thus make it an efficient controlled drug

delivery system.
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Chapter 3

Fabrication of soy film with in-situ mineralized bioactive glass as
a functional food for bone health

4.1 Introduction:

Bone health plays a vital role in the overall well-being of our life. Bones not just help in
movement and locomotion but also supports our body infrastructure by protecting internal
organs. For a jovial and healthful lifestyle, bones need to be strong, flexible, and healthy. With
the increase in bone health issues including low bone mass density, Osteoporosis (OP), and
Osteomalacia, by 2030, the number of individuals affected by OP and low bone density will
increase to 71.2 million (a 29% increase from 2010) [1]. Various health supplements such as
Calcium (Ca), vitamin D, etc. are available in the market for bone well-being. Besides Ca and
vitamin D, there exist other micro-and macronutrients that are considered essential for bone
health. These include Magnesium (Mg), Phosphorous (P), Silicon (Si), vitamin K, and proteins
[2]. Proteins are considered as building blocks of our body and bone mass loss may be
influenced by the protein diet. After the approval of the US Food & Drug Administration (FDA)
claiming cholesterol-lowering properties of soy protein in 1999 [3,4], similar health petitions
for soy protein were approved by other countries including Malaysia, the United Kingdom,
Brazil, etc. [5]. Therefore, Soy protein (plant-based protein) is considered a complete protein
as it contains all the essential amino acids required in a balanced diet to promote good health
[6]. This protein also contains various types of isoflavones which are known to be plant-based
phytoestrogens [3]. The amount of isoflavones present in soy protein isolate after its extraction
from soybean flour accounts to be approximately 26% namely genistein, daidzein, etc.[7].

Inquisitive findings show that soy protein and its isoflavones have a positive effect on bone

DTU: 2024 Page 95



Chapter 4: Fabrication of soy film with in-situ mineralized bioactive glass as a
functional food for bone health
__________________________________________________________________________________________________________]
mass density [8]. When it comes to fat-soluble vitamin K, some shreds of evidence suggest a
key role of it in keeping up bone health as it is associated with carboxylation of the bone-related
protein osteocalcin [9]. Bones are made of both organic and inorganic portions i.e. proteins and
minerals. To have a grip on bone disorders and bone-related issues, not just a protein diet is to
be restored but also bone mineralization is to be considered. Bone mineralization is the process
of filling calcium phosphate nanocrystals into the organic segment of the bone matrix [10].
Osteo-malacia often called soft bones is associated with decreased mineralization of bones. A
bone framework is a reserve of minerals including Ca, P, Mg, Si (Ca being the most abundant).
With senescence, bone mineral content decreases causing various bone-related problems. In
recent advancements in biomaterials, bioactive glass (BG) being osteo-inductive and
osteoconductive, has received great attention for treating bone defects. Investigation shows that
the dissolution of BG particles enhances osteoblast attachment and bone mineralization [11].
First introduced in 1969, this FDA-approved BG [12] has revolutionized the biomaterial
research and healthcare sector for its potential to support new bone tissue growth, to show
cellular attachment to surrounding soft and hard tissues, and to form hydroxyapatite-like
material in in-vitro and in-vivo conditions showing bioactivity. These attributes make BG
worthy for treating bone-related ailments [13].

Taking into account all the possible ways to provide nutrition to the bone for overall good bone
health in the form of food supplements, the present work aims to fabricate protein film that can
act as a functional food to provide nourishment to the bone. According to International Food
Information Council (IFIC), functional foods can be defined as the foods or dietary components
that may provide a health benefit to an individual beyond providing basic nutrition [14—16].
The incorporation of vitamins, probiotics, bioactive compounds, antioxidants, etc. within the

food system can offer great benefits. Functional foods and food supplements reinforced with

nutraceutical compounds are found to be effective in preventing various chronic diseases such
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as diabetes, obesity, cardiovascular disorder, cancer, inflammation, etc. [15]. To the best of our
knowledge, it is the first time that soy films have been fabricated as a functional food along
with in-situ mineralized BG network and vitamin K1 for bone growth. The purpose of
formulating these protein films is to provide all the essential minerals i.e., Ca, P, Si to the bone
along with soy protein that promises a positive effect on bone metabolism. To avoid microbial
contamination to chewy films, essential oils (EOs), herein cinnamon oil and clove oil have
been incorporated. EOs are classified as GRAS (Generally considered as Safe) [17]. These are
secondary plant metabolites comprising volatile compounds that exhibit elemental properties
including antibacterial, antiviral, antifungal, anti-inflammatory, antioxidant, analgesic, etc.
Furthermore, the presence of eugenol and cinnamaldehyde present in clove oil and cinnamon
oil contributes to osteoblastogenesis [18,19] and have been known to show inhibitory effects
against osteoclast activity, subsequently leading to an increase in bone mineral density [20].
For the film formation, soy protein is extracted from soybean flour and protein identification
is carried out using LC-MS. Also, the protein estimation is performed using the Kjeldahl
method. The nutritional analysis of the soy film formed is done by standard test methods
(AOAC- Association of Official Analytical Chemists, IS test methods) followed by thorough
characterizations including XRD, TGA, and FTIR. The mineralization of the BG network in
the soy films is confirmed by SEM/ EDAX. The microstructure and the mechanical stability of
soy-based films under stress are studied through rheological studies and dynamic mechanical
analyzer (DMA) respectively. The swelling capacity of the films is studied which plays an

important role to study the diffusion of nutrients. Further, the films are subjected to in-vitro

antimicrobial testing using fluorescent microscopy and disk diffusion assay.
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4.2 Experimental Section

421 Materials

For the preparation of the film, defatted soybean flour in powder form with 97 - 99% purity,
essential oils (EOs) (Cinnamon oil, product number-W229105 and clove oil, product number-
(C8392), glycerol, precursors for in-situ mineralization of BG particles namely triethyl
orthosilicate (TEOS), triethyl phosphate (TEP), sodium acetate, calcium acetate monohydrate,
and vitamin K1 were purchased from Sigma-Aldrich, USA. Live/Dead Baclight bacterial
viability kit for the antimicrobial assay was purchased from Thermo Fischer Scientific. Test
microorganisms, namely Escherichia coli (E. coli) and Staphylococcus aureus (S.aureus) were
obtained from National Centre for Microbial Resource, Pune, India. Milli Q water was used
for all the experimental work and all other reagents used in this study were of analytical reagent

(AR) grade of high purity.

4.2.2 Methods

4.2.2.1 Extraction of soy protein isolate (SPI) from soybean flour

Defatted soybean flour was suspended in 0.1N NaOH solution (1:20 w/v) and kept for stirring
for 30 min at room temperature i.e. 25 °C. The suspension was then centrifuged at 10,000 x g
for 10 min. The supernatant was then adjusted to pH 4.5 for isoelectric precipitation of the soy
protein by adding 0.1 N HCI. Finally, the suspension containing protein precipitate was
centrifuged at 10,000 x g for 10 min. The protein thus obtained was washed with Milli Q water
and the pH was adjusted to 7 and was freeze-dried. This extracted freeze-dried protein sample

was named SPI.

4.2.2.2 Characterization techniques for extracted protein sample

4.2.2.2.1 Protein Determination:
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The protein content from the SPI extract was determined using the Kjeldahl method using the

nitrogen conversion factor of 6.25 for protein determination. The detailed procedure can be

found in ESI S3. The extracted protein percentage may be expressed as equation 1:

% protein =N x F (where N is % Nz and F is the protein factor i.e. 6.25) (1)

% N2=[(T — B) xXNx14x100]/ weight of sample in mg (2)

Where T= Volume of HCI consumed in sample titration

B= Volume of HCI consumed blank titration

N= Normality of HCI

Molecular weight of No=14 g

4.2.2.2.2 Sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE):

SPI was characterized by SDS-PAGE to analyze its molecular weight (k Da) based on the
method of Laemmli [21]. Reducing SDS-PAGE was performed on a discontinuous buffered
system using 12% resolving gel and 5% stacking gel. The SPI solution (2 mg/ml) was prepared
with SDS sample buffer (1.5 M Tris-HCI, pH 8.8), 20% (v/v) glycerol, 10% (w/v) 2-
mercaptoethanol, 4% Sodium dodecyl sulfate) 0.004% (w/v) Bromophenol blue. An aliquot
(15pl) of the sample solution was loaded per well after incubating with the loading buffer at
95 ° C for 5 min. The gel was stained with Coomassie Brilliant Blue R-250 for 1 h and destained
into 20% methanol and 10% acetic acid mixed solution. The gel was scanned and analyzed by
iBright CL750 Imaging System (Thermo Fischer Scientific). Before running the gel
electrophoresis, the SPI solution was dialyzed (using dialysis tubing cellulose membrane

D9277, Sigma Aldrich) in dialysis buffer for 48 h at 4 °C.
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4.2.2.2.3 Protein Identification by LC-MS (Liquid Chromatography-Mass Spectrometry):

20 pg of the extracted protein sample was analyzed on an Orbitrap Fusion™ Tribrid™ Mass
Spectrometer coupled to a Thermo EASY-nLC 1200 system. The following test parameters
were used for the analysis: Trypsin enzyme, peptide mass tolerance 10 ppm monoisotopic,
fragment mass tolerance 0.6 Da, maximum of 2 missed cleavages, carbamidomethylation of a
cysteine residue as a fixed modification. The data were confronted with the database

NCBIprot20180818. The detailed procedure can be found in EST S4.

4.2.2.3 Film Fabrication

Soy film was obtained by dissolving 5% SPI (w/v) in TRIZMA buffer at pH 8 with constant
stirring at 45 °C for 60 min. After complete hydration and dissolution of SPI, BG precursors
namely TEOS, TEP, sodium acetate, and calcium acetate monohydrate were sequentially added
dropwise with an interval of 30 min with constant stirring and kept in a silicon oil bath for 24
h at 37 °C to synthesize bioglass as reported [22]. After 24 h, glycerol was added dropwise to
the solution (SPl/glycerol weight ratio 5:1) and stirred continuously until a homogenous
mixture was obtained. Subsequently, before adding EOs into the mixture, the o/w emulsion
was prepared to have a 3:3:4 ratio of EOs i.e. clove oil & cinnamon oil in water respectively
and then 120 pl of this mixture was added simultaneously to the homogenous solution of SPI
followed by the dropwise addition of 20 ul of 0.1% of vitamin K1 stock solution. The mixture
was continued to stir for 45 min and the film was prepared by solvent cast method and was
named SEOBGK. This film was dried overnight in a hot air oven at 45 °C and was peeled off
after complete drying. To elucidate the mechanism for the film formation and to study the effect
of different constituents in the soy protein matrix, soy-based films were prepared at each
successive step. These were named SF (containing SPI + glycerol), SEO (containing SPI +
Glycerol + EOs), and the functional film SEOBGK (containing SPI + Glycerol + EOs + BG
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network + Vitamin K1) while maintaining the weight percent of SPI in each film. The thickness
(measured by precision micrometer) of SF and SEO films was 0.215 + 0.011 mm each and for
SEOBGK, it was 0.261 + 0.013 mm. Differences were observed in thickness despite using the

same weight percentage of SPI. This difference may have been due to the in-situ mineralization

of the BG network in functional film SEOBGK.
4.2.3 Characterization of the film
4.2.3.1. XRD

XRD was performed on various soy-based films and SPI. Measurements were carried out with
Rikagu Miniflex-II operating at 20 kV and a current of 10 mA using Cu-Ka radiations with a

scanning range 20 of 5° to 90° at 0.2 */min. A glass substrate was used to record the data.
4.2.3.2. FTIR

Dried samples of films were ground and mixed thoroughly with potassium bromide at the ratio
of 1:100 and pelleted. The IR spectra of pellets were then recorded using the NICOLET 380

FTIR operating in the range of 4000-400 cm™ with a resolution of 4 cm™.
4.2.3.3. TG4

The thermal stability of the film samples was performed using TGA (TGA 4000, Perkin Elmer,
USA). The samples were weighed approximately 5 mg and heated from 0 'C to 700 °C at a

heating rate of 10 ‘C/min in an N> gas flow of 50 ml/min.
4.2.3.4. SEM

The surface morphology of the film samples was studied with SEM (ZESIS EVO MA15). The
samples were gold coated and then observed at an accelerating voltage of 5.0 kV at 10,000

magnifications.
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4.2.3.5. Rheological Properties

The elaborated rheological analysis for SF and SEOBGK was carried out with an MCR 702,
advanced rheometer, Anton Paar, Austria, loaded with Rheoplus Software using parallel plate
(PP-40) geometry at a measuring distance of 1 mm at 37 °C. Shear viscosity was measured as
a function of shear rate in the range of 0-1000 s'. Amplitude sweep studies were performed
from 0.01 to 1000 strain % at 10 rad/s to find out the crossover point of storage (G') and loss
(G") moduli that signify the sol-gel transition of the film. The mechanical deformation and flow
behavior were measured by frequency sweep experiments which yielded storage modulus (G')
and loss modulus (G") as a function of angular frequency (®) in the range of 0.1 to 100 rad/s
at 0.1% strain to demonstrate the stability of the soy-based films. For each measurement, a
freshly prepared soy film suspension was used and then degassed before pouring it into a

parallel plate geometry instrument. The experiments were performed in triplicates.
4.2.3.6 DMA

Stress-strain measurements for SF and SEOBGK in the transient mode were studied using
Q800 from TA instruments (USA) equipped with a DMA-RH attachment. The temperature was
maintained at 23 °C — 25 °C and RH (relative humidity) at 50 = 4%. The films were conditioned
before testing. Film strips were carefully mounted into a film tension clamp with a gauge length
set at 15 mm and equilibrated at desired temperature and RH. A static force of 1 N/min was
applied until breaking. For each film, 3 strips were tested and Young’s Modulus (MPa) was
taken as the initial slope of the stress-strain curve, the tensile strength, TS (MPa) was taken as
the point of maximum stress on the curve and the elongation at break, EB (%) was taken as the

strain when the film ruptured.

__________________________________________________________________________________________________________]
DTU: 2024 Page 102



Chapter 4: Fabrication of soy film with in-situ mineralized bioactive glass as a
functional food for bone health
__________________________________________________________________________________________________________]

4.2.3.7 Swelling studies

The swelling studies on SF and SEOBGK were carried out by immersing both soy films
(square-shaped, 5 cmx 5 cm) into SGF pH 1.2 for 3 h. After 3 h, samples were washed and
transferred to SIF, pH 6.0, and the swelling experiment was continued in the same way for the
next 3 h. Further, the swelling studies were carried out at SIF pH 6.8 depicting colonic pH for
3 h. Additionally, dynamic swelling of the films was carried out (alternatively 1 h in each
solution) by immersing the films in SGF pH 1.2, and SIF pH 6.8. This procedure was repeated
for 9 h. In all these studies, the swelling ratio was calculated gravimetrically [23]. The in-vitro
disintegration studies for the SF and SEOBGK were examined in SIF pH 6.8 at 37 °C for 48 h.
Herein, equal-sized soy film strips were sliced under aseptic conditions into a square shape (5
cm % 5 cm), were accurately weighed, and placed in 10 ml of SIF, pH 6.8. Samples were taken
out at the required time interval (every 1 h up to 48 h), washed with water, dried, and weighed
by refreshing the medium every 2 h. The percentage of dispersion was calculated from the dry

weight before and after the immersion [24]. The experiment was conducted in triplicate.
4.2.3.8 In-vitro antimicrobial activity of films

Disk diffusion method: Antimicrobial activity of films (5 cm in diameter) was conducted by
using agar disc diffusion method against Gram-negative E. coli ATCC 25922 and Gram-
positive S. aureus ATCC 29213 as test microorganisms to check the antimicrobial activity of
EOs. Two film samples were made: one having EOs and the other film having no EOs
(SEOBGK & SBGK respectively). The overnight cultures of bacteria were prepared in nutrient
broth at 37 “C using 10 % inoculum at the late log phase. For antimicrobial tests, agar plates
were made, three for each of the test microorganisms. After this, 20 ul of bacterial inoculums
were spread over the agar plates. Disks from each film were prepared under aseptic conditions

of approximately 0.5 cm in diameter. They were placed over those agar plates and were
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incubated at 37 'C for 14-16 h and the areas of the fully formed zones (ffz) were determined by

measuring the zone diameter with the digital caliper.

Live/ Dead Baclight Bacterial Viability kit was used for monitoring the viability of the
bacterial population in presence of SEOBGK as a function of membrane integrity of the
bacterial cell. Cells with a compromised membrane that are considered to be dead or dying
stain red whereas cells with intact cell membrane stain green. The detailed procedure can be

found in ESI S5.
4.2.3.9 Nutritional analysis and nutrition facts

Nutritional analysis of SEOBGK was conducted to determine the nutritional content of the

food by standard test methods (Table 2).

. Statistical analysis
Data are expressed as mean + SD. Statistical analysis was carried out through Origin Pro 8.6
32-bit software using two-way ANOVA, (least significant difference) at the significance level

of p-value <0.05

4.3 Results and discussion
4.3.1 Protein determination by Kjeldahl method and SDS-PAGE

The protein percentage present in SPI as determined by the Kjeldahl method was found to be
66.9%. Details can be found in ESI S3. Protein electrophoresis is commonly used to elucidate
the protein profile, including the concentration of proteins [25]. As depicted in SDS-PAGE, the
extracted SPI sample exhibited a typical soy protein profile and agrees with [26], indicating
the excellent quality of the SPI sample. As shown in Fig.1 (M depicts protein ladder), lane 2

depicting SPI under the reducing conditions (with 2-mercaptoethanol), illustrates a typical
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SDS-PAGE profile of soy protein consisting of subunits of glycinin polypeptide and subunits
of B-conglycinin. B-conglycinin (7S) has a trimeric structure and is composed of three major
subunits, namely o, o, and p with masses of about 70 (o & o subunits) and 48 kDa (B-subunit)
respectively. On the other hand, the glycinin component (11S) is composed of acidic
polypeptide subunits (AS) and a basic polypeptide subunit (BS) joined by a disulfide linkage.
The mass of acidic polypeptide is about 38 kDa and the basic polypeptide is about 20 kDa.

These results stand in good agreement with various researchers [27,28].

g' } B- conglycinin
7S
B (75)
AS
glycinin
(115)

BS

Fig. 4.1 SDS-PAGE for SPI

4.3.2. Protein identification by LC-MS

Protein identifications were performed by using liquid chromatography coupled to mass

spectrometry (LC-MS/MS). The identified proteins were classified using the software
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MASCOT DAEMON VER 2.6.0, NCBIprot 20180818 NCBI database. Then a total of 24
proteins have been identified in SPI. (Table 1) The overall protein score for the 7S glycine max
(B-conglycinin) subunit and glycinin subunit are 108 and 90 respectively as depicted in Table
1. This number reflects the combined scores of all observed mass spectra that can be matched
to the amino acid sequence within that protein. A high score indicates a more confident match
[29]. These findings conclude the presence of 7S B-conglycinin and 11S glycinin subunits in

SPI and corroborate SDS-PAGE data.

Table 4.1: Description of proteins identified in an extracted sample of SPI
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Accession

AAB03390.1
KHN10744.1
AAF05723.1

Q04672.1

KHNO07145.1

XP_021832445.1

XP_022766826.1

CAD43279.1

ADGO03093.1

AAQ94293.1

POE63159.1

XP_021628792.1

PNX77932.1

XP_022721997.1

Score

108

90

71

51

44

41

38

37

33

31

31

30

27

26

Mass

47006

56410

56142

60884

104649

147671

37012

30010

94605

14125

104704

17612

20359

81303

emPAI

0.19

0.16

0.08

0.07

0.04

0.03

0.12

0.15

0.04

0.33

0.04

0.26

0.22

0.05

Description

7S seed globulin precursor [Glycine max]

Glycinin G1 [Glycine soya]

sucrose binding protein homolog S-64 [Glycine max|
RecName: Full=Sucrose-binding protein;
Short=SBP; Flags: Precursor

Alpha-1,4 glucan phosphorylase L isozyme,
chloroplastic/amyloplastic [Glycine soja]

putative disease resistance RPP13-like protein 1
[Prunus avium]

4-hydroxy-tetrahydrodipicolinate reductase 2,
chloroplastic-like [Durio zibethinus]|

lectin [Helicotropis linearis var. linearis]
lipoxygenase 1 [Glycine max]

Gceyc, partial [Gasteranthus sp. Amaya & Smith 515]
putative u3 small nucleolar rna-associated protein 13
[Quercus suber]

pectinesterase inhibitor 10-like [Manihot esculenta]
magnesium-dependent phosphatase 1-like protein
[Trifolium pratense]

probable xyloglucan glycosyltransferase 12 [Durio

zibethinus]
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AIUS0438.1

XP_011082032.1

XP_022757165.1

XP_011078223.2

KHN18640.1

XP_006293894.1

XP_020172805.1

XP_002872839.1

XP_021729232.1

KHN20042.1

4.3.3 XRD

22

22

21

20

18

17

17

17

15

44637

90719

43147

82700

64531

61946

28674

76442

32216

12818

0.1

0.05

0.1

0.05

0.07

0.07

0.15

0.06

0.14

0.37

pectin lyase-like superfamily protein, partial [Setaria
italica]

ubiquitin carboxyl-terminal hydrolase 18 [Sesamum
indicum]

peroxisome biogenesis protein 16-like isoform X1
[Durio zibethinus]

wall-associated receptor kinase-like 8 [Sesamum
indicum]

Bromodomain and PHD finger-containing protein 3
[Glycine soja]

chaperonin CPN60-like 1, mitochondrial [Capsella
rubella]

ethylene-responsive transcription factor 5-like
[Aegilops tauschii subsp. tauschii]

L-type lectin-domain containing receptor kinase IV.4
[Arabidopsis lyrata subsp. lyrata]

transcription factor Pur-alpha 1-like isoform X1
[Chenopodium quinoa]

Lysine-specific demethylase PHF2 [Glycine soja]

XRD patterns were employed to examine the structure of 7S and 11S globulin of SPI and soy-

based films. In Fig. 2a, diffraction domains at 20 ~ 9.4 * and 19.94 ° of pure SPI represent the

a-helix and B-pleated secondary structure of soy protein [30-32]. These aforementioned

DTU: 2024

Page 108



Chapter 4: Fabrication of soy film with in-situ mineralized bioactive glass as a
functional food for bone health

diffractions depict the domain structure of 7S and 11S globulin from soy protein respectively
[33]. As shown in XRD, the presence of glycerol, EOs, and BG network along with vitamin
K1 influenced the XRD pattern of the a-helix structure of 7S globulin but does not affect the
11S globulin domain. This phenomenon may have occurred due to the intercalation of added
entities with the helical structure of SPI. In all film variants, the intensity of both the peaks was
less than SPI confirming that the helical structure of the protein matrix was weakened during
the fabrication process. The average distance between particles (dnki) for 7S globulin at 20~
20° for SPI was 0.44 nm, similar to the soy-based films. This depicted the intact -sheet
structure of the protein. On the contrary, it can be observed that at 20~ 10°, the mean distance
(dnkr) for 7S globulin for SPI was less (0.94 nm) than SEO (1.04 nm). This increase in d-spacing
can be due to the intercalation of functional groups in the interlayer spacing of protein. This
causes more ordered arrangements leading to the polycrystalline nature of the films showing
sharp diffracting domains with 26 angles at 31.7°, 45.5°, and 56.5° for all the films. The sharp
peaks got intensified in SEOBGK due to the in-situ mineralization of the BG network. The ion
contents of the BG network might have assembled the macromolecules in a regular fashion
thus aiding the crystallization of soy protein. It is worth mentioning that metals have been
observed to form crystal contacts thus aiding in the crystallization of protein. [34]. Fig.2b
portrays that after successive swelling of SEOBGK in SIF at pH 6.8, the XRD pattern depicts
the amorphous nature of the film maintaining broad diffraction at 20~ 21.3°. This could be
attributed to the opening of the polymeric chains during water uptake. The transformation of
crystalline form into amorphous form is considered to be the most favorable formulation
approach for the poorly water-soluble nutrient molecules. Since the amorphous form provides
a considerable solubility advantage over its crystalline counterpart [35]. Therefore, this

transition from the crystalline to amorphous nature of SEOBGK in SIF can play a very crucial

role in site-specific diffusion and absorption of bioactive compounds and nutrients.
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Fig. 4.2 a) XRD pattern of SPI, SF, SEO, and SEOBGK (left panel) b) XRD pattern of SEOBGK

after swelling in SIF at pH 6.8 (right panel) with scanning range 20 of 5° to 70° at 0.2°/min.
4.3.4 FTIR

To study the effect of EOs, BG precursors, and vitamin K1 on the molecular level interactions
with SPI among film components, functional groups in the films were analyzed by their IR
spectra (Fig. 3a). The absorption band of Amide A is used to study the interaction of -NH>
groups between peptide chains. [36] The conformational structure of the protein is directly
related to the Amide I band and the shape of the Amide I band is characteristic of the secondary
structure (a-helix 1660 — 1650 cm™ & B-pleated sheet 1637-1614 cm™) [37]. For SPI, the
absorption band related to C=0O stretching at 1648 cm™' (amide I), N-H stretching at 1541 cm’!
(amide II), and C-N stretching, and N-H bending (amide III) vibration at 1240 cm! is shown.
The broad absorption band observed at 3418 cm™ (Amide A) is ascribed to the stretching
vibration of free and bonded O-H and N-H groups[26,38]. In the case of SEO, Amide I at 1625
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cm™ is higher than Amide II at 1540 cm™ indicating that the N-H group in SPI, O-H group
present in glycerol, and EOs are surely able to form intra- and intermolecular hydrogen
bonding[39,40]. In Fig. 3b, BG spectra show the characteristic peaks at 1411 cm™' depicting
Si-OH, peaks between 1100 cm™ to 805 cm™ correspond to asymmetric Si-O-Si stretching
vibration. Further peaks detectable at 662 cm™! and 468 cm™! are related to P-O bond bending
vibration [41,42]. Reduction of intensities at Amide I and Amide II in SEOBGK are ascribed
to the interaction of Ca** metal ions present in the BG network with C=0, C-N, and N-H groups
of the protein that suggest a significant decrease in the a-helix structure of the protein due to
metal ion interaction [37,43]. In addition (Fig. 3a), a weak shoulder observed at 1401 cm™! of
SPI due to -COO" symmetric stretching is slightly shifted to 1411 cm™ in SEOBGK. The
observed changes in -C=0, -COO", and -OH peaks of SEOBGK can be attributed to the
interaction of ions of the BG network as well as with vitamin K1 molecules with SPI. The
binding interaction of Ca®" ions with SPI proteins was further revealed by the shifting of the
Amide A band from 3418 cm™ (N-H stretch) of SPI to 3428 cm™! for SEOBGK. These FTIR

findings are following XRD spectra showing the a-helical conformational changes in SPI

during film formation.
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Fig. 4.3 a) FTIR spectra of SPI, SF, SEO, and SEOBGK (left panel) b) FTIR spectra of SPI, BG, and
SEOBGK (right panel)

4.3.5 TGA

Thermogravimetric analysis was carried out to analyze the weight loss of SPI and soy-based
films as a function of temperature. The thermal stability of SPI and its film variants is depicted
in Fig. 4. The observed thermal stability of SPI was higher than all soy-based films due to its
intact a-helix structure as evident by XRD (Fig.2a) The weight loss occurred in three stages.
In the first stage, weight loss of 3%-5% occurring in the range of 25° C to 120° C was due to
the evaporation of water [44,45]. In the second stage, weight loss was observed between 120°
C to 200° C is accounted to the vaporization of glycerol [46]. Major weight loss occurs in the
third stage from 200 °C to 470 °C because of the thermal degradation of the protein [47]. The
reported final weight loss in SEOBGK was 72.96% at 601.1 °C leading to the existence of 27%

of residue due to the presence of inorganic contents of the BG network [26] as shown in Fig.
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4b. It is pertinent to note that the onset of major weight loss for SEOBGK started at 161 °C (in
contrast to SPI = 200 °C). This could be due to the disruption of the secondary structure of

protein causing a decrease in thermal stability of the film. These results validate XRD and FTIR

findings (Fig 2 & 3).
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Fig. 4.4 a) TGA of SPL, SF, SEO, and SEOBGK (b) TGA of glycerol, BG, and SEOBGK at a heating

rate of 10 "C/min in N gas flow of 50 ml/min.

4.3.6 Morphological determination by SEM

The microstructure of SPI and soy-based films was observed using SEM as depicted in Fig.5.
From the images, it was observed that SPI (Fig.5a) shows an irregular rough surface [48]. With
the reinforcement of other additives for film fabrication, a more dense and continuous structure
is formed (Fig. 5¢) [49]. Due to the presence of the BG network (Fig.5d), a more agglomerated
solid 3D structural surface is seen due to the crosslinking of the BG network in SEOBGK
sculpting a compact network arrangement. This can be assigned to the loss of the a-helix
content of the protein during physical interaction with the BG network, causing them to lose
their secondary structure and exposing hydrophobic residues to the surface. The same

observation can be obtained from the cross-sectional view of the SEOBGK where crosslinking
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can be viewed between the BG network with the entire protein matrix (Fig.5f). It is evident

from EDAX spectra (Fig.5e) the existence of Si, P, Na, and Ca elements in SEOBGK. These
observations confirmed the mineralization of the BG network in the soy protein matrix and

stand in accordance with the FTIR findings (Fig. 3a & 3b).

Fig. 4.5 SEM images at an accelerating voltage of 5.0 kV a) SPI b) SF ¢) SEO d) SEOBGK at 10k X

e) SEM-EDAX spectra of SEOBGK f) Cross-sectional image of SEOBGK

4.3.7 Rheological measurements

Analysis of rheological properties of food plays an important role in food science as it helps
to know about the processing operations and sensory properties [50]. It helps gather
information regarding the microstructure of the food material. When the food is ingested, it
undergoes deformation following mastication of food content. Thus, flow properties play an
important role in understanding the interaction of different food components with each other
and their dynamic stability to maintain food quality. To elucidate the microstructure of chewy
soy-based films, the rheological property was monitored through a parallel plate rheometer.

For this, SF and SEOBGK were characterized to deduce their respective flow behavior. The
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oscillatory frequency sweep measurement showed a clear influence of interaction between the
BG network and the soy protein matrix. From Fig. 6a, it can be seen that G' (storage modulus)
for SEOBGK increases with an increase in angular frequency showing that the elastic nature
of the film is maintained. For SF, G' decreases showing the transition of elastic nature to viscous
behavior of the film. The elastic nature of SEOBGK can be due to the intercalation of the BG
network with protein strands causing the unfolding of protein structure and imparting elasticity.
Amplitude sweep is crucial to determine the LVE region (Linear Viscoelastic Region). From
Fig.6b storage modulus (G') of SEOBGK decreases continuously after leaving the LVE region
thus depicting a gradual breakdown of the microstructure bearing flow point at 20% shear
strain. The LVE region of SF is larger than SEOBGK having a yield point at 50% shear strain
and 10% shear strain respectively. But the storage modulus of SEOBGK is 1000 times more
than SF. This shows that SEOBGK has exhibited viscoelastic gel-like properties. This property
of SEOBGK is assigned to the BG network that acts as fillers in-between protein chains. BG
network tend to unfold the protein when adsorbed over their surface during the incubation time
in the reaction mixture for 24 h. Nanoparticles are known to unfold proteins over their surface
[51-53]. SF tends to be a viscous fluid depicting a larger value of loss modulus (G") over
storage modulus (G'). The steady shear flow curves of freshly prepared suspensions of SPI-
based films are presented in fig.6c. Both the films exhibited shear-thinning behavior within the
shear rate range from 0.1-1000 s™. The phenomenon showed that both film suspensions were
typical non-newtonian fluids depicting Bingham pseudoplastic-like behavior (data not shown).
SEOBGK showed more viscosity as compared to SF. The crosslinking between SPI and BG
network could have been responsible for the high apparent viscosity. Similar results were
reported where the rheological properties of waxy corn starch with SPI were studied [54].

These findings were also manifested through FTIR and XRD where the BG network crosslinks

with soy protein matrix and uncoil a-helix structure, thus transmitting resilience to SEOBGK.
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Fig.4.6 a) Rheology data showing comparative frequency sweep studies from 0.1 to 100 rad/s at 0.1%
strain variation in storage modulus (G') b) Comparative amplitude sweep profiles at a constant
angular frequency of 10 rad/s for strain % 0.01-1000 at 37 °C. c) Viscosity versus shear rate from

range 0.1 to 1000 s d) Mechanical performance of the film using DMA

4.3.8 DMA

Mechanical properties were evaluated by TS, EB, and Young’s modulus from the stress-strain
curve of SF and SEOBGK. As observed from Fig. 6d, the TS value increased significantly from
0.819 £ 0.04MPa for SF to 3.46 + 0.17 MPa for SEOBGK. These results were found to be as
per other researchers [55]. It can be credited to the presence of the BG network that acts as a

reinforcing material. Also, the presence of EOs caused intra- and intermolecular hydrogen
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bonding with protein matrix (depicted in FTIR) contributed to a stronger network. The
cinnamaldehyde and eugenol present in essential oils bond with protein network forming a
crosslinking structure through physical interactions thus increasing the mechanical strength
[39]. Also, the improvement in the mechanical properties in SEOBGK can be related to the
lipid nature of the EOs that might introduce flexibility to the film structure [56]. The BG
network’s uniform distribution in the soy protein matrix during its in-situ mineralization also
shows a synergistic effect on the mechanical strength of SEOBGK. Further supporting
evidence can be seen in SEM micrographs (Fig.5d & 5f) where distribution and crosslinking
of BG network can be viewed in entire soy protein matrix. The intermolecular interaction of
BG network with protein matrix leads to modification of film microstructure and act as
reinforcement depicting higher tensile strength as compare to SF. Similar observations were
obtained where soy protein films were made using cinnamaldehyde and zinc oxide nanosheets
[57]. Furthermore, EB for SEOBGK increased to 77 + 3.8% (strain %) in comparison to SF
(27 £ 1.3%, strain%). Nucleation of BG networking uniformly in soy protein matrix delays the
break or crack propagation in SEOBGK. The increase in Young’s modulus of SEOBGK (4.52
+ 0.23 MPa) indicates that the film became strong rubbery with the in-situ mineralization of

the BG network causing inter-ionic interaction between various constituents in soy protein film

suspension.

4.3.9 Swelling studies on soy-based films

The fabricated films would follow the oral route. Therefore, in-vitro swelling experiments were
carried out at different pH conditions mimicking those of the stomach (using SGF 1.2), intestine
(using SIF pH 6.0), and colon (using SIF pH 6.8) as shown in Fig. 7. The swelling of SEOBGK
in SGF, pH 1.2 was minimal i.e.37 & 1.8% and for SF, it was 27 + 1.3% (Fig. 7a). The carboxylic
group on soy protein was converted to the protonated acid form which is related to the breaking

of hydrogen bonding with the environment and resulted in decreased swelling at acidic pH. It
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is relevant to note that the zeta potential of soy protein above its isoelectric point i.e. 4.5 is
negative [58]. Also, the zeta potential of the BG network is negative [59]. As the pH increased,
carboxylate groups were ionized and electrostatic repulsion between negatively charged
species resulted in enhancement of the swelling capacity of SEOBGK (300 + 15%) as
compared to SF (205 + 10.2%). It is pertinent to recall that the absence of the BG network in
SF 1is responsible for lower swelling capacity due to a lack of crosslinking. At pH 6.8, the
maximal swelling ratio is obtained as most of the carboxylate ions interact with ion content of
the BG network such as Ca**, Na* causing maximum swelling for SEOBGK compared to SF.
These observations stand in good agreement with FTIR and XRD results where prominent
interaction between soy protein and BG network has been depicted (Fig. 2 & 3). The flexible
structure of SEOBGK having BG network as fillers in-between protein chain justifies the
swelling behavior of the film in On-Off switching swelling -deswelling (Fig.7b) behaviors of
the film at acidic and alkaline pH. As depicted by rheological studies also, the viscoelastic
nature of SEOBGK resulted in its pronounced swelling. As seen in Fig. 7b, after 9 h, swelling
in SEOBGK became constant and for SF, it started decreasing. Therefore the disintegration
studies were carried out at colonic pH 6.8 for 48 h since the residence time for food content in
the colon is approximately 5 days [60]. It was observed (ESI S7, Fig. S2) that SF completely
disintegrates after 45 h and more than 90% of SEOBGK disintegrated at 48 h. The minimal
and maximal swelling behavior of SEOBGK in acidic and intestinal pH respectively can serve
as an advantage for the release of drugs and micronutrients at the intestinal surface thus

protecting the same in a harsh acidic environment [40]. These studies proved that SEOBGK

can play a significance in oral delivery applications.
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Fig. 4.7 Percentage (a) Swelling (b) On-Off-switching swelling of SF and SEOBGK as a function
of time in SGF at pH 1.2, SIF at pH 6.0, and SIF at pH 6.8. Each datum point is expressed as the

average of triplicate observations and the error bars represent corresponding standard deviations.

4.3.10 Antibacterial activity

The in-vitro antibacterial activity against two common food-borne pathogens is presented in
Fig.8. As expected, SBGK didn’t show any antibacterial activity but with the addition of EOs,
SEOBGK exerted an obvious inhibitory effect on both E. coli and S. aureus. (Disk diffusion
assay results shown in ESI S6, Fig. S1). The antimicrobial characteristic is imparted due to the
presence of EOs as reported by various other researchers [36,42,61,62]. After seeing the results
of the disk diffusion assay, SEOBGK film was tested against Live/ Dead Bac light Bacterial
viability kit for monitoring the viability of the bacterial population. In fluorescent microscopic
images (Fig. 8), bacterial strains were exposed to SEOBGK film for 0 h, 1 h, and 12 h. As
observed at 0 h (Fig. 8a & 8d), both bacterial strains were seen alive maintaining their
morphology and mobility (stained green with SYTO 9). With the incubation period of 1 h, the
bacteriostatic effect was seen. The bacteria instead of being mobile, clustered and became

static. (Fig. 8b & 8e).
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As the incubation period increased to 12 h, a major proportion of bacteria were dead (stained
red with PI) since PI cannot permeate live cells due to their intact cell membrane depicting the

bactericidal effect of EOs present in SEOBGK (Fig. 8¢ & 8f). Thus, the fabricated film

SEOBGK showed notable antimicrobial characteristics.

AtO0 h Incubation Incgbation
period of 1 h period of 12 h

E.coli

S. aureus

Fig. 4.8 Antimicrobial activity:(Lane 1-Left to right) a), b), & ¢) E.coli exposed to SEOBGK after an
incubation period of 0 h, 1 h, and 12 h respectively. (Lane 2-Left to right) d), e), & f) S.aureus

exposed to SEOBGK after an incubation period of O h, 1 h, and 12 h respectively.

4.3.11 Nutritional analysis and nutrition facts

Nutritional analysis of SEOBGK was conducted to determine the nutritional content of the
food by standard test methods (Table 2). From the table, it can be inferred that SEOBGK has

the highest protein content and this result lies in sync with the Kjeldahl assay. The nutritional
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inspection of SEOBGK shows that these can serve as a good source of nutrition as well as

energy.

Table 4.2: Nutritional analysis of SEOBGK

S.No. Test Parameters Unit Test Result Test Method
A. Nutritional Parameters

A.l.  Protein (Nx6.38) g/100g 69.71 IS: 7219:1973
A.2. Fat g/100g Nil AOAC 922.06
A.3.  Carbohydrate g/100g 12.85 IS: 1656: 2007
A.4. Dietary Fibre g/100g 2.82 AOAC 985.29

B. Minerals

B.1.  Phosphorus (as P) mg/100g  26.09 AOAC 965.17
B.2.  Sodium (as Na) mg/100g 194.30 AOAC 966.16
B.3.  Calcium (as Ca) % by mass 0.56 By AAS

C. Energy Kcal/100g 330.24 STRC/STP/F073

4.4 Conclusion

This manuscript successfully describes the extraction of soy protein from defatted soybean
flour and the functionalization of soy films with BG and vitamin K1. The formed films have
intrinsic antimicrobial properties due to the presence of EOs. The nutritional analysis depicts
it to be a rich source of protein and essential nutrients like P, Ca, and Si for the healthy bone.

In-situ mineralization of the BG network in the soy protein matrix enhances the mechanical
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properties of the film, forming it a viscoelastic material. Thus, SEOBGK can stand to be used

as a nutritional functional food for bone health showing nourishing and antibacterial properties.
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UV-Shielding Antimicrobial Zein Films Blended with Essential
Qils for Active Food Packaging

5.1 INTRODUCTION

The Packaging industry is growing rapidly and nearly all other industries are directly or
indirectly depending on it. When viewed in terms of packaging, the global share of flexible
plastic packaging is 42 %. [1] As reported by FICCI (The Federation of Indian Chambers of
Commerce and Industry) 1/3™ of plastic products used by the packaging industry are
petroleum-based non-biodegradable and environmentally unfriendly. Out of the total global
share, 24 % of flexible packaging is needed in the food packaging industry.[2] These plastics
used for the packaging purpose are often discarded and barely reprocessed.[3] In this regard,
in December 2018, Great Britain’s Royal Statistical Society conducted the study and stated that
only 9 % of the plastic is being recycled.[4] The conventional packaging materials like HDPE
(high-density polyethylene), polypropylene (PP), polyethylene terephthalate (PET), etc. though
have excellent mechanical and barrier properties [5] but are unhealthy to the environment. They
do not have active properties, causing the growth of spoilage and pathogenic microorganisms
over the fruits and vegetables packaged into it. [6-8] Traditional packaging also have poor
resistance to UV. [9] They may undergo photo-oxidation leading to polymeric structural
degradation [10-11] and release of free radicals. [12] These free radicals may enter into food
materials packaged into it and the human body. This can exert a detrimental effect on the food
quality as well as human health. [13] To curb this problem and to provide a shield against UV
radiation, various UV blockers, UV stabilizers like carbon black, titanium dioxide,

benzophenones, benzonitriles, etc. are added to plastics. IARC (International Agency for
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Research on Cancer) has reported titanium dioxide as a possible carcinogen to humans and

studies showed that the increase in lung tumors in rats is associated with titanium oxide

inhalation. [14]

Thus, with such a downside of synthetic polymers, its associated health concerns, and the rapid
increase in plastic waste, extensive studies are conducted to produce active packaging
materials. For this purpose, various food-grade polymers like proteins, polysaccharides, lipids
[15] have gathered attraction and are being explored for the same purpose. Various natural
antimicrobial active agents such as essential oils containing eugenol, cinnamaldehyde [16, 24]
are incorporated to make these active packaging. The usage of such bio-based materials for
antimicrobial packaging can reduce ecological waste and eliminate undesirable changes in food
quality. [15, 16] They can also act as a nutrient carrier. [17] These edible biodegradable
polymers can be used as films and may be directly applied onto the surface of the food product.
[18, 19] In food industries and medical sectors, the use of natural polymers and food-grade
additives have been steadily increasing as coating materials over a drug, candies, fruits, etc.
[20, 23]

In this investigation, zein, a class of alcohol-soluble prolamine hydrophobic storage protein
found in corn attracts the interest because of its film-forming ability, biodegradability, and
biocompatibility. [21, 24] FDA (Food and Drug Administration) has approved it ‘as one of the
safe materials’ for pharmaceutical coatings because of its non-toxic nature. [22] Zein has been
used in the food packaging industry as a coating material due to its ability to provide a moisture
barrier. [21] But the classical brittleness and flexibility problems of zein films [25] limit their
use as a free-standing film.

Hence, to monitor limitations regarding flexibility, active zein film packaging bearing UV
shielding and antimicrobial properties have been fabricated using essential oils (EOs) and

glycerol as crosslinker and plasticizer. [16, 24, 27] EOs are biological substances produced by
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some plants as secondary metabolites and are distinguished by their volatile nature.[26] These
EOs generally constitute terpenes and terpenoids comprising as main group, aromatic and
aliphatic constituents comprising the other group, all characterized by low molecular weight.
[28] They act as active agents having germicidal antimicrobial property because of the presence
of major aromatic compounds (e.g., thymol, carvacrol, and eugenol) present in concentrations
of as much as 85% [26, 29, 28] and help in reducing, retarding, or even inhibiting the growth
of spoilage and pathogenic microorganisms. [30, 31] Herein, cinnamon oil and clove oil are
used, having major constituents as cinnamaldehyde and acetyl eugenol respectively. [29] These
major constituents of chosen EOs are not only expected to be natural crosslinkers but also
provide natural aroma [32] along with antimicrobial properties to zein based food packaging
material. More importantly these aromatic compounds are expected to be efficient in UV
screening [33] and attracted our attention towards UV shielding edible packaging.

This work aims to the development of novel flexible zein based food packaging material.
Importantly, this zein based film is expected to be functioning as a guard against UV radiation
without the addition of any kind of UV blockers, stabilizers, etc. along with antimicrobial
property. The attempt of making these protein packaging materials by simple solvent cast
method using glycerol and essential oils is beneficial both to the ecosystem and human health.
Further, the fabrication of these films requires no unhealthy chemicals and its processing
produce no malodorous toxic gases. The films formed have thoroughly been characterized by
standard characterization techniques including their surface morphology. Also, the barrier
properties of the films are tested through a water vapor permeability test (WVP) and oxygen

transmission rate (OTR) test along with their mechanical strength. Further, the films are

subjected to in-vitro antimicrobial testing using the disk diffusion method.
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5.2 EXPERIMENTAL SECTION

5.2.1 Materials

For the preparation of the film, zein protein in powder form with 97 % - 99 % purity (ZP, MW=
38 kDa), essential oils (EOs) (Cinnamon oil, product number-W229105 and clove oil, product
number- C8392) and glycerol were purchased from Sigma-Aldrich, Gallarate, Italy. Milli Q

water was used for all the experimental work and all other reagents used in this study were of

analytical reagent (AR) grade of high purity.
5.2.2 Methods
5.2.2.1 Fabrication of Zein film

Zein films (ZF) were obtained by dissolving 0.5 g of zein protein (w/v) in 80 % ethanol with
constant stirring at 45 °C followed by drop-wise addition of glycerol (Zein/glycerol weight
ratio 5:1) to the solution and stirred continuously for 30 min until a homogenous mixture was
obtained followed by cooling and casting onto polypropylene petri-plates having 5 cm
diameter. So obtained ZF films were used as control. Subsequently, 150 pul of the emulsion was
prepared using EOs (clove oil and cinnamon oil) and water by mixing 45 pul of cinnamon oil
and clove oil each and 60 pul of water. After the preparation, 120 pl of that emulsion was added
simultaneously to the homogenous mixture of Zein/glycerol (as prepared for ZF) with constant
stirring for 30 min and cast after cooling the mixture. The films obtained were named as ZEO
(Zein with essential oil). These ZF and ZEO films obtained using the solvent cast method were
dried at 45 °C in hot air oven overnight for 18 h, and peeled off after complete drying. In this
way, zein based films with an average thickness of 0.296 + 0.015 mm were obtained using a

precision micrometer.
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5.2.3 Characterization of the film
5.2.3.1 FTIR

Dried samples of films were ground and mixed thoroughly with potassium bromide at the ratio
of 1:100 and pelleted. The IR spectra of pellets were then recorded using the NICOLET 380

FTIR operating in the range of 4000-400 cm™" with a resolution of 4 cm™.
5.2.3.2 XRD

XRD was performed on various zein films and pure zein protein. Measurements were carried
out with Rikagu Miniflex-II operating at 20 kV and a current of 10 mA using Cu-Ka radiations

with scanning range 20 of 5° to 70" at 0.2 "/min. A glass substrate was used to record the data.

5.2.3.3 TGA

The thermal stability of the film samples was performed using TGA (TGA 4000, Perkin Elmer,
USA). The samples were weighed approximately 5 mg and heated from 0 'C to 600 ‘C at a

heating rate of 10 ‘C/min in an N> gas flow of 50 ml/min.
5.2.3.4 DSC

Thermal analysis was performed in a differential scanning calorimeter (Perkin Elmer DSC
8000, USA). The sample of approximately 3 mg was weighed inside an Aluminium sample
holder with a cover that was hermetically sealed. For the experiment, heat flow was kept at
3 C/min at a temperature range from 0 "to 350 C with N> as a purging gas at a flow rate of 50
ml/min and with a cooling gas line at a flow rate of 2 ml/min, which used an empty Aluminium
sample holder as a reference. Glass transition temperature (Tg) was determined as a point of
intersection of the tangent drawn at the point of greatest slope on the transition curve with the

extrapolated baseline before the transition.
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5.2.3.5 UV-visible spectroscopy (UV-Vis)

To check the shielding effect of the film against UV radiations, the transmittance of
polyethylene (PE) (conventional packaging), zein film (ZF), and ZEO was observed in the
wavelength range 200 nm-800 nm using UV-Vis Spectrophotometer (Cary 300 UV-Vis-

Agilent). Each film was assessed in five replicates
5.2.3.6 Scanning electron microscopy (SEM)

The surface morphology of the film samples was studied with SEM (ZESIS EVO MA15). The
samples were gold coated and then observed at an accelerating voltage of 5.0 kV at 10,000

magnifications.

5.2.3.7 Mechanical properties of the film (Breaking Strength)

Mechanical testing was done as per ASTM D618-61(1990) standards using Instron Micro
Tensile Tester Model 5848, Singapore, with film dimension (2.5 cm x 5 cm), load cell of 10
N, speed of elongation (5 mm/min) film thickness 0.296 + 0.015 mm. The temperature of the
laboratory was constantly maintained at 23 °C -25 °C and relative humidity (RH) was 50 £ 4%
and films were conditioned before testing. Film strips were mounted on cardboard grips with
initial grip separation of 50 mm. Tensile strength was calculated by dividing the maximum load
that the film could withstand by the initial cross-section area of the strip. Elongation at break
(E %) was expressed by as
E=100x (Li-Lo)/Lo (1

5.2.3.8 Water vapor permeability (WVP)

Water vapor permeability was determined gravimetrically according to standard method E 95-
96 (ASTM, 1994) by water vapor permeability tester (L-80-5000, Switzerland). The films were
inserted between the two chambers. The lower chamber was filled with distilled de-ionized

water and the upper chamber was containing the sensor for controlling the temperature and
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relative humidity (25 °C and 15 % RH). Silica gel was used as a desiccant for the adsorption of
water vapors. The moisture adsorbed by the silica gel was detected periodically until a
stationary state was reached. For each measurement, three replications were made. The final
measurement was done after incubation for two days (48 h). The slope of the weight versus
time plot was divided by an effective film area to obtain the water vapor transmission rate
(WVTR). This was multiplied by the film thickness and divided by the pressure difference to
obtain the water vapor permeability (WVP) [34] and water vapor permeability coefficient

(WVPC) which indicates the amount of water vapor that permeates per unit of area and time

in packaging material.

WVTR= slope/film area (g/m?)
WVP=WVTRXx thickness/AP (g.mm/m? kPa)
WVPC= AW x X / AATXAP (g.mm/m? h.kPa) ()

AW= weight gain by desiccant (g)

X= Film thickness (mm)

A= Area of exposed film (m?)

AT= incubation period (h)

AP= difference in partial pressure (k Pa)

5.2.3.9 Oxygen Transmission Rate

Oxygen transmission rate (OTR) was measured according to the ASTM F1927-14, (2014)
standard using an oxygen permeation instrument (OXTRAN model 2/20 Mocon, Minneapolis,
MN, USA). OTR of the film was determined under control conditions (23 "C and R.H = 0 %)).
The film was placed between two sides of the test chamber, one side was exposed to carrier

gas containing 98 % N> and 2 % H» while the other side was exposed to the test gas (pure O),
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and the sensor present monitored the exit port of the carrier gas measuring the amount of
transmission of oxygen. OTR was calculated according to the following equation. [35]
OTR=V (02)/ t.a 3)

V (02) = measured volume of oxygen

t= time required for reaching the stationary state (h)

a= exposed area of the film (m?)

5.2.3.10 In-vitro antimicrobial activity of films

a) Disk diffusion method: Antimicrobial activity of films (5 cm in diameter) was conducted by

using agar disc diffusion method [36] against Gram-negative Escherichia coli ATCC 25922
and Gram-positive Staphylococcus aureus ATCC 29213 as test microorganisms. The overnight
cultures of bacteria were prepared in nutrient broth at 37 ‘C. For antimicrobial tests, agar plates
were made, three for each of the test microorganisms. After this, the bacterial inoculums were
spread over the agar plates. Disks from each film were prepared under aseptic conditions of
approximately 0.5 cm in diameter. They were placed over those agar plates and were incubated
at 37 'C for 14-16 h and the areas of the fully formed zones (ffz) were determined by measuring

the zone diameter with the digital caliper. b) Food sample testing: Fresh fruits samples of pear

were sliced (2.5 cm in length approximately), kept on glass petri-plate having 5 cm diameter,
and were covered with the fabricated film (ZEO) and transparent polyethylene poly-film
having 150 um thickness (PE) to carry out the relative study regarding the pace of spoilage of
food. Also, one petri-plate having the fruit sample was remained uncovered. All the test
samples were kept at standard temperature (25 “C). With regular intervals from one day up to
one-week, samples were examined. After every regular interval, food samples from each petri-
plate were taken and diluted in the nutrient broth. This followed the spreading of that nutrient

broth over the agar plates to see the growth of micro-organisms over food sample which can’t
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be seen with naked eyes. All experiments were done at ambient conditions at a standard

temperature at 25 °C.

Statistical analysis
Data are expressed as mean = SD. Student’s t-test was used for the analysis of the test results

(least significant difference) at the significance level of p-value <0.05

5.3 RESULTS AND DISCUSSION:
At the macroscopic level, homogenous solvent-cast films were obtained having a thickness of

0.296 £0.015 mm and a diameter of 5 cm having see-through ability showing the transparency

of the film (fig.1).

Fig. 5.1 Images of fabricated zein based films (a) ZF and (b) ZEO.

5.3.1 FTIR

FTIR spectra of films ZF and ZEO along with native zein protein (ZP) are shown in fig.2. For
native ZP, amide A band appearing between 2860 cm™ and 3500 cm™! belongs to the stretching
of N-H and O-H bond of the amino acids. The amide I band appearing at 1660 cm™ belongs to
the stretching of the carbonyl C=O of the amide group of the peptide. Amide II band at 1536
cm’! corresponds to the angular deformation vibration of the N-H bond and C-H stretching
vibration. Also,~COO symmetrical stretching is observed at 1450 cm™'. Moreover, the amide
III band at 1246 cm™ belongs to the axial deformation vibration of the C-N bond and C=0
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bending vibration. The observed FTIR peaks of ZP are in good agreement with Yingling et. al.
[37] In the case of ZF, it is noteworthy that the absorption band appearing at 1660 cm™ (amide
I) in ZP is shifted to lower wavenumber at 1644 cm™ indicating the existence of hydrogen
bonding between O-H of glycerol and C=0 of zein protein. Similarly, a shift (= 7 to 10 cm™)
in amide II, amide III, and —COO peaks of ZP is also observed towards lower wavenumber
for ZF. Fewer changes were observed in the case of ZEO in the range of 2000 to 400 compared
to ZF. Peak at 1039 cm™ for ZF corresponds to -C-O-H bond. It is pertinent to note the
shortening of a peak at 1038 cm™ for ZEO might be indicating distortion of -C-O-H bond.
Interestingly, intermolecular hydrogen bonding between cinnamaldehyde (-CHO) content of
EOs with -NH, of protein in ZEO is evident by -NH stretching at 3437 cm™'.[38] In general,
the observed peak shifts towards lower wavenumbers confirm the existence of inter- and
intramolecular physical forces including ionic, hydrogen bonding, and hydrophobic between

zein and glycerol molecules in ZF as well as zein and glycerol/EOs in ZEO. A similar type of

interaction is recently reported between pectin and PEG. [39]
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Fig. 5.2 FTIR spectra of ZP, ZF, and ZEO.

5.3.2 XRD

X-ray diffraction patterns of various zein films along with ZP are reported in fig. 3. XRD
pattern of ZP indicated two broad peaks centered at 9.2° and 20.3°. The reported 9.2° and 20.3°
peaks of ZP confirm the intermolecular intervals of 4.6 © and 8.96 ° due to the average distance
of skeleton in the a-helical structure of protein and distance of a-interhelix peaks in zein
respectively. [40, 41] Similarly, in the case of ZF also, these peaks appeared with noticeable
intensity reduction in addition to lower 20 shift for a-helix as well as higher 20 shift for a-
interhelix peaks in comparison with the XRD pattern of ZP. On the other hand, XRD spectrum
ZEO film shows an increase in the intensity of both the peaks with lower 20 shift compared to

ZF, but the intensity of both the peaks are still less in comparison with ZP. These observations
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confirm that in general both helical structure, as well as molecular accumulation of the protein
matrix was weakened in both the films ZF and ZEO. This is due to the existence of inter- and
intramolecular physical forces between glycerol-native protein and glycerol/EO molecules-

native protein in ZF and ZEO films respectively. Herein, XRD results very well corroborate

with the FTIR findings (fig.2)
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Fig. 5.3 XRD pattern of ZP, ZF, and ZEO with scanning range 26 of 5° to 70° at 0.2°/min.

5.3.3TGA

Thermogravimetric analysis was carried out to analyze the weight loss of ZP and various films
as a function of temperature. The Thermal stability of ZP in its native form (powder), ZF, and
ZEO film was determined. The TGA curves are shown in fig.4 (a). The observed thermal
stability of ZP was higher than ZF and ZEO due to its intact a-helix structure as evident by
XRD (fig. 3). The initial weight loss of 3 % to 5 % occurring in the range of 25 'C to 120 'C
was due to the evaporation of water. [42] Between 120 "C to 200 ‘C, weight loss observed is
accounted for the vaporization of glycerol. This is due to the glycerol decomposition
temperature, which is analyzed in isolation reported around 210 °C. [43] The major thermal
degradation and major weight loss of biopolymer of various samples (ZP, ZF, and ZEO) was

observed from 220 °C to 370 "C having 65.7 % weight loss. The onset of major weight loss for
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ZF starts from 187.3 "C leading to 7.5 % weight loss. For ZEO, this temperature increased to
231.8 °C having weight loss near about 9 %. The reported final weight loss was 83-85% at 574
°C leading to the existence of 15-17 % of residue and is in good agreement with various
researchers. [40, 42, 44] It should be noted that, as revealed by the derivative curve fig.4(b),
there was a slight shift of degradation peak towards higher temperatures for the ZEO film.
Specifically, this peak was centered at 318 °C for ZF and ZEO it was at 326 *C. These findings
reveal that degradation temperature of ZEO film is slightly higher compared to ZF indicating

the existence of additional crosslinking interaction of EO contents with zein molecules as

evident by FTIR and XRD (fig.2 and3).
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Fig.5.4 Thermogravimetric analysis of glycerol, ZP, ZF, and ZEO at a heating rate of 10 ‘C/min in N gas

flow of 50 ml/min (a) TGA (b) dTGA thermograms.

5.3.4 DSC:

Thermograms of the films (ZF & ZEO) produced by the casting method are portrayed in fig.5.
The melting point (Tm) of ZF was obtained as 228.6 ' C, fig 5(a) which is lower than the ZEO
(254.4°C), fig 5(b). Due to the amorphous nature of the Zein protein, instead of a sharp melting
peak, the broad range was obtained showing the melting range of the tested films. It is important

to note that the increase in Tm of ZEO 1is ascribed to more ordered zein molecules due to the
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cross-linking interaction with the added EOs. This is supported by the XRD pattern of ZEO
film, which shows an increase in the intensity of peaks correspond to a-helix as well as a-
interhelix compared to ZF (fig.3). The glass transition temperature of films is important as this
aspect limits the use of the material under required / extreme temperature conditions and also
provides information regarding structural organizations like cross-linking, crystalline nature,
etc. Glass transition temperature (Tg) was determined by estimating the midpoint in the
proximity of the change in specific heat (ACp). Lines tangential to Cpsolid¢ to Cpiiquia and
transient in between were drawn and the intersection between Cpsolid, Cpliquid, and transient was
defined and designated as Tg. [45] The glass transition temperature of ZEO came out to be 47.7
"C, fig. 5(d) which is much lower to the ZF (77.6 "C), fig.5(c), similar to which is reported by
other researchers. [40, 42] It is thought that depression in Tg could be attributed to the
additional crosslinking provided by acetyl eugenol present in clove oil as well as
cinnamaldehyde content of cinnamon oil with zein molecule. The decrease in Tg is due to the

plasticization of zein protein fibers by the EOs in ZEO film. ZEO contains both glycerol and

EOs leading to larger amount of plasticizer and lowering of Tg.[46]
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Fig. 5.5 DSC thermograms of ZF and ZEO films at heat flow 3" C/min and with N as a purging gas
at a flow rate of 50 ml/min (a) & (b) Tm, (c) & (d) Tg.

5.3.5 UV Visible Spectroscopy

UV-Visible spectroscopy was conducted to check the ability of the fabricated film to shield UV
radiation and comparing it with conventional packaging (PE) (polyethylene poly-film). It was
evident from the graph in fig.6 that PE did not absorb the wavelength in the UV region leading
to transmission of UV radiations from 40 % to 80 % in the range of 200-400 nm. The UV
transmittance of ZEO and ZF is almost zero increasing up to 1.56 % at 432 nm for ZF and
0.69% at 446 nm for ZEO film which proves it to be UV protecting. This is attributed to the
protein nature of the film. [47] Also, ZEO has a little more shielding effect against UV
radiations because of the presence of aromatic compounds present in the essential oils that have

been incorporated into it. [48] If we compare our data with other biobased films as quoted by
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Vilela C. et. al. chitosan/ellagic acid films, ZEO films show remarkable UV protection behavior
as compare to chitosan/ellagic films that showed approximately 20-30 % of UV transmittance.
[49] The addition of essential oils considerably decreased the UV transmittance which is in
agreement with Martin et. al. where it was quoted that protection against UV is increased by

increasing the active components. [48, 50] Thus suggesting ZEO films to be good UV absorbers

and can help in preventing photo-oxidation of the photo-sensitive food or pharmaceuticals.

—

00

400 nm, 83% transmittance
——PE
—ZEO

—2F
200 nm, 40% transmittance

432 nm, 1.56% transmitta

% Transmittance
(4]
o

446 nm, 0.69% transmittance
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Wavelength (nm)

Fig. 5.6 UV transmittance of PE, ZF, and ZEO.

5.3.6 Morphological determination by SEM

The microstructure of ZF and ZEO films was observed using SEM depicted in fig.7. From the
images, it was observed that ZF fig. 7(a) at magnification 10000X & 7(b) at 1000X
magnification has a rough bumpy surface as a result of pure zein and glycerol association which
is in agreement with Khalil ez. al. [S1] and as per Ming Zeng. [52] With the addition of EO, it
leads to the formation of a smoother ZEO surface as in fig.7(c) at 10000X & 7(d) at 1000X
having homogenous nature [42] due to the interaction between EO and protein fibers. It seemed

that acetyl eugenol and cinnamaldehyde contents of EOs have good affinity with zein protein
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driven by physical interactions and increasing the film networking making it homogenous and

smooth.[46]

Fig. 5.7 SEM micrographs of films at an accelerating voltage of 5.0 kV (2)10000X & (b)1000X -
ZF, (¢)10000X & (d) 1000X — ZEO

5.3.7 Tensile testing

In table 1, it is depicted that ZF has shown poor mechanical properties having a tensile
strength of 0.94 + 0.047 MPa and elongation at break (E %) at 3.72 + 0.015%. After the
addition of EOs, a higher value of tensile strength 1.21 + 0.054 MPa, E% 4.934+0.24 % was
obtained due to the additional crosslinking provided by EO contents as explained by FTIR and
XRD findings (fig.2 & 3) and agrees with earlier reported work. [41] In detail, cinnamaldehyde
and acetyl eugenol (present in EOs) interact with zein network along with glycerol through
physical forces. This leads to stabilization and alignment of protein fibers in a compact form

which could be the reason for the enhancement of the mechanical properties of the ZEO film.
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The breaking force of the ZEO of width approximately 25 mm also came out to be 46.0 + 2.07

N slightly greater that ZF (38.4 £ 1.53 N). The data showed no significant difference.

Table S5.1: Mechanical properties of zein based films as per ASTM D618-61(1990)

standards.
Film Tensile strength (MPa) Elongation at break (%)
ZF 0.94+0.04 3.72+0.01
ZEO 1.21+0.05 4.93+0.24

ZF= zein film, ZEO= Zein film with EO. Values are mean + standard deviation and they were
not statistically different (p<0.05).

5.3.8 Water vapor permeability of fabricated films

It is well known that water vapor barrier property of packaging material is an important factor
in determining the shelf life of food products. Water vapor permeability values (g
mm/kPa.h.m?) of ZEO and ZF were calculated. From the calculation, as indicated in table 2,
water vapor permeability for ZF is higher (5.47+0.27 g.mm/kPa.h.m? as compare to ZEO
(4.31£0.21 g.mm/kPa.h.m?) showing no such significant difference in data and found in
agreement with Vahedikia et. al. [41] Hydrophobic Zein proteins bonds with EO contents via
hydrogen bonding and thus impeding the bond formation with water molecules and reducing
the absorption of water.[53] Due to the presence of essential oils, permeability is influenced

by the hydrophobic nature of the EO. [41]
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Table 5.2: Barrier properties of zein based films -Water vapor permeability (ASTM E

95-96, 1994) and Oxygen transmission rate (ASTM F1927-14, 2014).

Film WVP (g.mm/kPa.h.m?) OTR (cm?/m?/day)
ZF 5.47+0.27 0.0965+0.0048
ZEO 4.31+0.21 0.0705+0.0035

WVP= Water vapor permeability, OTR= Oxygen transmission rate, ZF= Zein film, ZEO=
Zein film with EO. Values are mean + standard deviation and they were not statistically
different (p<0.05).

5.3.9 Oxygen transmission rate

Shelf life of food products is enhanced when the oxygen barrier property of the film is high.
The Oxygen Transmission Rate (OTR) of both films was measured at 23° C & 0% RH (Relative
Humidity) and results are shown in Table 2. Zein film has a lower value of OTR and shows
greater gas barrier property than LDPE (Lower Density Polyethylene), HDPE (High-Density
Polyethylene), PS (Polystyrene), PVC (Poly Vinyl Chloride). [46, 54] In our study, the OTR
value of ZEO came out to be (0.0705£0.0035 cm?/m?/day) which is better than the OTR value
of ZF (0.0965+0.0048 cm®/m?/day). The observed trend could be due to homogenizing effect
of EOs *¢ along with glycerol entrapped in the polymer matrix before drying and is in agreement
with the data quoted by Tilminlioglu et. al. [55] having GLY/50 (Plasticizer
type/Concentration) & 95/5 (Ethanol % (v/v)/Corn-Zein(w/v) concentration. The data showed

no significant difference.
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5.3.10 In-vitro studies

The antimicrobial activity of the films was performed using the disk diffusion method. It can
be observed from fig. 8 (1) (c) & (2) (c) that ZEO showed pronounced antibacterial activity
against both E. coli and S. aureus by showing a significant zone of inhibition approximately
20+1 mm in diameter. The antimicrobial activity of this active packaging is credited to the
presence of EO. [51] ZF as shown in fig. 8 (1) (b) & (2) (b), didn’t show any antimicrobial
activity. After observing these results, ZEO film was tested as packaging material over a food
sample, and results were compared with conventional packaging material PE poly-film. From
fig. 9, we can see that the fruit samples were kept covered by ZEO film, PE, and one without
any covering. The film testing over the food sample showed prominent results for the ZEO
films exhibiting delayed deterioration of the food sample packaged into it. This was made
evident by culturing the food samples over the agar plates to see any growth of micro-
organisms. From fig.10 it can be observed that on 3™ day, there was no microbial growth in
ZEO film samples and after 7" day of examination of food samples, one bacterial colony was
observed in ZEO film packaging unlike PE poly-film and uncovered food sample where the
bacterial growth can be seen from 3™ day itself. All these results indicate ZEO as a potential
packaging material and EOs as natural ingredients in active packaging material to provide

antimicrobial characteristics to the packaging films.
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Fig. 5.8 Disk diffusion test for antimicrobial activity at 37 °C against- Lane (1) (Left to right) E. coli (a) Blank,

(b) ZF and (c¢) ZEO. Lane (2) (Left to right) S. aureus (a) Blank, (b) ZF and (¢) ZEO.

Food sample Food sample Food sample
Day wjo cover covered with PE covered with
~ ZEO film

Fig. 5.9 Antimicrobial testing over food sample at 25 “C without cover (w/0) and covered with PE and ZEO

(Left to Right) respectively on days 1, 3, 5 and 7
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Food culture of Food culture of Food culture of
Day food sample w/o ;oEod sample with  food sample with

Fig. 5.10 Microbial growth over food sample without cover (w/0) and covered with PE and ZEO (Left to right)

respectively on days 3 and 7 at 25 °C.

5.4 Conclusion:

This manuscript successfully presents a simple fabrication of zein film incorporated with
essential oils with zero UV transmittance and antimicrobial property by forming a strong zone
of inhibition. Due to added EOs in addition to glycerol, there increases the thermal and
mechanical stability of ZEO as compare to ZF. Water vapor permeability and oxygen
transmission rate on these active films showed substantially significant barrier properties and
increases the shelf life of the packaged food. Lower mechanical resistance of these edible films
as compare to conventional poly-film directs their usage as coating materials over food, drugs,
etc. and for unit packaging and laminates. These findings promise not only cost-effective and

healthy food packages but also can decrease the usage of toxic plastics.
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Future Scope

% The radiolabeling of bioactive glass and its binding stability in different gastrointestinal
pH conducted in the present study can further be explored in an animal model where
the whole ADME process (Absorption, Distribution, Metabolism, and Excretion) can
be studied when these particles are ingested orally. The pharmacokinetics and
pharmacodynamic studies will help in deducing the efficacy of orally delivered
bioactive glass in bone regeneration.

% Oral delivery of bioactive glass loaded with therapeutic proteins in the polymer-based
edible coating can be explored for the targeted drug delivery system

% In soft tissue repair, bioactive glass may have a potential application to treat stomach
ulcers.

+ In addition, the practicality of designing dosage forms that are acceptable for human
consumption for bioactive glass-based drugs is to be further analyzed and examined in

in-vivo systems.
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