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AbVWUacW 

Among the various routes of drug administration, oral administration is the most 

widely used and common delivery system associated with the gastrointestinal (GI) 

tract. It is easily accessible, self-administered and having high potential for the 

reduction of side effects of the drug dosages. It also provides several challenges for 

the researchers; for instance, variation in pH of the GI tract, to protect the drug from 

the harsh environment in the stomach, intestine motility and finally, mucus barrier. 

To overcome these obstacles, it is necessary to design a new strategy with the colon-

specific delivery system. A colon is the ideal delivery site where a drug can be 

protected from the attack of numerous proteases. 

CaCO3 nanoparticles due to their properties such as biodegradability and 

biocompatibility have significant priority in the biomedical field. CaCO3 

nanoparticles are highly porous in nature and show high drug loading capacity owing 

to their high surface area to volume ratio. They can be easily synthesized and are 

cost-effective. Moreover, surface modification is easily possible with the CaCO3 

nanoparticles by which these nanoparticles have been considered as a great carrier in 

the targeted delivery of drug. CaCO3 nanoparticles are naturally present in the human 

body and show stability in the biological matrix. They have pH dependent solubility, 

and nontoxic material approved by FDA. 

Food grade oral delivery vehicles for the targeted delivery of nutrients are currently 

fabricated by adapting pharmaceutical approaches to promote human health. Food 

grade delivery systems contain nutritional value along with appreciable functionality. 
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These may be protein, carbohydrate and lipid-based systems. Food grade oral 

delivery systems have been reported as appropriate and safer vehicles as approved by 

the FDA. Moreover, these food grade approaches are used as a matrix for the 

synthesis of nanoparticles since they have ability to control the size of the 

nanoparticles and also enhance the functionality of the delivery system. They are 

cost-effective approaches to the prevention and treatment of various diseases.   

Interestingly, pectin a naturally occurring edible polymer has been used as a drug 

carrier in the biomedical field.  Pectin shows an excellent gelling property therefore 

used in the formation of hydrogel that can be used for oral delivery. Besides, pectin 

exhibited various properties such as pH sensitive, biodegradability, mucoadhesive. 

Hence, Pectin based drug carriers are considered as a colon specific delivery system 

as they exhibit prolonged retention and completely degraded by the bacteria present 

in the colon. 

In this thesis, considering the huge consequences of CaCO3 as well as pectin for 

targeted oral delivery, synthesis and characterization of CaCO3 nanoparticles was 

focused. Subsequently, to avoid the aggregation of the nanoparticles, pectin based 

hydrogel was introduced and an attempt has been made for in-situ mineralized 

CaCO3 particles in pectin based hydrogel matrix. This thesis has been summarized in 

five chapters.  

Chapter 1 discusses a brief introduction of oral drug delivery, attributes of the colon 

specific drug vehicles, and CaCO3 nanoparticles along with their biomedical 

applications. A brief introduction of edible hydrogel and the importance of pectin, 

zein and PEG polymer are also mentioned. 
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Chapter 2 provides the details of instruments used for the characterization of the 

material and their working principle are also discussed.  

Chapter 3 involves the synthesis of CaCO3 nanoparticles using gelatin as a template 

through a novel bio-inspired method for the sequential delivery of vitamin D and 

amoxicillin. The synthesized CaCO3 nanoparticles were characterized using 

Transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier 

transform infrared spectroscopy (FTIR), Thermogravimetric analysis (TGA) and 

Brunauer-Emmett-Teller (BET). XRD and TEM confirmed nanocrystalline nature of 

CaCO3 in size range of 10-15 nm. Further, CaCO3 nanoparticles encapsulated with 

vitamin D, coated with zein and finally loaded with amoxicillin as a model drug. The 

release study of vitamin D and amoxicillin was performed in the simulated gastric 

fluid (SGF) (pH 1.2) and simulated intestinal fluid (SIF) (pH 6.8) and (pH 7.4) at 37 

°C temperature. The encapsulation of hydrophobic vitamin D in CaCO3 nanoparticles 

with an external zein coating approach enhances their controlled and sustained 

release property at the target site. The role of gelatin molecule in the synthesis of 

nano-sized CaCO3 was demonstrated using CD spectroscopy. MTT assay was 

performed on zein coated CaCO3 nanoparticles at varying concentrations on kidney 

(HEK) and liver (Hep G2) cell lines after 24 hours exposure to ensure its 

biocompatibility. 

In chapter 4, Ca2+ with vitamin D / Fe2+ with vitamin C were entrapped in edible 

pectin/PEG polymer blend matrix to obtain hydrogels namely PPCaD and PPFeC. 

Thermogravimetric analysis (TGA) and Fourier transform infrared spectroscopy 

(FTIR) analysis of pectin based hydrogels confirmed the existence of metal ion 
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content in the hydrogel matrix and their corresponding interaction with the pectin 

matrix through electrostatic and hydrogen bonding. Rheological measurements 

revealed a higher elastic nature of PPCaD compared to PPFeC and were in good 

agreement with the swelling studies. In-vitro release studies concluded that the 

lowest release of metal ion and vitamin from the corresponding hydrogel samples in 

simulated gastric fluid (SGF) was observed at pH 1.2 for 3 h. It indicated that 

protection of nutrients from the gastric environment was conferred by the hydrogels. 

The release studies carried out in the next 3 h in simulated intestinal fluid (SIF) at pH 

6.8 indicated not only the highest swelling of the hydrogel samples but also the 

highest co-release of nutrients at the intestinal site. 

In Chapter 5 CaCO3 microparticles were in-situ mineralized in pectin/poly(ethylene 

glycol) (PEG) hydrogel blend to protect and release protein drug at the colon site. 

Further, bovine serum albumin (BSA) as a model drug was loaded during the 

fabrication of pectin/PEG blend containing in-situ mineralized CaCO3 particles. The 

interaction of loaded BSA with CaCO3 by physical forces was evidenced by FTIR 

analysis. BSA could also be visualized around the mineralized CaCO3 by TEM 

throughout the hydrogel matrix. Rheological studies on the oral delivery vehicle 

revealed dynamic nature of the hydrogel, an essential property required for drug 

carriers for its interaction with the target site. In-vitro swelling and protein release 

studies of pectin based hydrogel indicated the potentiality of the drug carrier in 

releasing protein at the colon site. The conformational stability of the released BSA 

from the hydrogel blend (PPCB) was confirmed by SDS-PAGE and CD 

spectropolarimetry.  
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Chapter 1 

Introduction 
 

1.1. Oral drug delivery 

Oral administration is one of the most preferred wide-spread drug delivery routes because 

of its various advantages, which include patient acceptability due to its well-established 

convenient dosing as well as handling and compliance. Oral drug delivery has prolonged 

retention and a high possibility of drug absorption due to the increased surface area of the 

gastrointestinal (GI) tract.1,2 GI tract comprises mouth, stomach, small intestine and large 

intestine, as shown in Fig. 1.1. The therapeutic efficacy of the drug is enhanced by the 

oral route since this non-invasive route avoids the pain of injections and the oral 

formulations are also cheaper to produce.3,4,5 Despite the advantages, some challenges 

also have been seen in oral administration; for example, the pH range of the GI tract is 

acidic to basic. In detail, stomach lies at pH 1.0-2.0, small intestine between pH 6.0-7.4 

and colon lies at pH 5.5-7.0.6 Such variation in the pH of the stomach prevents drug 

absorption. 

Further, mucus plays an important role in the GI tract that contains carbohydrates, 

proteins, lipids, some salts, bacteria and antibodies. Mucin is the major protein 

component of mucus, secreted throughout the GI tract. It provides the lubricating 

property and inhibits the interaction of epithelial cells with the ingested foreign particles. 

Thus, mucus creates a significant barrier for the nanoparticles and prevents drug 

penetration7,8 and helps in determining the absorption and bioavailability of orally 

administered drugs.3 
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1.2. Colon Specific drug vehicle 

For the oral route of drug delivery, colon is the most suitable delivery site. In the colon, 

drugs are free from the attack of numerous proteases and shown to be an ideal location to 

direct drug into the bloodstream and the immune system. Colon-specific oral drug 

vehicles need to remain intact till they reach GI tract to protect the incorporated drug 

from the chemical and enzymatic degradation and also should release the drug 

immediately upon entering the colon segment of the lower GI tract. 

 

 

 

Fig. 1.1: Gastrointestinal tract 

 

Colon reduces the side effects caused by a high dose.5,6,9,10 Hence, the vehicle used in the 

oral drug delivery should be biodegradable for the avoidance of its accumulation in the 

body for prolonged use and it also shields the drug from the gastric environment.9 
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1.3. Biomedical applications of CaCO3 nanoparticles 

Over recent years, biocompatible and biodegradable nanoparticles have attracted much 

attention in the biomedical field. CaCO3 nanoparticles are not only a perfect biomaterial 

used in cosmetics, toothpaste but also used in the paper industry, food industries, 

environmental applications and drug delivery applications.11 Various biomedical 

applications of CaCO3 nanoparticles are depicted in Fig. 1.2. Calcium based 

nanoparticles like CaCO3 are all the way biocompatible and biodegradable than any other 

nanoparticles.  

 

 

Fig. 1.2: Biomedical applications of CaCO3 nanoparticles13 

 

There are four polymorphs of CaCO3: calcite, aragonite, vaterite and amorphous calcium 

carbonate (ACC). Calcite is thermodynamically most stable among all polymorphs.12 

CaCO3 nanoparticles are also present inside the human body owing to their in-vivo 

stability. It is pertinent to mention that the pH-dependent solubility and stimuli-
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responsive behavior of CaCO3 nanoparticles make the material a suitable carrier for the 

tumor treatment. Porous CaCO3 nanoparticles tend to retain the drug for a prolonged 

period after administration since they have longer biodegradation time. This property 

also further helps in diffusion-controlled kinetics. Currently, targeted delivery is more 

focused as well as uniformly effective since it increases the concentration of drug at the 

desired body part along with reduces the frequency of the drug dosages. Surface 

modification is easily possible in the CaCO3 nanoparticles with lipids and polymer 

molecules that not only intensifies its physical stabilization but also furnishes the binding 

site for drug vehicles. Thus, surface modification makes CaCO3 nanoparticles more 

worthy of the targeted delivery of drug. Besides, the synthesis of CaCO3 nanoparticles is 

facile and cost-effective. CaCO3 nanoparticles have the capacity of loading both 

hydrophobic and hydrophilic drug molecules.13 

Moreover, CaCO3 is extensively used as a dietary additive in the food industry since 

calcium is vitally required for various biological functions in the body like contraction of 

muscles, nervous system, blood clotting, intracellular cell-signaling, hormonal secretion 

including healthy bones and teeth.5,14 It has been reported that calcium from their salts is 

principally absorbed in the colon.15 This unique property makes CaCO3 a fantastic 

vehicle for oral delivery since particles present in the nano range and there is no particle 

agglomeration in the colon. Apart from this, in colon targeted oral delivery, it is essential 

to protect CaCO3 particles from dissolution in the stomach at pH 1-2. Therefore, in the 

present study, a protective coating was given to the CaCO3 using food grade polymer 

itself or in the form of hydrogel.  
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1.4. Edible hydrogel  

Hydrogels are crosslinked hydrophilic polymers having high water-absorbing capacity 

and contain pores in their network.16 The stability of hydrogels mostly depends upon the 

chemical/physical interaction of their molecular content.17 It is essential to highlight that 

natural polymers such as Alginate, Xanthan, Dextran, Chitosan, Guar gum, Okra gum, 

and Locust gum, soya protein and Pectin etc., are known to form edible hydrogels with 

the suitable cross-linkers.16,18 Hence, edible hydrogels are widely used as a gelling agent 

for different types of food and pharmaceutical products.19 Hydrogels have also been used 

for various other applications such as domestic, environmental, biosensor and 

biomedical.16 In the biomedical field, researchers have a keen interest in hydrogel 

materials in the field of regenerative medicine, tissue engineering, cosmetology, drug 

delivery and nutrient delivery.20 Interestingly, hydrogels are the best 3D scaffold 

materials, that can be used as an injectable liquid material for in-situ gelation inside the 

body. Hence, edible hydrogels are the most attractive for the biomedical field, due to 

their favorable and eco-friendly properties like biocompatibility, biodegradability and 

non-toxicity.17 Although edible hydrogels show some drawbacks such as poor 

mechanical strength, low flexibility, and polymer diffusion problem, that can be 

overcome by blend formation and chemical modification21. In addition, hydrogels are 

known to protect the cells, easy to modify and have good transport properties.22 Some of 

the biomedical applications of hydrogels are shown in Fig.1.3. 

In this study, various pectin based hydrogels were synthesized by blending with poly 

ethylene glycol (PEG) in order to protect CaCO3 particles carrying nutrient/drug.  
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Fig. 1.3: Biomedical Applications of hydrogels 

 

1.5. Pectin 

Pectin is a natural polymer found in the plant cell wall. It is essential, water-soluble, non-

toxic, linear edible polysaccharide having good biodegradability and biocompatibility. 

The main component of pectin is pol\ Į 1± 4-galacturonic acids.23,24 The structure of the 

pectin is shown in Fig. 1.4. Pectin is widely used as a thickening and gelling agent in the 

food industry for making hydrogel, which has wide-spread applications in the various 

fields; among them, drug delivery is well known.25 Interestingly, pectin based drug 

delivery systems are considered to be more reliable and reproducible, especially for 

colon-specific drug delivery systems due to their pH sensitivity as well as film-forming 

ability.26 Hence, for colon-specific oral delivery of protein drugs, it becomes essential to 
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retaining the vehicle intact as it reaches intestine from mouth not only to protect the 

loaded drug from proteolysis but also to release it instantly at the colon site.1,3,6 

 

 

Fig. 1.4: Structure of pectin 

 

1.6. Polyethylene glycol (PEG) 

PEG is a neutral synthetic polymer approved by FDA having good water solubility as 

well as biocompatibility.27 It is an efficient plasticizer for biopolymers and nano-

composite. It has been used for various biomedical and pharmaceutical applications as an 

additive owing to its non-toxic and bio-adhesive nature.28-30 The structure of the PEG is 

shown in Fig. 1.5. 

 

 

Fig. 1.5: Structure of Polyethylene glycol 
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1.7. Zein Protein 

Zein is a natural storage corn protein having excellent biocompatibility and 

biodegradability.31 Zein is water insoluble and non-toxic protein approved by the FDA.32 

This water-insoluble property is owing to the presence of some hydrophobic amino 

acids such as alanine, phenylalanine, leucine, and proline are accountable for its water-

insoluble property. It has been used as a packaging material as well as a moisture 

impervious barrier in the food industry and also shows a good tensile property. Zein has 

slower digestibility in the gastric environment. Hence it is an ideal candidate for oral 

drug delivery.33 Zein helps to encapsulate hydrophobic drug and its controlled release in 

the targeted area.34,35 Zein has been considered as a food biopolymer for nutrient 

delivery.33 In the present work, zein was used as a coating material to protect 

nanoparticles containing nutrients from the stomach environment and release it in the 

intestine. 

In this investigation, considering the importance of calcium-based drug carriers for 

targeted oral delivery, the following major objectives are proposed. 

1.8. Major Objectives of the Thesis 

The following are the major objectives of the thesis.  

� To fabricate target-specific oral delivery vehicles for the controlled delivery of 

nutrients/drugs by bioinspired method. 

� To delineate the mechanisms involved in the fabrication of the drug carriers by 

green method. 

� To understand in-vitro swelling studies of the drug carriers in simulated gastric 

fluid (SGF at pH 1.2) as well as simulated intestinal fluid (SIF) of two different 
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pH values (pH 6.0 and pH 6.8) and their corresponding degradability and drug 

delivery mechanisms. 

1.9. Outline of the Thesis 

The summary of the chapters included in the thesis is as follows. 

Chapter II involves different characterization techniques, used in the present study 

accompanying with their working principle. 

Chapter III discusses the synthesis of zein coated CaCO3 nanoparticles using gelatin as 

a template. The synthesis was done under ambient conditions for the targeted sequential 

delivery of vitamin D and amoxicillin across the intestine.  

Chapter IV involves the fabrication of Pectin /PEG food grade hydrogel blends with the 

encapsulation of nutrients. In this chapter, different Characterizations were carried out to 

study morphology, the structural and rheological property of the hydrogel. The protection 

of the nutrients through the edible hydrogels was demonstrated in the gastric 

environment. The targeted in-vitro co-release of nutrients was successfully shown at the 

intestinal site. 

Chapter V discusses in-situ mineralized calcium carbonate microparticles in pectin/PEG 

hydrogel blend and then loaded with BSA as a model protein drug. The loaded BSA was 

successfully released at colon site by maintaining its structural stability is also discussed 

in detail. 
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Chapter 2 

Characterization Techniques 

 

2.1. For structural determination 

2.1.1. X-ray Diffraction Technique (XRD)
1-3

 

X-ray diffraction is one of the best techniques to identify the crystalline or amorphous 

phase of the materials and various structural properties. X-ray diffraction works on the 

principle of Bragg’s law. When a beam of X-ray having the energy (1-100 keV) is 

incident on the crystal planes of the material, it is scattered by atoms in all directions. 

These scattered X-rays can interfere constructively and destructively. 

 

 

Fig. 2.1: Schematic diagram of X-ray diffraction
3
 

The constructive interference occurs if the angle of incidence is equal to the angle of 

diffraction and the path difference between the scattered X-ray is an integral multiple of 

wavelength (λ). i.e. path difference = n λ. The path difference between scattered X-rays 
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for destructive interference will be (2n± λ/2), where n is an integer. The schematic 

diagram of X-ray diffraction is shown in Fig. 2.1. 

Two X-ray beams are incident on crystal planes with inter-planar spacing ‘d’ of the 

sample at angle θ. The ray 1 and 2 gets reflected from the upper and lower atomic planes 

respectively, at an angle θ equal to the incidence angle. The path difference between the 

two rays is 2d sin θ, represented by equation 2.1, known as Bragg’s law for X-ray 

diffraction. 

                                                                                                               

where n is an integer  is the wavelength of the radiation, d is the interplanar spacing, 

and θ is the incident angle relative to the plane of atoms. The average crystallite size (D) 

of the sample can be calculated by Scherrer formula defined as: 

                                                 
   

     
                                                             

where k is a constant whose value is 0.94 in most of the cases and β is the full width and 

half maxima (FWHM); and λ and θ have their usual meanings. Generally, X-ray 

diffraction provides information about long-range order structure, phase composition, 

crystallinity, crystal size, shape, micro-stress, and strain. 

2.1.2. Fourier Transform Infrared spectroscopy (FTIR)
4-6

 

This technique used to identify the unknown material, the amount of component in a 

mixture and functional group in the organic compound. The infrared spectroscopy 

follows the principle that governs the molecule tends to absorb infrared region 

frequencies. In a molecule, all bonds do not absorb infrared radiation. Only those bonds 
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which show change in dipole moment absorb infrared radiation and are called an infrared 

active molecule. The main objective of the infrared spectroscopy is to make out the 

identity of the two compounds under similar conditions in the fingerprint region (below 

1500 cm
-1

). This fingerprint region contains a huge number of absorption bands due to 

bending and stretching vibration of the molecules. Hence some molecules show similar 

absorption above 1500 cm
-1

 but different in absorption in fingerprint region and can be 

identified easily. 

 

Fig. 2.2: Schematic diagram of interferometer
5 

 

When infrared radiation is passed through the sample, some part of the radiation is 

absorbed and some is transmitted. The resulting spectrum creates a molecular fingerprint 

for that sample. By absorbing the infrared radiation (less than 100 cm
-1

), molecular 

rotation takes place and discrete lines are formed in the spectrum. When more energetic 

radiation (10
4
 to 10

2
 cm

-1
) is passed through the sample, molecular vibration takes place. 
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These absorptions cause rotation and vibration in the infrared region and they are 

quantized. An organic compound molecule will show a number of peaks in the infra-red 

region.  Infrared spectroscopy gives sufficient structural information of the compound.  

Fourier transform is a preferable method of infrared spectroscopy. It is associated with a 

simple optical device called interferometer. The Schematic diagram of the interferometer 

is shown in Fig. 2.2. This creates a signal called interferogram, which is converted in the 

desired spectrum that contains information of every molecule.  

2.1.3. Thermogravimetric Analysis (TGA)
7-9

 

TGA is an analytical technique used to evaluate the thermal stability of the compound. In 

this analysis, the weight loss of the sample is measured over time as a function of 

temperature.  

 

 

Fig. 2.3: Block diagram of TGA (Modified)
8 

 

Block diagram of thermogravimetric analysis is shown in Fig. 2.3. This method also 

gives information about absorption, adsorption, desorption and thermal decomposition. 
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The instrument used in TGA called thermogravimetric analyzer that consists of a 

precision balance with a sample holder located inside the furnace. Generally, the 

temperature is increased with the constant rate and weight percentage is measured. In 

TGA, the temperature normally reaches to 1000 °C during the thermal reaction carried 

out under inert atmosphere, especially N2 gas. In addition, TGA provides a curve 

between mass percentage and temperature. If the material is thermally stable, the mass 

change will not be observed and no slope in the TGA trace. This technique is also used to 

evaluate the thermal stability of the polymers. 

2.1.4. Brunauer Emmett Teller (BET)
10-13

 

BET is the best method to evaluate the surface area and the porosity of the materials.  

This method is based on the adsorption of the gas molecules on the solid surface. It is an 

expansion of Langmuir’s theory.  Langmuir theory explains the monolayer molecular 

adsorption while BET applies to the multilayers molecular adsorption with the following 

postulates, such as Gas molecules adsorbed on the solid surface in the form of layers 

infinitely. These gas molecules interact with the adjacent layer only. Langmuir's theory 

can be applied to each layer of the gas molecules. In BET method, Nitrogen gas is used 

as an adsorbate due to its chemically inert behavior for measuring the surface area of the 

material. In the IUPAC classification, Pores of solid material are roughly classified into 

three categories based on their pore diameter. (i) Macroporous (greater than 50 nm), (ii) 

mesoporous (2-50 nm) and (iii) Microporous (less than 2 nm). Fig. 2.4 represents 

different types of nitrogen adsorption-desorption isotherm and hysteresis loop. 
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Fig. 2.4: (a) Nitrogen adsorption-desorption isotherm (b) hysteresis loop 

 

2.1.5. Zetasizer
14

  

Zetasizer is an instrument used to measure particle or molecular size and zeta potential of 

the colloidal dispersion, nanoparticles and protein. The principle behind the measurement 

of the particles is molecules that are in Brownian motion, diffuse at speed related to their 

size. Zetasizer system measures the particle using dynamic light scattering (DLS), 
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electrophoretic light scattering (ELS) and static light scattering (SLS). DLS is a non–

invasive method used to measure size and size distribution of the molecules or particles 

less than a nanometer. ELS is used to measure the zeta potential and electrophoretic 

mobility of the particles in the liquid medium. SLS is used to measure the average 

molecular weight of the polymer.  

2.2. For morphological and elemental analysis  

2.2.1. Electron Microscopy
15-20

 

Electron microscopes are used to examine objects on a very fine scale. Electron 

microscopes make use of energetic electrons instead of light as in optical microscopes. 

There are two types of electron microscopes: Transmission Electron Microscope (TEM) 

and Scanning Electron Microscope (SEM).  

Transmission Electron Microscope (TEM)  

TEM is a powerful tool used for the imaging of the material. In this technique, an 

electron beam is transmitted through the sample to produce images. A high energy 

electron (upto 300 kV) is required to operate this instrument. TEM determines the highly 

magnified view of the Particle size, shape, size distribution density of the sample.  TEM 

can be used for higher resolution.  

It works on the same principle as a normal light microscope, but in this technique, 

electrons are used instead of light. When electron beam is passed through a material to be 

characterized, electrons are scattered and focused by the electromagnetic lens into an 

image. This instrument is composed of various components shown in Fig. 2.5.  
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Fig. 2.5: Schematic diagram of the core component of TEM (Modified)
18 

 

The images, produced by TEM, depend upon the mode of operations and these modes 

reveal the various insights about the sample as follows.  

 Imaging mode provides the highly magnified view of the sample. 

 High resolution imaging mode gives a piece of information about the atomic 

rearrangements. 

 The diffraction mode determines accurate information about the structure. 

 The nano-analytical mode tells about the element present in the volume of the 

material. 
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Scanning Electron Microscope (SEM) 

SEM is a strong technique, which gives information about a specimen’s morphology, 

topography, crystallographic information. It generates a Two-dimensional image of the 

material. For mounting the sample, it should be dried and an electrically conducted 

sample is used since this technique is based on the electron beam. Therefore, a very thin 

layer gold coating is done by sputtering on the surface of non-coating material to make it 

electrically conducting for imaging. These are the following core components of SEM 

shown in Fig. 2.6. In SEM thermionic emission gun is used to produce the free electron 

and these electrons are converted into a fine beam by the magnetic lens.  

 

 

Fig. 2.6: Schematic diagram of the core components of an SEM microscope (modified)
18

 

 

When this accelerated beam strikes the sample, image is developed by rastering the 

beam. Various type of signal is produced such as secondary electrons, back-scattered 

electrons, auger electrons and x-ray, which give the information about the topography, 
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topography as well as atomic number, sensitivity and composition of the surface 

respectively. In the SEM, only secondary electrons are detected and the image is created, 

which displays the topography of the surface of the sample.  

Energy Dispersive X-ray spectroscopy (EDX) is a technique that provides information 

about the abundance of elements and its distribution present in the material. 

2.2.2. Inductively coupled plasma atomic emission spectroscopy (ICP-AES)
 21-23 

ICP-AES is a technique used for trace element detection. It is also used the elemental 

composition and its concentration present in the sample. It gives precise results. It is 

similar to emission spectroscopy in which inductively coupled plasma is used, which 

causes excited atom and ion that emit electromagnetic radiation, which attributes to the 

wavelength of that particle corresponding element. A schematic diagram of ICP-AES is 

depicted in Fig. 2.7. Each element emits energy at a different wavelength, but in ICP-

AES a particular wavelength of the element is selected.  

 

 

 

Fig. 2.7: Schematic diagram of ICP-AES
21 
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The intensity of the emitted energy at a particular wavelength is proportional to the 

concentration of the element present in the sample. Hence element composition of the 

sample can be measured by determining the intensity of the wavelength. In ICP-AES , 

Argon gas is mainly used to dissociate the ion. 

2.3. For Mechanical Properties 

Rheometer
24,25

 

Rheometer is a laboratory instrument, which is used to measure the rheology of the 

sample. Sample can be in the form of liquid, suspension and slurry. Viscosity and 

viscoelastic properties can be measured through the rheometer.  

Rheometers are of two types as follows; (i) Rotational rheometer that controls the applied 

shear stress and shear strain. (ii) Extensional rheometer that applies extensional stress and 

strain. Rotational rheometer is usually designed as strain-controlled and stress-controlled 

as shown in Fig. 2.8. 

 

 

 

Fig. 2.8: Stain and stress controlled Rheometer (Modified)
25
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In the case of controlled strain rheometer (most common), sample is placed between the 

two plates and strain (deformation) is applied by the help of direct drive motor, sample 

determines how much amount of torque (stress) is transmitted. By altering the frequency 

or the shear rate, viscosity is measured as a function of frequency. In the controlled stress 

rheometer, stress is applied, sample responds by deforming (strain) that can be measured. 

2.4. Biophysical studies 

2.4.1. Circular Dichroism
26 

CD is a powerful technique to determine the differential absorption of left and right-

handed circular polarized light when interacting with the chiral molecule, as shown in 

Fig 2.9. Basically, in circular dichroism, linear polarized light is converted into left and 

right-handed circular polarized light when passed through the Photo Elastic Modulator. 

This circular polarized light is absorbed by the optically active molecule and detected by 

the photomultiplier tube.  

 

 

Fig. 2.9:  Principle of Circular Dichroism spectroscopy
26
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CD spectroscopy is associated with an advanced technique known as optical rotatory 

dispersion (ORD). CD is measured in or near the absorption band of the molecule 

whereas ORD is measured far the absorption bands. The Far-UV CD spectrum gives 

information about the secondary structure of the protein, while the near-UV CD spectrum 

reveals the knowledge of the tertiary structure of protein molecule. Near-UV CD 

spectrum gives the signals above the 250 nm.  

In general, CD is used to explore the structural information of small organic molecules 

like DNA and Protein.  The primary use of CD spectroscopy is to analyze the secondary 

structure of macromolecule, particularly proteins and its interaction with the other 

molecule. Since the secondary structure is too sensitivity to the environment, temperature 

and pH conditions so this technique can be used to observe the changes in the structure at 

the above conditions.  

2.4.2. Gel Electrophoresis
27,28

 

 Gel electrophoresis is widely used analytical method for the separation of 

macromolecules (DNA, RNA, and proteins) by their size and charge. Polyacrylamide gel 

is used for the separation of protein since they have high resolution capacity compare to 

agarose, starch and cellulose acetate. Polyacrylamide gel separates protein with the size 

range from 5-2000 kD. Different components of polyacrylamide gel electrophoresis are 

displayed in Fig. 2.10. The following reagents are used in the gel electrophoresis. 

 Acrylamide and N, N'-methylene bisacrylamide, Sodium dodecylsulphate (SDS), Tris 

buffer, TEMED (N,N,N'-N'-tetramethylethylene-diamine), Ammonium persulphate (AP), 

Tris glycine electrophoresis buffer (TGEB). 
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Preparation of gel 

Stacking gel: Stacking gel was prepared by mixing of 30% acrylamide mixture, 1 M Tris 

at pH 6.8, 10% SDS, 10% ammonium persulphate and then TEMED in deionized water 

as per the required amount. This gel contains larger pores and lower ionic strength. 

 

 

 

Fig. 2.10:  Component of polyacrylamide gel electrophoresis 

 

Separating gel: This gel was prepared by mixing 30 % acrylamide mixture, 1.5 M Tris 

at pH at 8.8, 10 % SDS and 10% ammonium sulphate, in deionized water. This gel 

contains smaller pores and higher ionic strength.    

Sample preparation 

Protein sample, to be analyzed was mixed with the following sample solubilization 

solution. 
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Sample solubilization solution: 1gm of SDS, 2ml of glycerol, 2ml of bromophenol blue 

tracking dye (0.1% (w/v) solution in distilled water), 1.25 ml of 1M tris HCl of pH 6.8, 2 

ml of 2-mercaptoethanol was mixed and the volume made upto 10 ml with distilled 

water.  

 

 

 

Fig. 2.11: Different steps involved in gel electrophoresis
28

 

 

In gel electrophoresis, protein samples are applied in the wells present in stacking gel. 

When an electric current is applied to the buffer solution, macromolecules travel to their 

oppositely charged end according to their molecular weight. The negatively charged 

DNA and RNA go to the positively charged end of the gel. Whereas in the case of 

protein, sodium dodecyl sulfate as a surfactant is mixed with the protein to make it 
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negatively charged. This allows the protein to travel towards the positively charged end 

of the gel shown in Fig. 2.11.  The traveling distance of macromolecules through gel 

pores is inversely proportional to their length. This is done by molecular sieving effect 

based on the size of the macromolecules. 
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Chapter 3 

Zein coated calcium carbonate nanoparticles for the targeted 

controlled release of model antibiotic and nutrient across the 

intestine 

 

3.1. Introduction  

Oral administration of vitamin D has been long explored as a dietary supplement for 

calcium homeostasis and bone remineralization.1,2 Apart from these, vitamin D has also 

been found to be effective in a plethora of conditions, including cancer.3,4 However, 

unregulated dietary intake can be detrimental due to the risk of hypercalcemia.5 Since the 

appropriate dosage of vitamin D is difficult to achieve through dietary intake, the risk of 

overdosing the vitamin becomes difficult to prevent, especially for chronic intake.6  

Further, the lipophilic, as well as acid-labile nature of vitamin D, makes it susceptible in 

Gastrointestinal (GI) Fluid, thus adding to its limited oral bioavailability.7,8 Interestingly, 

vitamin D analogues have been explored to outperform vitamin D activity in intestine 

and have shown to be effective in limiting disorders related to calcium deficiency.9,10 

Among various approaches, followed for improving oral bioavailability of vitamin D,11,12  

an effective choice is to directly deliver vitamin D to the source of absorption through 

nanocarriers.12,13,14 Currently, a variety of nanocarriers such as liposomes, polymeric 

nanoparticles, lipid nanoparticles, micelles and inorganic nanoparticles are being used for 

vitamin D delivery.14 For example, Luo et al. prepared carboxymethyl chitosan (CMC) 

hydrogel beads to deliver vitamin D3 and observed its release in simulated 
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gastrointestinal conditions.15 Besides, zein nanoparticles coated with carboxymethyl 

chitosan has also been designed for encapsulation and controlled release of vitamin D3.16 

Similarly, lipid-based carriers of vitamin D have been explored in the delivery of vitamin 

D.17-19 Bothiraja et al. used a commercially available nanoparticle-based novel drug 

delivery system (Arachitol NanoTM)  to deliver vitamin D3 and showed its absorption in 

the intestine.20  Even though polymeric and lipid-based nanocarriers are commonly used 

in drug delivery, a major challenge towards the safety of its in-vivo application is due to 

the use of organic solvents during synthesis.21,22 Apart from this, low solubility, short 

half-life and high production cost further add up to the above limitation.22 Nanocarriers 

like phospholipids may undergo oxidation; for instance, FDA approved PLGA produces 

acidic molecules during degradation and in several cases, leakage of encapsulated drugs 

with lower molecular weights has been reported.23,24 Inorganic nanocarriers address these 

limitations by a certain extent and can successfully deliver drug molecules at the target 

site.25  

In this investigation, CaCO3 nanoparticles loaded with vitamin D were used mainly to 

couple vitamin D and calcium components together to obtain a synergistic outcome. 

Calcium and vitamin D supplementation are a common prescription for healthy bone 

growth where the former is absorbed with the aid of the latter, particularly in the 

intestine.26 Interestingly, previous reports have shown increased bioavailability of CaCO3 

nanoparticles when compared to direct oral administration of CaCO3.27,28 The CaCO3 

nanoparticles on account of their size and stability in GI fluid (through coating) are 

expected to increase the serum level of vitamin D, which, once converted by the kidney 

to its active form calcitriol, can help in increasing calcium uptake from the intestine.29,30 

The approach is mainly to overcome the limitations related to suboptimal dosing that are 
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otherwise encountered by direct oral intake of the components. Herein, we expect that 

zein coated nano-sized CaCO3 particles should help in increasing oral bioavailability of 

vitamin D, which would, in turn, help in increased calcium absorption from the intestine. 

The CaCO3 nanoparticles utilized as carriers, in this case, can contribute to calcium 

homeostasis through vitamin D. We believe that CaCO3 nanoparticles loaded with 

vitamin D can perform at comparatively lower doses than that administered orally for 

treatment related to its deficiency. Also, it can be effective for a longer period due to 

controlled release at colon site. This can help in avoiding the risk of hypercalcemia that is 

heavily associated with unregulated vitamin D intake.31 

There are several methods for the synthesis of CaCO3 using organic substrates as a 

template,25 but to our knowledge, the synthesis of around 10 nm sized CaCO3 

nanoparticles using gelatin as a template has not been reported yet. So far, CaCO3 

nanoparticles synthesized through nanotechnological approaches have been mostly 

reported to be having a particle size range of 80 nm or above. It has been reported that 

oral absorption of CaCO3 is very low (only 4 %).32 Strategies to overcome this limitation 

is under investigation. The purpose of the present study is mainly to develop an efficient 

nano-sized delivery vehicle for the sequential delivery of vitamin D and amoxicillin (Fig. 

3.1). We report the preparation of gelatin templated CaCO3 nanoparticles through the 

bio-inspired method.33 The obtained particles were estimated to be in the range of 10-15 

nm as observed from the XRD and TEM data. The nano-sized CaCO3 particles are able 

to persist in the gastrointestinal tract (GIT) for a longer period, provided it can delay its 

dissolution by the strong acidic pH of the stomach. Hence, CaCO3 nanoparticles prepared 

in our case are coated with zein, a hydrophobic corn protein to protect the particles from 

dissolution in acidic pH so as to increase its intestinal presence. Once vitamin D was 
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loaded on the nanoparticles, zein coating not only helped in encapsulation of the second 

cargo amoxicillin but also contributed towards its controlled release.34 Herein, 

amoxicillin has been chosen as the other cargo because of its opposite polarity and it 

being a GIT relevant antibiotic.35 

 

 

Fig. 3.1: Schematic diagram of the synthesis of CaCO3 nanoparticles and the targeted sequential 

delivery of vitamin D and amoxicillin in the different pH conditions of the gastrointestinal tract. 

 

3.2. Experimental Section 

3.2.1. Materials 

 Calcium nitrate, zein and vitamin D were purchased from Sigma-Aldrich. Sodium 

carbonate was obtained from Qualigens Fine Chemicals, India. Gelatin was obtained 

from Loba chemie, India. Amoxicillin was procured from Titan Media Ltd., India. Milli-
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Q water was used for all the experimental work. All the reagents were of analytical 

grade. 

3.2.2. Methods 

3.2.2.1. Preparation of CaCO3 nanoparticles (CC)  

1 % gelatin solution was prepared in 10 mM Trizma buffer solutions at pH 8.5. Once the 

gelatin was fully dissolved, a required amount of Ca(NO3)2 and Na2CO3 solutions were 

added sequentially to obtain 30 mM concentration of each under continuous stirring for 

24 h  at room temperature. After 24 h, centrifugation was carried out at 12000 rpm. The 

resultant white precipitate was washed with water and finally dried in an oven at 50 °C. 

A schematic illustration for the preparation of calcium carbonate nanoparticles (CC) is 

displayed in Fig. 3.2. 

 

 

 

Fig. 3.2: A schematic illustration for the preparation of calcium carbonate nanoparticles (CC) 
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3.2.2.2. Circular Dichroism (CD) Spectropolarimetry 

CD spectra of the template gelatin were recorded using a Jasco spectropolarimeter 

(model J-815) equipped with a Peltier thermostat controlled cell holder at 37 °C and a 

cuvette with a path length of 1 cm at pH 8.5 before and after sequential addition of each 

precursor used (Ca(NO3)2 and Na2CO3). 

3.2.2.3. Vitamin D Encapsulation 

As prepared 100 mg of the CaCO3 nanoparticles were suspended in 10 mL of vitamin D 

(1 mg/mL) in ethanol, kept in water bath shaker at 37°C and stirred at 120 rpm. At an 

interval of every 1 h vitamin D encapsulation efficiency was determined till 24 h using 

UV-vis spectrophotometer (UV-1800 Shimadzu spectrophotometer) at wavelength 271 

nm.36 The encapsulation efficiency of vitamin D was calculated by the following 

equation. 

                                  Encapsulation efficiency (EE) = ௐ೅షௐಷ
ௐ೅

× 100                              ሺ3.1ሻ  

Where, WT and WF are the total weight of drug fed and non-encapsulated free drug, 

respectively. Herein, the time point of maximum vitamin D encapsulation was 

determined and the suspension was centrifuged at that time point to obtain the residue 

(CCD), washed with water and dried.  

3.2.2.4. Zein coating on CCD 

1 % (w/v) zein solution (prepared in 70% ethanol solution) was added drop-wise into the 

20 mL suspension containing 100 mg of CCD under mild stirring carried out for 1 h. 
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Further, the suspension was centrifuged at 8000 rpm for 10 min. The obtained precipitate 

(CCDZ) was collected and dried in an oven at 50 °C. 

3.2.2.5. Amoxicillin Encapsulation 

100 mg of CCDZ nanoparticles were dispersed in 10 mL amoxicillin solution (10 

mg/mL) in water and kept in a water bath shaker at 37 °C and 120 rpm. Here again, the 

time point of maximum amoxicillin encapsulation was determined using UV-vis 

spectrophotometer at wavelength 351 nm as explained in section 3.2.2.3. Further, 

amoxicillin encapsulated CCDZ suspension was centrifuged at the time point of 

maximum drug encapsulation to obtain CCDZA and dried. 

3.2.3. Characterization of CaCO3 nanoparticles  

3.2.3.1. FTIR 

The FTIR spectra of various CaCO3 samples were recorded after pelletizing with KBr 

using NICOLET 380 FTIR spectrophotometer operating in the range of 4000-400 cm-1. 

3.2.3.2. XRD 

Rigaku Miniflex-II operating at 20 kV and 10 mA using Cu-KĮ radiation was used to 

record the XRD pattern of various CaCO3 samples under investigation at room 

temperature in the 2ș range of 10� to 70� degree with a scan rate of 2°/min. 

3.2.3.3. TGA 

Thermogravimetric analysis of dried powders was carried out using Parkin Elmer TGA 

4000. The powdered samples were heated from room temperature to 800 °C at a heating 

rate of 10 °C min-1 and a nitrogen flow of 20 mL min-1. 
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3.2.3.4. BET 

The porosity of the CaCO3 nanoparticles was determined by nitrogen adsorption±

desorption analysis at -196 °C using a Quantachrome Autosorb-1C TCD analyzer (Model 

ASICX- TCD6) and with nitrogen as adsorptive gas (N2, cross sectional area 0.162 nm2). 

As per the standard BET protocol, before analysis, the sample was degassed under 

vacuum at 200 °C for 6 h. The surface area was determined using the Brunauer±Emmett±

Teller (BET) equation on the nitrogen adsorption data obtained. The pore-size 

distribution was determined by the Barret-Joyner±Halenda (BJH) method applied to the 

desorption branch of the isotherm.  

3.2.3.5. TEM 

The morphology of the samples was characterized by Transmission electron microscope 

(JEOL JEM-1400) with an acceleration voltage of 120 kV. Powdered samples were 

suspended in methanol and the suspension was briefly sonicated for 15 min to ensure 

proper dispersion and to avoid aggregate formation.  

3.2.3.6. Particle size and Zeta potential measurement 

The particle size at a fixed angle of 173° and zeta potential of CaCO3 nanoparticles was 

measured at each stage of CaCO3 fabrication  by Zetasizer Nano ZS (Malvern 

Instrument, UK)  at 25° C. Water was used as a dispersant to record the zeta values. In 

addition, during in-vitro drug release also CaCO3 nanoparticles were subjected to size 

analysis. Herein, for each sample zeta size and charge measurements were carried out in 

triplicates and averaged. 
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3.2.3.7. Erosion of zein coating 

Erosion of zein protein was determined in SGF (pH 1.2) for 3 h and then in SIF (pH 6.8) 

for next 3 h and finally in SIF (pH 7.4) for 3 h at 37 °C. 100 mg of the zein coated 

CaCO3 sample (CCDZA) was submerged in 20 mL of required simulated solutions at 

each time interval of 1 h. The suspension was centrifuged at 8000 rpm and the obtained 

residue was dried in oven and finally weighed. This procedure was performed in 

triplicates and their average was taken to calculate the erosion percentage according to 

the following equation: 

                                          Erosion rate (%) = ሺ୛୧ି୛rሻ
୛୧

× 100                                           ሺ3.2ሻ 

Where, Wi is the initial weight and Wr is the remaining weight after dried. 

3.2.3.8. MTT assay 

The cytotoxicity of all CaCO3 samples were examined by MTT assay as per the 

procedure described elsewhere.37-40 The cell lines were maintained in cell culture facility 

in DMEM with high glucose content for Hep G2 and DMEM F12 media for HEK cell 

line. Both media were constituted with 10 % heat-inactivated fetal bovine serum and 

0.1% penicillin/streptomycin at 37 °C with 5 % CO2. The cells were seeded into 96 well 

plates at 104 cells per well and were incubated under standard culturing conditions. Once 

around 60 % confluency was achieved in the wells, the particles were added at a varying 

concentration ranging from 10 µg/mL to 1 mg/mL. Cells were incubated in their presence 

for 24 h after which they were subjected to MTT assay. MTT assay measures the 

reduction of the tetrazolium component (MTT) into formazan crystals by viable cells. 

Therefore, the level of reduction of MTT into formazan crystals can reflect the level of 
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cell metabolism. In order to carry out the assay, initially, 10 % MTT reagent was added 

along with Opti-MEM and incubated for 2 h at 37 °C under cell culture conditions. After 

two hours the plate was taken out and 100 µL of DMSO was added in each well to 

dissolve formazan crystals. After incubation, absorbance was taken at 570 nm using a 

TECAN multimode plate reader. The cell viability was calculated as described by Mishra 

et al.41 

3.2.3.9. Release study 

Release study of vitamin D and amoxicillin was carried out simultaneously using 

simulated solutions (SGF/SIF) at various pH values for 9 h.  For this, a known weight of 

CCDZA was suspended in 20 mL of desired pH of simulated solutions and kept in water 

shaker bath for required time at 120 rpm. 1 mL solution was withdrawn from the release 

system at regular time intervals and subjected to quantitative analysis of vitamin D and 

amoxicillin using UV-vis spectrophotometer at wavelength 271 nm and 351 nm, 

respectively. The withdrawn 1 mL solution for quantitative analysis at every time was 

replaced by fresh solution. This procedure was carried out initially for 3 h in SGF at pH 

1.2. Thereafter, the sample under investigation was centrifuged and resuspended in SIF at 

pH 6.8 for the next 3 h followed by in SIF at pH 7.4 for the last 3 h.  

3.2.3.10. Drug release kinetics 

In order to investigate the release kinetics, drug release data for vitamin D and 

amoxicillin were analyzed using various models (zero order, first order, Higuchi and 

Korsmeyer-Peppas). But the best-fitted data was found for Korsmeyar-Peppas model 

according to the following equation: 
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𝑀𝑡

𝑀ஶ
= 𝐾𝑡𝑛                                                            ሺ3.3ሻ 

Where, Mt /Mf is the fraction of drug release at the time t. K is the kinetic constant and n 

is the release exponent, which describes the drug release mechanism. 

3.3. Result and discussion  

3.3.1. FTIR 

The FTIR spectra of various CaCO3 samples were shown in Fig. 3.3(a).  In the case of 

CC, the characteristic peak at 1404 cm-1 was due to symmetrical ±COO� stretching of 

carbonate ions and peaks at 872 cm-1 and 713 cm-1 correspond to the Ȟ2 and Ȟ3 CO3
2í 

absorption bands of calcite.42,43 This observation confirmed the presence of carbonate 

ions in CC. In the spectrum of CCD, two new peaks observed at 3300 cm-1 and 1063 cm-1 

corresponds to ±OH stretching16 and asymmetric ±C±O vibration of encapsulated vitamin 

D, respectively. Interestingly, a significant shift in symmetrical ±COO� stretching of 

carbonate ions from 1404 cm-1 to 1428 cm-1 was reported for CCD, which indicates an 

interaction between carbonate groups and vitamin D molecules through physical forces. 

In the case of CCDZ, the peaks observed at 3401 cm-1, 2854 cm-1, 1647 cm-1 are 

attributed to ±O±H stretching, ±C±H stretching and an overlap of ±O±H bending and 

amide I band, respectively.  

The intensified amide I band in CCDZ confirmed the coating of zein protein around 

CaCO3 nanoparticles compared to CCD. Herein, other peaks due to carbonate ions at 

1428 cm-1, 1063 cm-1 and 872 cm-1 were retained as seen in CCD. It is noteworthy that in 

the case of CCDZA, peaks correspond to ±O±H stretching, and overlap of ±O±H bending 

and amide I band were shifted to higher wavenumbers at 3443 cm-1 and 1686 cm-1, 

respectively, compared to CCDZ. ±C=O stretching peak at 1775 cm-1 appeared at lower 
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wavenumber compared to CCDZ. These observations indicate the physical interaction of 

loaded amoxicillin with coated zein molecules in CCDZA.44 

 

 

 

 

Fig. 3.3: (a) FTIR spectra and (b) XRD patterns of CC, CCD, CCDZ and CCDZA. 

3.3.2. XRD 

Fig. 3.3(b) depicts XRD spectrum of various CaCO3 samples. For pure CaCO3 (CC), a 

series of characteristic peaks (23.1°, 29.5°, 32.3°, 36.1°, 39.5°, 43.3°, 47.7°, 48.6°, 57.5°, 

60.8° and 64.8°) was observed and it can be assigned as (012), (104), (006), (110), (113), 

(202). (018), (116), (122), (214) and (300), respectively. These peaks are consistent with 

the standard pattern JCPDS no 01-085-0849, which indicates that CaCO3 nanoparticles 
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are of pure calcite crystals with rhombohedral crystal system.45,46 After loading vitamin 

D (CCD), followed by zein coating (CCDZ) and finally encapsulating with amoxicillin 

(CCDZA), the crystal structure of CaCO3 remains same as the rhombohedral crystal 

system. The mean crystallite size (D) of various CaCO3 nanoparticles was calculated by 

the Debye-Scherrer equation.47 

                                          𝐷ሺ𝑛𝑚ሻ =
𝐾𝜆

𝛽 cos 𝜃
                                                 ሺ3.4ሻ  

Where, K is a constant (K= 0.9 for Cu-KĮ), O is a wavelength (0.15406 nm), E is the full 

width of half-maximum (FWHM) and T is the diffraction angle (Table 3.1). It is clear 

from the Table 1 that the crystallite size of CC (15.7 nm) changes with vitamin D loading 

(17.4 nm), zein coating (22.5 nm), and encapsulating with amoxicillin (25.7 nm), where 

an increase in the crystallite size was observed. It is possible that subsequent steps of 

loading vitamin D, coating zein and loading of the second cargo (amoxicillin) 

encapsulation might have led to growth of smaller sized CC into larger crystallite sizes. 

Table 3.1: Data obtained from XRD analysis of various CaCO3 nanoparticles using the 

Debye-Scherrer equation47 

Parameters CC CCD CCDZ CCDZA 

FWHM (E) 

Crystallite size (D) 

(nm) 

0.48931 

15.69 

0.44983 

17.4 

0.36454 

22.5 

0.31136 

25.74 
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3.3.3. TGA 

The TGA thermograms of non-zein coated (CC and CCD) and zein coated (CCDZ and 

CCDZA) CaCO3 particles are depicted in Fig. 3.4(a). In the case of CC, the first 

decomposition was seen at 170 °C due to water evaporation, second decomposition 

began at 337 °C and ended at about 730 °C, with 31 % weight loss due to the 

decomposition of CaCO3 to calcium oxide accompanied by loss of carbon dioxide.45  For 

CCD, first decomposition was reported around 357 °C with weight loss of 10%, 

indicating the presence of vitamin D molecules and was found to be in good agreement 

with the thermogram of pure vitamin D (data not shown).  

 

 

Fig. 3.4: (a) TGA thermograms of CC, CCD, CCDZ and CCDZA (b) Nitrogen adsorption-desorption 

isotherm of CaCO3 nanoparticles inset shows pore size distribution. 

 

This was followed by decomposition of CaCO3 at 730 °C with 30 % weight loss. Herein, 

it is noteworthy that water loss was not reported due to the encapsulation of vitamin D in 

ethanol. In the case of zein coated samples CCDZ and CCDZA, the initial weight loss 

was observed of about 8 % at the temperature 101 °C for CCDZ and at 105 °C for 
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CCDZA due to loss of water. In comparison to thermograms of pure vitamin D and zein 

(data not shown), decomposition of vitamin D, as well as depolymerization of zein, was 

reported at 337 °C with 13 % weight loss in case of CCDZ, followed by further 

degradation of the polymer at 437 °C with 18 % weight loss and finally decomposition of 

CaCO3 was seen at 706 °C with 38 % weight loss. The decomposition of CCDZA was 

also found to be more or less similar to CCDZ with three decomposition steps at 326 °C 

(14 wt %), 453°C (19 wt %) and 712 °C (40 wt %), respectively. Herein, the 

decomposition of amoxicillin was not specifically noticed. At 706 °C, 26 % weight loss 

for non-coated CaCO3 and 38 % for zein coated CaCO3 was observed. From the 

observation, it can be concluded that non coated CaCO3 nanoparticles were of high 

thermal stability compared to zein coated CaCO3 nanoparticles. Differences observed in 

the thermograms of CC, CCD, CCDZ and CCDZA confirm the existence of zein and 

vitamin D in the corresponding samples. 

3.3.4. BET 

The N2 adsorption-desorption isotherm analysis on CC was investigated by BET method 

and results indicated that the sample exhibited an IUPAC type V isotherm pattern with 

hysteresis loop 4 (Fig. 3.4(b)). The reported isotherm pattern and the hysteresis loop 

revealed that CC particles consist of slit-like meso as well as micro-sized pores (Fig. 3.4 

(b)). The pore size distribution analysis carried out by BJH method further confirms the 

existence of multi-sized (micro and meso) pores with the diameter ranging from 1.8 to 

6.0 nm (inset Fig. 3.4(b)) and pore volume 0.28 cc/g. The obtained pore diameter range 

further revealed that CC consisted of a small number of micro and a large number of 

mesopores. The calculated surface area for CC using BET was found to be 296 m2/g, 
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which is very high compared to the commercial CaCO3 powder (19.27 m2/g),48 indicating 

very small particle size of CC. 

3.3.5. TEM 

The surface morphology of CC and CCDZA samples were shown in Fig. 3.5(a) and 

3.5(c). TEM images of CC and CCDZA both samples exhibited nanosize range and were 

observed to be agglomerated. The average particle size was determined using ImageJ-

analysis (data not shown) to be in the range of 10-15 nm for CC and 20-25 nm for 

CCDZA.  

 

 

 

Fig. 3.5: TEM images (a) CC and (c) CCDZA (b) SAED pattern of CC and (d) EDX analysis on CC. 
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The observed size ranges by TEM of CC and CCDZA are in good agreement with the 

corresponding estimated average crystallite size using XRD data (Table 3.1, Section 

3.3.2). The reported SAED pattern and EDX analysis of CC (Fig. 3.5(b) and 3.5(d)) 

confirmed the existence of characteristic (024), (012), (104), (110) and (116) planes of 

pure calcite crystals with rhombohedral crystal system as observed by XRD analysis 

(Fig. 3.3(b), CC). 

3.3.6. Encapsulation efficiency 

Vitamin D encapsulation (Fig. 3.6(a)) on CC was observed to be 62.6 % at 4 h and 

remained almost similar till 24 h. Similarly, from 5 h to 24 h, amoxicillin encapsulation 

was observed to attain saturation around 89.4 % (Fig. 3.6(a)).  

3.3.7. Plausible mechanisms for CaCO3 nanoparticles synthesis and following 

surface modifications 

In this investigation, nano-sized CaCO3 particles were synthesized through a bio-inspired 

route using gelatin as a template at pH 8.5. Ca(NO3)2 and Na2CO3 precursor solutions 

were added sequentially to the gelatin solution at pH 8.5 for the reaction to take place 

(Section 3.2.2.1 and Fig. 3.2). In order to elucidate the molecular interaction or the nature 

of modulation of the gelatin conformational changes occurring during the sequential 

addition of precursors, gelatin CD signatures were recorded at each step (Fig. 3.6(b)). As 

reported, gelatin at pH 7.0 is known to have a negative peak at 205 nm suggesting a 

random coil conformation and a positive peak at 222 nm suggesting triple-helical 

conformation.49,50 In this study, the gelatin at pH 8.5 was showing similar negative peak 

at around 205 nm and a comparatively slightly negative at around 220 nm at 37 °C due to 

thermal denaturation51 (Fig. 3.6(b)). This suggests that the overall conformation of 
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gelatin may have undergone a slight alteration at pH 8.5.52 When Ca(NO3)2 was added to 

the gelatin solution, the obtained CD signal indicates a distortion possibly due to the 

addition of the salt. The obtained CD signature by the addition of Na2CO3 to the gelatin-

Ca(NO3)2 matrix was found to be considerably smoothened and registered the signature 

negative peak of gelatin molecule at a higher wavelength with significant lower 

amplitude. Also, the peak at 220 nm underwent an increase in its amplitude and shifted to 

a slightly shorter wavelength. Since the isoelectric point of gelatin has been reported 

around 4.88,53 the positively charged residues of the gelatin molecule are expected to 

interact with the excess negative charged counter ions at pH 8.5. The overall charge of 

gelatin should be more negative at pH 8.5. This can cause a shift in conformation from 

random coil towards a more ordered structure. Based on this, it is hypothesized that the 

addition of Ca(NO3)2 to the gelatin matrix opens up more number of nucleation sites for 

the interaction of hydroxylated calcium ions53 (Fig. 3.6(c)). Following this, the addition 

of Na2CO3 in the gelatin-Ca(OH)2 matrix results in the formation of nano sized calcium 

carbonate by hetero nucleation on the gelatin chains. Herein, the added calcium ions on 

gelatin chain cause a distortion of CD signature in the alkaline surrounding. Further, the 

addition of Na2CO3 led to the formation of CaCO3 at the sites of gelatin-Ca(OH)2 

interaction. Consequently, the distortion observed in the CD spectrum on adding Na2CO3 

was reduced.54 As evidenced by FTIR analysis during the sequential addition of 

precursors (data not shown), the interaction of the hydroxylated Ca2+ is mostly through 

amide I and carboxylate anions of gelatin molecules. Nucleation of CaCO3 was taken 

place at the interaction sites of Ca2+ on gelatin upon the addition of Na2CO3 solution.  

 



Chapter 3:  Zein coated calcium carbonate nanoparticles for the targeted controlled 
release of model antibiotic and nutrient across the intestine 

DTU:2020 Page 51 

 

 

 

Fig. 3.6: (a) Encapsulation efficiency of vitamin D and amoxicillin, (b) gelatin CD signatures at pH 8.5 

(c) Schematic diagram showing nucleation of CaCO3 nanoparticles. 

The resulted porous nanoparticles (CC) were subjected to zeta potential measurements 

(Fig. 3.7(a)) and the corresponding surface charge was determined as -21.8 mV. Change 

in zeta potential value of CaCO3 after vitamin D encapsulation (-0.01) further confirms 

the corresponding interaction as observed in FTIR studies (section 3.3.1).  Zeta potential 

of CCDZ (-2.72 mV) and CCDZA (0.367 mV) is more or less same, which indicate 

interaction of CCD with zein and CCDZ with amoxicillin is only through hydrogen 

bonding and Van der Waals forces (Fig. 3.3(a)). Interestingly, hydrodynamic particle size 

(Fig. 3.7(b)) of various CaCO3 particles determined in water by Malvern zetasizer was in 

the order of CC (335 nm) | CCD (355.2 nm) � CCDZA (463.5 nm) �� CCDZ (877.9 
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nm). The observed hydrodynamic size of zein coated CCD was due to well-known chain 

and loop conformation of adsorbed polymer on inorganic particles. On the other hand, 

coated zein molecules were compacted by amoxicillin due to their corresponding 

physical interaction, as observed by FTIR spectroscopy (Fig. 3.3(a)). Besides, Fig. 3.7(c) 

and 3.7(d), portray zeta size of CaCO3 particles at various pH conditions before and after 

coating with zein, respectively. 

 

 

 

Fig. 3.7: (a) Zeta potential (b) Size distribution of as synthesized CC, CCD, CCDZ and CCDZA (c) 

without coated nanoparticles (d) coated nanoparticles at various pH conditions. 
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The size of the non-coated particles was observed to be increased due to surface 

hydroxylation. On the other hand, zeta size of zein coated CaCO3 particles was slightly 

increased upto 6 h in the reported pH conditions and, after that, decreased due to the 

erosion of zein coating. 

3.3.8. Erosion of zein coating 

As shown in Fig. 3.8(b), erosion of zein coating was feeble in the initial 2 h (10 %). 

However in the next 6 h, it was observed that the erosion of zein increased to 70 %. After 

6 h erosion continued and reached 100 % at 8 h.55 

3.3.9. In-vitro targeted control release study 

During initial phase of the release study shown in (Fig. 3.8(a)), in SGF at pH 1.2, a feeble 

amoxicillin release was reported in the first 3 h but vitamin D release was not observed. 

This observation confirmed that zein coating on CaCO3 particles were intact upto 3 h due 

to the insoluble nature of zein in water. Further, due to the hydrophobic nature of zein, 

amoxicillin release remained hindered during this period. However, post 3 h in SIF 

solution at pH 6.8, a burst release of amoxicillin (80 %) was reported and release was 

maintained at around 80 % up to 6 h and at pH 7.4 from 6 h to 9 h. The burst drug release 

post 3 h from zein coated particles indicates the erosion of the water insoluble protein 

layer. It is noteworthy that a feeble amount of vitamin D was released (10 % to 20 %) 

from 3 h to 5 h. At 6 h, the release of vitamin D was found to have been initiated. 

Thereafter, the release continued gradually to till 9 h. By 9 h, 90 % vitamin D was found 

to be released from the nanoparticles. The gradual and controlled release of vitamin D 

molecule might be attributed to the porous structure of CaCO3 nanoparticles as observed 

through BET analysis. 
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Fig. 3.8: (a) Cumulative release % with different time intervals at pH 1.2, 6.8 and 7.4 (b) Erosion of 

zein at different time intervals (c) and (d) Korsmeyer- peppas model by plotting ln (Mt/Mf) versus ln 

(t) for vitamin D and amoxicillin. 

 

3.3.10. Kinetic modelling 

The drug release kinetics data of vitamin D and amoxicillin as shown in Fig. (3.8(c) and 

3.8(d)), were fitted with different kinetic models (Table 3.2). The correlation coefficient 

(r2) was calculated and release exponent (n) was estimated from the slope of the plot of ln 

(Mt/Mf) versus ln (t) and their values were indicated in the plot. The highest value of (r2) 

for both vitamin D and amoxicillin in SGF and SIF was observed for Korsmeyer-Peppas 

model.  



Chapter 3:  Zein coated calcium carbonate nanoparticles for the targeted controlled 
release of model antibiotic and nutrient across the intestine 

DTU:2020 Page 55 

Table 3.2: Correlation coefficients (r2) of different Models in SGF and SIF Solutions. 

Model Vitamin D Amoxicillin 

 SGF SIF SGF SIF 

Zero order 

First order 

Higuchi 

Peppas 

0.9852 

0.9482 

0.9563 

0.9899 

0.9871 

0.9778 

0.9854 

0.9882 

0.9828 

0.9614 

0.9776 

0.9915 

0.9774 

0.9489 

0.9415 

0.9978 

 

The value of n in this model determines the release mechanism. In this study, the 

calculated n value for amoxicillin in SGF and SIF was 0.4 and 0.1, respectively, 

indicating Fickian diffusion mechanism. Whereas, in the case of vitamin D, the value of 

n was found to be 0.8 in SGF and 0.9 in SIF confirming the non-Fickian transport and 

super case II transport mechanism, respectively.56   

3.3.11. MTT assay 

One of the main objectives of the study was to assess the biocompatibility of the CaCO3 

nanoparticles on liver and kidney cell. As the aim is to orally deliver the CaCO3 along 

with vitamin D and other components, it becomes imperative that once in the body the 

nanoparticles will be exposed to liver and kidney. The high vascularity as well as the first 

pass metabolism makes it important that the particles and its constituents does not have 

any detrimental effect on the organs. Also the vitamin D is activated by a two-step 

process, first by the liver and then by the kidneys. As such to assess if the exposure does 

not cause any significant toxicity to the liver and kidney, MTT assay was performed on 
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CCDZA sample at varying concentrations on kidney (HEK cell line) and liver (Hep G2 

cell line). The assay was carried out post 24 h exposure of the samples to the cell lines 

and results were displayed in Fig. 3.9. From the Figure, it was evident that viability of 

both the cell lines was observed above 90 % for the concentration range 10 Pg/mL to 

1000 Pg/mL. The results revealed that CCDZA is a safe candidate for oral delivery. 

 

 

 

Fig. 3.9: Cytotoxicity test of CCDZA at different concentrations using HepG2 and HEK. 

 

3.4. Conclusion 

The study shows that similar to calcium and vitamin D supplementation, CaCO3 

nanoparticles can act as a viable GIT delivery vehicle coupled to vitamin D delivery to 

the intestine. Specific coatings like zein on nanoparticles would help to resist the 
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corrosive environment of the GIT while facilitating a second cargo loading. Further, the 

coating can render controlled release for both cargoes. Overall the system was developed 

focusing on maintaining Vitamin D ± Calcium homeostasis that occurs mostly at the 

intestine while at the same time with a capacity to deliver a model antibiotic to the gut 

simultaneously. 
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Chapter 4 

Pectin/PEG food grade hydrogel blend for the targeted oral  
co-delivery of nutrients 

 

4.1. Introduction 

There is always an increasing demand for ready to eat functional foods to promote health 

benefits with good quality, taste, and flavour. These functional foods carry added values 

beyond their mere nutritional values. The addition of such nutrients (minerals and 

vitamin) in food products has received much attention as it accompanies the same 

process of food consumption in our body.1,2 It is noteworthy that introduction of such 

crucial nutrients is known for inducing physical and chemical vulnerabilities during food 

production conditions and to the digestion process resulting in detrimental effect on 

overall food properties. Hence, such functional food products are in need of advance 

technologies in order to avoid unwanted effects such as variation in food sensory 

properties and limiting the efficiency of nutrients.3 Adapting pharmaceutical approaches 

are considered to be more attractive for the fabrication of food grade oral delivery 

vehicles for delivering nutrients at a controlled manner in order to prevent diseases and 

promote human health and well-being.4-8 Such oral carriers are efficient in targeting and 

controlling the release of bioactive ingredients as they pass through the human 

gastrointestinal (GI) tract apart from protecting them.9  

Among the various forms of oral vehicle, hydrogels made up of edible polymers are 

popular due to their biocompatibility and biodegradability.8,10,11 Pectin, a type of edible 

polysaccharide can be easily fabricated as hydrogel.12 It finds diverse food applications 



Chapter 4:  Pectin/PEG food grade hydrogel blend for the targeted oral co-delivery of nutrients 

DTU: 2020 Page 66 
 

as a source of soluble dietary fiber and can be successfully used as a gelling agent, 

stabilizer and fat replacer by food and beverage industries.13,14 It also holds striking 

biomedical functions like decreasing blood fat, soothing pain, reducing the incidence of 

heart diseases, inhibiting lipase activity growth and metastasis of cancer cells as well as 

inducing their apoptosis.15-17  

 

 

 

Fig 4.1: Schematic diagram of fabrication of edible hydrogel and release of nutrients in SGF 

and SIF 

 

Also, pectin is resistant to proteases and amylase, which are active in the upper GI tract. 

On the other hand, they are digested by the microflora of the colon.18 Due to these 

important properties, it is possible that pectin could function as a delivery vehicle to 
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escort a range of pharmaceutical and food bioactive compounds from the mouth to the 

colon.19-21 From the literature, it is evident that so far, pectin based hydrogels were 

fabricated mostly after chemical modification or by chemical combination of pectin with 

other polymers involving complicated synthetic strategies.22,23 Herein, we followed a 

simple methodology to fabricate pectin based hydrogel by using polyethylene glycol 

(PEG). PEG is one of the synthetic plasticizers which is approved by FDA and is used in 

combination with pectin for food packaging applications.24,25  

In this study, edible pectin/PEG hydrogel (PP) was used for the first time to co-deliver 

nutrients. In detail, during the fabrication of PP hydrogel, Ca2+, as well as vitamin D, was 

entrapped one after the other throughout the hydrogel matrix (PPCaD). Similarly, Fe2+, as 

well as vitamin C, was added into the PP blend and set to form a hydrogel matrix 

(PPFeC). A Schematic diagram of fabrication of edible hydrogel and release of nutrients 

in SGF and SIF is shown in Fig. 4.1. It is pertinent to recall that vitamin D and calcium 

play important roles in bone mineralization.26 Most importantly, calcium is actively 

absorbed from the small intestine in the presence of vitamin D. Thus, a diet containing 

both optimal vitamin D and calcium is important for proper mineralization of bone.27 It is 

well known that iron deficiency is a common worldwide problem in which vitamin C 

enhances the availability and absorption of iron from the diet. Hence, food item 

containing iron and vitamin C is preferable for good health.28.29 So obtained hydrogels 

(PPCaD and PPFeC) were thoroughly characterized by TGA and FTIR. The morphology 

of the hydrogels was viewed using Scanning electron microscopy (SEM). Detailed 

rheological studies were performed on as-fabricated hydrogels using rheometer. Further, 

hydrogels were subjected to in-vitro swelling studies in SGF at pH 1.2 as well as SIF at 

pH 6.8 and their corresponding degradability was also analyzed. During the swelling 
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studies at two different pH values, the release of vitamin D and vitamin C along with the 

corresponding metal ions were estimated.  

4.2. Experimental and Characterization Details 

4.2.1. Materials  

Pectin (esterified 60 % to 70 %), Polyethylene glycol (PEG) 300 and 7-

dehydrocholesterol (MW 384.64) were obtained from Sigma-Aldrich. Ferrous chloride 

(FeCl2) (MW 162.78) and ascorbic acid (MW 176.13) were purchased from Central Drug 

House Pvt Ltd. Citric acid (MW 192.93) was obtained from Loba Chemie Pvt. Ltd.  

Calcium Chloride (CaCl2) was purchased from Sisco research lab Pvt. Ltd. (SRL) 

Mumbai, India. Milli Q water was used for all the experimental work. All the chemicals 

were analytical reagent (AR) grade. 

4.2.2. Methods 

4.2.2.1. Preparation of pectin/PEG hydrogel (PP)  

5% (w/v) Pectin solution was prepared in water under continuous stirring for 2 h until the 

solution becomes homogenous. 0.1 % (w/v) Citric acid was added into the prepared 

pectin solution for maintaining pH 3.5-3.8. After that 1 % PEG (v/v) was added as a 

cross-linker by maintaining the total volume, the solution was stirred well and placed in 

the water bath at 60 °C for 3 hours. Further, the samples were taken out from the water 

bath, cooled and cut into the equal size pellet 1 cm diameter u 1 cm thickness and dried 

at room temperature. 

4.2.2.2. Preparation of PP hydrogel containing nutrients 

 Calcium and vitamin D (PPCaD) 
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As mentioned above, 5:1 Pectin/PEG solution was prepared by adjusting the pH 3.5-3.8 

using citric acid. Thereafter, in order to entrap Ca2+   ions as well as vitamin D, 2 mg/mL 

of Ca2+ as 50 mM CaCl2 solution and 5 µg/mL vitamin D (w/v) solution were added one 

after the other into the above pectin/PEG mixture by maintaining the final volume. The 

mixture was stirred well, poured into the test tube and kept in the water bath at 60 °C for 

3 h.  

 

 

 

Fig. 4.2: Schematic illustration for the fabrication of various hydrogels PP, PPCaD and PPFeC 

containing nutraceuticals. 

The resultant hydrogel sample was dried as described in the previous section (4.2.2.1). 

Similarly, pectin/PEG hydrogel containing Iron (2 mg/mL) with vitamin C (25 mg/mL) 
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(PPFeC) was also prepared by heating at 60 °C for 3 h. A Schematic illustration for the 

fabrication of various hydrogels PP, PPCaD and PPFeC containing nutraceuticals was 

shown in Fig. 4.2.  

 

 

Fig. 4.3: (a) & (b) Diameter and length of empty test tube, (c) & (d) Test tube containing pectin 

hydrogel in wet condition, (e) Dried hydrogel, (f) & (g) height and diameter of the pellet. 

 

During the fabrication PP, PPCaD and PPFeC, total volume was maintained as 20 mL in 

25 mL test tube of 1.5 cm diameter u 15 cm height. In wet condition, the hydrogel 

occupies 12 cm height of the test tube and in dry condition dimension of as prepared 

hydrogel was observed as 1cm diameter u 10 cm height (Fig. 4.3). Herein, as per 

theoretical calculation, the chosen size of the hydrogel (1 cm diameter u 1 cm height) in 

the case of PPCaD and PPFeC contains 10 µg of vitamin D and 50 mg of vitamin C, 
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respectively, which are close to RDA values (10 µg per day and 45 mg/day for adults as 

per FAO and WHO).30,31 The composition of hydrogel contents for 20 mL mixture was 

detailed in Table 4.1. 

Table 4.1: Composition of Hydrogel 

We maintained the size (1 cm diameter and 1 cm thickness). The hydrogel composition 

per 20 mL is given as follows: 

S. No. Contents of PPCaD Composition of PPCaD  

for 20 mL 

1. 

2. 

3. 

4. 

5. 

Pectin 

PEG 

Citric acid 

Ca2+ ions as CaCl2 

Vitamin D 

1000 mg 

0.2 mL 

20 mg 

40 mg 

100 µg 

S. No. Contents of PPFeC Composition of PPFeC  

for 20 mL 

1. 

2. 

3. 

4. 

5. 

Pectin 

PEG 

Citric acid 

Fe2+ ions as FeCl2 

Vitamin C 

1000 mg 

0.2 mL 

20 mg 

40 mg 

500 mg 
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4.2.3. Characterization of Hydrogels 

The details of the FTIR spectra and TGA for the hydrogels samples are described in 

section 3.2.3.1 and 3.2.3.3 of chapter 3, respectively. For FTIR spectra, Attenuated Total 

Reflectance (ATR) mode was used and in TGA, Hydrogel samples were heated from 

room temperature to 600 °C to characterize the samples.  

4.2.3.1. SEM 

The morphology of the hydrogels was investigated by using Scanning Electron 

Microscope ZEISS MA 15. Samples were gold coated and observed at an accelerating 

voltage of 3 kV and 10000 magnification. 

4.2.3.2. Rheological Properties  

In order to find the gelling temperature of hydrogels, rheological measurements were 

performed in a rheometer (Anton Paar MCR 702, Austria) using a 50 mm plate and plate 

fixture, with a diameter of 25 mm. For this experiment, the required solutions were 

mixed in an ice bath and immediately transferred to the sample holder. Further, the 

sample holder was heated from 20 °C to 70 °C at the rate of 1 °C / min with 5 % shear 

strain and at 1 Hz frequency and corresponding viscoelastic properties were measured. 

The static, as well as dynamic rheological measurements of hydrogels, were determined 

using Anton Paar MCR 702, Austria.  Herein, the shear viscosity was evaluated at 

various shear rates at 1 Hz frequency. Frequency sweep measurements were performed at 

the frequency range from 0.1 to 10 Hz at 0.1 % strain. Strain sweep (0 % to 100 %) of the 

hydrogel samples were also done at 1 Hz oscillation frequency. 
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4.2.3.3. Nutrient entrapment analysis 

Percentage nutrient entrapment efficiency of the hydrogels PPCaD and PPFeC was 

estimated as per the procedure described by Hibbins et al.32 For this, equal-sized 

hydrogel samples (1 cm dia. and 1 cm thick) were crushed, weighed and suspended in 10 

mL of water for 24 hours. 5 mL sample was withdrawn and filtered using 0.5 ȝm 

injection filters. The filtered sample was used for the quantitative analysis of vitamin D 

and vitamin C using UV-visible spectroscopy (1800 Shimadzu spectrophotometer) and 

metal ion contents  (Ca2+ and  Fe2+ ) by  ICP-ES (Perkin-Elmer Optima 2000 DV 

Spectrometer) analysis. The procedure was conducted in triplicate and the entrapment 

efficiency of nutrients was determined according to the equation given below.32  

 

Nutrient entrapment efficiency (%)  ൌ ୅ୡ୲୳ୟ୪ ୬୳୲୰୧ୣ୬୲ ୡ୭୬୲ୣ୬୲
୘୦ୣ୭୰ୣ୲୧ୡୟ୪ ୬୳୲୰୧ୣ୬୲ ୡ୭୬୲ୣ୬୲

 ൈ 100                      ሺ4.1ሻ 

 

4.2.3.4. Swelling and drug release studies 

Swelling studies were performed initially using SGF for 3 h and the samples were 

washed in SIF. The washed samples were placed in SIF and swelling tests were 

continued for another 3 h. The SGF and SIF solutions were prepared as per the protocol 

described by Rosen et al.33 and the corresponding details are given in annexure 1. Herein, 

tests were conducted at room temperature using hydrogel samples (size: 1 cm dia. u 1 cm 

thick). At regular intervals, samples were weighed and corresponding swelling ratios 

were calculated by using the following equation: 

                            Swelling ratio ൌ  
𝑤௠

𝑤ௗ
 ൈ 100%                                           ሺ4.2ሻ 
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where Wm= Ws-Wd and Ws and Wd are the weights of the swollen sample and dried 

sample, respectively. Independently, experiments were conducted in duplicates for each 

reading and average data were plotted. To investigate the release study of vitamin D and 

vitamin C from PPCaD and PPFeC, respectively at the required intervals, the supernatant 

of the hydrogel samples were quantitatively analyzed using UV-Visible 

spectrophotometer (UV-1800 Shimadzu spectrophotometer). In the case of vitamin D, 

release from PPCaD was evaluated in SGF as well as SIF. The release profile of the drug 

was recorded for 6 h using UV-visible spectrophotometer at the wavelength of 281 nm as 

per the procedure described by Luo et al.34 Similarly, vitamin C release from PPFeC was 

carried out using SGF as well as SIF for 6 h at regular time intervals using UV-visible 

spectrophotometer at the wavelength 261 nm as per the procedure described by Peng et 

al. 35 Likewise, the release profile of Ca2+ and Fe2+ from PPCaD and PPFeC, 

respectively, were measured using ICP-ES (Perkin-Elmer Optima 2000 DV 

Spectrometer). 

4.2.3.5. In-vitro hydrogel degradation studies 

The in-vitro degradability of hydrogels was monitored in SIF at 37 °C. A lyophilized 

hydrogel sample of size 1 cm thick u 1 cm dia. was accurately weighed and then 

immersed in 10 mL of SIF at different time points up to 24 h, with the medium being 

refreshed every 2 h. Samples were taken out at predetermined immersion time points, 

rinsed with deionized water, dried and finally weighed. The percentage of degradation 

was calculated from the dry mass before and after the immersion.36 The degradation 

experiment was conducted in triplicates for all the samples and the average value was 

recorded. 
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4.2.3.6. Drug release kinetics 

For further investigation of the release of vitamin D and vitamin C, zero order, first 

order, Higuchi and Peppas model were used to fit the released data from the sample 

PPCaD and PPFeC according to the following equations.35 

Zero-order model:                               M౪
Mಮ

ൌ 𝑘𝑡                                                               ሺ4.3ሻ                                

First order model:                        lnሺ1 െ M౪
Mಮ

ሻ ൌ െ𝑘𝑡                                                           ሺ4.4ሻ              

Higuchi model:             M౪
Mಮ

ൌ 𝑘𝑡1/2                                                         ሺ4.5ሻ                          

Peppas model:                                      lnሺ M౪
Mಮ

ሻ ൌ 𝑛𝑙𝑛𝑡 ൅ ln 𝑘                                             ሺ4.6ሻ                

where, Mt is the cumulative amount of drug released until sampling time t,  Mf  is the 

cumulative total amount of drug released, Mt / Mf is the fraction of drug released at time 

t, k is a rate constant, and n is the diffusion exponent which indicates the drug release 

kinetics mechanism.  

4.3. Results and Discussion 

4.3.1. FTIR Analysis 

Fig. 4.4(a) shows the FTIR spectra of PP, PPCaD and PPFeC.  In the case of PP, peak at 

3407 cm-1 is attributed to O-H stretching of pectin and PEG molecules. Peaks appeared at 

1741 cm-1 and 1642 cm-1 are due to symmetric ±C=O stretching and asymmetric 

stretching of ±COO- of pectin, respectively. The peak at 1642 cm-1 is also due to ±OH 

bending of both the polymer molecules. Two weak shoulders appeared at 1440 cm-1 and 

1240 cm-1 are assigned to ±COO- symmetric and -CH2 stretching, respectively. Further, 

the shoulder a1240 cm-1 also corresponds to the characteristic C-O-C vibration of PEG. 
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A sharp peak at 1024 cm-1 is due to the glycosidic linkage of pectin. In the case of 

PPCaD, a peak observed at 3339 cm-1 is attributed to -OH stretching of pectin/ PEG 

molecule and vitamin D. Herein, it is noteworthy that peaks of PP at 1741 cm-1 and 1642 

cm-1 can be seen to appear as a small weak shoulder and a sharp intensified peak at 1740 

cm-1 and 1643 cm-1 respectively. In addition, a weak shoulder observed at 1440 cm-1 of 

PP due to ±COO- symmetric stretching is slightly shifted and reported at 1444 cm-1 for 

PPCaD.  

 

 

 

Fig. 4.4: (a) FTIR Spectra and (b) Thermogravimetric analysis of PP, PPCaD and PPFeC. 

The observed changes in ±C=O, ±COO- and ±OH peaks of PPCaD can be attributed to 

the interaction with the Ca2+ ions as well as with vitamin D molecules. Interestingly, in 

the case of PPFeC, peaks corresponding to ±C=O symmetric stretching and  ±COO- 

asymmetric stretching was observed at 1739 cm-1 and 1644 cm-1, respectively and are 
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intensified when compared to PP.  Further, -COO- symmetric stretching was slightly 

shifted compared to PP and reported at 1446 cm-1 in PPFeC. Pertinently in PPFeC, -C=O, 

±COO- and ±OH  group vibrations were observed to shift more significantly compared to 

PPCaD, indicating a strong interaction with iron ions along with vitamin C molecules. 

The above assigned peaks were in good agreement with pure individual polymers (data 

not shown) as well as with the literature.24, 25,35 

4.3.2. TGA Analysis 

Thermogravimetric analysis of all hydrogels is portrayed in Fig. 4.4(b). The degradation 

trends of the samples under study were noticed to be more or less similar. The initial 

weight loss of PP and PPFeC ZaV VKRZQ WR bH 3 % aW ၉48 �C dXH WR ORVV RI ZaWHU, while 

in the case of PPCaD, it was observed to be 5 % at 73 °C. Second decomposition (46 % 

weight loss) for the hydrogels PP and PPFeC were observed at 265 °C and 255 °C, 

respectively, due to depolymerization of pectin molecules. Final decomposition for the 

K\dURJHO PP aQd PPFHC ZaV RbVHUYHd WR bH 83 % aQd 72 % aW ၉340 �C, respectively. It is 

noteworthy that in the case of PPCaD, only second decomposition (64 % weight loss) 

was noticed at 320°C. In general, the observed reduction in the % weight loss of the 

hydrogels after the addition of metal ions reveals the existence of thermal stability of the 

hydrogel samples (PPCaD and PPFeC) compared to the blank (PP). 

4.3.3. SEM Analysis 

SEM analysis revealed the surface morphology of the hydrogel samples under 

investigation PP, PPCaD were of rough in general and does not show much difference 

though there are additional contents Ca2+ and vitamin D (5 µg/mL) in PPCaD (Fig. 4.5 
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(a-b)). Interestingly, the SEM morphology of PPFeC (Fig.4.5 (c)) indicates its porous 

surface, probably due to the strongest crosslinking nature of Fe2+ along with the physical 

interaction of vitamin C in larger content (25 mg/mL) compared to PPCaD. 

 

 

 

Fig. 4.5: SEM micrographs of PP, PPCaD and PPFeC. 

 

 

4.3.4. Rheological properties 

TKH WHPSHUaWXUH dHSHQdHQcH RI VWRUaJH PRdXOXV (Gƍ) aQd ORVV PRdXOXV (GƎ) IRU PPCaD 

and PPFeC were depicted in Fig. 4.6. From the figure, the gelation temperature of 

PPCaD ZaV RbVHUYHd WR bH 32� C (FLJ. 4.6(a)).  AIWHU JHOaWLRQ WHPSHUaWXUH, GƎ VOLJKWO\ 
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dHcUHaVHd cRPSaUHd WR Gƍ XSWR ၉ 60� C aQd WKHUH ZaV a dUaVWLc LQcUHaVH LQ Gƍ aV ZHOO aV 

GƎ aIWHU 60� C. OYHUaOO, Gƍ ZaV JUHaWHU WKaQ GƎ LQdLcaWLQJ aQ LQcUHaVH LQ WKH HOaVWLc 

nature of the hydrogel sample. The reported elastic nature of the sample after the gelation 

temperature confirms the hydrogel formation, indicating the existence of crosslinking in 

the polymer matrix through the additives PEG, Ca2+ and vitamin D.37  

 

 

 
Fig. 4.6: Gel temperature of the hydrogel samples (a) PPCaD and (b) PPFeC. 

 

Similarly, in the case of PPFeC (Fig. 4.6(b)), gelation temperature was reported at 28 °C. 

FXUWKHU, bHORZ 28 �C, GƎ ZaV JUHaWHU WKaQ Gƍ aQd a dUaVWLc dHcUHaVH ZaV IRXQd LQ WKH GƎ 

ZKLOH WKHUH ZaV a VOLJKW dHcUHaVH LQ Gƍ. AIWHU JHOaWLRQ WHPSHUaWXUH, WKHUH ZaV QR cKaQJH 

LQ WKH YaOXH RI Gƍ IURP WKH WHPSHUaWXUH UaQJH RI 28� C WR 70� C LQdLcaWLQJ a ULJLd QaWXUH 

of the sample PPFeC compared to PPCaD. The observed rigid nature of PPFeC indicates 

strong electrostatic interaction between the polymer network and Fe2+ as revealed by 

FTIR (Fig. 4.4(a)). It is also worth recalling that the electron affinity of the Fe2+ (15.7 

KJ/mol) is greater than Ca2+ (2.37 KJ/mol ) and confirms strongest interactive nature of 

Fe2+ ions compared to Ca2+ ions with pectin molecules.38 OQ WKH RWKHU KaQd, GƎ 
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drastically decreased with increase in temperature indicative of diminishing viscous 

nature of the sample. It is pertinent to recall that the gelation temperature of pectin-PEG 

(PP) was observed to be at 57° C (data not shown), which was greater than PPCaD and 

PPFeC. Hence, the possible interaction of PEG with pectin is only through weak physical 

IRUcHV OLNH K\dURJHQ bRQdLQJ aQd VaQdHU WaaO¶V IRUcHV OHadLQJ WR KLJKHU JHOaWLRQ 

temperature for PP.   

In the frequency sweep tests, storage moduli (Fig. 4.7(a)) of the hydrogel samples PP, 

PPCaD and PPFeC were significantly increased with the frequency range examined. The 

storage modulus of PPCaD sample was observed to be the highest in the magnitude 

compared to PPFeC and PP, indicating the highest elastic nature of the gel. Fig. 4.7(b) 

represents the tan δ of hydrogel samples as a function of the frequency. The magnitude of 

tan δ was found to be lesser than 1 for all hydrogel samples, confirming solid-like 

character of the hydrogel.39 Here again, PPCaD and PPFeC showed better elastic 

character compared to PP. Fig. 4.7(c) shows the frequency dependence of the complex 

viscosity of the hydrogels. Generally, the complex viscosity of hydrogels decreased with 

an increase in applied frequency, indicating shear thinning behavior.37 On a comparative 

basis, the order of the magnitude of the hydrogel complex viscosity was observed as 

IROORZV: PPCaD ޓ! PPFeC !PP. The observed highest complex viscosity of PPCaD 

reveals the closest association of pectin molecules only by Ca2+ ions, whereas a small 

amount of vitamin D (5 µg/mL) content of the hydrogel does not show any role. On the 

other hand, though the hydrogel PPFeC contains Fe2+ ions with the strongest electron 

affinity, the observed decrease in viscosity compared to PPCaD is mainly attributed to a 

large amount of vitamin C (25 mg/mL) content, which prevents the polymer 

association.40 
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Fig. 4.7: Frequency dependence of (a) stoUaJH (Gƍ), (b) WaQ δ and (c) complex viscosity (d) strain sweep  

in shear rheology at 1 Hz , (e) stress-strain curves (f) young modulus of various hydrogels. 

 

In the case of PP, the observed lowest complex viscosity as a function of frequency is 

corroborating the weakest interaction between pectin and PEG molecules through 

hydrogen bonding and weak Vander Waal forces.24 Fig. 4.7(d) VKRZV a YaULaWLRQ RI Gƍ 

aQd GƎ ZLWK UHVSHcW WR % VKHaU VWUaLQ IRU PP, PPCaD, aQd PPFHC. IQ dHWaLO, PP VKRZHd 

linearit\ RI Gƍ aQd GƎ IURP 0.01 % WR ၉ 1 % RI VWUaLQ YaOXHV. OQ WKH RWKHU KaQd, LQ WKH 
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caVH RI PPCaD aQd PPFHC, WKH OLQHaU UHJLRQ IRU Gƍ aQd GƎ ZaV IRXQd RQO\ XSWR ၉ 0.5 % 

aQd ၉ 0.1 %, UHVSHcWLYHO\ RI VWUaLQ YaOXH. TKH RbVHUYHd UHdXcWLRQ LQ WKH PaJQLWXdH RI Gƍ 

aQd GƎ IRU PPCaD aQd PPFHC LQ cRPSaULVRQ WR PP LQdLcaWHV dHVWUXcWLRQ RI WKH K\dURJHO 

network with an increase in the strain values due to addition of respective metal ions and 

vitamin molecules.41 A significant difference in the stress-strain behaviour of the 

hydrogel samples was observed in Fig. 4.7(e). Stress-strain curves of PPCaD and PP 

indicates soft and weak nature of the hydrogel, whereas stress-strain behaviour of PPFeC 

reveals a comparatively harder nature. The correspondinJ YRXQJ¶V PRdXOXV (FLJ. 4.7(f)) 

of the hydrogel samples was also calculated and the following trend was reported: PPFeC 

!! PPCaD ! PP and thus confirms the elastic nature of PPCaD. 

4.3.5. Nutrient entrapment efficiency 

Entrapment efficiency of vitamin D and vitamin C from the hydrogel PPCaD and PPFeC 

was calculated as 99.1 % and 99.3 %, respectively. Additionally, metal ion contents of 

the hydrogels PPCaD and PPFeC were determined as 99.2 % for Ca and 99.6 % for Fe, 

respectively. 

4.3.6. Swelling and drug release study 

In order to determine the swelling behaviour, hydrogels were immersed for 3 h in the 

SGF at pH 1.2 followed by SIF at pH 6.8 for another 3 h (Fig. 4.8(a)). The highest 

swelling ratio was reported for PPCaD as 64 %, whereas 52 % for PPFeC and 41 % for 

PP was observed after 3 h in the SGF. Thereafter, the same pellet of all the hydrogels was 

placed in the SIF and swelling studies were continued at pH 6.8. In particular, at the end 

of 6 h, the swelling ratio of PPCaD, PPFeC, and PP was observed to be 130 %, 110 % 
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and 61 %, respectively. The highest swelling of PPCaD and PPFeC compared to PP 

revealed additional crosslinking of metal ions as well as vitamin molecules with the PP 

network. It is worth mentioning that PPCaD showed marginally higher swelling property 

compared to PPFeC due to its appreciable elastic nature, as revealed by rheological 

studies (Fig. 4.7(a)). Herein, the highest electron affinity of Fe2+ and non-covalent 

interaction of higher amount of vitamin C content with PP network hamper the swelling 

behavior of PPFeC by increasing its hardness (Fig. 4.7(e) and Fig. 4.7(f)). On the other 

hand, the observed lowest swelling property of pure PP network is associated with its soft 

nature due to the existence of very weak crosslinking forces between pectin and PEG, 

which could break easily as the water molecule diffuses in the polymer network and 

consequently disintegrate the network quickly. 

 

 

Fig. 4.8: (a) Swelling ratio of the hydrogels PP, PPCaD and PPFeC in SGF at pH 1.2 

and in SIF at pH 6.8 (b) degradation behaviour in SIF at pH 6.8 for various hydrogels. 

 

Additionally, during swelling experiments, the supernatant solutions at regular intervals 

were further subjected to determine the release of vitamin D and vitamin C. (Fig. 4.9(a)) 
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as follows: In the case of PPFeC, the release of vitamin C was 5 % in 1 hour and 

increased as 11 % in 3 h at pH 1.2. In the case of PPCaD, the release of vitamin D was 

observed to be 10 % in 1 h and increased to 19 % in 3 h. When the same hydrogel pellet 

was placed into the SIF solution, 68 % of Vitamin C released from the sample PPFeC in 

4 h whereas, 91 % was released in 6 h. Similarly, vitamin D released from the sample 

PPCaD was found to be 75 % and 95 % in 4 h and 6 h, respectively. It was concluded 

that in SGF, both drugs were released feebly while in SIF, the drugs were released at a 

higher amount. Herein, the release of vitamin D and vitamin C was influenced by the 

swelling behaviour of the hydrogels as well as crosslinking of the gel network.   

 

 

Fig. 4.9: (a) Cumulative release  of (a) Vitamin D and vitamin C, (b) metal ion  (Ca2+ / Fe2+) from the 

hydrogel PPCaD and PPFeC in SGF (pH 1.2) and SIF (pH 6.8), respectively. (c)   Release kinetics of 

vitamin D and vitamin C from PPCaD and PPFeC in SGF and SIF solutions, respectively. 
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In detail, in SGF due to the protonation of carboxylate anion of pectin molecules and the 

corresponding molecular association42-44, nutrients are protected. On the other hand, the 

deprotonation of -COOH group on pectin in SIF (pH 6.8) leads to the loosening of pectin 

network due to the charge repulsion and resulting in a higher rate of vitamin release. The 

observed slight decrease in the drug release rate of PPFeC compared to PPCaD indicates 

the interaction of vitamin C molecules with pectin through physical forces in addition to 

the highest electron affinity of Fe2+. Interestingly, it can be concluded that the lowest 

release of vitamin D and vitamin C in the SGF indicates the protection of the nutrients 

from the gastric environment for 3 h. Further, in the next 3 h due to the change in pH, a 

high swelling ratio of hydrogel samples under investigation was observed, followed by 

releasing of vitamin D and vitamin C. Moreover, From the ICP data (Fig. 4.9(b)), the 

metal ion concentration from the hydrogel was measured as 5 % for Ca2+ and 2 % for 

Fe2+ before 3 h. But in 4 h around 85 % Ca2+ and 70 % Fe2+ was released from the 

hydrogel matrix and finally, in the 6 h, Ca2+ and Fe2+ concentration were recorded as 96 

% and 90 %, respectively. 

4.3.7. Degradation studies 

Degradation studies for all the samples were shown in fig. 4.8(b). It is pertinent to recall 

that hydrogel samples are intact in SGF. When hydrogels were placed into the SIF, no 

degradation was noticed for all the samples upto 5 h. Degradation for PP was 27 %, and 

IRU PPCaD aV ZHOO aV PPFHC ZaV RbVHUYHd aV ၉1 % within 6 h.  After 8 h the degradation 

of hydrogel PP was 90 %, while PPCaD and PPFeC hydrogel were 51 % and 22 %, 

respectively. In 9 h PP was completely degraded, whereas the degradation of PPCaD and 

PPFeC hydrogel was found to be 84 % and 65 %, respectively. These results are in good 
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agreement with swelling (Fig. 4.8(a)) and drug release (Fig. 4.9 (a)) behaviour of the 

hydrogel samples. 

4.3.8. Release kinetics of the drug  

The release kinetics of vitamin D and vitamin C from the hydrogel PPCaD and PPFeC in 

different release media such as SGF pH 1.2 as well as SIF pH 6.8 was shown in Fig. 

4.9(c). It was noticed from the graph that a fractional amount (Mt / Mf) of drug release 

was found to be occurring at a slow rate in SGF (pH 1.2), whereas it increased to a higher 

rate in SIF (pH 6.8) as explained in Section 4.3.6. Herein, various mathematical 

modelings were subjected to investigate the nutrient release mechanism from PPCaD and 

PPFeC in SGF and SIF, which help to optimize the design of a therapeutic device to yield 

information on the efficiency of various release models. 45 The Correlation coefficients 

(r2) were obtained by the fitted experimental data from various models (given in 

equation) and their values are given in Table 4.2.  

Table 4.2: Correlation coefficient (r2) of different Models in SGF and SIF Solutions. 

 

 

 

 

 

 

 

Model Vitamin D Vitamin C 

 SGF SIF SGF SIF 

Zero order 

First order 

Higuchi  

Peppas 

0.9965 

0.9722 

0.9722 

0.9608 

0.9996 

0.9565 

0.9858 

0.9884 

0.9992 

0.9124 

0.8342 

0.8941 

0.9981 

0.9781 

0.9771 

0.9895 



Chapter 4:  Pectin/PEG food grade hydrogel blend for the targeted oral co-delivery of nutrients 

 

DTU: 2020 Page 87 
 

The highest value of r2 was observed in case of zero-order model for both the samples 

vitamin D and vitamin C in both the medium SGF and SIF. The zero-order model was 

found to appropriate model for release mechanism based on the obtained r2 values. Zero-

order model indicates a disaggregation and slow release of drug in order to achieve 

prolonged action of drug in GI tract, which is an ideal method for the delivery of 

nutrients.45   

4.4. Conclusion 

In this study, nutrients Ca2+ along with vitamin D and Fe2+ along with vitamin C were 

entrapped in edible pectin based (PP) hydrogel matrices. The obtained edible hydrogel 

blends PPCaD and PPFeC were demonstrated to be efficient through in-vitro experiments 

in protecting nutrients at the harsh gastric environment and co-delivering the same in SIF 

in a controlled manner for 3 h following zero order kinetics. These interesting oral 

delivery vehicles fabricated by pharmaceutical approach could be easily incorporated into 

ready to eat functional foods in order to promote health benefits with good quality and 

are expected to overcome common human health problems. 
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Chapter 5 

In-situ mineralization of calcium carbonate in pectin based 

edible hydrogel for the delivery of protein at colon 

 

5.1. Introduction 

Oral route of drug administration is considered to be one of the simplest, cheap, 

suitable, convenient and safest routes.
1-3

 Currently, protein therapeutics is the drug of 

choice for its incredible selectivity and ability to provide effective and potent action in 

almost every field of medicine.
4
 In comparison with traditional therapeutic small 

molecules, proteins have greater potential to cure diseases with fewer side effects and 

can be highly specific with a complex set of functions.
5,6

 In general, administering 

protein drugs orally is a challenging route when compared to other alternate routes 

due to their poor stability, susceptibility to proteolytic and chemical degradation as 

well as random physical unfolding and aggregation. Additionally, in oral 

administration of protein drugs, bioavailability and capability of protecting the protein 

molecule from the harsh conditions of the gastrointestinal (GI) tract are great 

challenges.
7-9

 Hence, it becomes essential to construct an oral delivery system with 

very high bioavailability of protein molecules along with their protection from the 

harsh environment. Although, many delivery systems exist for oral delivery of 

protein; biodegradable hydrogels composed through proper selection of their building 

blocks along with appropriate cross-linking strategies are well appreciated.
10

 Such 

hydrogels are well known to swell as well as hold a large amount of water and 

consequently maintain a three-dimensional network structure. These interesting 

properties of hydrogels have raised their utility as successful protein reservoirs and a 
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controlled delivery system for protein in the surrounding tissues or the systemic 

circulation over an extended period.
10-12

  

Colon is considered to be the most suitable site to deliver protein drugs through the 

oral route since there is no protease present. Hence, for colon-specific oral delivery of 

protein drugs, it becomes essential to retain the vehicle intact as it reaches intestine 

from mouth not only to protect the loaded drug from proteolysis but also to release it 

instantly at the colon site.
13-15

 Therefore, pectin-based drug delivery vehicles are 

considered to be more suitable for oral administration, especially for colon-specific 

protein delivery systems due to their pH sensitivity as well as film-forming ability.
16

 

Even though numerous attempts have been made till now to establish successful 

pectin based protein delivery system, it only becomes effective in the case of water-

insoluble drugs, such as anti-inflammatory drugs for lower bowel diseases compared 

to the delivery of protein drugs.
17

 It is also noteworthy that as far as our knowledge, 

pectin based hydrogels reported in the literature for colon-specific protein delivery, 

are less in number. In addition, till date reported protein carriers were synthesized 

mostly after the chemical modification or by the chemical combination of pectin with 

other polymers involving complicated synthetic strategies.
17-19 

In this investigation, a simple methodology was followed to prepare edible pectin 

based hydrogel using polyethylene glycol (PEG).  It is worth to recall that the polymer 

PEG is one among a very few synthetic polymers which is approved by the FDA for 

biomedical application due to its good plasticizing, nontoxic and food grade property.
2
 

Further, calcium carbonate (CaCO3) particles were in-situ mineralized in pectin/PEG 

blend matrix to protect the protein and control its delivery at the colon site.  Herein, 

BSA loading was carried out soon after the in-situ formation of CaCO3 particles in the 
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polymer blend matrix by mixing a required amount of BSA solution and the mixture 

was gently heat treated to set as a hydrogel. So obtained hydrogel was thoroughly 

characterized along with appropriate blank samples by standard characterization 

techniques such as X-ray diffraction (XRD), Thermogravimetric analysis (TGA) and 

Fourier transform infrared spectroscopy (FTIR). The mineralization of micron-sized 

CaCO3 particles in the pectin based hydrogels was confirmed using microscopic 

techniques, Scanning electron microscopy (SEM) and Transmission electron 

microscopy (TEM). Rheological studies on prepared pectin based hydrogels were 

carried out using rheometer. 

 

 

 

 

Fig. 5.1: Schematic diagram in-situ mineralized CaCO3 nanoparticles in hydrogel matrix and their 

release in different pH conditions 

 

Further, hydrogels were subjected to in-vitro swelling studies in simulated gastric 

fluid (SGF at pH 1.2) as well as simulated intestinal fluid (SIF) of two different pH 

values (pH 6.0 and pH 6.8) and the corresponding dispersion of hydrogel components 
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were also monitored (Fig. 5.1). During the swelling studies at three different pH 

values, the corresponding release of BSA was estimated. Finally, the conformational 

stability of the released BSA was also analyzed by SDS-PAGE and CD 

spectropolarimetry. 

5.2. Experimental Section 

5.2.1. Materials 

For the preparation of the hydrogel, pectin (esterified 55 % to 70 %) and polyethylene 

glycol (300) (PEG) were purchased from Sigma-Aldrich. Additionally, the precursors 

used for the synthesis of CaCO3 particles; calcium chloride and sodium carbonate 

were obtained from Sisco Research Lab. Pvt. Ltd. (SRL), Mumbai, India and 

Qualigens Fine Chemicals, Mumbai, India, respectively. The model protein BSA used 

in this study was procured from Sigma-Aldrich. 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. Method 

Fabrication of hydrogel blend matrix  

A homogenous transparent solution of pectin 4 % (w/v) was prepared in water at 

neutral pH ( pH 7) by continuous stirring for 2 h followed by the dropwise addition 

of PEG (pectin/PEG weight ratio (4:1)) with constant stirring. After the addition of 

PEG into the pectin solution, gelation of pectin/PEG mixture was noticed. Herein, the 

total gel volume was maintained as 25 mL. The obtained gel was transferred in a test 

tube and heated in a water bath at 55 - 60 °C for 3 h. The obtained pectin- PEG 

hydrogel blend (PP) was taken out from the water bath and allowed to cool down to 
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the room temperature. After that lyophilization was carried out for 16 h and the gel 

was cut into equal sized pieces (1 cm dia. and 1 cm thick) and stored under dry 

conditions. Mineralization of in-situ CaCO3 particles into PP blend matrix: Soon after 

the gelation of pectin-PEG blend, precursor solutions namely calcium chloride (50 

mM) and sodium carbonate (50 mM) in 1:1 ratio, were added dropwise one after the 

other in such a way that total volume of the gel content was maintained as 25 mL and 

set as a hydrogel (PPC) by following the similar steps as mentioned above. BSA 

loading into PP and PPC blends: 0.3 mg/mL BSA solution was added dropwise into 

PP as well as PPC gel blends, heated and lyophilized. The resulting hydrogels were 

named as PPB and PPCB, respectively. A Schematic illustration for the synthesis of 

various pectin based hydrogels was shown in Fig. 5.2. 

 

 

 

Fig. 5.2: Schematic illustration for the synthesis of various pectin based hydrogels 
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5.2.3. Characterization of hydrogels 

The details of the Fourier Transform Infrared spectroscopy (FTIR), 

Thermogravimetric analysis (TGA) used in this chapter are already described in the 

section 3.2.3.1 and 3.2.3.3 of chapter 3 and section 4.2.3 of chapter 4. The details of 

X-ray diffraction (XRD) analysis and Scanning Electron Microscopy (SEM) are 

described in 3.2.3.2 and 4.2.3.1 in chapter 3 and chapter 4, respectively. In SEM 

analysis 5 kV accelerating voltage was used to record the data for this chapter. 

Hydrogels (PPC and PPCB) were also subjected to Energy Dispersive X-Ray Analysis 

(EDX) operated at 20 kV using (ZESIS EVO MA15) in order to investigate the 

presence of calcium ions in the hydrogel systems (PPC and PPCB). The 

characterization technique to execute the CaCO3 particle size measurements of 

hydrogels in this chapter are same as discussed in section 3.2.3.6 of chapter 3. For the 

hydrogel samples 1 cm dia. and 1 cm thick sized hydrogel sample was carefully 

dispersed in water by vortexing and the resultant solution was subjected to particle 

size analysis. The particle size was determined using the refractive index of water 

(1.33) and CaCO3 (1.59). Further, the characterization technique used for the 

rheological studies in this chapter for the hydrogel samples (PP, PPC, PPCB and PPB) 

are also described in section 4.2.3.2 of chapter 4. 

5.2.3.1. Transmission Electron Microscopy (TEM)  

The morphology of in-situ mineralized CaCO3 particles in the hydrogel matrix was 

characterized using TEM (Tecnai G2 200 KV HRTEM SEI HOLLAND).  

To analyze the samples by FTIR, TGA, XRD, SEM and TEM equal sized hydrogel 

pieces (1 cm dia. and 1 cm thick) were crushed and used for analysis.  
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5.2.3.2. BSA entrapment analysis 

Percentage BSA entrapment efficiency in the hydrogels PPB and PPCB was estimated 

as per the procedure discussed in the section 4.2.3.4 of chapter 4.  

5.2.3.3. Swelling and BSA release studies  

The swelling studies on the various hydrogels of size (1 cm dia. and 1 cm thick) were 

carried out by immersing into SGF at pH 1.2 for 3 h. After 3 h, the samples were 

washed and transferred in SIF at pH 6.0 and the swelling experiment was continued in 

the same way for the next 3 h. Further, swelling studies were also carried on the same 

samples for another 3 h after washing in SIF solution at pH 6.8. Simultaneously, the 

released BSA during swelling was subjected to quantitative analysis as described by 

Ahmad et al.
22

. Additionally, dynamic swelling studies on the various hydrogel 

samples were performed alternatively (1 h in each solution) by immersing the 

hydrogel samples in SGF at pH 1.2, SIF at pH 6.0 and SIF at pH 6.8. The same 

procedure was repeated up to 9 h (in total for every 3 h for the hydrogel samples). In 

all these studies, the swelling ratio of the samples was determined gravimetrically.
22,23

 

5.2.3.4. In-vitro hydrogel dispersion studies 

The in-vitro dispersion of the prepared hydrogels (PP, PPC, PPCB and PPB) was 

examined using SIF (pH 6.8) at 37 °C. The detail of the dispersion procedure is used, 

as mentioned in section 4.2.3.5 of chapter 4. The percentage of dispersion was 

calculated from the dry weight before and after the immersion.
24
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5.2.3.5. Studies on conformational stability of released BSA from the hydrogel 

samples  

SDS-PAGE Analysis and CD spectropolarimetry 

The primary structural stability of released BSA from the various hydrogel samples 

(PPB and PPCB) was analyzed using sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE). The amount of released BSA from the hydrogel 

samples was analyzed, as explained in the swelling studies (Section 5.2.3.3).  Herein, 

200 μL were drawn from the release medium and the concentration of BSA was 

determined using the Bradford reagent and further adjusted to 10 μg/mL using 

corresponding release medium using 4 % stacking and 10 % resolving gel (Mini-

PROTEAN Tetra Cell: Bio-Rad Laboratories, Germany) as described by Ahmad et 

al.
22

 The stability of the secondary structure of BSA released from the hydrogels (PPB 

and PPCB) was confirmed by CD spectropolarimetry. The detail of the instrument for 

CD spectra of the protein samples at 25 °C was mentioned in section 3.2.2.2 of 

chapter 3. 

5.3. Result and Discussion 

5.3.1. Structural characterization  

The hydrogel PP (Fig. 5.3(a)) indicated a broad band centered at 3407 cm
-1 

due to O-H 

stretching. Interestingly, sharp peaks of pure pectin (Fig. 5.3(a)) observed at 1747 cm
-1 

and 1635 cm
-1 

 due to esterified -C=O and -COO

 asymmetric stretching appeared at  

1741 cm
-1

 and 1646 cm
-1 

respectively in PP. It is noteworthy that peak at 1446 cm
-1

 

corresponding to -COO

  symmetric stretching of pure pectin were reported at lower 
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wavenumber as 1440 cm
-1

. 
 
Further, the characteristic peak of PEG due to C-O-C 

stretching in PP was shifted by 10 cm
-1

 lower wavenumber from 1250 cm
-1

 of pure 

PEG (Fig. 5.3(a)), confirming the presence of PEG in the hydrogel PP.
20

 In general, 

the observed changes in these reported characteristic wavenumbers of PP compared to 

pure components could be attributed to the existence of inter as well as intramolecular 

physical forces including ionic, hydrogen bonding and hydrophobic between pectin 

and PEG molecules.
25,26

 Herein, the observed FTIR data on pure pectin is in good 

agreement with the literature.
27,28 

 

 

Fig. 5.3: (a) and (b) FTIR  spectra, (c) Thermogravimetric analysis and (d) XRD patterns of various 

pectin based hydrogels
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The FTIR spectra of PPB, PPC and PPCB are depicted in Fig. 5.3(b). In the case of 

PPB and PPCB, the observed broad peak at 3287 cm
-1

 and 3296 cm
-1

 are not only due 

to –OH stretching of the pectin and PEG molecules but also refers to asymmetric –

NH2 stretching of BSA molecules. Similarly, a sharp peak observed at 1650 cm
-1

 
 

might be an overlapping peak due to esterified -C=O and asymmetric -COO

  

stretching of pectin as well as due to –C=O stretching of secondary amide groups 

(amide I)  of  BSA.  

 

 

Fig. 5.4: FTIR spectra of Pure BSA, PPCB and pure CaCO3 

 

The unique peak appeared at 1541 cm
-1

 is due to bending vibrations of the N—H bond 

(amide II) of BSA and evidencing the presence of BSA content in the hydrogels PPB 

and PPCB.
 
 It is to be highlighted that in the case of PP, the peak observed at 1741 

cm
-1

 (Fig. 5.3(a)) due to esterified -C=O of pectin, has disappeared in PPB. The 
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observation confirmed the covalent interaction between BSA and pectin and the 

participation of the BSA molecule throughout the PPB hydrogel matrix.
28

 On the other 

hand, esterified -C=O of pectin peak ⁓1741 cm
-1

 reappeared in PPCB. Further, it is to 

be noted that in PPB and PPCB the amide I and amide II bands due to BSA were 

shifted and appeared at lower wavenumbers (PPB:  1650 cm
-1

 and 1541 cm
-1

 and 

PPCB: 1649 cm
-1

 and 1532 cm
-1

) compared to pure BSA (Fig. 5.4) (1660 cm
-1

 and 

1535 cm
-1

). These observations indicate only physical interactions in the hydrogel 

matrix. Interestingly, in the case of hydrogels PPC and PPCB Fig. 5.3(b), the 

appearance of the new weak shoulders at 1740 cm
1

, 1445 cm
1

 and 874 cm
1

 

compared to the FTIR spectra of PP and PPB hydrogels, confirmed the formation of 

inorganic carbonate molecules.
29-31

 The FTIR spectrum of pure calcium carbonate is 

shown in (Fig. 5.4). The appearance of esterified -C=O of pectin peak in the case of 

PPCB reveals the interaction of BSA only with mineralized CaCO3.  

Thermogravimetric analysis data on various pectin based hydrogels under study were 

depicted in Fig. 5.3(c). In the case of the hydrogel (PP), initially, 7.42 % weight loss 

was observed at 99 °C due to the loss of surface water. Interestingly, after 

incorporation of in-situ CaCO3 particles (PPC) and BSA (PPB) as well as both CaCO3 

and BSA (PPCB), 8 % weight loss was detected for PPC and PPCB, while only 3 % 

weight loss for PPB at 66 °C. Further, 30 % weight loss for PP and PPB while 40 % 

weight loss for PPC and PPCB at around 240 °C was observed due to 

depolymerization of pectin chains. The maximum weight loss was observed as 85 % 

and 78% for the sample PP and PPB at 379 °C and 350 °C, respectively. The reported 

final weight loss of PP and PPB was approximately ⁓ 95 % at 540 °C indicated the 

existence of ⁓ 4 % non-degradable contents. Interestingly, in the case of PPC and 



Chapter 5:  In-situ mineralization of calcium carbonate in pectin based edible hydrogel for the 

delivery of protein at colon 

 

DTU: 2020 Page 105 
 

PPCB, the maximum weight loss was observed as ⁓ 83 % and 80 %, respectively, 

which indicated the existence of ⁓ 17 % and 20 % non-degradable residue. The 

reported higher residual content of PPC and PPCB as compare to PP and PPB at 540 

°C was due to the existence of inorganic CaCO3 particles into the hydrogel matrix. 

As prepared pectin based hydrogel blends (PP, PPC, PPCB, and PPB) were subjected 

to XRD analysis and results were displayed in Fig. 5.3(d). It was observed that the 

XRD pattern of the various hydrogels understudy was similar. Only a broad peak at 2θ 

degree values ranging from 15° to 30° was observed in the diffraction pattern of the 

hydrogels. The observed broad peak might be due to the glass substrate used during 

the XRD measurement. It is clear from the XRD data that CaCO3 was present as 

amorphous within the pectin/ PEG hydrogel blend. 

5.3.2. Morphological observation 

Hydrogel blend PP possessed (Fig. 5.5(a)) rough morphology. On the other hand, the 

SEM picture of PPB (Fig. 5.5(d)) showed relatively smooth morphology compared to 

PP. Interestingly, the morphology of hydrogels PPC (Fig. 5.3(b)) and PPCB (Fig. 

5.5(c)) indicated the presence of micro-sized particles. EDX (inset of Fig. 5.5(b)) 

analysis of the particles confirmed the existence of calcium in the particles. Once 

again, the existence of CaCO3 particles was confirmed to be present in the hydrogel 

blend PPC with a particle size of 200 nm as determined by TEM micrographs (Fig. 

5.6(a) and 5.6(b)). TEM SAED pattern (inset Fig. 5.6(a)) confirmed the amorphous 

nature of CaCO3 particles, as indicated by XRD (Fig. 5.3(d)). Further, in the presence 

of BSA in PPCB, (Fig. 5.6(b) and 5.6(c)), the size of CaCO3 particles was noticed to 

increase from 200 nm to 400 nm, which might be due to the accumulation of BSA 

molecules around the calcium-based particles as clearly displayed in Fig. 5.6(d). 
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Fig. 5.5: SEM micrographs of various pectin based hydrogels (a) PP (mag 10000) (b) PPC inset shows 

EDX for Ca (mag 10000) (c) PPCB (mag 10000) (d) PPB (mag 10000) 

 

 

 

 

Fig. 5.6: TEM images (a) PPC (inset shows SAED pattern), (b) and (c) magnified TEM image of a 

single CaCO3 particle and PPCB respectively, (d) CaCO3 particle surrounded by BSA 
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5.3.3. Particle size analysis 

CaCO3 particle size distribution analysis was carried out on PPC and PPCB hydrogels 

using Malvern zetasizer after careful dissolution in water. The results revealed that 

PPC and PPCB consisted of monodispersed CaCO3 particles of Z average (d. nm) 321 

nm and 420 nm, respectively (Fig. 5.7 and Fig. 5.8).  

 
 

Fig. 5.7: Particle size distribution  of CaCO3 in PPC hydrogel with Z-average (d.nm) 321 nm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.8: Particle size distribution of CaCO3 in PPCB hydrogel with Z-average (d.nm) 420 nm 
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The Z average particle size of CaCO3 in PPC and PPCB was of hydrodynamic radius 

and not comparable with TEM analysis (Fig. 5.6(b) and 5.6(d)), where CaCO3 particle 

sizes were observed to be 200 nm in PPC and 400 nm in PPCB. 

5.3.4. Rheological studies  

5.3.4.1 Gelling temperature 

Fig. 5.9(a) to 5.9(d) showed the temperature dependence of the storage modulus G′ 

and the loss modulus G″ for the PP, PPC, PPCB and PPB at a frequency of 1 Hz. In 

the case of PP (Fig. 5.9(a)), the gelling temperature was reported at 57 °C. In the first 

region of G′-G″ crossover (below 57 °C), the magnitude of G′ was lower than G″ and 

decreased as the temperature increased indicating the common viscoelastic behaviour 

of liquid due to the presence of surrounding water content of the hydrogel.  

 

 

 

Fig. 5.9: Gel temperature of the hydrogel samples (a) PP, (b) PPC, (c) PPCB and (d) PPB 
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On the other hand, a slight increase in G′ and decrease in G″ was observed in the 

second region (above 57 °C) indicated an elastic gel network was formed between 

pectin and PEG molecules. The observed network formation is due to the removal of 

surrounding water molecules, which increases intermolecular hydrogen bonding by 

enhancing the polymer molecular association.
32

 In the case of PPCB and PPB, 

gelation temperature was observed at 67 °C and 66 °C, respectively, with similar 

features as PP. It is noteworthy that the incorporation of BSA molecules increased the 

gelling temperature of PPB and PPCB due to the interaction of BSA molecules with 

pectin in addition to pectin– PEG interaction, as evidenced by FTIR (Fig. 5.3(a) 

5.3(b). Whereas, in the case of PPC, there was no clear cut crossover between G′ and 

G″ indicating the existence of semisolid like structure, which might be due to the 

formation of CaCO3 particles, which was expected to hinder polymer molecular 

associations and hence gelation.
32-34

 

5.3.4.2. Small amplitude oscillatory shear 

In general, the observed graph pattern of viscosity as a function of shear rate indicated 

(Fig. 5.10(a)) shear thinning behaviour of hydrogels (PP, PPC, PPCB, and PPB) with 

pseudo-plastic character.
35

 Herein, PPC yielded very high viscosity confirms the 

hindrance in the formation of pectin- PEG association within the system due to the 

presence of CaCO3 particles. Interestingly, PPCB overcame such hindrance in pectin- 

PEG association due to the presence of BSA molecules compared to PPC. It is also 

noteworthy that for the hydrogel systems PP and PPB, viscosity as a function of shear 

rate was reported to be the lowest indicating tight molecular associations.
36 

The 

frequency sweep tests conducted on the pectin based hydrogels using oscillatory shear 

were portrayed in Fig. 5.10(b) to 5.10(d). As shown in Fig. 5.10(b) and 5.10(c), in 
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general, both elastic (storage) and viscous modulus (loss) of PP and PPB were 

observed to be greater than PPC and PPCB systems.  

 

 

Fig. 5.10: (a) Viscosity variation (b) G′, (c) G″, (d) tan δ (e) strain sweep at 1 Hz and (f) young 

modulus of various hydrogels by rheological studies 

 

In addition, the elastic and viscous modulus of PP and PPB were not sensitive to 

change from the low-frequency to the high-frequency region once again confirm the 
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close association of the polymer molecules. On the other hand, in the case of PPC and 

PPCB, strong frequency dependence of both G′ and G″ were observed with increasing 

vibrational frequency evidencing a tangled network system supported by a weak 

network system. From the loss factor (tan δ = G″/G′) illustrated in Fig. 5.10(d)), an 

increase of tan δ is evidenced for PPC and PPCB at lower frequency range (0 to 3 Hz), 

indicating the viscoelastic nature of the materials. The observation implies that at 

lower frequency range, the polymer network has sufficient time to reorganize and 

results in an increase of tan δ. 

In contrast, at higher frequencies (˃3Hz), the decrease in loss factor indicates, a lack 

of time for the required rearrangement of the polymer and results in the material 

stiffening. The observed interesting rheological behaviour in PPC and PPCB 

elucidated the dynamic nature of the hydrogel.
37

 The reported dynamic nature of the 

hydrogel can help to predict spreading and covering properties at the target site to 

release BSA.
38-39

 On the other hand, the loss tangent of PP and PPB showed 

independent behaviour with increasing frequency.  

The stress-strain curves of various hydrogel blends obtained at 1 Hz were displayed in 

Fig. 5.10(e). The shape of stress-strain curves of PP and PPB indicate their hard and 

strong category due to strong non-covalent interactions. Whereas, the stress-strain 

curve of PPC shows the soft nature of the hydrogel, indicating disruptions of polymer 

network system due to the presence of CaCO3 particles. Interestingly, the stress-strain 

behaviour of PPCB shows relatively hard and tough behaviour compared to PPC and 

also regains the polymer network formation due to the presence of BSA. Changes in 

Young's modulus (Fig. 5.10(f)) of the corresponding stress-strain curves further 

confirm the above observations. 
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5.3.5. Swelling studies on various hydrogels 

In this investigation, in-vitro swelling experiments were carried out at different pH 

conditions mimicking those of the stomach (using SGF pH 1.2), intestine (using SIF, 

pH 6.0) and of the colon (using SIF pH 6.8) and results were shown in Fig. 5.11(a) 

and 5.11(b). Interestingly, the observed swelling ratio of the hydrogels (PP, PPB, PPC, 

and PPCB) was found to be below 50 % up to 3 h in SGF at pH 1.2 (Fig. 5.11(a)). 

This could be attributed to the protonation of –COO

 group on pectin molecule as -

COOH, leading to the close association of the polymer molecules.
22,23,40

  On the other 

hand, when hydrogel samples were placed into the SIF solution at pH 6.0, it is 

noteworthy that the swelling of hydrogels was taking place. In general, the observed 

swelling in SIF solution was due to the deprotonation of -COOH group on pectin, 

leading to the charge repulsion resulting in the dissociation of the polymer molecules. 

Interestingly, among all hydrogels understudy, PPB showed the highest swelling ratio 

(130 % to 148 %) and the lowest swelling ratio was observed for the hydrogel PPC 

(87 %) and PPCB (89 %). It is pertinent to recall that the zeta potential of BSA above 

pH 5.0 is negative.
41,42

 Hence, the highest negative charge density on PPB (data not 

shown) compared to other hydrogel samples led to its highest swelling (130 % to 148 

%). The lowest swelling ratio of PPC indicated partial neutralization of negative 

charges of PP by positively charged CaCO3 particles at pH 6.0. Herein, the isoelectric 

point of CaCO3 is around pH 7.0.
43 

It is also noteworthy that PPCB showed 

comparatively almost similar swelling ratio as PPC up to 6 h. It is worth recalling that 

after the 6
th

 hour the hydrogel samples were carefully taken out, washed with SIF 

solution at pH 6.8 and continued for swelling studies for another 3 h. Interestingly, 

allhydrogel samples were started degrading in SIF at pH 6.8, indicating instability of 
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the hydrogel matrix due to higher anion-anion charge repulsion at pH 6.8 (Fig. 

5.11(a)). 

 

 

Fig. 5.11: (a) Swelling ratio as a function of time,(b) switch on- off  swelling as a function of time, (c) 

Dispersion behaviour of the hydrogel samples and (d) BSA release of various hydrogels in  SGF at pH 

1.2, SIF at pH 6.0 and SIF at pH 6.8 

 

In order to test swelling as well as the deswelling behavior of hydrogel blend, the 

samples were initially dipped in SGF at pH 1.2 for an hour, after that the samples were 

continued to swell in SIF at pH 6.0 up to 2 h, finally in SIF at pH 6.8 for 3 h. The 

similar procedure was repeated up to the 9
th

 h and results were portrayed in Fig. 

5.11(b). The feeble swelling of the hydrogel samples was observed up to 1 h at pH 1.2 

and the deswelling of the hydrogel samples were noticed after 4 h as well as at the 7
th

 

h of the experiment. At pH 6.0 and pH 6.8, swelling behaviour of the hydrogels was as 

similar as observed in Fig. 5.11(b). Here again, the sample dispersion was noticed 
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after 8 h in SIF at pH 6.8. The purpose of this swelling de-swelling was to understand 

the function of the hydrogel in the controlled release of the protein at various pH 

conditions of the stomach, small intestine and colon and their behaviour with time.
22,40

 

5.3.6. In-vitro hydrogel dispersion studies 

The dispersion results (Fig. 5.11(c)) of the hydrogels under investigation showed 

integrity up to 5 h. At 6 h, the dispersion of PPC was noticed as 53 %, whereas, in 

other hydrogels, very slight dispersion was noticed. On the other hand, after 6 h 

dispersion of hydrogels PP, PPCB and PPB were observed to increase drastically up to  

9 h along with PPC (PP: 7 % to 94 %, PPCB: 21 % to 76 %, PPB: 4 % to 95 %, PPC: 

53 % to 83 %). It is noteworthy that the disappearance of the samples was visualized 

at 9 h. This proved that the hydrogels were dispersed completely and suitable for oral 

delivery applications. 

5.3.7. BSA release profile  

The BSA encapsulation efficiency of the hydrogels PPB and PPCB were determined 

as 98.2 % and 97.6 %, respectively and BSA release profiles were determined based 

on the observed encapsulation efficiency. Initially, BSA release profile from the 

hydrogels PPB and PPCB was investigated in SGF at pH 1.2 for 3 h. The protein 

release (Fig. 5.11(d)) was observed to be feeble for the initial 3 h from PPB and PPCB 

likely due to the lowest swelling of hydrogels at acidic pH 1.2, as observed in the 

swelling studies (Fig. 5.11(a)). After 3 h, the hydrogel samples were transferred to SIF 

at pH 6.0 and BSA release was monitored from 3 h to 6 h. Similarly, BSA release 

studies were continued in SIF at pH 6.8 for another 3 h. Interestingly, BSA burst 

release detected from the hydrogel PPB was 90 % in 5 h. On the other hand, the 
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amount of protein release was observed from PPCB was only 12 % in 5 h. It is 

pertinent to recall that the highest swelling percentage of PPB (Fig. 5.11(a) 130 % to 

148 %) was taken place from 3 h 30 min to 5 h 30 min and at the same duration the 

lowest swelling ratio of PPCB was observed (86 % to 89 %), which was in line with 

the BSA release in SIF at pH 6.0. Interestingly, after 7 h, the release of BSA from 

PPB was showing a steady decline due to the burst release at pH 6.0. In contrast, the 

protein release from PPCB after 6 h increased gradually and reached the maximum to 

90 % in 9 h, indicating the controlled release of BSA at pH 6.8. Herein, it is important 

to highlight that the observed highest release of BSA after 9 h was due to the 

interaction of loaded BSA with the CaCO3 particles.  It is evident from the observed 

in-vitro BSA release result that the hydrogel PPCB can be promising drug carrier for 

controlled release of protein selectively at the colon site compare to PPB, which 

released protein in a burst release mode at the intestinal pH 6.0. 

5.3.8. Conformational Stability analysis of BSA 

The released BSA from hydrogel PPB (Fig. 5.12(a)) and PPCB (Fig. 5.12(b)) was 

subjected to SDS-PAGE analysis in order to investigate the loaded protein structural 

integrity. It is noteworthy that, BSA released for 4 h from PPB (L3) indicated 

degradation in the protein structure compared to the control (L2) and might be 

attributed to the unfavorable conditions of SGF as well as SIF. On the other hand, the 

primary structure of released BSA was retained (L4 and L5) after 4 h due to the mild 

pH conditions (pH 6.0 and pH 6.8). Interestingly, the protein release was not observed 

up to 6 h (L2 to L4) and it was noticed only at 9 h (L5) from PPCB. The absence of 

protein bands from L2 to L4 might be due to the feeble protein content. Importantly, 

the released protein drug at 9 h (L5) was noticed to retain its primary structure 
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compared to the control (L2) (Fig. 5.12(a)). Further, the CD signatures of released 

BSA (200-250 nm) and (250-350 nm) were retained up to 9 h from PPCB in 

comparison with control (Fig. 5.12(c) & 5.12(d)), suggesting that hydrogels preserved 

the secondary as well as tertiary structure of BSA during the loading as well as release 

process. 

 

 

Fig. 5.12: SDS-PAGE Analysis on the released BSA from (a) PPB (L2 : Blank, L3: in SGF pH 1.2, L4: 

SIF pH 6.0 and L5: SIF pH 6.8) and (b) PPCB (L2 and L3 SGF at  1h and 3 h, respectively, L4: SIF at 

pH 6.0 for 6 h and L5: SIF pH 6.8 for 9 h), Circular Dichroism spectra of blank and released BSA from 

PPCB  in SIF at pH 6.8 (c) far UV and (d) near UV 

 

5.3.9. Hydrogel Fabrication Mechanism  

A schematic diagram indicating the fabrication mechanism of the pectin/ PEG-based 

hydrogel blends is shown in Fig. 5.13(a) to 5.13(c). The hydrogel samples (PP, PPC, 

PPCB, and PPB) were fabricated approximately at neutral pH. It is relevant to recall 
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that the pKa value of pectin is 3.5.
44

 Hence, at pH 7.0, pectin is negatively charged. As 

per FTIR studies (Fig. 5.3(a) and 5.3(b)), the interaction between pectin and PEG is 

possible only through inter as well as intramolecular physical forces (Fig. 5.13(a)).  

 

 

 

Fig. 5.13: A schematic diagram indicating fabrication mechanism of PP, PPC and PPCB hydrogel 

blend 

The added BSA molecules interacted with pectin/PEG blend through covalent 

interaction with pectin and participated throughout the PPB hydrogel matrix. During 

the fabrication of PPC, incorporated calcium ions can be electrostatically attracted 

towards negatively charged –COO
-
 group of pectin or occupied the voids of the 

polymer blend. Consecutively, added carbonate ions can also electrostatically interact 

with calcium ions already present in the blend and lead to the mineralization of CaCO3 
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microparticles (Fig. 5.13(b)). In the case of PPCB (Fig. 5.13(c)), the interaction of 

added BSA molecules were mostly with the mineralized CaCO3 microparticles as 

confirmed by FTIR (Fig. 5.3(a) and 5.3(b)) and TEM (Fig. 5.6(g) and 5.6(h)) analysis. 

The preferred interaction of BSA with CaCO3 in PPCB is inclined to electrostatic 

attraction of feebly positively charged CaCO3 surface (IEP of CaCO3 pH 7.5).
44,45

 The 

interaction of loaded BSA on the mineralized CaCO3 surface makes the hydrogel to 

release BSA in a controlled manner at the colon site (Fig. 5.11(d)). 

5.4. Conclusion  

In summary, we have successfully fabricated BSA containing in-situ CaCO3 

mineralized pectin based novel pectin/ PEG hydrogel blend (PPCB). FTIR spectra of 

the hydrogel samples revealed the pectin/ PEG molecular interaction was through 

hydrogen bonding. TEM micrographs of the obtained hydrogel exhibited 

accumulation of loaded BSA molecules, around the mineralized CaCO3 

microparticles. In-vitro BSA release studies showed that the presence of micro-

particles throughout the hydrogel matrix not only protected BSA but also released it in 

a controlled manner at the colon site. Rheological studies by frequency sweep of as 

prepared hydrogel before as well as after BSA loading showed dynamic nature. The 

observed interesting dynamic property of the hydrogel PPCB is expected to promote 

spreading and covering of the vehicle at the colon site. Herein, In-vitro protein drug 

release experiments were successfully demonstrated the release of the model drug 

BSA at the colon site and were shown to retain its conformational stability up to 9 h.  
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Future work 

 

 Calcium based oral drug carriers are being proven as an efficient delivery systems 

and hence much work has to be done with more efforts to meet current challenges. 

 Despite several challenges in the fabrication of targeted calcium based oral carriers; 

they have much more potential to reach the market with probabilities of improved 

outcomes as they are likely to face fewer regulatory hurdles in comparison to 

newly designed organic or inorganic materials.  

 In future calcium based oral carriers will be having much more advance 

applications in medicine comparison to any other delivery system due to their cost 

effectiveness, biodegradability and ability to encapsulate various kinds of 

molecules like proteins, dyes, drugs and oligonucleotides.  

 Polymer based edible coating over calcium based carriers shows their high 

potential functionality by protecting them against the loss of nutrients that will not 

only enhances their usefulness by upgrading the physical stability in in-vivo system 

but also increases their encapsulation efficiency. 

 The practicability of designing dosage forms that are acceptable to humans and 

efficacious needs for calcium based drug carriers to be further explored in in-vivo 

systems. 
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Annexure 1 

The composition of the Simulated Gastric Fluid (SGF) and Simulated Intestinal 

Fluid (SIF) solutions are given below: 

SGF preparation: 2 g NaCl and 3.2 g pepsin were dissolved in 500 ml distilled 

water then 3 ml concentrated HCl was added to it and made upto 1litre. The 

solution was adjusted to pH 1.2. 

SIF preparation: 6.8 g monobasic potassium phosphate (KH2PO4) was dissolved 

in 650 ml of distilled water. 190 ml of 0.2 N NaOH was added. 1 g of pancreatin 

mixture was added to the solution. The pH of the solution was adjusted to pH 6 by 

adding 0.2 N NaOH. Make up the solution to the 1000 ml mark. 

 

 

 




