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SYNOPSIS 

The phenomenon of adhesion of a material onto the surface of mucosal tissue is termed 

as mucoadhesion. Mucoadhesion happens in two stages – first, the material comes in 

contact with the mucosal surface and secondly it establishes contact via spreading over 

the mucosal surface. The first stage is called contact stage and the second stage is 

called consolidation stage. The polymers exhibiting mucoadhesive properties 

attributing to their charge, hydrophilicity and ability to establish non-covalent 

interactions have already been broadly investigated. Recently extensive research has 

been carried out to study the mucoadhesive properties of functionalised polymers. 

Functionalised polymers have been investigated in the perspective of causing 

enhanced and targeted adhesion onto the mucosal surface through covalent and 

electrostatic attractions. Thiol fucntionalisation, cationic functionalisation, acrylate 

functionalisation, boronic acid functionalisation, catechol functionalisation, 

maleimide functionalisation are some of the examples.  

The application of the concept of mucoadhesion to the field of drug delivery was 

initiated during 1980s. Conventional drug delivery systems follow the oral 

administration of drugs to the patients. The poor oral bioavailability of drugs due to 

hepatic first-pass metabolism is the main concern of conventional drug delivery. In 

that scenario, alternative methods of drug delivery have been proposed. Mucoadhesive 

drug delivery is a non-conventional method of drug delivery where drug molecules are 

facilitated to permeate through the epithelial surface of different mucosal tissues and 

get absorbed into the systemic circulation. Poor absorption, low bioavailability and 

interaction of drug with the acidic gastric environment can be overcome in the mucosal 

delivery system. In mucosal drug delivery, the drug directly gets absorbed into the 
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systemic circulation and the hepatic first-pass metabolism is bypassed. Mucoadhesive 

drug delivery is a boon to geriatric and paediatric patients and patients suffering from 

swallowing difficulty due to dysphagia conditions.  

Mucoadhesive polymers loaded with drug molecules of interest have been processed 

in the form of electrospun membranes in the present work. Electrospun membranes 

enable good drug entrapment due to the high surface-to-volume ratio and porosity. The 

porous architecture of electrospun membranes can be tuned to obtain desired rates of 

drug release.  

Zein is a natural protein and is electrospinnable. Zein can be electrospun in various 

solvent systems like aqueous ethanol, aqueous propanol, acetic acid etc. The major 

limitation associated with electrospun zein is its brittleness and poor mechanical 

properties. A gentle soft touch could cause damage to the electrospun membrane of 

zein alone. Therefore, the purpose of this research work is to overcome the mechanical 

limitations of the electrospun zein membrane and to develop a better mucoadhesive 

drug delivery formulation out of it.  

Based on the above-mentioned knowledge available, the hypothesis formulated for this 

research is, 

‘Would electrospun zein matrix be suitable as a biocompatible, and non-cytotoxic 

mucoadhesive system’ 

The main objectives of this study include, 

1. To develop zein electrospun matrix strengthened by crosslinking and blending.  
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2. To study various drugs used for the treatment of cardiac-neuro diseases and 

select those which are having low bioavailability. And load the selected drug 

into the electrospun polymer matrix.  

3. To study the drug release kinetics.  

4. To study the mucoadhesive capacity of the polymer matrix.  

5. To study the physico-chemical characteristics of the polymer matrix.  

6. To study the cell- material interactions of the polymer matrix.  

The design of the study has been done in such a way that two categories of blend 

systems of zein have been prepared. The first category is Zein/Polyethylene oxide 

(PEO) blend and the second is Zein/Polyvinyl pyrrolidone (PVP) blend. Different 

crosslinking mechanisms and functionalisation have been tried in both systems. 

Zein/PEO blend category includes UV crosslinked Zein/PEO and Thiol modified 

Zein/PEO electrospun membrane systems. Zein/PVP blend system includes Thermally 

crosslinked Zein/PVP, Mucin crosslinked Zein/PVP and Zein/APBA (3-aminophenyl 

boronic acid) conjugated PVP electrospun membrane systems. The physico-chemical 

characterisations of all these membranes have been done in this piece of research. In 

all the above five systems, propranolol hydrochloride (PL) was incorporated as the 

drug of interest. Propranolol hydrochloride has been chosen because of its low oral 

bioavailability of around 15-23 %. The cytotoxicity evaluation, in-vitro drug 

permeation study and evaluation of epithelial cell transport have been carried out in 

RPMI 2650 cells, which are nasal epithelial cells. Ex-vivo drug permeation studies of 

PL have been done through porcine buccal mucosal tissue.  
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The entire study is presented in five chapters. Chapter 1 elaborately discusses the 

background and introduction of the work. It explains in detail the structure and 

function of mucosa and mucin, theories of mucoadhesion, mucoadhesive polymers and 

functionalised polymers called second-generation polymers, advantages of 

mucoadhesive drug delivery devices and its global importance, a brief discussion about 

the electrospun zein and its limitations and the current strategies adopted in this work 

for the fabrication of mucoadhesive electrospun drug delivery systems.  

Chapter 2 of the thesis is an exhaustive literature review which includes the various 

research outputs in the field of mucoadhesive drug delivery in general. The chapter 

includes a detailed review of the structure and properties of mucosa and mucin, 

mucoadhesion and its theories, transepithelial transport mechanisms, a comparative 

analysis of mucoadhesive drug delivery and conventional drug delivery, literature 

references for different mucoadhesive drug delivery systems, first and second 

generation mucoadhesive polymers, fabrication techniques for mucoadhesive drug 

formulations, advantages of electrospun polymers for buccal and nasal adhesive drug 

delivery, electrospun zein and its various available crosslinking methods, Polyethylene 

oxide , Polyvinyl pyrrolidone and Propranolol hydrochloride.  

In Chapter 3, experimental methods for the analysis of materials are elaborated. It also 

discusses the grade and specifications of materials used in this research. Experimental 

methods have been categorised into six. Section 2.2.1 discusses the synthesis of 

modified zein polymers which comprises thiol modification and mucin crosslinking of 

zein. Section 2.2.2 discusses the preparation of polymer solutions for all five systems 

in different solvent mixtures. Section 2.2.3 deals with the drug-loading mechanism in 

the polymer solutions. Section 2.2.4 tabulates the electrospinning parameters for all 

five electrospun membrane systems. Section 2.2.5 is about the various post-
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electrospinning crosslinking techniques employed in the research which include, UV 

crosslinking and thermal crosslinking. Section 2.2.6 includes the physico-chemical 

characterisations, drug release studies and biological characterisations. Physico-

chemical characterisation techniques include Scanning Electron Microscopy (SEM) 

for the surface morphological analysis, Fourier Transform InfraRed (FTIR), UV-

Visible and Raman spectroscopy for the functional group analysis, Circular Dichroism 

(CD) spectroscopy for conformational analysis of protein, Density method of porosity 

analysis, Water contact angle analysis for wettability studies, Ellman’s assay for thiol 

group estimation, TNBS assay for amino group estimation, Thermogravimetric (TGA) 

and Differential Scanning Calorimetric (DSC) analysis for thermal characterisations, 

X-ray Diffraction (XRD) analysis for the evaluation of crystallinity, X-ray Photon 

Spectroscopy (XPS) for elemental composition analysis, Universal Testing Machine 

(UTM) analysis for static mechanical property evaluation, Dynamic Mechanical 

Analysis (DMA) for dynamic mechanical property analysis, and Texture analysis for 

mucoadhesion studies. The calculation of drug entrapment percentage, drug loading 

percentage and the percentage cumulative release in PBS are included under drug 

release studies. Drug release studies also contain finding the best fitting mathematical 

model for the cumulative drug release profile. Biological characterisations include 

direct contact assay, MTT assay, Live/dead assay, F-actin staining, Immunostaining 

of beta-catenin proteins, Transepithelial Electrical Resistance (TEER) evaluation, in-

vitro drug permeation studies and ex-vivo drug permeation studies.  

In Chapter 4, the results of experiments and their elaborate discussions are included. 

Zein/PEO and Zein/PVP polymer blend electrospun membranes were fabricated after 

various crosslinking and functionalisation. UV crosslinked Zein/PEO membrane 

showed improved mechanical properties after crosslinking due to the conformational 
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changes of zein from alpha-helix to beta-sheet. UV crosslinking has also resulted in 

the breakage of disulfide bonds in the terminals of zein to free thiol groups which 

enhanced the mucoadhesion. Thiol modified Zein/PEO membranes also showed 

enhanced mucoadhesion due to the presence of increased thiol groups. Among 

different formulations of thiol modified Zein/PEO, the 30 % modified sample showed 

maximum force of adhesion. Evaluations of thermally crosslinked Zein/PVP showed 

radical-mediated crosslinking of PVP under high temperatures. High temperature 

treatment also resulted in the conformational change of zein from alpha-helix to beta-

sheet. These changes contributed to the improved mechanical and mucoadhesive 

properties. Further, high temperature treatment caused breakage of disulfide bonds in 

the structure of zein which contributed towards enhanced mucoadhesion. Mucin 

crosslinked Zein/PVP was tested for amino group concentration using TNBS assay 

and found to have 38 % of crosslinking. The cohesive interpenetration of mucin in the 

polymer system and mucin in mucosa contributed towards the highest value of 

mucoadhesion. APBA conjugated PVP/Zein has resulted in about 97 % of conjugation 

as per UV spectroscopy quantification. Evaluation of drug entrapment had shown poor 

PL entrapment in Mucin crosslinked Zein/PVP due to compatibility issues of PL and 

mucin in the solvent system. Boronate ester-mediated adhesion to the cis-diol groups 

of oligosaccharide side chains in mucin resulted in an increased value of 

mucoadhesion. Unlike all the other systems, APBA conjugated PVP/Zein electrospun 

membrane was hydrophobic. All the systems were non-cytotoxic to RPMI 2650 cells. 

The treatment of materials hasn’t caused any disturbances to the epithelial cell 

junctions, which was confirmed by F-actin staining, immunostaining and TEER value 

evaluation. In-vitro drug permeation studies and ex-vivo drug permeation studies 
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confirmed the transcellular mechanism of transport of PL from all the five materials 

under study.  

The results obtained from this study have been summarised in Chapter 5. Electrospun 

zein-based polymer blends with PEO and PVP were suitable materials for 

mucoadhesive drug delivery. A comparative analysis of physically crosslinked simple 

blends and functionally modified polymer blends was done. Functionally modified 

polymer blend systems were found to be performing well in terms of tensile strength, 

mucoadhesion, drug release in buffer (PBS) conditions, drug permeation in-vitro and 

drug permeation ex-vivo. Thiol modified Zein/PEO electrospun membrane can be 

described as the best system under Zein/PEO category. Mucin crosslinked Zein/PVP 

electrospun membranes were concluded as the best mucoadhesive system. APBA 

conjugated PVP/Zein electrospun membrane was also concluded as a good material 

for drug delivery applications.  

The extended future work plan of the study is proposed. Citations are listed in the 

bibliographic section.
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1 INTRODUCTION 

The phenomenon of adhesion of material onto the surface of mucosal tissue is termed 

mucoadhesion. In general, the mucosa is composed of an epithelium and a basement 

membrane. The areolar connective tissue region found beneath the basement membrane 

is called lamina propria. Lamina propria is composed of blood vessels, nerves, glands etc 

(Groeger and Meyle, 2019). Different types of mucosal tissues are seen in the human 

body at various locations and those differ in their fine structure. Oral mucosa is composed 

of stratified squamous epithelium whereas ocular mucosa in the eye is composed of 

columnar epithelial cells in the basal layer with flattened polygonal cells in the outer 

layer. Epithelial cells in nasal mucosa are again columnar epithelial cells but it 

additionally contains cilia on their surface. Vaginal and rectal mucosa are composed of 

stratified squamous and cylindrical epithelial cells respectively.  

Mucin is a glycoprotein and is a critical element of mucosal tissue. It is a large, and 

heavily glycosylated protein. The central protein core of mucin is composed of large 

tandem repeats of amino acids like serine, threonine and proline. The hydroxyl 

functionalities in these amino acids bind with oligosaccharide units via O-glycosylation. 

At the same time, the terminal regions of mucin are the least glycosylated (Bansil et al., 

1995) and those areas are known as ‘naked protein regions’ (Yu et al., 2014). Certain 

portions of naked protein regions contain cysteine amino acids in higher concentration 

and those areas are termed cysteine-rich domains (Hanisch and Müller, 2000).  

The mechanism of adhesion of materials on the surface of the mucosa can be explained 

in terms of different theories in different perspectives – wetting theory, adsorption theory, 

diffusion theory, electrostatic theory and fracture theory. In wetting theory, the extent of 

mucoadhesion increases with an increase in the wettability of materials (Peppas and 
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Bur2i, 1985; Shaikh, Raj Singh, Garland, A David Woolfson, et al., 2011). In adsorption 

theory, mucoadhesion is the result of secondary bonding interactions like van der Waals 

interactions, hydrogen bonding etc. with the mucosal surface (Mathiowitz et al., 1999). 

Diffusion theory explains mucoadhesion as the result of interpenetration of mucin chains 

of mucosa and polymer chains in the material of interest (Carvalho et al., 2010; 

Mathiowitz et al., 1999). Mucoadhesion has been explained by electrostatic theory in 

terms of electrostatic interaction between positively charged polymer material and 

negatively charged mucin (Mathiowitz et al., 1999). Fracture theory interprets 

mucoadhesion as the force required to separate material from the surface of the mucosa.  

Recently, widespread research has been happening to explore the possibility of 

augmenting the mucoadhesive properties of polymers by polymer chain 

functionalisation. Mucoadhesive polymers like polyvinyl pyrrolidone (Vecchi et al., 

2021), carboxymethyl cellulose, hydroxypropyl methylcellulose (Mortazavi and 

Moghimi, 2010), polyethylene glycol, chitosan (Khutoryanskiy, 2011), and polyacrylic 

acid (Lam et al., 2021). have been well studied (Mortazavi and Moghimi, 2010; Woodley, 

2001). These polymers cause mucoadhesion due to physical interactions with the mucosal 

surface. Chemical interactions are the key feature of second-generation mucoadhesive 

polymers which are also known as functionalised polymers. Different functional groups 

can be conjugated on the polymer chain to establish chemical bond-mediated 

mucoadhesion. Thiol functionalisation (Puri et al., 2020; Zaman, Saeed, et al., 2021), 

boronic acid functionalisation (S Liu et al., 2015), catechol functionalisation (Waite and 

Tanzer, 1981), acrylate functionalisation (Eshel-Green and Bianco-Peled, 2016). and 

maleimide functionalisation (Matsumoto et al., 2016). are some of the methods which 

have been widely investigated. Functionalised polymers could adhere to the surface of 

mucosa for a much long time due to chemical interactions (Surendranath, R, et al., 2022). 
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Mucoadhesive polymers have been widely studied for drug delivery applications 

(Carvalho et al., 2010). Mucoadhesive drug delivery has been proposed as an alternative 

to conventional drug delivery. Conventional drug delivery reduces the oral bioavailability 

of drugs due to hepatic first-pass metabolism in the liver (Pamlényi et al., 2021). In that 

scenario, even though a high drug dosage is administered, only low concentration reaches 

the systemic circulation. Mucoadhesive drug delivery facilitates the direct absorption of 

the drug through mucosal epithelial cells to systemic circulation. Mucoadhesive drug 

delivery causes rapid absorption of the drug and protects the drug from harsh acidic 

gastric environments as well. Mucoadhesive drug delivery can be considered an 

advantageous method to deliver the drug in patients suffering from hard-to-swallow drugs 

such as those in the coma stage or suffering from dysphagia condition of Parkinson’s 

disease.  

Electrospinning is a versatile technique used for fabricating fibroporous membranes from 

polymer solutions. The miscible blending of drug and polymer in the suitable solvent or 

solvent mixture will lead to the formation of drug-incorporated nanofibres (Sun et al., 

2019). The release of drugs from the nanosized fibres of electrospun membranes can 

either follow a diffusion or degradation-controlled mechanism. The versatility of 

electrospinning has further expanded to co-axial electrospinning, tri-axial electrospinning 

and multi-fluid electrospinning where complex architecture of fibrous membranes can be 

generated for controlled drug delivery applications (Ji et al., 2022).  

Propranolol hydrochloride (PL) is a well-known synthetic beta-adrenergic receptor 

blocker drug given to patients suffering from cardiovascular irregularities. PL is 

advisable for hypertensive patients, or those suffering from angina pectoris (Patel et al., 

2007). Though PL is commonly prescribed to give through an oral delivery route, it has 

a low oral bioavailability of 15-23 %. PL is highly susceptible to hepatic first-pass 
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metabolism. That being the case, PL is a good candidate to deliver through the mucosal 

route so that the bioavailability of the drug can be improved as the drug directly reaches 

systemic circulation. And also, only a low dosage of the drug is required to administer 

which could efficiently cause the required pharmacological action and frequent 

administration of the drug could be avoided.  

Zein has been chosen as the basic polymer of interest in this study (Yao et al., 2007). Zein 

is a natural protein extracted from corn. It possesses disulfide linkages and due to which 

zein is capable of establishing mucoadhesion. The feasibility of electrospinning of zein 

is much higher using different solvent systems like aqueous alcohol, acetic acid, DMF 

(Dimethyl formamide) etc. But the main limitation associated with electrospun zein is its 

brittleness. Blending with synthetic polymers like polyethylene oxide (Surendranath, 

Rajalekshmi, et al., 2022) and polyvinyl pyrrolidone (Surendranath, Ramesan, et al., 

2023) has been carried out to overcome the mechanical limitations of electrospun zein. 

Simply blending alone will not solve all the issues of poor mechanical character of 

electrospun zein. In that case, physical crosslinking methods like UV crosslinking and 

thermal crosslinking have been employed in this work. These crosslinking strategies 

would impart enhanced mechanical strength to the electrospun membrane of zein blends. 

Further ahead to crosslinking modification of polymer blends, polymer functionalisation 

has also been tried in this research. Thiol functionalisation using cysteine amino acid and 

boronate functionalisation using 3-aminophenyl boronic acid (APBA) have been also 

evaluated for the polymer blends of electrospun zein. As a novel approach of a 

mucoadhesive polymer system, a mucin-crosslinked zein electrospun membrane has also 

been developed. It’s a new approach proposal for cohesive interaction between mucin in 

the polymer system with mucin in the mucosal tissue.  
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Zein contains disulfide linkages and cysteine residues in its structure and is already 

known for its mucoadhesive properties. Crosslinking and functionalisation strategies 

improve the mucoadhesive properties along with mechanical properties. Physical 

crosslinking mechanisms like UV crosslinking and thermal crosslinking result in 

disulfide bond breakage in the zein structure. And also, these crosslinking techniques 

cause conformational changes in zein from alpha-helix to beta-sheet. The impact of these 

changes on the improvement in mechanical and mucoadhesive properties has been 

studied. Thermal crosslinking has been employed not only to crosslink zein chains but 

also to crosslink PVP chains. A radical-mediated mechanism of PVP crosslinking has 

already been reported in the literature during high temperature treatment. Thiol 

functionalisation has been done on the polymer chain of zein where a peptide bond-

mediated conjugation happens in the presence of EDC crosslinker. Thiol 

functionalisation increases the presence of more free thiol groups on the polymer chain. 

Thiol groups establish mucoadhesion by forming disulfide bonds with the cysteine 

moieties of mucin glycoprotein. Boronate functionalisation has been done between the 

keto group of the pyrrolidone ring structure of PVP and the amino group of APBA 

through a Schiff base formation.  Boronate functionalisation causes mucoadhesion by 

chemical interaction with the cis-diol groups of oligosaccharide side chains of mucin. 

The interaction results in the formation of a five-membered boronate ester complex 

formation. Mucin crosslinking to the zein polymer chain was done in the presence of an 

EDC crosslinker. The presence of mucin in the polymer system is an exciting shift in the 

role of mucin from facilitating mucoadhesion to a component in the drug delivery system.  

The thesis evaluates five systems in detail- UV crosslinked Zein/PEO, Thiol-modified 

Zein/PEO, Thermally crosslinked Zein/PVP, Mucin crosslinked Zein/PVP and 

Zein/APBA conjugated PVP electrospun systems. The material synthesis, 
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electrospinning, crosslinking techniques and physico-chemical characterizations have 

been discussed in detail. The physico-chemical characterization includes Scanning 

Electron Microscopy (SEM), Fourier Transform Infrared (FTIR) Spectroscopy, UV-

Visible Spectroscopy, Raman Spectroscopy, Circular Dichroism (CD) Spectroscopy, 

Density method of porosity calculation, Water contact angle analysis, Ellman’s assay, 

TNBS assay, Thermogravimetric Analysis (TGA), Differential Scanning Calorimetry 

(DSC) Analysis, X-ray Diffraction (XRD) analysis, X-ray Photon Spectroscopy (XPS), 

Universal Testing Machine (UTM) analysis, Dynamic Mechanical Analysis (DMA) and 

Texture analysis. The PL-loaded electrospun membranes of all systems have been 

evaluated for drug entrapment and loading capacity efficiency. Drug release studies were 

conducted in Phosphate Buffered Saline (PBS). The cytocompatibility evaluation of the 

materials was done in nasal epithelial RPMI 2650 cells. Direct contact assay, MTT assay, 

and Live/dead assay were done for cytotoxicity analysis. F-actin staining and beta-catenin 

immunostaining were done to qualitatively evaluate the junctional integrity of epithelial 

cells after material treatment. The same has been confirmed quantitatively by TEER value 

evaluation. In-vitro drug permeation through epithelial cells has also been conducted. The 

drug permeation under ex-vivo conditions was also evaluated in the porcine buccal 

mucosa.  
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2 REVIEW OF LITERATURE 

2.1 MUCOSA AND MUCIN – STRUCTURE AND PROPERTIES 

The mucosal membrane is the inner layer of various body cavities and the outer covering 

of certain internal organs. It is composed of one or more layers of stratified squamous 

epithelial cells with connective tissues beneath (Groeger and Meyle, 2019). It is the layer 

of epithelial cells that face the inner cavity. The upper epithelial layer of the mucosa is 

semipermeable and avascular. The epithelium is composed of four layers- stratum basale, 

stratum spinosum, stratum granulosum and stratum corneum. The replenishment of 

epithelial cells occurs at the stratum corneum every 14 or 21 days (Kydd and Daly, 1982). 

The degree of keratinization of the epithelial layer varies according to the function of 

Figure 1 Structure of mucosa 
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mucosal tissue. Soft mucosal inner regions like the soft palate, alveoli, vestibular fornix, 

mouth floor, cheeks and lips are not keratinized, whereas gingival regions and hard palate 

inside the mouth are keratinized. The fibrous connective tissue beneath the epithelial 

layer is lamina propria which is mainly composed of fibroblast cells. There is a non-

cellular basement membrane in between the epithelial layer and lamina propria which 

strongly connects both (Brizuela and Winters, 2022). The primary function of lamina 

propria is to provide mechanical support to the overlying epithelium. There are numerous 

blood capillaries found in lamina propria along with lymphatics and neural elements. 

Lamina propria is connected with the underneath submucosa which is associated with 

muscles, fat and salivary glands (Winning and Townsend, 2000). Figure 1 is a 

representation of the structure of mucosa.  

The mucosal tissue is covered by mucus secreted by goblet cells. Mucus plays a critical 

role in facilitating protection, lubrication and adhesion. Mucus consists of water, mucin 

glycoprotein, electrolytes, fatty acids, phospholipids, cholesterol and proteins (Yu et al., 

2014). Mucin is a macro-sized glycoprotein with molecular weight in the range of 0.5 to 

20 MDa. It has a central protein backbone composed of a large number of tandem repeats 

of serine, proline and threonine. The hydroxyl groups of serine and threonine are linked 

to large carbohydrate groups via O-glycosidic covalent linkage. The carbohydrate side 

chains of mucin are composed of N-acetylgalactosamine, N-acetylglucosamine, fucose, 

galactose, sialic acid etc (Bansil and Turner, 2006). The central protein backbone has 

greater than 10 % cysteine domains also (Bell et al., 2003: 2). The terminal regions of 

mucin are not linked to carbohydrates and are hence termed as “naked protein regions”. 

The presence of negatively charged sialic acid and sulphate groups contributes to the 

negative charge of mucin at physiological pH. Due to the negative charge of mucin, it 

could easily attach to the surface of the mucosal epithelium. Mucin undergoes gelation 
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in aqueous media owing to electrostatic interactions, inter and intramolecular hydrogen 

bonding and disulphide bond formation. The viscoelastic property of mucin is controlled 

by the proportion of disulphide interaction present in the mucin (Hanisch and Müller, 

2000).  

2.2 MUCOADHESION 

According to Leung and Robinson, mucoadhesion is the interaction of mucin with a 

polymer substrate (Sau-Hung Spence Leung and Robinson, 1987). Mucoadhesion would 

take place through three stages- adhering stage, the swelling and expanding stage and the 

interaction stage. The mucoadhesive material will come and contact with the mucosal 

surface in the first stage followed by swelling and expansion by absorbing moisture from 

the mucosa and finally, the material establishes certain chemical interactions with the 

surface to cause interpenetration of polymer chains with the chains of mucin glycoprotein 

(Mythri et al., 2011). The chains of mucoadhesive material diffuse within the chains of 

mucin by spreading over the surface of mucosa to initiate close surface contact. Both 

attraction and repulsion are possible between the material and mucosa but for a successful 

adhesion, the attraction forces must dominate (Carvalho et al., 2010). The kind of 

interaction taking place between the material and mucosa is highly dependent on the 

nature of drug formulation. So, the extent of interaction of drug loaded material and 

mucus is highly varying. 

Two steps involved in the mechanism of mucoadhesion are the contact stage and the 

consolidation stage. The mucoadhesive material comes in contact with the mucous 

membrane during the contact stage. During the consolidation stage, material spreads over 

the mucous membrane and establishes contact with the mucosa after swelling 

(Hägerström, 2003).  
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In ocular formulations or vaginal formulations, the mucoadhesive system is attached 

mechanically over the mucosal surface. The aerodynamics of the organ plays a major role 

in the promotion of deposition, especially in the case of nasal route administration.  

Therefore, it is difficult to attach adhesive formulations directly over the mucous 

membrane in the gastrointestinal tract. Peristaltic motions may interfere with the contact 

of formulation to the gastro intestinal tract mucosal lining. Additionally, an undesirable 

adhesion in the oesophagus is also possible. Therefore, peristalsis and movement of 

organic fluids in the internal cavity are the controlling factors in mucoadhesion. When a 

material approaches the mucosal surface, it can either come in contact with repulsive 

forces like osmotic pressure, electrostatic repulsion, etc. or with attractive forces like van 

der Waals forces and electrostatic attraction. Therefore, to get attached to the mucosal 

lining, the particle must overcome this repulsive barrier (Carvalho et al., 2010; 

Mathiowitz et al., 1999).  

Activation of mucoadhesive material in the consolidation stage is done by moisture. The 

moisture acts as a plasticizer in the system. Theories used to explain consolidated 

mucoadhesion are diffusion theory and dehydration theory. According to diffusion 

theory, mutual interpenetration of chains, supramolecular interactions and chemical 

interactions of mucoadhesive material and glycoproteins of the mucus are responsible for 

the mucoadhesion during the mutual interaction of both (Smart, 2005). Molecules 

possessing hydrogen bond-building functional groups- OH, -COOH, anionic surface 

charge; or flexible chains of polymers can interact and interpenetrate the mucus layer 

(Carvalho et al., 2010; Mathiowitz et al., 1999). 

According to dehydration theory, unlike the interpenetration of the macromolecular 

polymer chains, the movement of water cause adhesion. Due to the difference in osmotic 

pressure, water enters the formulation until reaching the osmotic balance and the material 
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gelifies readily. So, there can be an increased time of contact between the formulation 

and mucus. 

The mechanism of mucoadhesion is explained in terms of various theories- Wetting 

theory, Electrostatic theory, Diffusion theory, Adsorption theory and Fracture theory. No 

single theory could comprehensively explain mucoadhesion rather a combination of two 

or more can be relied upon (Kulkarni et al., 2023a).  

2.2.1 Diffusion Theory 

Diffusion theory can explain mucoadhesion in terms of the sufficient interpenetration of 

polymer chains and mucin chains that allow the formation of a semi-permanent bond 

(Jiménez-castellanos et al., 1993). Figure 2A is a schematic representation of the 

mechanism of adhesion according to diffusion theory. As the extent of interpenetration 

of polymer chains with mucin increases, the force of adhesion increases (Mathiowitz et 

al., 1999). The diffusion coefficient, flexibility and mobility of the mucoadhesive chains, 

and contact time increase the rate of interpenetration (Hägerström, 2003; Smart, 

2005). Mutual solubility of the materials involved in adhesion is a pertinent factor in 

diffusion. For that, the materials should be similar in their chemical structure (Mathiowitz 

et al., 1999).  

2.2.2 Adsorption Theory  

There is a possibility for the formation of primary and secondary bonding between the 

adhesive surface and the mucosa. But primary bonding interactions like covalent 

bonding, ionic bonding etc. have an issue with it because they may result in permanent 

interactions with the mucosal tissue. Therefore, the most desirable is secondary 

interactions like van der Waals forces, hydrogen bonding, electrostatic interactions, 
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hydrophobic interactions etc through the interaction area of mucus with material. This 

theory explains the mechanism of mucoadhesion in terms of secondary chemical 

interactions (figure 2B). Though these forces are individually weak, they are considered 

important because, a large number of interactions are possible in an intense adhesion 

(Mathiowitz et al., 1999). 

2.2.3 Wetting Theory 

This theory is applied to explain the mucoadhesion of liquid or low-viscosity 

bioadhesives (Peppas and Buri, 1985; Shaikh, Raj Singh, Garland, A David Woolfson, et 

al., 2011). According to wetting theory, adhesion is a piercing process. There occurs 

penetration of surface irregularities of mucosal membrane and chains of adhesive agents. 

Figure 2 Schematic representations of theories of mucoadhesion – A) Diffusion theory, B) 

Adsorption theory, C) Wetting theory, D) Fracture theory and E) Electrostatic theory 
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This kind of interpenetration produces anchors for adhesion (McBain and Hopkins, 

1925). The wetting theory considers contact angle and work of adhesion into account. 

Generally, the lower the contact angle, the higher the affinity of the material towards the 

mucosal surface (figure 2C).  

Dupre’s equation shown as equation 1 explains the thermodynamic work done based on 

the surface tension of materials involved in adhesion: 

𝝎𝑨 =  𝜸𝒃 + 𝜸𝒕 − 𝜸𝒃𝒕                                                                                       (1) 

where ωA is the specific thermodynamic work of adhesion and γb, γt, and γbt represent, 

the surface tensions of the bioadhesive polymer, the substrate, and the interfacial tension 

respectively. 

2.2.4 Fracture Theory 

Fracture theory is the most widely used theory to explain mucoadhesion. This theory 

describes mucoadhesion as the force required for separating two surfaces which were 

already adhered to. This theory studies bio adhesion by tensile apparatus by equation 2               

𝝈 =
(𝑬 × ∈/𝑳)

𝟐
                                                                                   (2) 

where σ is the fracture strength, ε fracture energy, E Youngs modulus of elasticity, and L 

is the critical crack length (Gu et al., 1988).  

Fracture theory explains mucoadhesion through the force of separation of adhesive 

formulation and mucus membrane, unlike diffusion theory. Therefore, it can be used in 

calculating the force of adhesion of rigid or semi-rigid bioadhesive materials, because in 

such cases, there is no chance for the penetration of polymer chains into the mucus layer 

(Mathiowitz et al., 1999). Figure 2D is a schematic diagram explaining the fracture theory 

of mucoadhesion. 
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2.2.5 Electrostatic Theory 

The electrostatic theory of adhesion is based on the assumption that the adhesive material 

and the mucosal membrane have opposite surface charges. When the formulation having 

a positive charge and negatively charged mucosal membrane comes in contact with each 

other, an electronic double layer will be formed in the interface due to the transfer of 

electrons between the two (figure 2E). The attractive forces within the electronic double 

layer will determine the mucoadhesion (Mathiowitz et al., 1999; Yu et al., 2014).  

2.3 TRANSEPITHELIAL DRUG TRANSPORT MECHANISMS 

Transepithelial drug transport happens through three pathways. Transport of drug 

molecules from the apical side to the basolateral side can happen through the transcellular 

pathway, paracellular transport or vesicular mechanism of transport (figure 3).  

2.3.1 Transcellular transport 

In the transcellular transport mechanism, molecules get transported across epithelial cells 

through the cell membrane. It is also known as intracellular transport. Transcellular 

transport of small nonpolar molecules happens according to the concentration gradient 

across the epithelia. They undergo transcellular diffusion from a lower concentration 

gradient to a higher concentration gradient (Yang and Hinner, 2015). Transcellular 

transport is not favourable for highly polar molecules and charged molecules. 

Nevertheless, highly polar water molecules pass across the cell membrane through water-

transporting molecules known as aquaporins (Reuss, 2012). It is possible to have energy-

utilised transport for moderately polar large-sized molecules across epithelial cells. 

Molecules such as sugars, peptides and amino acids make use of energy to get across the 

epithelial cell layer. Lipophilic prodrugs have been designed to cross the epithelial barrier 

via a transcellular pathway (Laksitorini et al., 2014).  
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2.3.2 Vesicular transport 

Receptor-mediated transport across epithelia is also possible where receptors bind with 

the drug molecules like peptides, proteins, liposomes etc. and carry them across the 

membrane (Liu et al., 2009). This mode of transport can happen either by making use of 

energy or without utilising energy (Yang and Hinner, 2015). In response to the changes 

in transmembrane potential, stress or light (Jin et al., 2020) ion channels like valinomycin, 

gramicidin A etc. facilitate ion transport across cell membranes (Becucci et al., 2008). 

These ion channels which are capable of complexing with charged ions are known as 

ionophores (Novilla, 2018).  

Figure 3: Schematic representation of transepithelial transport mechanisms- Paracellular 

transport, Transcellular transport and Vesicular transport 
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2.3.3 Paracellular transport 

In the paracellular transport mechanism, molecules get transported across cells via 

intercellular junctions. Epithelial cells are sealed among themselves employing cell 

adhesion molecules. The apical surface of the cell is sealed with tight junction. A tight 

junction is composed of proteins like claudin, occludin and junction adhesion molecules. 

Transport through tight junction can either follow pore pathway or leak pathway. 

Claudin-2 protein regulates the pore pathway and it has a molecular size cut off 3.5 A°. 

The leak pathway is regulated by the occludin protein of tight junction and it is a low-

capacity pathway having a molecular size cut restriction of 7.5 A° (Weber, 2012). 

Dephosphorylation of occludin protein cause loss of tight junction integrity and increase 

molecule permeability. Adherens junction is seen to the basolateral side of the tight 

junction. It is composed of cadherin proteins which are calcium-dependent in action. 

Desmosomes seen below to adherens junction are composed of desmocollin and 

desmogelin proteins and facilitate cell-cell adhesion (Laksitorini et al., 2014).  

Permeation enhancers are the specific molecules which facilitate the easy permeation of 

particles through cell junctions. Some examples of permeation enhancers are EDTA, 

surfactants, zona occludens toxins and fatty acids (Maher et al., 2019). They are capable 

of displacing zona occludens proteins in the epithelial cell junctions. Loss of junctional 

integrity can be quantitatively measured using TEER evaluation. Cationic polymers and 

thiolated polymers are also been explored for causing tight junction openings (Chen et 

al., 2018; Han et al., 2019; Yeh et al., 2011).    
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2.4 MUCOADHESIVE DRUG DELIVERY VS CONVENTIONAL 

DRUG DELIVERY 

Mucoadhesive drug delivery is now being extensively studied to overcome the limitations 

of conventional oral delivery of pharmaceuticals. The conventional drug delivery 

technique is oral administration. Though oral administration of drug is commonly used, 

the bioavailability of the drug would be reduced depending on the extent of absorption of 

the drug across intestinal epithelium as well as first-pass metabolism. After intestinal 

absorption, the absorbed active drug would be entering the hepatic portal system and the 

portal vein would carry the same to the liver. First-pass metabolism occurs in the liver 

where the absorbed drug undergoes metabolism. The drug enters systemic circulation 

after first-pass metabolism and the bioavailability of active pharmaceutical would be 

greatly reduced (Kim and De Jesus, 2022). The drastic loss of drug concentration after 

first pass metabolism will cause dismal performance as well as administration of higher 

dosage formulations in the patient (Milligan and Saha, 2022).  

Mucosal administration of the drug is highly preferred because of bypassing of first-pass 

metabolism. Mucosal administration of the drug facilitates direct absorption of the drug 

into the systemic circulation and thus enhances bioavailability (Kulkarni et al., 2023b). 

The preferred additional benefits of mucosal drug delivery are increased patient 

compliance, excellent accessibility and improved barrier permeability compared to 

transdermal drug delivery (Shaikh, Raj Singh, Garland, A David Woolfson, et al., 2011). 

The extent of keratinisation of the mucosa is not much extensive as skin and thus 

increases permeability (Hearnden et al., 2012).    

The efficiency of mucosal transport of drugs varies according to the anatomy of mucus 

membranes at various body locations. Thickness, surface area permeability, and 

structural features of the mucosal membrane vary in different regions of the body and 



 

 

SCTIMST, Trivandrum  18 

 

thus, the method of drug delivery and the type of drug formulation also vary. It is to be 

noted that all drugs cannot be delivered through all types of mucosa. The selection of 

drugs for delivery through different mucosa is made by considering the physiological and 

anatomical features of the mucosal tissue. Similarly, all formulations of a drug cannot be 

applied to all mucosal surfaces. Selection of drugs is done based on the surface area and 

the location of the mucosal tissue in our body.  

2.4.1 Oral mucosal delivery 

Excellent blood supply, rapid repair, better permeability profile, higher surface area for 

absorption, lack of acidic environment like stomach and lack of enzymatic environment 

of small intestine makes oral mucosa advisable for local and systemic drug delivery 

(Hearnden et al., 2012). It was William Murrell who proposed the administration of 

nitroglycerin drops through oral mucosa to treat angina pectoris and reported that its 

therapeutic action was so quick compared to ordinary swallowing (Marsh and Marsh, 

2000). By now, the list of drugs which are delivered through oral mucosa has been 

expanded and includes drugs like isosorbide dinitrate, nicotine, asenapine, 

prochlorperazine, selegiline, zolpidem etc.    

2.4.1.1 Buccal adhesive drug delivery 

Buccal adhesive drug delivery is the most commonly relied method of drug 

administration because of its convenience. The buccal mucosa is composed of epithelium, 

basement membrane, and connective tissues. Among different regions of the oral mucosa, 

buccal mucosa and sublingual are composed of soft palate nonkeratinized tissue while 

gingival mucosa is composed of hard palate keratinized tissue. The buccal epithelium has 

a thickness of approximately 500–800 μm and it is 40–50 cells thick. Turnover time for 

buccal epithelium is 5–6 days. The mucus secreted by salivary glands forms a thick layer 
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with 0.1–0.7 mm thickness. Intercellular materials derived from membrane-coating 

granules cause permeability barrier property to the oral mucosa (Woolfson et al., 1998). 

The blood flow to this region is approximately 2.4 mL min-1 cm-2 (Sattar et al., 2014). 

Local buccal drug therapy is mainly done using a variety of formulations like adhesive 

gels, tablets, films, ointments, patches and mouthwashes, for the treatment of periodontal 

disease, gingivitis etc. (Shaikh, Raj Singh, Garland, A David Woolfson, et al., 2011). 

Within the last five years, a significant number of studies have been reported regarding 

the development and evaluation of electrospun mucoadhesive drug delivery systems. 

Colley et al have done the pre-clinical evaluation of a mucoadhesive bi-layer patch 

consisting of PVP, PEO and Eudragit-made adhesive layer containing Clobetasol-17-

propionate and PCL-made hydrophobic backing layer. The in-vivo studies in minipig 

models showed drug release at therapeutic doses and demonstrated prolonged adhesion 

(Colley et al., 2018). Clitherow et al have probed into the efficiency of mucoadhesive 

patches for the delivery of local anaesthetic like lidocaine, instead of injecting. They have 

demonstrated the development of lidocaine-loaded electrospun membranes and evaluated 

its release and permeation through the porcine buccal mucosa. Their suggestion was to 

use the mucoadhesive patch for rapid and sustained delivery of lidocaine (Clitherow et 

al., 2019). Voronova et al have investigated the potential of reduced graphene oxide-

modified polyacrylic acid with cyclodextrin incorporated as a crosslinker for the delivery 

of insulin via buccal mucosa as well as eye cornea. The feasibility of the membrane for 

photothermal activation caused the release of insulin. The good heating capacity of the 

patch triggered efficient insulin release (Voronova et al., 2022). Drug loaded 

mucoadhesive formulations in the form of gels, tablet, films, patches or nanoparticles can 

be used for the local delivery of cancer drugs at oral cancer sites. This method of drug 

administration saves patients from the discomforts of surgical interventions and side 
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effect of radiation treatment (Das et al., 2023).  

2.4.1.2 Sublingual drug delivery 

The highly permeable area of oral mucosa is sublingual mucosa (Hearnden et al., 2012). 

The sublingual delivery of drug molecules is considered to be a promising alternative to 

conventional drug delivery. The thickness of the sublingual region of oral mucosa is 

about 100-200 μm with a surface area of 26.5 ± 4.2 cm2 and it is 8-12 cells thick 

(Czerkinsky and Holmgren, 2012). Similar to buccal mucosa, sublingual mucosa is also 

non-keratinized. But, unlike buccal mucosa, blood flow to this region is of the order 1.0 

mL min-1 cm-2 (Sattar et al., 2014). The absorption of active pharmaceuticals through 

sublingual mucosa also happens directly to the systemic circulation and thus bypasses 

hepatic first-pass metabolism (Hua, 2019). Sublingual delivery of drugs is usually 

formulated as tablets, wafers, sprays, films etc.  

Baltzley et al have administrated ketorolac, a medication for migraine via chitosan-based 

nanoparticle spray. In-vivo model studies of the formulation were done in the rabbit 

model and evaluation of plasma concentration of ketorolac was carried out and compared 

with intravenous administration of drug. Nanoparticle sublingual spray formulation of 

ketorolac resulted in increased bioavailability of the drug compared to sublingual solution 

and intravenous administration (Baltzley et al., 2018). Li et al prepared PVP /PEG fast-

dissolving electrospun patch for the sublingual delivery of carvedilol (Li et al., 2020). 

Lately, Paris et al have tried to deliver protein drugs through sublingual mucosa. The pH 

and the presence of gastric enzymes always restricted protein delivery through 

conventional methods. Since such hurdles could be easily avoided in sublingual delivery, 

protein administration to the systemic circulation is favoured. They have developed a 
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mucoadhesive patch of chitosan and hyaluronic acid by layer-by-layer methodology and 

evaluated protein release (Paris et al., 2021).  

2.4.2 Nasal mucosal drug delivery 

The normal human nasal mucosa is a highly vascularised network with an area of 

approximately 150 cm2 and it is a relatively permeable membrane. The nasal cavity is 

lined with columnar cells, goblet cells, and basal cell lines. The nasal lining has 

pseudostratified ciliated columnar epithelium. Cilia help in preventing the entry of 

foreign particles, dust, microorganisms etc. Cilia are responsible for mucociliary 

clearance also (Ugwoke et al., 2005). Both keratinized and nonkeratinized epithelial cells 

are present in the nasal mucosa in various locations inside the cavity (Chaturvedi et al., 

2011). Turn-over time for mucus is usually 15-20 min (Anand et al., 2012).  

2.4.2.1 Nasal cavity-structure and Anatomy 

The nasal cavity consists of a floor, a roof, a medial wall and a lateral wall. Each cavity 

is classified into three regions- nasal vestibule, respiratory region and olfactory region as 

shown in Figure 4. The nasal vestibule is the region known as the nostrils. Half of the 

region of the nasal vestibule is composed of keratinized squamous epithelium with 

vibrissae. The second half of the vestibule is composed of ciliated pseudostratified 

columnar epithelium. The main function of the respiratory region is to control humidity, 

and warmth and to protect the nasal cavity by eliminating debris particles entering 

(Sobiesk and Munakomi, 2022). The olfactory region of the nasal cavity is responsible 

for sensing smell. The olfactory receptors found in this region do this function. The 

olfactory mucosal cells contain bipolar neurons, the axons of which combine to form 

olfactory nerve or cranial nerve I.  The cranial nerve I enters the brain through the 

cribriform plate.  
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2.4.2.2 Nasal pathways 

The pathways through which drug is absorbed from the nasal cavity are classified as – 

systemic pathway, olfactory pathway and trigeminal pathway (figure 5). The drug is 

absorbed directly into the systemic circulation via a systemic pathway and to reach CNS 

(Central Nervous System) it has to cross BBB (Blood Brain Barrier). In the olfactory 

pathway drug is absorbed through olfactory epithelia. It will be further passed through 

the olfactory bulb to CNS. The drug is transported through the trigeminal nerve system 

in the trigeminal pathway (Khan et al., 2010). The olfactory pathway is further divided 

into two- intraneuronal and extraneuronal. The intraneuronal pathway is about the 

uptaking of drug molecules from the olfactory epithelium via endocytosis which then gets 

transported to the olfactory bulb via axonal transport. The extraneuronal pathway is about 

tight junction crossing of drug molecules through the olfactory epithelium and 

subsequently reaching the olfactory bulb. In this case, the drug will be reaching CNS 

within minutes whereas the intraneuronal pathway required hours or days to transport the 

drug to CNS (Ying, 2008).  

Figure 4 Sagittal section of nasal cavity with marking of different regions 
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The nasal cavity permits direct access to the CNS to circumvent the BBB (Illum, 2003). 

Commercially marketed nasal formulations of drugs such as sumatriptan, calcitonin and 

estradiol have been shown to have faster onset of action (Illum, 2002). The absorption of 

the drug through the olfactory region of the nasal cavity facilitates direct transport to the 

brain targeting CNS. Therefore, drugs for conditions like Parkinson’s disease, 

Alzheimer’s disease, migraine, depression and schizophrenia can be effectively 

transported to CNS via the nasal cavity rather than conventional methods where there is 

poor bioavailability due to hepatic first pass metabolism and BBB (Mittal et al., 2014).  

Direct administration of drugs like protein, peptides and nucleic acids is not advised to 

be done alone without a carrier. Because these kinds of molecules won’t tolerate the harsh 

nasal environment. Polymeric carriers are preferred compared to peptide-based or lipid-

based carriers because of their ability to deliver drugs at targeted locations (Rabiee et al., 

2021).  

The dry nasal syndrome is treated by applying nasal formulation in the nasal cavity. But, 

mucociliary clearance limits its use. A nasal adhesive film consisting of gellan gum and 

Figure 5 Flow chart describing nasal pathways 
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carboxymethyl cellulose was fabricated by Laffleur et al. Improved bioadhesive result of 

this film convinced their proficiency in nasal drug delivery due to prolonged residence 

time (Laffleur, 2018). Porfiryeva et al have synthesized an acrylate polymer of Eudragit 

EPO for enhanced mucoadhesive properties for nasal delivery. Freeze-dried polymer 

samples were evaluated for their ability to cause mucosal adhesion (Porfiryeva et al., 

2019). Gel-type formulations are much preferred for nasal administration because 

solution-type formulations could flow down from the nasal cavity. An in-situ gelling 

polymer system of gellan gum after reductive amination was developed for nasal 

administration. The newly added amino groups enabled enforced adhesion to mucus 

(Jelkmann et al., 2020).  

2.4.3 Ocular mucosal drug delivery 

Bowman’s layer, Descemet’s membrane, epithelium and endothelium together constitute 

cornea. The basal layer of epithelium contains columnar cells and the outermost layer 

contains flattened polygonal cells (Gaudana et al., 2010). Around 1.5 million goblet cells 

present in conjunctiva synthesize secretory mucins and peptides. Molecules of size up to 

20,000 Da are permeable through conjunctival tissue and molecules of size up to 5000 

Da are permeable through cornea. Turnover of the mucus layer occurs in approximately 

15–20 h. Introducing mucoadhesive polymers in ocular drug delivery is a new trend. Due 

to the interaction of the mucoadhesive polymer with the mucus tissue in the eye 

precorneal residence time is increased. In liquid dosage forms, where the polymer 

solutions are fully hydrated, mucoadhesive performance is limited. Whereas small solid 

dosage forms show interesting performances over an extended period. So, sustained 

release can be modulated by composition and fabrication techniques (Ludwig, 2005). 

Nasolacrimal drainage, blinking, anatomical barriers and efflux pumps always challenge 
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researchers in developing ocular drug formulations. The Blood-Retinal Barrier (BRB) 

prevents drug entering from systemic circulation to the retina (Gorantla et al., 2020).  

A different approach to developing supramolecular self-assembly of dexamethasone 

prodrug by succination was done by Cheng et al. The viscoelastic property of the above-

mentioned supramolecular hydrogel extended prolonged corneal residence and also 

enabled enhanced corneal permeation owing to the nanofibrous structure of the hydrogel. 

The extended corneal residence helped to increase the bioavailability of dexamethasone 

also (Cheng et al., 2019). An in-situ gelling system based on hexanoyl glycol chitosan 

was proposed by Shi et al for ocular delivery of levofloxacin with enhanced 

bioavailability. The hexanoyl glycol chitosan hydrogel is a thermo-responsible hydrogel 

with typical sol-gel transition at 32 °C. The gelling property at 32 °C caused increased 

corneal retention time and bioavailability of levofloxacin compared to the simple aqueous 

solution of the same (Shi et al., 2019). Xu et al put forward valylvaline-mediated targeted 

delivery of dexamethasone by chitosan oligosaccharide-stearic acid nano micelles to the 

posterior segment of the ocular cavity. This transporter-mediated ocular delivery 

improved the bioavailability of dexamethasone in the posterior segments (Xu et al., 

2020).  

2.4.4 Rectal mucosal drug delivery 

The surface area of rectal mucosa is approximately 300 cm2. The rectum mainly functions 

to remove water. The epithelium in the rectal region is composed of cylindrical cells and 

goblet cells which secrete mucus. No villi-like structures are present on the rectal surface 

but rectal valves are seen as three major folds (Shaikh, Raj Singh, Garland, A David 

Woolfson, et al., 2011). Rectal delivery of drugs has been used for local delivery of 

laxatives, antipyretics and treatment of haemorrhoids. Localized rectal administration is 
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directly delivering a drug into the systemic circulation by portosystemic shunting (Purohit 

et al., 2018). 

The use of rectal suppositories for sustained drug delivery has been widely studied with 

several drugs like morphine, diclofenac, zidovudine etc. Leithy et al have formulated 

diclofenac sodium -chitosan microspheres (E. S. El-Leithy et al., 2010). The same 

research group had again come up with developing a hydrogel system with Carbopol 934 

and hydroxypropyl methylcellulose (HPMC) to deliver diclofenac-sodium chitosan 

microspheres for rectal application (Eman S. El-Leithy et al., 2010). This hydrogel 

system facilitated the subsequent controlled release of microspheres with no burst release. 

Liu et al proposed developing an in-situ gel system which is thermo-responsive for the 

rectal delivery of ibuprofen. A thermoresponsive gel system was prepared using 

poloxamer 407, HPMC and sodium alginate. The in-vivo studies in the rabbit model 

showed improved bioavailability of ibuprofen and the team has proposed the in-situ gel 

as an effective rectal formulation for non-steroidal anti-inflammatory drugs (NSAID) 

(Liu et al., 2018).  

2.4.5 Vaginal mucosal drug delivery 

The epithelial layer of vaginal mucosa consists of the lamina propria and stratified 

squamous epithelium. Though vaginal mucosa lacks a gland to secrete it is covered with 

vaginal fluid. Cervical mucus is one of the main components of vaginal fluid. During the 

menstrual cycle, the volume, viscosity, and pH of the cervical mucus vary. Age is also a 

determining factor for the physical properties of cervical mucus. In 7 days a turnover of 

around 10-15 layers of vaginal cells is observed (Valenta, 2005). The vaginal route is 

conventionally used for local delivery of antiviral, antifungal, antibacterial, antiprotozoal, 

anti-inflammatory and steroid drugs. It is a potential route for uterine targeting of active 
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agents like progesterone (Cicinelli et al., 2000). The concentration of vaginally 

administered progesterone is higher in the uterine artery than the radial artery indicating 

preferential distribution to the uterus. This direct local transport from the vagina to the 

uterus is termed the ‘first uterine pass effect’ (De Ziegler et al., 1997). Drug formulations 

like solutions, gels, suspensions, suppositories, creams, and tablets are used for vaginal 

drug delivery for a short time (Robinson and Bologna, 1994). 

Krogstad et al designed a nanoparticle-releasing nanofibre composite for nanoparticle 

retention in the vaginal tract. PVP and PVA were chosen to fabricate nanofibre for the 

release of PEGylated PLGA nanoparticles loaded with antiretroviral drugs like etravirine. 

This nanofibre-mediated delivery of nanoparticles caused the retention of nanoparticles 

as well as drugs in the tract for a prolonged period (Krogstad et al., 2017). Effective 

release of contraceptive drugs like levonorgestrel and ethinylestradiol through an 

electrospun gelatin matrix was proposed by Painuly et al. The dual drug-loaded system 

offered sustained drug release for a prolonged period  (Painuly et al., 2019). 

Metronidazole-mediated treatment of bacterial vaginosis is widely practised. Local 

application of metronidazole is preferred for pregnancy patients due to certain systemic 

side effects. Nanofibres were proposed by Tugcu-Demiroz et al as an effective 

formulation for local vaginal drug delivery. They have produced metronidazole-loaded 

PVP electrospun mucoadhesive fibre to treat bacterial vaginosis (Tuğcu-Demiröz et al., 

2020).  

2.5 MUCOADHESIVE POLYMERS 

2.5.1 Cationic polymers 

The reported cationic polymer used in mucoadhesive applications is chitosan  

(Khutoryanskiy, 2011). Chitosan consists of β-(1-4)-linked 2-amino-2-deoxy-D-
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glucosamine and N-acetyl-D-glucosamine residues which are produced by deacetylation 

of chitin (crustacean exoskeleton). Chitosan is not water-soluble but dissolves in acid 

medium and a water-soluble salt of chitosan can be derived from it (Jabbal-Gill et al., 

2012).  It is widely used for biomedical applications like wound dressing, tissue 

engineering, antimicrobial applications, drug delivery etc due to excellent 

biocompatibility, non-toxicity and biodegradability (Cheung et al., 2015). These 

polymers exhibit cationic behaviour due to the protonation of amino functional groups 

under acidic pH. These positively charged species establish electrostatic interaction with 

sialic acids in mucin glycoprotein which is negatively charged (Casettari et al., 2012). 

Hence, chitosan is preferred for pH-sensitive drug delivery applications targeting the 

stomach as a tablet excipient. High molecular weight chitosan is more viscous causing 

slow release of pharmaceuticals from the polymer systems and prolonging therapeutic 

activity (Kofuji et al., 2005).  Chitosan has been extensively studied for immunogenic 

properties via mucosal regions also (Jabbal-Gill et al., 2012). 

Chemical modifications of chitosan are typically done in amino groups although, 

functionalisation of hydroxyl groups is also possible. Functional modifications of 

chitosan improve the water solubility of base chitosan polymer. Quaternisation of amino 

groups (Sajomsang et al., 2009), thiolation (Cesari et al., 2020), acrylation (Davidovich-

Pinhas and Bianco-Peled, 2010), hydroxypropyl modification (Jabbal-Gill et al., 2012) 

and carboxy methyl modification (Fonseca-Santos and Chorilli, 2017) of chitosan have 

been investigated by various research groups. 

Quaternary modification of the amino group of chitosan by methylation imparts persistent 

cationic nature to the polymer and thus improves mucoadhesion (Kulkarni et al., 2017). 

Though the force of adhesion is expected to increase with an increased degree of 

quaternization (Sajomsang et al., 2009), according to Nazar et al chitosan gels prepared 
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with a medium degree of quaternization and molecular weight have higher work of 

adhesion (Nazar et al., 2011). Carboxymethyl functionalization of chitosan provides 

amphoteric properties to chitosan which helps for drug delivery in acidic and basic pH 

(Upadhyaya et al., 2014) through protonation of amino groups at low pH and 

deprotonation of carboxylic groups at higher pH. Thiolation of chitosan has been reported 

to be carried by reagents like cysteine, thioglycolic acid, glutathione etc. In addition to 

electrostatic interactions, the additional interaction of thiol groups with the cysteine 

residues of mucin augments the mucoadhesive property (Cesari et al., 2020). Acrylate 

modification of chitosan is reported to follow the Michael-type reaction mechanism 

(Davidovich-Pinhas and Bianco-Peled, 2010). A schematic representation of acrylate 

group-mediated mucoadhesion is exhibited in figure 6.   

2.5.2 Anionic polymers 

Widely studied anionic polymers in mucoadhesive applications are polyacrylic acid and 

its derivatives. Alginate and carboxymethyl cellulose are also studied in the same 

category. Polyacrylic acid is a water-soluble polyelectrolyte with pendent carboxyl side 

chains. Polyalkanyl ester crosslinked polyacrylic acid is known as Carbopol and divinyl 

glycol crosslinked polyacrylic acid is Carbophil. Polyacrylic acid and it’s all derivatives 

are known to be non-toxic and non-irritant. Crosslinked derivatives of polyacrylic acid 

readily absorb water, and swell and are therefore highly suitable for drug delivery 

applications (Ritthidej, 2011). The mechanism of interaction of anionic polymers in 

mucoadhesion is the establishment of hydrogen bond between anionic functional groups 

of polymer and oligosaccharide chains of mucin. This interaction causes an increase in 

viscosity and the formation of hydrogels with mucin (Soni et al., 2019). The linear 

polysaccharide derivative of alginic acid is known as sodium alginate. It is composed of 

1,4-β-D-mannuronic acid and α-L-guluronic acid. The conversion of alginic acid to 
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sodium alginate improves water solubility also. When a monovalent ion like sodium is 

exchanged with a divalent ion like calcium in an aqueous alginate solution change to a 

gel structure. Alginate has been studied for various applications like tissue engineering, 

wound dressing, and drug delivery application due to its biocompatibility and non-

toxicity (Fonseca-Santos and Chorilli, 2017). Most recently, alginate/gelatin spray dried 

microparticles have been developed for the treatment of vulvovaginal candidiasis by with 

the incorporation of Luliconazole into it. The mucoadhesive property of polyelectrolyte 

complex of alginate/gelatin facilitated better mucoadhesion on porcine vaginal mucosa 

(Szekalska et al., 2023). Carboxymethyl cellulose (CMC) is a cellulose-derived anionic 

polysaccharide with β-1-4 linked glucose subunits in which some of the hydroxyl groups 

are replaced with carboxymethyl groups to render water solubility (Cook et al., 2018; 

Grządka, 2012). The sodium salt of carboxymethyl cellulose is often used as an excipient 

in different drug dosage forms (da Silva et al., 2021).  

Catechol modification of polyacrylic acid was reported by A. Li and Z. Xu et al. They 

have done dopamine hydrochloride modification of polyacrylic acid with cellulose fibres 

as reinforcement. This has been reported to cause improved adhesion compared to 

available glues (Li et al., 2019). Grafting of cellulose nanocrystals over polyacrylic acid 

was investigated by Vakili et al to improve mucoadhesion. They have evaluated the 

delivery of cancer drug cisplatin from the polymer system to treat colorectal cancer 

(Vakili et al., 2021). A similar modification of alginate with dopamine hydrochloride to 

introduce a catechol functional group was also done and found that the irreversible 

interaction of catechol groups with thiol groups of mucin caused improved mucoadhesion 

(Sahatsapan et al., 2020). Figure 6 gives an idea of the interaction of the catechol-

modified polymer with the mucosa surface for mucoadhesion. A controlled release study 

of ibuprofen from interpenetrating microgels fabricated using polyacrylic acid and 
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sodium alginate ensured increased bioavailability. The system has caused gastric 

retainment of microgels for more than 12 h owing to its low density (Ramesh Babu et al., 

2006). Tang et al fabricated polydopamine/carboxymethyl cellulose/polyacrylic acid 

(PAA) adhesive hydrogel as UV filtration membrane and skin care products. Dopamine 

was self-polymerized in a CMC solution followed by acrylic acid polymerisation to PAA 

and established crosslinking (Tang et al., 2021). Shihui et al synthesized CMC-

poloxamer containing chemically crosslinked hydrogel which is dual pH and temperature 

sensitive for the release of nepafenac to increase ocular bioavailability. They found that 

the cumulative release of nepafenac is higher at 35 ºC and pH 7.4 (Yu et al., 2017).  

2.5.3 Non-ionic polymers 

Hydrophilic non-ionic polymers like hydroxypropyl methylcellulose, poloxamer, 

polyvinyl pyrrolidone and polyvinyl alcohol (PVA) are also well-investigated for their 

mucoadhesive properties even though, ionic polymers are desirable due to ionic 

interactions (Zhang et al., 2021) (Diaz-Salmeron et al., 2021) (Rohani Shirvan et al., 

2021) (Vecchi et al., 2021). The highly viscous aqueous solutions of these polymers cause 

interpenetrating interactions with mucin glycoprotein chains. Hence, a diffusion model 

mechanism is expected for mucoadhesion. These polymers also possess wetting 

properties which enable wetting theory to interpret the mechanism (Shaikh, Raj Singh, 

Garland, A. David Woolfson, et al., 2011).  

A pulsatile formulation of felodipine was formulated by Karavas et al by a miscible 

polymer blend of polyvinyl pyrrolidone and hydroxypropyl methylcellulose. A weak 

interaction between the hydroxyl group of HPMC and the carbonyl group of PVP was 

observed to enable the miscibility of the blend.  The tablet formulation consisted of two 

layers- an internal layer containing felodipine and PVP alone and an external adhesive 
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layer containing PVP and HPMC (Karavas et al., 2006). A biphasic release profile of 

ofloxacin was observed from a nanofibrous matrix of gellan/polyvinyl alcohol with 

desired mucoadhesion in the gastric mucosa of the rat model. The nanofibres exhibited 

an initial burst release kinetics followed by a sustained release for 24 h (Vashisth et al., 

2017).  Edmans et al developed a dual-layer electrospun consisting of polyvinyl 

pyrrolidone/Eudragit containing adhesive layer containing lysozyme as an antimicrobial 

protein. Polycaprolactone (PCL) was introduced over the adhesive layer as a backing 

layer to enable the unidirectional release of lysozyme. It is observed that Streptococcus 

ratti growth was inhibited during the oral release of lysozyme (Edmans et al., 2020). 

2.5.4 Thiol-modified polymers 

The widely practised chemical modification to improve the mucoadhesion of a polymer 

is thiolation. An around 140-fold increase in mucoadhesion is observed after thiolation 

(Puri et al., 2020) due to the formation of a disulfide bond between the thiol group of 

polymer and thiol groups present in mucin glycoprotein (Duggan et al., 2017) as shown 

in figure 6. Thiolation is expected to be highly advantageous for oral delivery of protein 

and peptide drugs because of the ability of thiol groups to bind with divalent cations like 

zinc and magnesium. These divalent cations are co-factors for many of the proteases like 

aminopeptidases and carboxypeptidases. The binding of thiomers with these cations 

causes the inhibition of proteases (Bravo-Osuna et al., 2007). Polymers carrying various 

functional groups like amino, hydroxy and carboxylic groups have been reported to be 

thiolated using different techniques. Thiolation of amino groups has been done with 

thioglycolic acid (Kast and Bernkop-Schnürch, 2001), cysteine, thiobutylamidine, 

thioethylamidine, 4-mercaptobenzoic acid (Sarti and Bernkop-Schnürch, 2011) and 2-

iminothiolane or traut’s reagent (Bernkop-Schnürch et al., 2004). Molecules like 

cysteine, thioglycolic acid and N-acetyl cysteine form amide bond with the amino group 
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of the polymer chain whereas thiobutylamidine and thioethylamidine form amidine bonds 

with chitosan (Sarti and Bernkop-Schnürch, 2011). Thiolation of polymers with hydroxyl 

backbone was reported to be done with thiourea or 3-mercaptopropionic acid (Suchaoin 

et al., 2016). Gupta et al have reported the thiolation of polyvinyl alcohol with 

thioglycolic acid via an esterification reaction. The esterification reaction was carried out 

in the presence of sulphuric acid as a catalyst and the thiolated compound was precipitated 

in methanol (Gupta et al., 2013). Anionic polymers containing carboxylic functional 

groups were reported for thiolation with cysteine amino acid. The expected mechanism 

of thiolation is the formation of an amide bond (Bernkop-Schnürch and Steininger, 2000).  

Kafedjiiski et al developed cysteine-conjugated hyaluronic acid for mucoadhesive drug 

delivery applications. They have studied the release profile of fluorescein isothiocyanate-

dextrans as a model study and observed sustained release kinetics for 12 h (Kafedjiiski et 

al., 2007). A biphasic drug release profile of sodium diclofenac from thiolated 

poly(aspartic acid) was reported by Horvat et al as a promising system for ocular drug 

delivery. The prolonged residence time of the modified polymer on the mucosa caused 

an initial burst release in the first hour followed by a sustained release in the next 24 h 

(Horvát et al., 2015). Thioglycolic acid-mediated modification of gum ghatti has been 

reported by Puri et al as a novel excipient of the mucoadhesive tablet. The increased 

adhesion of the thiomer caused a retardant release of domperidone rather than a burst 

release (Puri et al., 2021). Zaman et al synthesized thiolated hemicellulose for sustained 

drug release and better therapeutic activity (Zaman, Bajwa, et al., 2021). Recently 

Leonard et al have investigated the potential of thiolated pectin-chitosan composite as a 

mucoadhesive drug delivery system of 5-flurouracil to treat colorectal cancer conditions 

(Leonard et al., 2023).  
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2.5.5 Boronic acid-modified polymers 

Polymers functionalized with phenylboronic acid have gained tremendous attention for 

mucoadhesive drug delivery applications in the last decade. Boronic acid-modified 

polymers were known to target polysaccharides, glycoproteins, polyols, sugars etc. The 

complex formed between the boronic acid functionalized polymer and the target 

molecules is phenyl boronate ester (Singh et al., 2017) as shown in figure 6. The phenyl 

boronate ester formation is highly pH dependent in such a way that it forms an adduct 

with the hydroxyl group of targets when the pH of the medium is equal to greater than 

the pKa of the boronic acid. At pH above pKa, boronic acid forms a negatively charged 

tetragonal structure (boronate anion) which further binds with hydroxyl groups to form 

boronate cyclic esters. When the pH becomes lower than pKa, the cyclic ester complex 

Figure 6: Schematic diagram representing mechanism of mucoadhesion of various functionalised 

polymers with mucin glycoprotein- Lectin functionalisation, Catechol functionalisation, Thiol 

functionalisation, Acrylate functionalisation and Boronate functionalisation are demonstrated. 
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dissociates to form the trigonal boronic acid structure. Hence, boronate-modified 

polymers are not expected to bind with the hydroxy groups at neutral or acidic pH. The 

pH of most of the biological samples like urine, blood and saliva is between 6 to 8. Hence, 

modified boronic acids with a pKa value in the range of 8 are used for complex formation, 

eg., 3-aminophenyl boronic acid or 4-vinyl phenylboronic acid (Brooks and Sumerlin, 

2016). As far as the structure of mucin is concerned, saccharide groups as well as sialic 

acid groups are prone to bind with boronic acid. The saccharide groups form boronate 

cyclic esters at higher pH conditions. On the contrary, sialic groups in mucin are reported 

to bind easily with boronic acid at neutral pH conditions (Brannigan and Khutoryanskiy, 

2019).  

The nanoparticles formed by the self-assembly of poly(D, L-lactide) and dextran were 

reported for enhanced mucoadhesion after surface functionalization with phenyl boronic 

acid. These particles were evaluated for release of cyclosporine A to treat anterior eye 

diseases. Due to augmented mucoadhesion, the particles got retained in the mucosa for a 

long time in the mice model. Compared to commercially available dosage forms, the 

nanoparticles facilitated prolonged drug release and reduced the drug administration 

frequency (S Liu et al., 2015). The precorneal turnover and relatively low permeability 

of corneal tissues make topical treatment of dry eye disease tricky. To tackle this 

limitation, Graeme Prosperi-Porta et al proposed phenylboronic acid-based polymeric 

micelles for anterior ocular drug delivery. They have synthesized and characterized 

poly(L-lactide)-b-poly(methacrylic acid-co-3-acrylamidophenylboronic acid) block 

copolymer micelles for Cyclosporine A release. The in-vivo evaluation done in Sprague-

Dawley rats showed the potential of the material to improve the bioavailability of 

topically applied Cyclosporine A (Prosperi-Porta et al., 2016). Similarly, another group 

of researchers have reported 3-aminophenyl boronic acid tethered chondroitin sulphate-
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based nano lipid carriers which showed a high affinity with the sialic groups of ocular 

mucins. This strong affinity has resulted in the prolonged delivery of dexamethasone 

from the lipid carriers to alleviate dry eye syndrome (Tan et al., 2019). Kolawole et al 

have prepared boronate-conjugated chitosan via EDC-NHS coupling by using 4-

carboxyphenyl boronic acid. The same was evaluated for adhesion in urothelial mucosa 

with fluorescein sodium for release study. The mucoadhesion was found to increase with 

an increased degree of boronation. The prolonged residence time of the system in 

urothelial mucosa ensured the prolonged release of the drug too (Kolawole et al., 2019).  

The research group of Kolawole have recently proposed boronated chitosan/alginate 

mucoadhesive nanoparticles for cervical cancer drug delivery of paclitaxel also. The 

preparation of nanoparticles was done by ionic gelation method (Kolawole et al., 2023).  

2.5.6 Lectin and antibodies 

Lectins and antibodies belong to second-generation mucoadhesive polymers with 

specific binding potential. Lectins are also a class of glycoproteins which specifically 

bind to sugar molecules which is reversible as shown in figure 6. According to the 

specificity of binding with carbohydrates, lectins are classified as glucose-binding lectins, 

mannose-binding lectin, D-galactose binding lectin, L-fucose binding lectin, sialic acid 

binding lectin and 2-acetamido-2-deoxy-galactose binding lectin (Chettri et al., 2021). 

Lectins are reported for the transport of macromolecules across cell membranes via 

receptor-mediated adhesion. In this case, lectins get internalised by endocytosis and 

enable the transport of macromolecules through vesicular transport. Therefore, lectins are 

considered to be fascinating molecules with dual functionality- target specific adhesion 

and controlled release of macromolecular pharmaceuticals (Lehr, 2000).  
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Wheat germ agglutinin is a non-immunogenic lectin derivative isolated from Triticum 

vulgaris. It can specifically bind to sialic acid residues in the intestinal mucosa. Makhlof 

et al reported wheat germ agglutinin conjugated Carbopol for surface modification of 

cationic multilamellar vesicle liposomes. The positively charged liposome and negatively 

charged liposomes establish an electrostatic interaction. In-vivo studies confirmed the 

ability of the surface-modified liposomes to penetrate the intestinal barrier and enhance 

the systemic delivery of entrapped peptides in liposomes (Makhlof et al., 2011). 

Odorranalectin (OL) isolated from Odorrana graham can specifically bind to L-fucose 

which has greater expression on olfactory mucosa. S14G-HN is a promising anti-AD 

drug and finds it difficult to cross BBB. H. Wu et al reported surface engineering of PEG-

ylated cubosomes with OL to deliver S14G-HN intranasally (Wu et al., 2012). Gao et al 

prepared an ethylcellulose/chitosan microsphere with PVA as a surfactant. The 

microspheres were surface activated with lectin via EDC mediation. The potential of the 

lectin-conjugated microspheres was evaluated for rivastigmine delivery to treat 

Alzheimer’s disease and observed significantly improved performance in in-vivo 

experiments (Gao et al., 2021). Recently Putri et al proposed specific site adhesion of 

lectin conjugate alginate matrix system for better mucoadhesion and drug bioavailability 

(Putri et al., 2021). Antibodies provide site-selective binding over the mucosal surface. 

This property facilitate highly targeted drug delivery, especially to tumour tissues 

(Chowdary and Rao, 2004). The role of antibodies in the field of mucosal-targeted drug 

delivery is yet to explore by the science community.  



 

 

SCTIMST, Trivandrum  38 

 

2.6 FABRICATION TECHNIQUES FOR MUCOADHESIVE DRUG 

FORMULATIONS 

2.6.1 Freeze drying 

Freeze drying or cryodesiccation or lyophilization is the best drying method adopted to 

remove water from samples. This technique was started to practice on a laboratory scale 

in the 1880s and remained a laboratory technique till the 1930s (Adams et al., 2015).  

Unlike other dehydration techniques, freeze drying causes no change in the original 

structure and colour of samples (Jiang et al., 2013). The main components of a freeze-

drying machine are a refrigerator system, vacuum system, control system, product 

chamber and condenser. The refrigerator system cools the condenser located inside. The 

purpose of the condenser is to collect the vapours being sublimed off and condense them 

back to solid (ice) which is removed after the entire procedure is over. Low pressure is 

required for water to sublime. Hence samples are kept in the product chamber under a 

deep vacuum condition which is well below the triple point of water. Sublimation is a 

phase transition where heat energy is added causing the product in the solid state to 

sublime.  

Freeze drying is highly recommended for samples containing heat-sensitive molecules 

like proteins, microbes and pharmaceuticals. The basic principle of freeze drying is 

sublimation in which the transformation of ice to vapour takes place (Garcia-Amezquita 

et al., 2016).  Freeze-dried polymer samples have been extensively studied for developing 

fast-dissolving oral drug delivery systems like tablets, wafers etc. (Siow et al., 2016). The 

highly porous structure of freeze-dried samples (figure 7) shows higher drug loading 

efficiency and water absorption capacity. AlHusban et al formulated a freeze-dried rapid 

disintegrating tablet and evaluated the feasibility of using amino acids as matrix-forming 



 

 

SCTIMST, Trivandrum  39 

 

agents (AlHusban et al., 2010). Elsharawy et al formulated and evaluated various 

lyophilized tablets containing duloxetine hydrochloride which is used for the treatment 

of depression. They have formulated a polymer combination of HPMC, Carbopol, 

chitosan and PVA in various concentrations and compared the performance in vivo (El 

Sharawy et al., 2017). Recently, Lal et al proposed the use of freeze-dried tablets for oral 

vaccine delivery. The entry of most the pathogens into human body is via mucosal linings 

at the nasal, buccal, rectal and vaginal regions. It is truly rational to immunize via the 

mucosal route to control the spread of infection to distal regions rather than relying on 

intramuscular and intravenous injections. The development of fast-dissolving freeze-

dried tablets enables consumption of the tablet without added liquid and enables the 

patients themselves to use it. These advantages are expected to cause increased 

vaccination rates for large-scale immunization drives or in epidemic situations such as 

covid pandemic scenario (Lal, 2020).  

2.6.2 Solvent casting 

Solvent casting is a century-old, versatile and easiest method to prepare polymer films. It 

can be also defined as an air-dry method to remove solvent from a polymer sample. 

Polymer is dissolved in a suitable volatile solvent and spread on a substrate or mould. 

The solvent is dried without applying thermal or mechanical stress. The solvent casting 

of homogeneous solution on a uniform surface allows the fabrication of films with 

uniform thickness as shown in figure 7. This method is highly dependent on the volatility 

of the solvent – less volatile solvent takes more time to evaporate and high volatile solvent 

easily evaporates (Siemann, 2005). 

Timur et al have carried out a comparative study of drug release from mono and bilayered 

mucoadhesive films and wafers. Cefuroxime axetil was taken as a model drug and HPMC 
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and chitosan were taken as polymers for the preparation of mucoadhesive films and 

wafers. Disintegration of HPMC was fast compared to chitosan and higher drug release 

was observed for wafer samples. Hence chitosan-based monolayer wafer facilitated the 

prolonged release of the drug. In the case of the bilayered wafer, a chitosan-based system 

with a drug-loaded on HPMC provided excellent adhesion and prolonged drug release 

(Timur et al., 2019). Mucoadhesive films based on gellan gum and pectin were designed 

by Prezotti et al for oral delivery. Curcumin was loaded into the film as a model and its 

release rates were evaluated (Prezotti et al., 2020). The solvent casting technique has been 

broadly used for fabricating mucoadhesive films for drug delivery applications. Extensive 

first-pass metabolism reduced the oral bioavailability of rizatriptan for migraine 

treatment. An investigation has reported the development of solvent-cast buccal films 

comprising Proloc, HPMS and Eudragit RS 100 for rizatriptan delivery. The mucosal 

delivery in rabbits showed a higher plasma level concentration of the drug following 

biphasic drug release kinetics (Nair et al., 2021).  

2.6.3 Nanoparticles 

In addition to established drug delivery formulations like tablets, ointments, gels and 

sprays, mucoadhesive nanoparticles have gleaned attention as a promising system for the 

controlled delivery of drug molecules (Hanafy et al., 2019). Ocular drug delivery studies 

highly rely on developing nanoparticulate systems because of increased viscosity and 

reduced drug drainage rate (Silva et al., 2017). As a carrier for drug molecules, 

nanoparticles can be of two types based on the structural organization of the polymer. 

Nanospheres are the kind of nanoparticles with a matrix model distribution of polymer 

and nanocapsules are the class of particles with a reservoir model distribution of polymer 

on the outer side (Barratt et al., 2001). Figure 7 diagrammatically describes the 

mechanism of nanoparticle production.  



 

 

SCTIMST, Trivandrum  41 

 

The successful techniques adopted to prepare nanoparticles are the emulsion solvent 

diffusion method, emulsification- reverse salting out and in-situ polymerisation  

(Takeuchi et al., 2001). In the emulsion solvent diffusion method, the polymer is 

dissolved in a solvent which is a partially-miscible solvent with water. Later, the solution 

is poured into a water container. Due to the immediate reduction of interfacial tension, 

the solvent diffuses out of the internal phase (containing polymer) to the aqueous phase. 

A large quantity of water is used in this method to accelerate solvent diffusion to the 

aqueous phase. This causes the polymer to enter a non-solvent phase where its 

aggregation is prevented by adding a stabilizer (María Pineda-Reyes et al., 2021). 

Pluronic F68, PVA and sodium taurodeoxycholate were reported to be used as aqueous 

phase stabilizers and soy lecithin as an organic phase stabilizer. The size of the 

nanoparticle is controlled by altering the stirring speed and stabilizer concentration 

(Vauthier and Bouchemal, 2009).  

Emulsification-reverse salting out is another technique which has slight difference from 

the above method of preparation. The emulsion is prepared in a solvent which is 

completely miscible with water. Some electrolytes like magnesium chloride, calcium 

chloride and magnesium acetate in high concentration are used to emulsify the polymer 

solution in the aqueous phase. These compounds use water for their solubilisation. The 

precipitation of polymer is induced by pouring an excess amount of water which leads to 

a sudden drop of salt concentration and thus causes polymer solvent to migrate out 

(Vauthier and Bouchemal, 2009).  

Well-characterized nanospheres are prepared by in-situ polymerisation of monomers in 

emulsions. In-situ emulsion polymerisation of poly cyano acrylates has been reported in 

which anionic polymerisation is taking place initiated by water itself. The drug molecules 

are loaded in the nanoparticle by dissolving in the polymerisation medium either before 
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adding monomer or after completing polymerisation (Couvreur et al., 1979). The 

percentage of drug adsorption on the nanoparticle is controlled by the hydrophobicity of 

the polymer and the specific surface area of the particle (Couvreur and Vauthier, 1991). 

Nanocapsules are obtained from interfacial polymerisation or polycondensation reactions 

of monomers in emulsions. The polymerisation of the monomer is expected to take place 

at the oil-water interface to produce nanocapsules. The monomers are solubilized in the 

water-miscible aqueous phase and then dispersed in water-containing surfactants. 

Polymerisation will be initiated at the interface which is initiated by ions in the aqueous 

phase (Barratt et al., 2001). 

Aggregation of amphiphilic copolymers in aqueous media leads to the formation of 

spheroid polymeric micelles with a hydrophilic shell and hydrophobic core. These 

particles can be tuned to respond to external stimuli like pH, light, temperature, magnetic 

field, electric field etc. The influence of external factors regulates the release of drug 

molecules out of the micelle. Dendrimers are another class of tree-like polymers. 

Dendrimers possess a loosely packed core and tightly packed periphery structure and thus 

the core holds drug molecules. Poly(amidoamine) or PAMAM is extensively used for the 

synthesis of dendrimers (Masserini, 2013).  

2.6.4 Electrospinning 

Electrospinning is a widely used method to fabricate nano and micro-sized fibres from 

polymer solutions using electrostatic force (figure 7). Electrospun nanofibres have been 

widely investigated for biomedical applications, filtration, sensor applications and 

electrical applications because of several advantages like high surface-to-volume ratio, 

controllable porosity, and controllable properties by adjusting spinning parameters. 
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Natural, semi-synthetic and synthetic polymers have been exploited for fabricating 

electrospun fibres (Bhardwaj and Kundu, 2010).  

Electrospinning setups can be classified into two – horizontal and vertical. With the 

expansion of the technology, various research groups have come forward with other 

sophisticated methods to fabricate complex nanofibrous structures (Stankus et al., 2006). 

Typically, an electrospinning setup consists of a spinneret, a high-voltage power supply 

and a grounded collector ( rotating mandrel, plate etc) (Liang et al., 2007). The polymer 

droplet at the end of the capillary tube will be held spherical by its surface tension. When 

the applied potential difference reaches a critical point and overcomes the surface tension 

of the droplet, a charged get will be ejected from the Taylor cone and further cause 

whipping of unstable jet between the spinneret and collector. During this whipping 

Figure 7 Diagrammatic representation of methods of preparation of drug delivery systems: - 1) 

Freeze-drying 2) Solvent casting 3) Nanoparticle preparation 4) Electrospinning 
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motion, the highly volatile solvent will get evaporated leaving the polymer fibre alone 

over the collector (Taylor, 1969).   

Electrospun materials are advised for drug delivery applications because of high loading 

and entrapment efficiency, ability to regulate release, process simplicity and cost-

effectiveness (Chou et al., 2015).  Simple blend electrospinning, co-electrospinning, side-

by-side electrospinning, co-axial electrospinning and emulsion electrospinning are the 

various types of electrospinning setups used for fabricating drug-loaded fibres. 

Traditional electrospinning in which drug molecules are mixed with the polymer solution 

leads to the formation of drug-loaded nano fibres. Co-electrospinning includes two 

separate spinneret systems loaded with different polymer solutions and spun at the same 

time to a single collector. Unlike the co-electrospinning system, the side-by-side 

approach forms bicomponent fibres that had properties of both polymeric components. 

In this case, two polymer solutions meet up only at the terminal of the spinneret. Co-axial 

electrospinning is the technique to produce core-shell-like fibres from a concentric 

spinneret. Different polymers are filled in the inner and outer chambers where the 

electrostatic field is applied in both and facilitate electrostatic perturbations in both 

solutions. Drug-encapsulated nanofibres have been reported to be fabricated by co-axial 

electrospinning in which drug-loaded polymer is filled in the inner core and the protective 

polymer is filled in the outer core (Hu et al., 2014). Emulsion electrospinning also results 

in the formation of core-shell-like fibres where agglomeration of emulsion droplets 

occurs in the core and the polymer forms the outer shell (Yarin, 2011).    
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2.7 ELECTROSPUN POLYMERS FOR BUCCAL AND NASAL 

ADHESIVE DRUG DELIVERY 

The development of electrospun polymeric matrices particularly for buccal and nasal 

adhesive drug delivery is the area of interest of this research work. The advantage of 

mucoadhesive nanofibres in drug delivery is that they facilitate a controlled rate of drug 

delivery either through polymer degradation or diffusion from the polymeric matrix. The 

mucoadhesive electrospun patches are also flexible enough and hence could be positioned 

in any part of mucosa (Pérez-González et al., 2019). Various mucoadhesive dosage forms 

are under investigation for buccal adhesive drug delivery among which, buccal patches 

developed through electrospinning offer great flexibility and comfort (Rohani Shirvan et 

al., 2019). The buccal route of drug administration is preferred because of its high 

administrability and milder environment for drug absorption (Mann et al., 2022). Even 

though the nasal mucosa site provides fast permeation of drugs across mucosa to the CNS 

and systemic circulation, only a few studies have reported electrospun matrices for nasal 

adhesive drug delivery. This is due to the lesser area of absorption and the lack of 

comfortability of the patient. However, reported literature results support the potential of 

an electrospun nasal adhesive drug delivery system and prove the improved 

bioavailability after nasal administration (Lee et al., 2017; Pérez-González et al., 2019). 

2.8 ZEIN 

Zein is a biocompatible polymer extracted from a major seed storage protein in corn. It 

is one of the known hydrophobic proteins due to the presence of nonpolar amino acids 

like leucine, proline etc. It is light cream coloured with a dielectric constant in the range 

of 4.9 to 5.0. The glass transition temperature of zein is 165 °C and molecular weight 

varies from 9.6 to 44 kDa.  (Paliwal and Palakurthi, 2014). Apart from biocompatibility, 
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zein has been extensively studied for its properties like elasticity and film-forming 

properties which make it suitable for controlled drug delivery, coating, and fabrication of 

fibrous membranes, films and plastics (Deng et al., 2018). Zein as a drug delivery system 

has been investigated for the release of proteins, peptides, vaccine delivery and DNA 

transfection. Zein is insoluble in water but soluble in an aqueous alcohol solution, 

therefore, can be easily precipitated by an anti-solvent approach to prepare nanoparticles 

(Paliwal and Palakurthi, 2014). Zein possesses a helical protein conformation in which 

nine homologous anti-parallel repeating units are stabilized by hydrogen bonds (SB Yang 

et al., 2016).  

Table 1 Electrospinning parameters of zein in different solvent systems and the corresponding 

shape of fibres obtained 

2.8.1 Electrospinning zein 

Electrospinning of zein has been widely studied using various solvent systems like acetic 

acid, ethanol/water mixture, isopropyl alcohol/water mixture, methanol/water, and 

hexafluoro isopropyl alcohol (Miyoshi et al., 2005; Selling, Biswas, et al., 2007). The 

Solvent Concentration (wt %) Voltage (kV) Fibre shape 

60:40 EtOH/H2O 27 20 Ribbon 

70:30 EtOH/H2O 27 20 Ribbon 

80:20 EtOH/H2O 27 20 Ribbon 

90:10 EtOH/H2O 27 20 Ribbon 

60:40 IPA/H2O 27 20 Ribbon 

80:20 IPA/H2O 27 20 Ribbon 

80:20 MeOH/H2O 30 20 Ribbon 

Acetic acid 25 20 Round 

Acetic acid 30 20 Ribbon 
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electrospinning conditions and properties of zein solutions which have been explored yet 

are listed in the table above. The fibres prepared in ethanol/water mixture and 

isopropanol/water mixture were reported to be ribbon-like whereas those prepared in 

acetic acid are round in morphology at lower concentrations and ribbon-shaped at higher 

concentrations. This is expected to be due to the different evaporation speeds of the 

solvent. The evaporation of the solvent leads to a pressure difference between the inner 

and outer space of the fibre and causes tubular structure collapse. An increase in the 

concentration of the solution causes increased pressure difference and that’s why a higher 

concentration of zein in acetic acid produce flat ribbon-shaped fibres (Li et al., 2013). 

Comprehensive information regarding the shape of the electrospun fibre of zein using 

different solvent systems is given in table 1.  

2.8.2 Crosslinking of zein 

Electrospun membranes of zein possess mechanical limitations like brittleness and low 

water stability. The nanofibres spun in aqueous ethanol don’t permit the unfolding of zein 

protein conformation in such a way that bulky side groups of protein structure prevent 

ordered alignment. Due to plasticizing effect of water on zein, the nanofibres immediately 

swell, collapse and become film-like in aqueous conditions (Surendranath, Rajalekshmi, 

et al., 2022). Crosslinking can improve the water stability of zein matrices. Different 

crosslinking agents are available to crosslink zein.  

Conventional crosslinking agents like formaldehyde and glutaraldehyde are practised by 

different groups. But the toxicity of the vapour used for crosslinking diminishes its 

excellency. As zein is a protein and possesses free amino groups, non-cytotoxic agents 

like polycarboxylic acids eg: citric acid, maleic acid (Yang et al., 1996), or free aldehyde-

containing compounds eg: glucose, oxidized sucrose (P Liu et al., 2015; Xu et al., 2015) 

glyoxal (Selling et al., 2012), etc are recommended. But the main disadvantages of these 
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methods are time consumption and the use of high temperatures. These cross-linking 

techniques involve two stages, pre-crosslinking and post-crosslinking. Post-crosslinking 

is always a heating treatment for annealing modification of new chemical crosslinks 

formed. Polycarboxylic acid crosslinking demands heating around 120 °C and aldehyde 

group crosslinking favours heating at 150-170 °C (Koombhongse et al., 2001; Selling et 

al., 2012). Another crosslinking mechanism proposed by Reddy et al is alkali-catalyzed 

wet crosslinking (Reddy et al., 2009). In this mechanism, the crosslinking solution won’t 

be added to the spinning dope and crosslinking will be done after electrospinning. But 

the matrix obtained after such a mechanism would be film-like and fails to satisfy the 

tasks of a porous electrospun matrix.  

2.9 POLYETHYLENE OXIDE (PEO) 

Polyethene oxide (PEO) is a crystalline, thermoplastic polymer with a chemical formula 

H-(OCH2CH2)n-OH. It is a water-soluble polymer commercially available in a wide range 

of molecular weights from 200 to several million. Low molecular weight members of this 

group are generally known as polyethene glycol (PEG) and higher molecular weight 

members are known as polyethene oxide or polyoxyethylene (Lee et al., 1995). PEO is 

usually synthesized from the ring-opening polymerization of ethylene oxide (Stephan and 

Thomas, 2009). PEO has been well explored in various biomedical studies because of its 

non-toxic and non-immunogenic properties (Ottenbrite and Javan, 2005).  The suitable 

solvents for electrospinning PEO are chloroform, ethanol, dimethyl formamide and 

water. Nanofibrous membranes of PEO were obtained from 3, 4, 7, and 7 wt% solutions 

in chloroform, ethanol, DMF and water respectively (Son et al., 2004).  

Deitzel et al have reported electrospinning of PEO alone (Deitzel et al., 2001) and Son et 

al also probed into the effect of solution properties and polyelectrolyte on PEO 
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electrospinning. Yang et al have reported their study on the influence of environmental 

parameters on the electrospinning of PEO (Yang et al., 2006). Along with electrospinning 

of individual solutions of PEO, various blend solutions have also been evaluated to 

improve properties. Kianfar et al have developed photocrosslinked nanofibre mats 

containing a chitosan/PEO blend. The polycationic nature of chitosan always delimited 

its electrospinning ability which can be overcome by blending with PEO. Photo-

crosslinking has caused improvement in water stability and thermal properties (Kianfar 

et al., 2019). Another blend of PEO with silk fibroin was prepared by Lan et al for 

antibacterial activity. Silk fibroin is a known polymer with good biocompatibility and 

biodegradability. The brittleness of silk fibroin has improved by blending with PEO. 

Moreover, silk fibroin/PEO blending has caused an excellent sustained release profile of 

gentamicin from the membrane (Lan et al., 2022).  

2.10    POLYVINYL PYRROLIDONE (PVP) 

Polyvinyl pyrrolidone is a linear polymer synthesized from 1-vinyl-2-pyrrolidone 

monomer units (Nair, 1998). Almost 80 years ago, PVP was first reported in a patent 

(Kurakula and Rao, 2020) by a German Scientist Walter J. Reppe.  It is a water-soluble, 

stable and hygroscopic polymer. It is an amorphous fragile synthetic material used in a 

variety of applications (Ingole and Kumbharkhane, 2021). PVP possess excellent 

physiological compatibility, adhesion, complexation properties and low chemical toxicity 

(Yang et al., 2004). PVP possess amphiphilic properties owing to the presence of a polar 

lactam group and non-polar methylene moiety (Koczkur et al., 2015).  Bognitzki et al 

first reported electrospinning of PVP polymer solution in 2001. They have prepared 

polylactide/PVP blend fibres using electrospinning (Bognitzki et al., 2001). Ethanol has 

been recommended as a single solvent system to electrospun PVP alone. Ethanol/DMF 
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50:50 mixture is also recommended for producing electrospun nanofibres of PVP. 

Electrospinning of PVP has been reported to happen within a concentration range of 4-

10 % (w/v) which will slightly vary depending on the solvent system used (Yang et al., 

2004).  

Electrospun fibres of PVP have been extensively investigated for loading and delivering 

drug molecules. Ibuprofen-loaded fibres have been developed in 2009 by Yu et al as an 

oral fast-dissolving drug delivery system. The major advantage of PVP lies in the fact 

that it is a good carrier for the delivery of poorly water-soluble drugs as the drug-loaded 

membrane will dissolve in water immediately (Yu et al., 2009). 3-

aminopropyltriethoxysilane functionalized PVP fibres have been studied for the pH-

dependent release of curcumin and observed a moderate initial burst release followed by 

a sustained release (Kurniawan et al., 2017).  

2.11   PROPRANOLOL HYDROCHLORIDE (PL) 

Propranolol hydrochloride is a non-selective beta-adrenergic blocking drug which 

competitively inhibits the effects of catecholamines at the beta-adrenergic receptor. 

Propranolol is a white-coloured crystalline solid with a molecular weight of 295.80 amu 

and is readily soluble in water and ethanol. It is widely used to treat antihypertensive 

disorders (Javadzadeh et al., 2008). The antihypertensive action of propranolol includes 

decreasing cardiac output, inhibiting renin release and restricting synthetic nerve outflow 

from vasomotor centres in the brain. Propranolol is a lipophilic molecule and undergoes 

first-pass metabolism in the liver. The oral bioavailability of propranolol has been 

reported as 25 %. The peak plasma concentration of propranolol occurs about 1 to 4 hours 

after oral administration. The metabolism of propranolol mainly follows three routes- 

aromatic hydroxylation, N-dealkylation and side-chain oxidation. The major metabolites 
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of propranolol are propranolol glucuronide, naphthyloxylactic acid, glucuronic acid and 

sulfate conjugates of 4-hydroxy propranolol.  

Sahoo et al have made a comparative study of propranolol hydrochloride release from a 

hydrophilic matric tablet developed from hydroxypropyl methylcellulose (HPMC) or 

Kollidone® SR. The release of propranolol from HPMC followed a first-order kinetics 

and the same from Kollidone® SR followed a zero-order kinetics (Sahoo et al., 2008). A 

comparative evaluation of the release profile of propranolol from uniaxially and co-

axially electrospun matrices was evaluated by Oliveira et al. Poly(cyclodextrin) and poly 

(methacrylic acid) were electrospun to develop a delivery system for propranolol. The 

annealing process between poly(cyclodextrin) and poly (methacrylic acid) facilitated the 

formation of hydrophobic nanofibres to release propranolol. Uni-axially spun fibres 

exhibited burst release which was overcome by co-axially spun fibres (Oliveira et al., 

2015). Another group of researchers reported an adhesive mat based on polyvinyl alcohol 

developed through an electrospinning technique for oral mucosal delivery of propranolol 

in paediatric patients (Pérez-González et al., 2022).   

2.12   SCOPE AND OBJECTIVE OF THE PRESENT WORK 

Several attempts have already been made to develop and evaluate electrospun membranes 

for mucoadhesive drug delivery applications using various available polymers. Zein 

protein is Generally Recognized As Safe and FDA approved for human applications 

(Kariduraganavar et al., 2019). The weak mechanical properties of electrospun zein 

membranes constrained the exploration of its potential applications. Hence, the potential 

of zein protein for mucoadhesive drug delivery has been less investigated. If it is possible 

to develop a mechanically sound, fibroporous electrospun membrane of zein for 

mucoadhesive applications, it would be a new information to add to the existing 
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knowledge. Additionally, mucoadhesive drug delivery formulations would be benefitting 

patients with improved bioavailability of drug and advantages of a non-invasive 

technique.  

In that scenario, the objectives of the present scenario have been formulated as listed 

below. 

1. To develop zein electrospun matrix strengthened by crosslinking and blending.  

2. To study various drugs used for the treatment of cardiac-neuro diseases and select 

those which are having low bioavailability. And load the selected drug into the 

electrospun polymer matrix.  

3. To study the drug release kinetics.  

4. To study the mucoadhesive capacity of the polymer matrix.  

5. To study the physico-chemical characteristics of the polymer matrix.  

6. To study the cell- material interactions of the polymer matrix.  

The primary objective of the foregoing research is to overcome the mechanical 

shortcomings of electrospun zein membranes by various methods like blending, 

crosslinking etc. The study also evaluates the possible functional modifications of zein to 

improve its mucoadhesive properties. This study involves blending zein with PEO or 

PVP for improving the mechanical as well as mucoadhesive properties of electrospun 

membranes. Physical crosslinking mechanisms like UV crosslinking and thermal 

crosslinking have been employed in this work as post-crosslinking techniques. Apart 

from simple polymer blending and physical crosslinking, functional modification has 

also been investigated. Thiol modification, boronic acid modification and mucin 

incorporation have been evaluated for electrospun membranes of zein blends.  
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Propranolol hydrochloride has been chosen for the current study to incorporate in 

electrospun membrane of zein blend or modified zein blend. The rationale for choosing 

propranolol hydrochloride is its low oral bioavailability, which is around 25 %. It is 

expected that the mucosal delivery of propranolol hydrochloride increases its 

bioavailability and consequently dosage frequency can be reduced. Propranolol 

hydrochloride being an antihypertensive drug, its mucoadhesive delivery will be a boon 

to the patients suffering from dysphagia conditions related to Parkinsons disease.  

Drug release studies will be carried out in PBS medium of pH 7.4, in-vitro conditions 

through RPMI 2650 cells and ex-vivo conditions through porcine buccal mucosa. The 

mucoadhesive properties of the optimized electrospun membranes will be evaluated in 

porcine buccal mucosa using Texture analysis. Chemical characterizations like FTIR, 

UV, XPS, CD, Raman spectroscopies will be done. Thermal characterizations like TGA, 

DSC and DMA will also be done along with mechanical characterisation using UTM. 

Surface morphology will be evaluated using SEM and surface wettability will be also 

analysed. 

The electrospun membranes with and without drug loading will be subjected to 

cytocompatibility evaluation using RPMI 2650 cells. Direct contact assay, MTT assay 

and Live/dead assay will be done. The influence of material on the epithelial integrity of 

RPMI 2650 cells will be investigated using F-actin staining, immunostaining of β-catenin 

protein of adherens junction and TEER (%) evaluation.   
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3 MATERIALS AND METHODS 

3.1 MATERIALS 

The materials used in this research work is listed below in table 2 with specifications and 

source.  

Table 2 Name, specifications and source of materials used in the research work 

Sl.No Material Grade/Specifications Source 

1.  3-aminophenyl boronic acid 

monohydrate 

Purified powder Sigma Aldrich, 

USA 

2.  5,5-Dithiobis(2-nitrobenzoic 

acid) 

Ellman’s reagent, 

Minimum assay: 97.0 % 

Himedia, India 

3.  Antibiotic-antimycotic 

solution (100X) 

Contains 10,000 units of 

Penicillin, 10,000 µg of 

Streptomycin and 25 μg 

of Amphotericin B in a 

0.85 % saline solution. 

Effective against bacteria, 

fungi and yeast. 

Genetix, Cell 

Clone, India 

4.  Borax ACS Reagent ≥ 99.5 % Sigma Aldrich, 

USA 

5.  Boric acid ≥ 99 % Merck, India 

6.  Calcium chloride Fused, for elementary 

analysis 

Sd fine 

Chemicals Ltd, 

India 

7.  Cysteine hydrochloride 

monohydrate 

European Pharmacopeia 

Reference Standard 

Sigma Aldrich, 

USA 

8.  Dipotassium hydrogen 

phosphate 

Pro analysis  Merck, India 

9.  Disodium hydrogen 

phosphate 

Anhydrous for analysis 

EMSURE®, ACS 

Reag.Ph Eur 

Merck, India 
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10.  DMSO For DNA and peptide 

synthesis 

Merck, India 

11.  Dulbecco modified Eagle’s 

Medium (DMEM-HG) 

With high glucose, L-

glutamine and sodium 

pyruvate 

Sigma Aldrich, 

USA 

12.  Ethanol 95 % purity Himedia, India 

13.  Fetal Bovine Serum (FBS) South American Origin Genetix, Cell 

Clone, India 

14.  Goat anti-mouse polyclonal 

antibody 

Goat pAb to Ms Ig G- 

Alexa Fluor® 488 

Abcam 

15.  Hoechst 33258 10 μg/mL solution Origin Lab, 

India 

16.  Hydrochloric acid ACS reagent, 37 % Merck, India 

17.  Live dead kit Double stain apoptosis 

detection kit,(Acridine 

orange/Ethidium 

bromide) 

Origin Lab, 

India 

18.  Magnesium chloride 

hexahydrate 

For analysis EMSURE® 

ISO 

Merck, India 

19.  Magnesium sulfate 

heptahydrate 

Pure, for analysis Merck, India 

20.  Monoclonal anti-beta catenin 

antibody 

Puregene Genetix, India 

21.  MTT reagent A Study of cell and 

mitochondrial health 

Himedia, India 

22.  Mucin from porcine stomach Type III, bound sialic 

acid 0.5-1.5 %, partially 

purified powder 

Sigma Aldrich, 

USA 

23.  N-(3-dimethylaminopropyl)-

N’-ethylcarbodiimide 

hydrochloride (EDAC or 

EDC) 

Commercial grade, 

powder 

Sigma Aldrich, 

USA 
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24.  Paraformaldehyde (PFA) Reagent grade, crystalline Sigma Aldrich, 

USA 

25.  PEO Average Mv = 6,00,000 

Inhibited with 200-500 

ppm, BHT 

Sigma Aldrich, 

USA 

26.  Phenol For molecular biology Merck, India 

27.  Picrylsulfonic acid solution 

(TNBS) 

5 %(w/v) in H2O, 

Bioreagent suitable for 

the determination of 

primary amines 

Sigma Aldrich, 

USA 

28.  Potassium chloride For analysis EMSURE® 

ISO 

Merck, India 

29.  Potassium dihydrogren 

phosphate 

For analysis EMSURE® 

ISO 

Merck, India 

30.  Propranolol hydrochloride Industrial grade Microlabs 

Limited, India 

31.  PVP Average mol wt 3,60,000 Sigma Aldrich, 

USA 

32.  Rhodamine/phallloidin Invitrogen Thermo Fisher 

scientific 

33.  RPMI 2650 Nasal septum epithelial 

cells of a 52-year-old 

male patient with 

squamous cell carcinoma 

NCCS, Pune, 

India 

34.  Sodium chloride EMSURE® Merck, India 

35.  Sodium hydrogen carbonate For analysis Merck, India 

36.  Sodium hydroxide Pellets for analysis Merck, India 

37.  Trans well inserts Polycarbonate 

membrane, pore size 0.4 

μm, Growth area 0.33 

cm2 

Himedia, India 

38.  Trypsin-EDTA 0.25 % Contains 0.05 % Trypsin 

and 1 mM EDTA in 

Himedia, India 
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Hank’s Balanced Salt 

Solution without calcium 

and magnesium sterile 

filtered Porcine 

parvovirus and 

mycoplasma tested.  

39.  Zein Biological source maize, 

powder 

Sigma Aldrich, 

USA 

40.  α-D-glucose Anhydrous 96 % Sigma Aldrich, 

USA 

3.2 METHODS 

3.2.1 Synthesis of modified zein polymer 

3.2.1.1 Thiol modification of zein 

Thiol modification of zein was carried out using cysteine amino acid. The basic 

mechanism behind the modification is the conjugation reaction between amino group of 

zein and carboxyl group of cysteine via EDC crosslinking to set more thiol groups free 

on the polymer chain of zein. A 30 % (w/v) of zein solution was prepared in 8:2 

EtOH/H2O solvent at room temperature by magnetic stirring. The carboxylic acid groups 

of zein were activated for conjugation by adding 1-ethyl (dimethyl aminopropyl) 

carbodiimide (EDC) of 2 mM concentration. EDC of volume 20 µL was added by 

dissolving in KH2PO4 buffer of pH 8 (Majzoob et al., 2006). The activation reaction was 

continued for 45 min and later L-cysteine hydrochloride was added with concentration 5, 

10, 15, 30 and 50 % (w/w). The solution was then stirred at room temperature again till 

complete dissolution. The solution was then solvent casted at 40 °C in air oven. The EDC 

crosslinking involves the formation of isourea by product at the end of the reaction which 

has to be removed off. Since zein is a water insoluble polymer system the isourea removal 



 

 

SCTIMST, Trivandrum  58 

 

was done so easy by washing the casted film in water. The washing was continued until 

the UV absorption peak of isourea vanishes in the washed off water samples. The washed 

film was then dried at 40 °C in air oven, crushed into small pieces and stored at room 

temperature.  

3.2.1.2 Mucin crosslinking of zein 

Mucin is a glycoprotein present in the mucosa of mucosal tissue surface. Mucin from 

porcine stomach was purchased and crosslinked with zein via EDC crosslinking. A 15 % 

(w/v) of zein solution was prepared in 7 mL EtOH. Another solution of mucin of 

concentration 0.5 % and 1 % (w/v) (0.5 g, and 1 g respectively) was prepared in 3 mL 

phosphate buffered saline (PBS) of pH 7.4 at room temperature. EDC was prepared of 

concentration of 2 mM and added to mucin solution. The EDC activation reaction was 

continued for 45 min by magnetic stirring. After activation, mucin and zein solutions 

were mixed by keeping the magnetic stirring on for one solution and stirred well till 

thorough mixing. The solution was then casted at 40 °C overnight. In this modification 

also, isourea by product of EDC activation has to be removed off, for which casted film 

was washed with distilled water isourea peak in UV spectra disappears. The washed film 

was again dried, crushed into small pieces and stored at room temperature.  Mucin 

crosslinked zein films were represented as MUZ.  

3.2.2 Preparation of polymer solution 

3.2.2.1 Zein/PEO blend solution 

The blend solution of zein with PEO was prepared in 8:2 EtOH/H2O solvent mixture. 

Initially, zein solution of 30 % (w/v) concentration was prepared in 10 mL 8:2 EtOH/H2O 

solvent at room temperature by magnetic stirring. To the above solution 5 % (w/w) of 

polyethylene oxide (PEO) was added and dissolved well.  
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3.2.2.2 Thiol-modified Zein/PEO solution 

For all five compositions of thiol-modified zein, 33 % (w/v) was taken and dissolved in 

10 mL of 8:2 EtOH/H2O. Polyethylene oxide (PEO) was then added to the above solution 

in 3 % (w/w) concentration corresponding to the weight of zein in each composition. The 

whole mixture was dissolved well under magnetic stirring. 

3.2.2.3 Zein/PVP solution 

Zein solution of concentration 15 % (w/v) was prepared in 10 mL EtOH. 

Polyvinylpyrrolidone (PVP) of 5 % concentration (w/v) was added to the zein solution 

and mixed under magnetic stirring at room temperature. 

3.2.2.4 Mucin crosslinked Zein/PVP solution 

Mucin crosslinked zein film pieces were taken of weight 1.55 g and 1.6 g for three 

compositions crosslinked with 0.5 g mucin and 1 g mucin respectively. The film pieces 

were dissolved well in 10 mL 7:3 EtOH/PBS solvent mixture at room temperature. After 

completely dissolving the film, 5 % (w/v) of Polyvinylpyrrolidone (PVP) was added to 

the above and stirred well. The solution was designated as MUZPVP. 

3.2.2.5 Zein/APBA conjugated PVP solution 

3-aminophenyl boronic acid (APBA) was weighed out and dissolved in 10 mL EtOH at 

room temperature to prepare 10 mM, 20mM and 50 mM concentration solutions. 5 % 

(w/v) of PVP was added to the above solution and stirred under room temperature. 

Subsequently, 15 % (w/v) of zein was added to the solution and dissolved well.  

3.2.3 Drug loading in the polymer solution 

From reference literature it is concluded that propranolol hydrochloride (PL) have the 

non-cytotoxic concentrations of PL which falls in the range of 0.01 mM to 0.05 mM 
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(Hajighasemi and Mirshafiey, 2009). PL was loaded in five concentrations (0.01 mM, 

0.02 mM, 0.03 mM, 0.04 mM and 0.05 mM) to all the above four polymer solutions prior 

electrospinning.  

3.2.4 Electrospinning of polymer solution 

The electrospinning of five of the polymer solutions mentioned above were carried out 

using 10 mL syringe fixed in KD Scientific Pump. High voltage was applied on the 

syringe needle for the formation of nanofibres using high-voltage power supply from 

Zeonics Systech, Bangalore (Surendranath, Rajalekshmi, et al., 2022). The various 

electrospinning parameters are listed in the table 3 below. 

Table 3 Electrospinning parameters for various electrospun membrane systems 

3.2.5 Post-electrospinning crosslinking technique 

3.2.5.1 UV crosslinking of electrospun Zein/PEO membrane 

The crosslinking of Zein/PEO electrospun membrane was done after electrospinning via 

UV irradiation. The electrospun membrane was placed in an UV chamber fixed with UV 

light of intensity 180 µW/cm2 (Toshiba FL15sbl, 350 nm, 15W). The UV treatment was 

Polymer solution Flow 

rate 

Applied 

voltage 

Mandrel 

rotation 

speed 

Syringe 

needle 

used 

Distance 

Zein/PEO 5 mL/h 16 kV 1500 rpm 18 gauge 10 cm 

Thiol-modified 

Zein/PEO 

5 mL/h 15 kV 1500 rpm 18 gauge 10 cm 

Zein/PVP 5 mL/h 15 kV 1500 rpm 18 gauge 10 cm 

Mucin crosslinked 

Zein/PVP 

5 mL/h 15 kV 1500 rpm 18 gauge 10 cm 

Zein/APBA 

conjugated PVP 

5 mL/h 15 kV 1500 rpm 18 gauge 10 cm 
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done for 24 h and the material was stored at room temperature in self-lock cover after 

treatment. 

3.2.5.2 Thermal crosslinking of electrospun Zein/PVP membrane 

The physical crosslinking technique adopted for polyvinylpyrrolidone is thermal 

treatment. After electrospinning the membrane was placed in OV-11 vacuum oven for 10 

h at 120 °C. After thermal crosslinking the material was taken off and stored in a self-

lock cover at room temperature.    

3.2.5.3 Thermal crosslinking of electrospun mucin crosslinked 

Zein/PVP membrane 

The mucin crosslinked Zein/PVP electrospun membrane also requires a post-

electrospinning physical crosslinking for which thermal treatment is preferred. The 

electrospun membrane was placed in OV-11 vacuum oven at 100 °C for 10 h. The 

crosslinked sample was kept in a self-lock cover and stored at room temperature.  

3.2.6 Characterization methods 

3.2.6.1 Physico-chemical characterizations 

3.2.6.1.1 Scanning Electron Microscopy (SEM) 

The surface morphology of the electrospun samples were analysed using scanning 

electron microscopy. The polymer samples were gold coated prior to make them 

conductive using Hitachi, E-1010 Ion sputter. Scanning electron microscope (FEI Quanta 

200, Netherlands) was used to image surface morphology of the membrane by placing 

the samples on an aluminium stub under vacuum. SEM images were subjected to imageJ 

analysis to find out fibre diameter, directionality and fibre orientation.  
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3.2.6.1.2 Fourier Transform Infrared (FTIR) Spectroscopy 

The degree of modification, extent of crosslinking and chemical composition of samples 

were evaluated based on Fourier Transform Infrared (FTIR) spectroscopy. Attenuated 

Total Reflectance (ATR) method was adopted for the analysis. Samples were evaluated 

in the form of electrospun polymer sheet, powder etc. The spectra were recorded in the 

range of 4000 – 400 cm-1 using PerkinElmer Series Spectrum two (USA).  

3.2.6.1.3 Raman Spectroscopy 

Raman spectroscopy was done to evaluate chemical composition of the polymer samples 

used. The Raman spectra was analysed using method adopted from Witec Manual. The 

instrument was calibrated using silicon calibration standard before experiment. The 

samples were immersed in water in a glass petri dish which is placed on the microscope 

table and observed using 60x water immersion objective and focused. Confocal Raman 

Microscope, alpha 300A, Witec Inc. Germany was used for imaging. The sample was 

then excited using 532 nm Laser and the spectra was recorded. The integration time was 

2 s. The grating used was 600 lines/mm.  

3.2.6.1.4 Circular Dichroism (CD) Spectroscopy 

The circular dichroism spectroscopy was performed using Jasco 810 spectrometer 

equipped with Peltier thermostatic cell holders. The CD spectra was recorded as θ in 

millidegrees. Electrospun samples of interest were dissolved in appropriate solvents to 

perform the spectroscopy analysis. The measurements were taken by scanning within the 

range of 200 – 400 nm (Surendranath, Rajalekshmi, et al., 2022).  
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3.2.6.1.5 Porosity Analysis 

The percentage of porosity was analysed by density method of calculation. Replicates of 

samples (n=6) were cut in the shape of disc having 2 cm diameter and weighed. The 

porosity was calculated by the equation 3 (Remya et al., 2018; Zhang et al., 2014), 

𝑷𝒐𝒓𝒐𝒔𝒊𝒕𝒚 (%) =  (𝟏 −
𝒅

𝑫
) × 𝟏𝟎𝟎   (3) 

Where d is the apparent density in g/cm3 which is devoid of the density of the pores. D is 

the bulk density and the ratio of difference of apparent and bulk density gives to the bulk 

density gives the percentage porosity. The d and D are calculated by the below equation, 

𝑫 =  
∑𝑴𝒂𝒔𝒔 𝒐𝒇 𝒊𝒏𝒅𝒊𝒗𝒖𝒅𝒖𝒂𝒍 𝒄𝒐𝒎𝒑𝒐𝒖𝒏𝒅𝒔

∑(
𝒎𝒂𝒔𝒔 𝒐𝒇 𝒊𝒏𝒅𝒊𝒗𝒖𝒅𝒖𝒂𝒍 𝒄𝒐𝒎𝒑𝒐𝒖𝒏𝒅

𝒅𝒆𝒏𝒔𝒊𝒕𝒚 𝒐𝒇 𝒊𝒏𝒅𝒊𝒗𝒖𝒅𝒖𝒂𝒍 𝒄𝒐𝒎𝒑𝒐𝒖𝒏𝒅⁄ )
                  (4) 

𝒅 =  
𝑾𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒔𝒑𝒖𝒏 𝒔𝒂𝒎𝒑𝒍𝒆

𝑨𝒓𝒆𝒂 (𝝅𝒓𝟐)×𝑻𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔(𝒉)
                                           (5) 

3.2.6.1.6 Water Contact Angle Analysis 

The wettability of polymer samples was analysed using casted films of the same. The 

polymer film was cut in 6 cm x 2 cm dimension and pasted on a glass slide. The contact 

angle was determined by adopting sessile drop method. OCA 15 Plus optical contact 

angle instrument was used for the analysis and images were obtained using SCA 20 

software. Five replicates of imaging and measurements were taken for each sample and 

the mean value was taken.  

3.2.6.1.7 Viscosity Measurement 

Viscosity of the polymer solutions were measured using Anton Paar, Rolling-ball micro 

viscometer (Lovis 2000 M/ME). The measurement was done using 2.5 mm capillary at 

37 °C with a rolling steel ball. The instrument measured the rolling time of the ball 

through the polymer solution based on Hoeppler’s falling ball principle. Dynamic 
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viscosity, kinematic viscosity and shear rate were recorded from the instrument and 

kinematic viscosity is reported.  

3.2.6.1.8 Ellman’s Assay 

The Ellman’s assay was done to quantitatively evaluate the concentration of thiol groups 

in a sample. Ellman’s reagent is chemically 5,5’-dithiobis-(2-nitrobenzoic acid) or DTNB 

in abbreviated form. The disulfide bond reacts with DTNB and get cleaved to 2-nitro-5-

thiobenzoate (TNB-) which further ionize to TNB2- at neutral and alkaline pH which gives 

a yellow colour. Cysteine amino acid containing thiol functional group was used as 

reference material for preparing standard calibration curve within concentration range 

500 µM to 15.6 µM. Ellman’s reagent was prepared in KH2PO4 buffer of pH 8 in 4 mg/mL 

concentration. The absorbance was measured at 412 nm with KH2PO4 buffer as blank.  

Thiol group estimation of desired samples was done by adding 100 µL of Ellman’s 

reagent to the 0.01 g sample taken. It was then diluted to 2000 µL using KH2PO4 buffer. 

The absorbance was then taken immediately without keeping it for incubation. The 

corresponding concentration of thiol groups was calculated from the trendline equation 

of calibration curve.  

3.2.6.1.9 TNBS Assay 

Trinitrobenzene sulfonic acid (TNBSA) was used to quantitatively estimate the amount 

of primary amino groups in the sample. The basic mechanism of the estimation technique 

is that the TNBSA reacts with primary amino group of samples under test to rapidly form 

a chromogenic derivative which is yellow-orange in colour. The absorbance of 

chromogenic derivative was measured at 420 nm. The simple amino acid glycine is used 

as the standard for the calibration curve within concentration range 2.5 µg/mL to 0.015 

µg/mL.  
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The estimation was done in borax-boric acid buffer of pH 9. The buffer was prepared by 

dissolving 0.47 g of boric acid and 0.25 g of borax in 100 mL distilled water and pH was 

adjusted to 9. The concentration of stock solution of TNBSA purchased was 5 % and it 

is diluted to 0.1 % using borax-boric acid buffer. The samples were weighed to 0.05 g 

and added with 500 µL of 0.1 % of TNBSA solution along with 1000 µL buffer and 

incubated at room temperature for 30 min. The coloured solution was then taken for UV 

spectroscopy to measure the absorbance. The solution was diluted to 10 times (300 µL 

sample solution and 2700 µL buffer) before measuring absorbance. The trendline 

equation of calibration curve was used to calculate the concentration of primary amino 

groups.  

3.2.6.1.10 UV spectroscopy for the quantification of degree of APBA conjugation 

Quantification of 3-aminophenyl boronic acid (APBA) was done using UV spectroscopy. 

The standard calibration curve of APBA in distilled water at 305 nm water prepared 

within 0 to 1 mM concentration. Pre-weighed samples were immersed in distilled water 

and UV absorbance was measured at pre-determined time periods at 305 nm. The 

corresponding concentration calculated from the calibration curve is the amount of APBA 

leached out from the samples. Triplicates of samples were evaluated. Degree of 

conjugation (%) was then calculated by the below equation 6.  

% 𝑫𝒆𝒈𝒓𝒆𝒆 𝒐𝒇 𝒄𝒐𝒏𝒋𝒖𝒈𝒂𝒕𝒊𝒐𝒏 =  (
𝑰𝒏𝒊𝒕𝒊𝒂𝒍 𝑨𝑷𝑩𝑨 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏−𝑳𝒆𝒂𝒄𝒉𝒆𝒅 𝒐𝒖𝒕 𝑨𝑷𝑩𝑨 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏

𝑰𝒏𝒊𝒕𝒊𝒂𝒍 𝑨𝑷𝑩𝑨 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏
) × 𝟏𝟎𝟎   (6) 

3.2.6.1.11 Thermogravimetric (TGA) Analysis 

The thermal stability and thermal decomposition of samples of interest were analysed 

using thermogravimetric analysis. Samples were taken in a sample container made of 

platinum cup and calcined alumina was taken as the reference material in another 

platinum cup container. Nitrogen atmosphere was maintained in the chamber and is 

heated from room temperature to 800 °C with a heating rate of 10 °C/min. The experiment 
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was done in SDT Q600 instrument. The output obtained was in terms of weight loss 

corresponding to temperature. Graph of percentage weight loss against temperature was 

plotted. The temperature corresponding to onset of weight loss and 50 % weight loss were 

noted. The pattern of thermal decomposition was also analysed. 

3.2.6.1.12 Differential Scanning Calorimetry (DSC) Analysis 

Differential Scanning Calorimetry is a technique to analyse the thermal properties of 

samples. ASTM standard D 3418-21 was used for the analysis in the instrument DSC 

Q20, USA. The entire analysis was carried out under nitrogen atmosphere and N2 gas was 

purged at a flow rate of 50 mL/min. The samples were weighed in a Tzero pan and sealed. 

The sample pan and reference pan were placed carefully on the front and rear platforms 

respectively in the Tzero cell. The temperature scan was done in the range of -50 °C to 

200 °C at a rate 10 °C/min. The DSC result gave information about glass transition 

temperature (Tg), melting temperature (Tm) and crystallization temperature (Tc).  

3.2.6.1.13 X-ray diffraction (XRD) Analysis 

X-ray diffraction (XRD) analysis was done in polymer samples to evaluate the 

crystallinity. Wide-angle X-ray Scattering measurement was carried out in XEUSS 

2DSAXS/WAXS system using a Genixmicro source from Xenocs operated at 50 kV and 

0.6 mA. The Cu Kα radiation (λ = 1.54 A0) was collimated with a FOX2D mirror and 

two pairs of scattering fewer slits from Xenocs. The 2D- patterns were recorded on a Mar 

345 image plate and processed using the Fit2D software. Silver behenate was used as 

standard material for calibration.  

3.2.6.1.14 X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) was used for the evaluation of elemental 

composition. Both survey spectra and high-resolution spectra were recorded using XPS, 
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PHI 5000 VersaProbe, II, ULVAC_PHI Inc.USA equipped with micro-focused 

monochromatic Al-Kα X-ray source. Survey spectra was recorded using 50 W power and 

187.85 eV pass energy. High resolution spectra were recorded at 46.95 eV pass energy. 

The data was processed using PHI’s Multipak software.  

3.2.6.1.15 Universal Testing Machine (UTM) Analysis 

The static mechanical properties of electrospun samples were analysed to evaluate the 

tensile strength, Youngs modulus and elongation at break (%). The analysis was carried 

out in Universal Testing Machine (UTM;Instron 3345, single column, UK). Dumbbell 

specimens were cut using pneumatic die cutter, ATS faar, Italy as per ISO 527-2 Type 

5B. The experiment was done using 100 N load cell under a crosshead speed of 18 

mm/min. A minimum of six specimens were analysed for each sample and stress-strain 

curve was obtained. All the required mechanical property informations were determined 

from the stress-strain result obtained.  

3.2.6.1.16 Dynamic Mechanical Analysis (DMA) 

Viscoelastic properties of polymer films are analysed using Dynamic Mechanical 

Analysis in Triton Thermoanalyzer DMA Tritec 2000. Tension mode of DMA analysis 

was used for sample testing. Samples of dimension 10 mm x 4 mm x 0.2 mm (L x W x 

H) were subjected to temperature sweep analysis from room temperature to 50 ºC at 1 Hz 

frequency. Storage modulus and tan delta versus temperature thermogram was plotted 

and analysed.  

3.2.6.1.17 Mucoadhesion study using Texture analysis 

Mucoadhesion was analysed using Texture analyser (TAXT Plus, Stable Micro Systems, 

UK). Samples were cut in 12 mm diameter disc shapes and attached to a probe using 

double sided adhesive tape. Carcass tissue of porcine buccal mucosa was collected 
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(IAEC/LAS/TR-005/Y20) and cut into 2 cm x 2 cm pieces before experiment. Mucosal 

tissue was mounted in a rig (Mucoadhesion Rig A/MUC) to which probe was lowered by 

applying a downward force of 50 g. The probe was allowed to stay on the surface of 

mucosa for 60 sec and then detached from the surface. The force required for the 

detachment was recorded. Force-distance curve was obtained from the Exponent 

software. The area under the curve denotes the work of adhesion.  

3.2.6.2 Drug release study 

3.2.6.2.1 Percentage of drug entrapment  

The drug entrapment was calculated by drug dissolution study. Samples of size 1 cm x 1 

cm were cut from the drug loaded electrospun membrane and dissolved in corresponding 

solvent system. The volume of solvent chosen is the same as the volume of polymer 

solution electrospun to prepare the membrane. Similarly, electrospun membranes without 

drug loaded was also dissolved in corresponding solvent system of volume equal to the 

electrospun polymer solution volume. Absorbance of propranolol hydrochloride loaded 

samples was measured at 290 nm with samples without drug dissolved in solvent as 

blank. Triplicates of measurements were taken for every formulation. The experimental 

concentration of entrapped drug was calculated from the absorbance based on trendline 

equation of calibration curve of propranolol hydrochloride. Electrospinning involves loss 

of certain amount of polymer due to fibre wastage hence the theoretical amount of drug 

loaded in the membrane won’t be the same as dissolved in the solution. Therefore, 

theoretical amount of drug loaded or expected amount of drug was calculated 

corresponding to the final weight of electrospun membrane as given in the equation 7 

below. The drug entrapment percentage is then calculated from the theoretical and 
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analysed amount of drug in the membrane. Drug entrapment was calculated for all the 

five formulations of each system by equation 8. 

𝑻𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍 𝒐𝒓 𝒆𝒙𝒑𝒆𝒄𝒕𝒆𝒅 𝒂𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒍𝒐𝒂𝒅𝒆𝒅 𝒊𝒏 𝒕𝒉𝒆 𝒎𝒆𝒎𝒃𝒓𝒂𝒏𝒆 =

        
𝑭𝒊𝒏𝒂𝒍 𝒘𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒎𝒆𝒎𝒃𝒓𝒂𝒏𝒆 ×𝒅𝒊𝒔𝒔𝒐𝒍𝒗𝒆𝒅 𝒂𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒅𝒓𝒖𝒈

𝑻𝒐𝒕𝒂𝒍 𝒘𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒑𝒐𝒍𝒚𝒎𝒆𝒓 𝒕𝒂𝒌𝒆𝒏 𝒇𝒐𝒓 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒔𝒑𝒊𝒏𝒏𝒊𝒏𝒈
                                                              (7) 

𝑫𝒓𝒖𝒈 𝒆𝒏𝒕𝒓𝒂𝒑𝒎𝒆𝒏𝒕 (%) =  
𝑨𝒏𝒂𝒍𝒚𝒔𝒆𝒅 𝒂𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒊𝒏 𝒕𝒉𝒆 𝒎𝒆𝒎𝒃𝒓𝒂𝒏𝒆

𝑻𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍 𝒂𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒊𝒏 𝒕𝒉𝒆 𝒎𝒆𝒎𝒃𝒓𝒂𝒏𝒆
 × 𝟏𝟎𝟎              (8) 

3.2.6.2.2 Percentage of drug loading capacity 

The loading capacity of a drug dosage formulation is the percentage weight of entrapped 

drug with respect to the total weight of membrane. The equation followed to calculate 

loading capacity (%) is given below. Loading capacity was calculated for all the five 

formulations of each system. 

𝑳𝒐𝒂𝒅𝒊𝒏𝒈 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 (%) =  
𝑨𝒏𝒂𝒍𝒚𝒔𝒆𝒅 𝒂𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒊𝒏 𝒕𝒉𝒆 𝒎𝒆𝒎𝒃𝒓𝒂𝒏𝒆

𝑻𝒐𝒕𝒂𝒍 𝒘𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒕𝒉𝒆 𝒎𝒆𝒎𝒃𝒓𝒂𝒏𝒆
 × 𝟏𝟎𝟎                   (9) 

3.2.6.2.3 Drug release kinetics 

The membrane with highest loading capacity was selected for drug release kinetic 

analysis. Cumulative drug release concentration and cumulative drug release percentage 

were calculated after measuring the concentration of drug released to PBS. Another 

calibration curve of propranolol hydrochloride was prepared in PBS medium for this 

analysis. Membrane samples were cut in 1 cm x 1 cm dimension and immersed in 5 mL 

PBS of pH 7.4. At each pre-determined time periods, 3 mL of PBS were taken out for 

UV -visible spectroscopy analysis and replenished with fresh 3 mL PBS. The absorbance 

was measured at 290 nm. Cumulated drug concentration and drug release (%) were 

plotted against time.  
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3.2.6.2.4 Mathematical model fitting of drug release 

The cumulative drug release percentage obtained was plotted against time and tried to fit 

with mathematical model of drug release. Up to 60 % of drug release data was chosen 

and fitted with mathematical equations of each mathematical model in Microsoft excel. 

Arbitrary values of constants were given for all models. The square deviation and sum of 

square deviation (SSD) of fitted value with real value obtained was calculated. Later, the 

sum of square deviation (SSD) was subjected to ‘solver’ operation in Excel by giving 

command to minimize the same by adjusting the value of constants of the equation. Once 

the SSD is solved, correlation coefficient (R2) of new fit value with real value of 

cumulative drug release (%) was calculated. The mathematical model showing maximum 

value of R2 was selected as the best fit model.  

3.2.6.3 Biological characterizations 

Biological evaluation of the membrane samples fabricated with and without drug loading 

was done in RPMI 2650 cells. RPMI 2650 cells were procured from National Centre for 

Cell Science (NCCS), Pune, India. RPMI 2650 cells belong to the class of epithelial 

(Kreft et al., 2015) cells collected from the nasal septum of a male patient with squamous 

cell carcinoma. RPMI 2650 cells were grown in High Glucose-Dulbecco modified Eagles 

Medium (DMEM) supplied from Sigma Aldrich supplemented with 10 % Fetal Bovine 

Serum (FBS) and 1 % antibiotic-antimycotic solution procured from Cellclone, India 

(Kürti et al., 2012).  

3.2.6.3.1 Direct contact assay 

Direct contact assay is the qualitative method of analysis of in-vitro cytotoxicity. 

Qualitative assessment of cytotoxicity of the materials was done in RPMI 2650 cells. 

Cells at a density of 1 x 105 cells/well were seeded in a 48 well plate and incubated at 

conditions - 37 °C, 5 % CO2 and 95 % humidity until confluency. Electrospun samples 
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cut in 4 mm diameter were sterilized under UV irradiation and placed over the cell 

monolayer. The material-cell system was then again incubated at conditions- 37 °C, 5 % 

CO2 and 95 % humidity for 24 h. Discs of tin coated PVC (Polyvinyl pyrrolidone) and 

UHMWPE (Ultra High Molecular Weight Polyethylene) treated cells were considered as 

the positive and negative control respectively. Six replicates of samples were analysed 

for each membrane system. After 24 h, phase contrast images of the material over cell 

monolayer were taken using Leica DMI 3000-B microscope to determine the cytotoxic 

influence of the material on the cell monolayer (Rajalekshmi et al., 2021).  

3.2.6.3.2 MTT Assay 

MTT assay is a quantitative cytotoxicity estimation technique. It is a colorimetric assay 

to measure the metabolic activity of cells and thus estimate the cell viability. MTT is 

chemically 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide. RPMI 2650 

cells were seeded in a 96 well plate at a density of 5 x 104 cells/well and incubated at 

conditions - 37 °C, 5 % CO2 and 95 % humidity until confluency. Materials were cut in 

such a way that the total surface area is 6 cm2
. Such samples were sterilized under UV 

irradiation and immersed in sterile 1 mL PBS or DMEM complete media for 24 h at 

conditions like 37 °C, 5 % CO2 and 95 % humidity. After 24 h, the extracts were 

collected. Once the cells achieve confluency, material extracts in PBS were added to the 

cell monolayer in the dilution ration of 1:10, where the dilution was done using 2X 

complete media. A minimum of six replicates were tested for each sample. After adding 

extracts, the cell-extract system was again incubated at 37 °C, 5 % CO2 and 95 % 

humidity for 24 h. MTT reagent was prepared in PBS at a concentration of 5 mg/mL. 

After 24 h of incubation 20 µL of MTT reagent was added to each well and incubated for 

4 h. Later, the reagent containing media was removed and the purple-coloured crystals in 

the wells are solubilized in 100 µL DMSO. The yellow coloured MTT dye will be 
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reduced to purple coloured formazan by the oxidoreductase enzymes in viable cells. 

Therefore, the amount of formazan complex formed will be representing the number of 

viable cells present. The quantity of formazan formed is determined by measuring the 

absorbance at 570 nm (Kumar et al., 2018). The negative control of the experiment was 

the cells without material treatment and positive control was the cells added with phenol. 

The percentage of cell viability was calculated from the equation 10 below. 

𝑪𝒆𝒍𝒍 𝒗𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚 (%) =
𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒐𝒇 𝒕𝒉𝒆 𝒎𝒂𝒕𝒆𝒓𝒊𝒂𝒍 𝒂𝒅𝒅𝒆𝒅 𝒄𝒆𝒍𝒍𝒔

𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒐𝒇 𝒕𝒉𝒆 𝒏𝒆𝒈𝒂𝒕𝒊𝒗𝒆 𝒄𝒐𝒏𝒕𝒓𝒐𝒍 𝒄𝒆𝒍𝒍𝒔
 × 𝟏𝟎𝟎            (10) 

3.2.6.3.3 Live/dead assay 

Live/dead assay is another technique for the qualitative evaluation of cytotoxicity via 

fluorescent imaging. Ethidium bromide/Acridine Orange (EtBr/AO) live/dead assay kit 

procured from Origin lab was used. Ethidium bromide stains the dead cells and visualize 

as red. Ethidium bromide is actually staining the nucleus of the dead cells because the 

dead cells lose the cytoplasmic membrane integrity. Acridine Orange selectively binds 

with the nucleic acid via intercalating with DNA and RNA through electrostatic 

interactions. RPMI 2650 cells were seeded in a 4 well plate at 1 x 105 cells/well density 

and incubated at 37 °C, 5 % CO2 and 95 % humidity till confluency. The material extracts 

were added over the cell monolayer and the extraction was done in PBS for 24 h with 

electrospun samples of total surface are 6 cm2. 10X dilution of the material extracts in 

2X complete culture media was added over the cells and incubated at 37 °C, 5 % CO2 

and 95 % humidity for another 24 h. After 24 h, the media was removed and the cells 

were stained using Ethidium bromide/Acridine Orange staining kit. The concentration of 

stock solution of both Ethidium bromide and Acridine Orange is 1 mg/mL. Both of the 

stains were diluted to 20 µg/mL and mixed in 1:1 ratio. The dilution of Ethidium bromide 

was done in water and that of Acridine Orange in AO dilution buffer. The mixture of 
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stains of volume 50 µL was added to each well and added with additional 200 µL PBS. 

Fluorescent images were taken immediately within 10 min in Leica DMI 3000-B.  

Excitation and emission wavelength of Ethidium bromide are 301 nm and 603 nm 

respectively. The same for Acridine Orange are 500 nm and 526 nm respectively.  

3.2.6.3.4  Actin staining 

Table 4 Excitation and Emission wavelength of Rhodamine/phalloidin and Hoechst 

Fluorescent staining of F-actin filaments gives an idea about the morphology and 

integrity of cell monolayer. Actin filaments were stained using rhodamine labelled 

phalloidin purchased from Sigma Aldrich and nucleus was counter stained using Hoechst 

procured from Origin Lab. Cells at a density of 2 x 105 cells were seeded in a coverslip 

in 12 well plate and incubated at 37 °C, 5 % CO2 and 95 % humidity till confluency. The 

material extracts were added over the confluent cell monolayer in 10 X dilution. Material 

extraction and dilution were done following the already mentioned protocol. The extract 

added cells were again incubated at 37 °C, 5 % CO2 and 95 % humidity for 24 h. Later, 

the cells were fixed in 4 % paraformaldehyde for 15 min followed by three times PBS 

wash. The fixed cells were kept at 4 °C in PBS overnight. 0.1 % Triton-X-100 was added 

to the fixed cells for 2-3 min to permeabilize. The methanol stock solution of Rhodamine 

phalloidin (6.6 µM) was diluted to 0.33 µM in PBS and 50 µL was added to the fixed 

cells in the coverslip in such a way that the stain spreads throughout the cell monolayer. 

The stained cells were kept at room temperature at dark condition for 15 – 30 min. 

Rhodamine stain washed using PBS three times. Hoechst was then added to counter stain 

nucleus. The stock concentration was 10 µg/mL which then diluted to 0.5 µg/mL in PBS. 

Stain Excitation wavelength 

(nm) 

Emission wavelength (nm) 

Rhodamine/phalloidin 540 565 

Hoechst 361 497 
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The diluted Hoechst solution of volume 50 µL was added at dark condition to the 

coverslips and washed off after 2 min using PBS for three times. Fluorescent images of 

the stained cells were taken using Leica DMI 3000-B microscope. Excitation and 

emission wavelength of Rhodamine/phalloidin and Hoechst are listed in table 4. 

3.2.6.3.5 TEER measurement 

Transepithelial Electrical Resistance (TEER) evaluates the integrity and permeability of 

cell monolayer by measuring the electrical resistance across cell monolayer (Srinivasan 

et al., 2015). Trans membrane polycarbonate membrane inserts of 24 well plate of pore 

size 0.4 µm and area 0.33 cm2 were used for the TEER measurement. RPMI 2650 cells 

at a density of 2 x 105 cells/well were cultured in the trans well inserts till the cell 

monolayer achieve constant transepithelial electrical resistance. The apical chamber 

containing cells was added with 200 µL media and basolateral chamber with 600 µL 

media. TEER measurement was done using Milli ERS voltmeter-chopstick electrode 

system. Once the TEER becomes constant, the cell seeded membrane system was 

equilibrated with HBSS solution for 1 h at 37 °C, 5 % CO2 and 95 % humidity conditions. 

After equilibration, materials were placed in the apical chamber of the insert. TEER of 

the system was monitored for pre-determined time periods at 37 °C and analysed the 

influence of mucoadhesive material on the integrity of cell monolayer. TEER (%) values 

were calculated using the equation 11 below which indicates the change in the 

transepithelial electrical resistance.  

𝑻𝑬𝑬𝑹 (%) =
𝑹𝒕−𝑹𝒃

𝑹𝟎−𝑹𝒃
 × 𝟏𝟎𝟎                                            (11) 

Rt 
 is the resistance at time ‘t’, R0 is the initial resistance and Rb is the resistance of trans 

well insert in the absence of cell monolayer. 
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3.2.6.3.6 In-vitro drug permeation study 

RPMI 2650 cells were cultured in a trans membrane insert in 24 well as in the above 

protocol. After achieving constant value of TEER measurement, media in the apical and 

basolateral compartments were removed and equilibrated with HBSS for 1 h at conditions 

- 37 °C, 5 % CO2 and 95 % humidity. The drug loaded electrospun samples were placed 

over the cell monolayer after equilibration. Aliquots of permeated drug samples were 

removed from the basolateral chamber at pre-determined time periods and replenished 

with fresh HBSS. The samples were analysed using UV spectrometer at 290 nm and in-

vitro drug permeation was studied. The apparent permeability coefficient (Papp) was 

calculated by the equation 12 below, 

𝑷𝒂𝒑𝒑 =
(

𝒅𝑸
𝒅𝒕

⁄ )

𝑨.𝑪𝟎
                                                                  (12) 

Where dQ/dt denotes the slope of the cumulative concentration vs time graph, A is the 

area of the insert and C0
 is the initial concentration. 

3.2.6.3.7 Immunostaining of beta catenin junctional protein 

The ability of electrospun membranes to open adherens junction of RPMI 2650 epithelial 

cell was evaluated via immunostaining junctional proteins. Cells were cultured in a 

coverslip at a density of 9 x 104 cells/coverslip. Membrane samples were placed over the 

cell monolayer after attaining confluency and incubated at 37 °C, 5 % CO2 and 95 % 

humidity for 24 h. After 24 h, material was removed and cells were fixed using 4 % 

paraformaldehyde as per the protocol mentioned before. The fixed cells were 

permeabilized using PBS containing 0.1 % triton-X-100 (PBST) followed by PBS 

washing. The non-specific binding of antibody with the cellular receptors were blocked 

by incubating with 1 % BSA containing 22.52.mg/mL glycine in PBST for 10 min. 

Again, the cells incubated with 1:100 dilution of anti-beta catenin antibody procured from 
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Puregene for 1 h at room temperature under dark conditions. PBS washing was done for 

three times. Again, the cells were incubated with 1:100 dilution of Goat Anti-mouse IgG 

H&L (Alexa Fluor® 488) secondary antibody procured from abcam, USA, at room 

temperature (24 ± 3 °C) under dark. PBS washing was done again for three times. 

Counterstaining of nucleus was also done using Hoechst following the above-mentioned 

protocol. Later fluorescent imaging was done in Leica DMI 3000-B.  

3.2.6.3.8 Ex-vivo drug permeation through porcine buccal mucosa 

Porcine buccal mucosa was collected from sacrificed pigs from animal science laboratory 

(IAEC/LAS/TR-005/Y20). Tissue samples were transported to laboratory in Phosphate 

Buffered Saline (PBS) of pH 7.4. Non-keratinized epithelium of porcine buccal mucosa 

was separated from the connective tissues using scalpel blades and scissors within 6 h of 

tissue collection. During the separation process, the thickness of the epithelial tissue has 

to be assured to fall within 500 to 800 μm. In addition, heat separation-based splitting 

technique was employed to separate epithelial layer from connective tissue beneath. Heat 

separation was done by immersing porcine buccal mucosa in 0.9 % of NaCl solution 

(saline) at 60 ºC for just 1 min (Pinto et al., 2020). Franz diffusion cell apparatus was 

used for the ex-vivo drug permeation study. Tissue sample was mounted between a donor 

and receptor chamber in such a way that epithelial layer faces donor chamber (Kulkarni 

et al., 2009). The donor chamber was filled with 1 mL PBS and receptor chamber with 

20 mL PBS. Later, PL loaded electrospun sample was placed on the top of the mucosa. 

The entire experimental setup was kept at 37 °C. At each predetermined time periods, 1 

mL PBS was collected from the receptor chamber and replenished with fresh PBS. The 

amount of drug permeated across mucosa was quantified using UV spectroscopy at 290 

nm. Permeation coefficient of ex-vivo drug permeation was calculated from the 

cumulative drug permeation curve using equation 12. Permeation coefficient was 
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compared with control system, where PL alone was added to the epithelial surface of 

mucosa.  
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4 RESULTS AND DISCUSSION 

4.1 UV CROSSLINKED ZEIN/PEO ELECTROSPUN 

MEMBRANE AND ITS CHARACTERIZATION 

4.1.1 Preparation, drug loading, electrospinning and 

crosslinking of Zein/PEO matrix 

Electrospinning is the technique to generate nanosized fibres from a polymer solution in 

the presence of an external electric field. The electrospinning process is controlled by 

various factors like concentration of the polymer solution, applied electric potential, and 

polymer solution flow rate (Xue et al., 2019). Solutions of lower concentrations are less 

viscous and result in electrospraying or generate fibres with beads. Increasing the 

concentration of polymer solution increases viscosity and generates bead-free fibres 

(Dias Antunes et al., 2017; Koombhongse et al., 2001; Miri et al., 2016). It was observed 

that the optimised concentration of zein to obtain bead-free fibres is 33 % (w/v).  

Five formulations of PL-loaded UV crosslinked Zein/PEO were prepared by 

incorporating 0.01 mM, 0.02 mM, 0.03 mM, 0.04 mM and 0.05 mM Propranolol 

hydrochloride (PL) into the polymer blend of zein and PEO.  

The inherent limitation of electrospun zein fibres is their brittle nature (Shi et al., 2011). 

Synthetic polymers of high molecular weight are recommended to blend with zein 

solution to reduce brittleness and improve mechanical properties. Therefore, high 

molecular weight polyethylene oxide (PEO) of molecular weight (Mv = 600000) was 

blended with zein solution. Only 5 % (w/w) of PEO was blended with zein in 8:2 

EtOH/H2O mixture because a higher weight percentage of PEO resulted in increased 
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viscosity which is not suitable for electrospinning. Finally, 30 % (w/v) of zein and 5 % 

(w/w) PEO were blended in the solvent mixture. 

The blending of zein with PEO alone can’t resolve all the mechanical shortcomings of 

zein. The water stability and related issues remain to be solved. Crosslinking of polymer 

chains is a wise idea to resolve the problem and thus impart water stability to the system. 

In this study, crosslinking was carried out under UV irradiation. Optimization of the time 

of crosslinking was done by analysing the shrinkage and strength of the electrospun 

matrix under aqueous conditions. Details of the observations in the water stability study 

have shown in table 5. The electrospun matrix maintained its strength and shape under 

wet conditions after 24 h UV crosslinking.  

Table 5 Observations of water stability studies 

Time of 

crosslinking 

Observation in water 

0 h Matrix immediately shrinks in water and loses strength and shape. 

1 h Matrix immediately shrinks in water and loses strength and shape. 

4 h Matrix shrinks in water and loses strength and shape. 

9 h Matrix shrinks in water and loses strength and shape. 

16 h Matrix slowly shrinks in water and loses strength and shape. 

20 h Matrix slowly shrinks in water and loses strength but maintains shape. 

24 h Matrix slowly shrinks in water but maintains strength and shape. 

4.1.2 Water stability studies and percentage of water uptake 

In the water stability study, the change in dimension and mechanical properties before 

and after UV crosslinking were analyzed. The dimensional changes for dry and wet 

samples of uncrosslinked and UV crosslinked Zein/PEO were almost similar. Since the 
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matrix shrinks in contact with water, the percentage of shrinkage is approximately 30 % 

in both cases. Though the percentage of shrinkage is the same in uncrosslinked and UV  

Table 6 Table comprising tensile strength and Youngs modulus of dry and wet samples before and 

after crosslinking 

 Tensile Strength 

(MPa) 

Youngs Modulus 

(MPa) 

Before crosslinking 

(Dry sample) 

1.79 ± 0.29 186 ± 25 

Before crosslinking 

(Wet sample) 

0.10 ± 0.02 0.16 ± 0.07 

After crosslinking 

(Dry sample) 

3.52 ± 0.38 293 ± 37 

After crosslinking 

(Wet sample) 

0.11 ± 0.007 0.16 ± 0.06 

crosslinked matrices, the stability of the matrix in water has improved after crosslinking. 

Therefore, the shrinkage might be due to the leaching of water-soluble PEO out of the 

matrix. Hence, it can be inferred that only zein is getting crosslinked under UV 

irradiation.  

Both uncrosslinked and UV crosslinked Zein/PEO shrink in wet conditions. Tensile 

strength and Youngs modulus decrease for the wet samples (table 6). But the elongation 

at break of wet samples is more than two hundred times that of dry samples. Elongation 

at the break of the dry sample of UV crosslinked Zein/PEO is 9.5 ± 1.2 % which has 

increased to 487 ± 4 % for wet sample (figure 8A). This could be attributed to the 

plasticizing effect of water molecules. The high surface-to-volume ratio of the 

electrospun scaffold of Zein/PEO blend facilitates the entry of water molecules into the 

matrix. So, the flexibility of polymer molecules to slip over each other increases and 

because of that the elongation at break at wet conditions also increases to more than a 
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hundred-fold. It was observed that wet samples don’t break within short extension but 

their tensile strength is very less. It elongates to a larger extent before breaking.  

Water uptake studies of UV crosslinked Zein/PEO shows a decrease in the values of the 

percentage of water uptake (figure 8B). This indicates the leaching of certain components 

out of the electrospun matrix when immersed in water. This might have been the reason 

behind the reduction in the dimension of the matrix in water. As polyethylene oxide is a 

water-soluble polymer, we expect that PEO leaches out of the electrospun matrix. 

Therefore, a constant decrease is observed in the water uptake percentage of UV 

crosslinked Zein/PEO. 

4.1.3 Fourier Transform Infra-red (FTIR) Spectroscopy 

The FTIR spectrum of native zein is shown in figure 9A. It shows six characteristic peaks 

of protein structure (Corradini et al., 2014). The amide A peak which corresponds to N-

H stretching vibration in the protein backbone was observed at 3280 cm-1. The C=O 

stretching vibration also known as amide I vibration was observed at 1648 cm-1. The peak 

at 1533 cm-1 corresponding to N-H bending vibration was also observed. This particular 

vibration is called amide II vibration. Another peak at 1242 cm-1 is due to C-N stretching 

Figure 8 A) Bar diagram representation of elongation at break (%) of dry and wet samples of 

UV crosslinked Zein/PEO B) Graphical plot of percentage of water uptake 
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vibration. C-H stretching vibration was observed at 2947 cm-1 and C-H bending vibration 

was observed at 1447 cm-1. 

FTIR spectrum of polyethylene oxide (PEO) is shown in figure 9B. The backbone of PEO 

is composed of CH2-CH2 bonding. C-H stretching frequency was observed at 2871 cm-1 

and C-H bending was observed at 1464 cm-1. The terminal O-H bending was observed at 

1342 cm-1. The stretching vibration of the C-O bond in the principal chain of PEO was 

observed at 1096 cm-1.  

Uncrosslinked and UV crosslinked Zein/PEO showed FTIR peaks of amide A, amide I, 

amide II, C-H stretching, C-H bending, C-N stretching and C-O stretching (figure 9C and 

9D respectively). A characteristic observation was in the shift of vibrational frequency of 

Figure 9:FTIR Spectrum of A) Native zein B) PEO C) Uncrosslinked Zein/PEO D) UV 

crosslinked Zein/PEO 
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amide I. FTIR peaks of amide linkage in the range of 1600-1700 cm-1 have certain 

indications towards the conformations of zein protein (Turasan and Kokini, 2017). 

Vibrational frequencies in the range of 1640-1650 cm-1 indicate random coil 

conformation, beta-sheet conformation has a vibrational frequency in the range of 1610-

1640 cm-1 and beta-turn conformation shows a peak between 1660 cm-1 and 1700 cm-1. 

As already discussed, UV exposure to the electrospun matrix of Zein/PEO causes certain 

conformational changes in the secondary structure of the protein. Those changes were 

confirmed by FTIR spectra. Because the amide I vibration of the uncrosslinked sample 

appeared in the range of random coil conformation which changed to beta-sheet 

conformation after UV crosslinking.  

4.1.4 Surface morphology analysis using SEM 

Figures 10A and 10B show the morphology of fibres obtained during electrospinning of 

native zein alone and UV crosslinked Zein/PEO blend. Electrospinning of zein and its 

blends in EtOH/H2O mixture as solvent results in the formation of ribbon-shaped fibres 

Figure 10 SEM images of A) Native zein B) UV crosslinked Zein/PEO C) UV crosslinked 

Zein/PEO after wetting (1000X magnification), Fibre diameter distribution of D) Native zein E) 

UV crosslinked Zein/PEO F) Directionality diagram shown with coherency (%) in the inset  



 

 

SCTIMST, Trivandrum  84 

 

(Yao et al., 2007). It is interesting to note that native zein shows randomly oriented fibres 

whereas with the addition of high molecular weight PEO, both uncrosslinked and UV 

crosslinked Zein/PEO show fibres with aligned geometry. This alteration in the alignment 

of fibre might be due to the increase in the viscosity of the polymer blend solution.  

Table 7 Tabulated viscosity values of native zein and Zein/PEO blend solutions in 8:2 EtOH/H2O 

solvent mixture 

The crosslinked electrospun matrix was cut into the dimension of 2 cm x 2 cm and kept 

in 1X PBS for 24 h and then dried. The dried matrix was brittle and hard. The SEM 

images of the matrices were taken and analyzed. Fused fibres were seen with the 

dissolution of fibres with complete closure of inter-fibre voids (Sadeghi-avalshahr et al., 

2020) (figure 10C). 

The electrospun fibres of Zein/PEO have an even distribution of fibre diameter. The range 

of fibre diameter of native zein is widely distributed (figure 10D). As evident from figure 

10E, the fibre diameter of UV crosslinked Zein/PEO is much more uniform and 

distributed. The mean fibre diameter of native zein is 1 ± 0.8 µm and that of UV 

crosslinked Zein/PEO is 16 ± 5 µm. This increase is due to the increase in the viscosity 

of the blend solution. The viscosity of different polymer solutions was measured in Lovis 

2000 M/ME rolling-ball viscometer. The change viscosity after PEO blending is 

tabulated in table 7. 

Directionality analysis has shown a narrow directional distribution of electrospun fibres 

for UV crosslinked Zein/PEO compared to native zein (figure 10F). A flat gaussian curve 

of histogram indicate isotropic arrangement of fibres wherein a sharp peak corresponds 

to an aligned arrangement. To confirm that further, orientation plugin analysis was done 

Sample Viscosity (Centistokes) 

Native Zein 67.45 

Zein/PEO 247.65 
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which calculates the value of coherency (%). Coherency is the degree to which the fibres 

are oriented. Its value close to 1 is highly aligned and 0 is isotropic. The abovementioned 

analysis has given the coherency (%) value of 0.03 for native zein, whereas that of UV 

crosslinked Zein/PEO is 0.66. These parameters actually substantiate the aligned 

geometry of electrospun UV crosslinked Zein/PEO fibres.  

4.1.5 Thiol estimation using Ellman’s assay and conformational 

analysis by Circular Dichroism Spectroscopy 

Thiol estimation with and without adding NaBH4 gave quantitative knowledge about the 

thiol concentrations in the free state and the total thiol concentrations. Zein, being the 

prolamin fraction of corn protein consists of a series of disulfide-linked oligomers of 

varying molecular weight and intramolecular disulfide-bonded polypeptides (Geraghty 

et al., 1981). The addition of the reducing agent reduces the disulfide bond to thiol 

functional groups.  

DTNB (5,5′-dithiobis(2-nitrobenzoic acid) reacts with a free sulfhydryl group to yield a 

mixed disulfide and 2-nitro-5-thiobenzoic acid (TNB). The target of DTNB in this 

reaction is the conjugate base (R—S-) of a free sulfhydryl group. TNB is the yellow-

coloured species produced in this reaction and it is analyzed using UV light of wavelength 

412 nm.  

The concentration of thiol groups of UV crosslinked and uncrosslinked Zein/PEO are 

shown in figure 11A. The concentration of thiol functional groups in crosslinked 

Zein/PEO was found to be higher than that of the uncrosslinked blend. There is a 

significant increase in thiol concentration from 187.8 ± 0.02 μM to 208.6 ± 3 μM (p-value 

0.05). This is because more thiol groups become free after the breakage of disulfide 
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linkages under UV irradiation. The proposed mechanism for the change in disulfide bond 

breakage is shown in figure 11B. 

Nonpolar aromatic amino acids like tyrosine, phenylalanine and tryptophan (Trp) absorb 

UV light to different degrees. Tryptophan is responsible for the absorbance of UV light 

by zein (Rhim et al., 1999). Upon absorption, they can transfer an electron to the nearby 

disulfide bonds formed between cysteine (Cys) amino acids, causing them to break. The 

Cys residues form a radical which goes to react with the Trp amino acid next to it. 

Circular dichroism (CD) studies were performed on Zein/PEO blends before and after 

crosslinking. According to the mechanism discussed above, UV crosslinking causes a 

reduction in disulfide linkage which will further lead to a decrease in extended coil 

content and an increase in β sheet structure (Selling, Hamaker, et al., 2007). CD spectra 

analysis of zein in 8:2 EtOH/H2O solution before and after UV crosslinking was done.  α 

Figure 11 A) Thiol content of uncrosslinked and UV crosslinked Zein/PEO B) Schematic 

representation of terminal disulfide breakage upon UV irradiation C) Far UV CD spectra of zein 

and UV crosslinked zein D) Near UV CD spectra of zein and UV crosslinked Zein E) Far UV CD 

spectra of uncrosslinked and UV crosslinked Zein/PEO F) Graphical representation of % content 

of proteins conformations after Bestsel analysis G) Schematic diagram of conformation change of 

zein after UV irradiation 
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helix secondary structure of zein protein is confirmed by the presence of negative maxima 

at 208 nm and 222 nm (Paraman and Lamsal, 2011) corresponding to n→π* and π→π* 

transitions. Peaks observed in the far UV CD spectrum (figure 11C) show a slight red 

shift in absorption maxima to 210 nm and 230 nm in the uncrosslinked zein electrospun 

matrix.  After UV crosslinking for 24 h, a further red shift is observed in the peaks to 212 

nm and 237 nm. The intensity of peak at 230 nm has also decreased after UV crosslinking 

which implies the decreased alpha-helical conformation in the protein (Erickson et al., 

2020). It is also observed that an additional positive peak is observed at 223 nm in UV 

crosslinked zein which is expected to be a contribution of aromatic side chains which 

become free after disulfide bond breakage on UV exposure (Woody, 1994) following 

electron transfer mechanism. The near UV CD spectrum (figure 11D) gives information 

about aromatic amino acids in the protein structure like tryptophan ( 295 nm) and tyrosine 

(277 nm) (Kelly et al., 2005). A similar trend is observed in the CD spectra of Zein/PEO 

electrospun matrices before and after UV crosslinking (figure 11E).  

BeStSel (Beta Structure Selection) analysis helped with secondary structure 

determination and fold recognition from protein circular dichroism spectra. It has 

revealed conformational transformations occurring during UV crosslinking. Native zein 

electrospun membrane is showing 100 % alpha-helical conformation which changes to 

37.3 % antiparallel beta-sheet and 53.5 % parallel beta-sheet conformations. Similarly, 

Zein/PEO blend electrospun membrane also showed conformational transformation 

during UV crosslinking. 73.9 % alpha-helical conformation in uncrosslinked Zein/PEO 

has changed to 3.9 % after UV crosslinking (figure 11F).  

Therefore, the mechanism of conformational change during UV crosslinking is explained 

using the diagram (figure 11G). The proposed mechanism involves a transition from α 

helix to β sheet, which is a universal mechanism in α helix rich protein-rich materials 
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(Qin and Buehler, 2010). In the α helix, every backbone N-H group forms a hydrogen 

bonding to the backbone C=O group. Here, the hydrogen bonds appear within a 

polypeptide chain to create a helical structure. Beta sheets consist of beta strands 

connected laterally by hydrogen bonds. That means intra-molecular hydrogen bonds in α 

helix have changed to inter-molecular hydrogen bonds in β sheet. This change has 

increased the mechanical properties of the crosslinked Zein/PEO.  

4.1.6 Thermogravimetric analysis and Differential Scanning 

Calorimetry 

The thermal decomposition pattern of UV crosslinked Zein /PEO followed the same trend 

as that of native zein. The onset of thermal degradation was observed at 250 °C for both 

samples as demonstrated in figure 12A and it got completed at 795 °C. Therefore, it can 

Figure 12 A) TGA thermogram of native zein and UV crosslinked Zein/PEO, DSC thermogram of B) 

Native zein C) Uncrosslinked Zein/PEO D) UV crosslinked Zein/PEO 
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be concluded that prolonged UV exposure for 24 h and blending with PEO haven’t caused 

changes to the thermal decomposition pattern of the Zein/PEO electrospun matrix.  Figure 

12B-D exhibits the DSC curves of native zein, uncrosslinked Zein/PEO and UV 

crosslinked Zein/PEO respectively.  Glass transition temperature is noted as the point of 

shift from the linear profile of the curve. In the case of native zein, this shift was observed 

between 157.6 °C and 165.1 °C. For uncrosslinked Zein/PEO glass transition was 

observed between 160.7 °C and 170.7 °C. But for UV crosslinked this shift happened 

between 140.6 °C and 153.2 °C. The glass transition temperature of native zein was 

observed at 162.6 °C whereas the same for uncrosslinked Zein/PEO was observed at 

166.6 °C. A shift in glass transition temperature to 148.1 °C has been observed after 24 

h UV crosslinking. In all Zein/PEO blend matrices, the melting point of PEO was 

observed as an endothermic dip at 60.7 °C.  Literature has reported a protein unfolding 

peak at 314 °C for native zein (Muller et al., 2011). This has shifted to 255.1 °C after 24 

h UV crosslinking. Though UV exposure is causing protein unfolding, the entire protein 

structure is not expected to undergo unfolding. Our research team has also reported 

complete unfolding of protein structure of zein after 40 h UV irradiation (Medha et al., 

2023). That means prolong UV exposure cause complete unfolding of the protein 

structure of zein which is not happening in the case of 24 h long irradiation.  

4.1.7 X-ray Diffraction analysis 

Native zein fibres were reported to exhibit wide peaks at 9 ° and 20 ° which indicate the 

amorphous character of the polymer. XRD peaks of zein powder have been reported to 

match with nano fibres of zein (Ullah et al., 2019). Literature reports suggest a semi-

crystalline property for PEO as sharp peaks were observed at 2θ values of 19.15 ° and 

23.35 ° (Ahmed and Abdullah, 2019). Figure 13A represents the XRD curves of native 

zein, uncrosslinked Zein/PEO and UV crosslinked Zein/PEO. XRD spectra of native zein 
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demonstrated agreement with the reports as broad peaks are observed at 9 ° and 20 °. On 

account of PEO blending, two small peaks were observed in the XRD spectra of 

uncrosslinked Zein/PEO at 19.1 ° and 23.35 °. Those two peaks were not very sharp 

because the percentage composition of PEO in the entire polymer blend is only 5 % where 

zein is present in large amounts. The possible overlap of XRD peaks of zein and PEO at 

a 2θ value of 20 ° might have increased the broadness of peaks. Interesting observation 

after UV crosslinking is the disappearance of small peaks of PEO. UV crosslinked 

Zein/PEO showed a smooth broad peak at 20 ° and 9 ° (Ochoa Machiste et al., 2005). UV 

exposure to the polymer chains of PEO has been reported for causing decomposition. 

Figure 13 A) Stacked XRD spectra of native zein, uncrosslinked Zein/PEO and UV crosslinked 

Zein/PEO and water contact images of B) Native Zein C) Uncrosslinked Zein/PEO D) UV 

crosslinked Zein/PEO 
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Hence, the semi-crystalline structure of PEO might have got disrupted and smooth broad 

peaks of zein dominantly expressed in the XRD spectra.  

4.1.8 Surface wettability analysis and Porosity evaluation 

Due to the presence of hydrophobic aminoacids like proline, zein is hydrophobic (Luís et 

al., 2019). Figure 13B demonstrates the contact angle measurement image of native zein 

showing 88 ± 2 ° angle confirms the fact. Blending with PEO has impacted the 

hydrophilicity of the system. The contact angle observed in figure 13C considerably 

decrease to 73 ± 1 ° (p-value = 0.009). UV treatment for a prolonged period has been 

reported to facilitate an increase in hydrophilicity (Bhurke et al., 2007) and therefore, the 

contact angle was further observed to reduce to 64 ± 1 ° (figure 13D). The contact angle 

of UV crosslinked Zein/PEO showed a significant decrease in value compared to native 

zein (p-value = 0.007) and uncrosslinked Zein/PEO (p-value = 0.01).  

The fibrous membrane of UV crosslinked Zein/PEO was evaluated for porosity by the 

theoretical density method of calculation. The analysis revealed 68 ± 7 % porosity in the 

matrix.  

Figure 14 Graphical representation of A) Tensile strength of zein before and after UV 

crosslinking B) Youngs modulus of zein before and after UV crosslinking C) Elongation at break 

(%) of zein before and after UV crosslinking D) Tensile strength and Youngs modulus of PEO 

before and after UV irradiation E) Elongation at break (%) of PEO before and after UV 

irradiation 
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4.1.9 Static mechanical property evaluation 

Zein, PEO and Zein/PEO blend electrospun membranes were exposed to UV irradiation 

independently. The mechanical properties were evaluated. UV crosslinking of zein has 

resulted in a significant increase in tensile strength (p-value = 0.05) and Youngs modulus 

(p-value = 0.001) (figure 14A-B). Elongation at break (%) of zein before and after UV 

irradiation is graphically represented in figure 14C where there is no significant 

difference is observed. But interestingly, PEO after getting exposed to UV irradiation 

shows a significant reduction in tensile strength (p-value = 0.0001) and elongation at 

break (%) (p-value = 6.9 x 10-6) (figure 14D and 14E). This might be due to the UV-

initiated decomposition of PEO polymer chains under UV irradiation (Ochoa Machiste 

et al., 2005). A threefold decrease in elongation at break (%) is noticed for PEO after UV 

exposure.  

The incorporation of PEO with zein has caused a significant increase in tensile strength 

from 0.69 ± 0.35 MPa to 1.79 ± 0.29 MPa (p-value 0.0009). The mechanical property 

evaluation of the electrospun matrix before and after crosslinking under UV irradiation 

also shows that the tensile strength of the matrix increases significantly after UV 

crosslinking as shown in figure 15A (p-value 0.0009). This increase of tensile strength 

from 1.79 ± 0.29 MPa of uncrosslinked Zein/PEO to 3.52 ± 0.38 MPa of UV crosslinked 

Zein/PEO (figure 15A) might be because of the strong inter-molecular H bonding in the 

crosslinked matrix with beta sheet conformation. Similarly, a significant difference (p-

value <0.00005) is observed between the tensile strength of samples cut in longitudinal 

(3.52 ± 0.38 MPa) and transverse direction (0.22 ± 0.03 MPa). Longitudinal and 

transverse samples are represented as L and T respectively.  This anisotropy is attributed 

to the aligned fibrous structure (Orkwis et al., 2020) of UV crosslinked Zein/PEO.  
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The blending of zein with PEO has augmented Youngs modulus from 47.4 ± 18.1 MPa 

to 186.5 ± 25.1 MPa (p-value 3.42 x10-5) and UV crosslinking has improved the modulus 

further to 293 ± 37 MPa (p-value 0.007) as depicted in figure 15B. Anisotropy as in the 

case of tensile strength is observed for Youngs modulus also. Youngs modulus in the 

longitudinal and transverse direction is 293 ± 37 MPa and 7.7 ± 1.2 MPa respectively. 

The negative influence of UV irradiation on the mechanical properties of PEO hasn’t 

influenced the mechanical properties of the Zein/PEO blend electrospun membrane. Only 

less quantity of PEO is incorporated with zein to improve brittleness. Conformational 

changes of zein from alpha helix to beta sheet under UV irradiation would be the reason 

for this increased tensile property as zein contributes almost 95 % of the weight of the 

membrane. The exciting balancing between the positive and negative contributions of 

PEO and favourable contributions of zein after UV crosslinking has increased the 

mechanical property of the final UV crosslinked Zein/PEO matrix in total. 

Figure 15 Graphical representation of A) Tensile strength of zein, uncrosslinked Zein/PEO, UV 

crosslinked Zein/PEO in longitudinal and transverse directions B) Youngs modulus of zein, 

uncrosslinked Zein/PEO, UV crosslinked Zein/PEO in longitudinal and transverse directions C-

D) Force of adhesion and work of adhesion respectively of uncrosslinked and UV crosslinked 

Zein/PEO represented as bar graphs  
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A quantitative microstructure model developed by Pai et al. explains the mechanical 

properties of fibrous membranes in terms of fibre diameter, junction lengths and radii of 

curvature of individual nanofibres (Pai et al., 2011). The blending of PEO has caused an 

increase in fibre diameter and thus resulted in higher junction length and radius of 

curvature (Xu et al., 2014). An increase in fibre diameter, junction length and radius of 

curvature increases the modulus of the individual fibres and eventually the modulus of 

the membrane as a whole. Therefore, it can be deduced from these data that both blending 

with PEO and UV crosslinking have contributed well to improving the mechanical 

properties of the electrospun UV crosslinked Zein/PEO matrix. 

4.1.10   Evaluation of mucoadhesion by Texture analysis 

Mucoadhesion is defined as the adhesive interaction between a material surface and a 

mucosal surface. Cationic and anionic functional groups, thiol groups, methacrylate 

groups etc. exhibit great potential for establishing adhesion with mucosal surfaces via 

different chemical interactions. Zein and PEO are capable of interacting with mucosa to 

a certain extent to get adhered to it. If so, a polymer blend of zein and PEO also cause 

mucoadhesion. The additional advantage of UV crosslinking of the Zein/PEO blend is 

not only to impart sufficient mechanical properties but also to augment mucoadhesive 

properties in terms of force of adhesion and work of adhesion. The force required to 

separate the uncrosslinked Zein/PEO electrospun membrane from the porcine buccal 

mucosal tissue is 5.7 x 10-2 ± 7.15 x 10-3 N. And also, minimalistic work of 4.94 x 10-2 ± 

8.88 x 10-3 N mm is needed to be done to separate two surfaces from contact. UV 

crosslinking causes disulfide bond breakage and sets more thiol groups free in the protein 

chain of zein. The disulfide interaction of free thiol groups and cysteine moieties of mucin 

cause enhanced adhesion. In addition to that, conformational changes occurring to the 

alpha-helical conformation of zein to beta-sheet conformation could facilitate easy 
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penetration of the polymer chain with the mucin polymer chains. In that sense, diffusion 

theory and adsorption theory of mucoadhesion together influence the mucoadhesive 

property of UV crosslinked Zein/PEO. As a result of all these factors, the force of 

adhesion and work of adhesion of UV crosslinked Zein/PEO were statistically found to 

be significantly more than uncrosslinked Zein/PEO (p-values 0.0002 and 1.19 x 10-5 

respectively). The force of adhesion of UV crosslinked Zein/PEO was observed to be  

9.16 x 10-2 ± 5.30 x 10-4 N and work of adhesion was noted as 1.66 x 10-1 ± 4.51 x 10-3 

N mm (figure 15C and 15D).   

4.1.11  Evaluation of percentage entrapment 

Evaluation of the percentage of drug entrapment of all five formulations was done by 

drug dissolution study. The percentage of drug entrapment was calculated based on 

values of actual drug-loaded, theoretical amount of drug entrapped and the experimental 

concentration of drug entrapped. Table 8 describes the values of all five formulations. 

For instance, F1 formulation was prepared by dissolving 130 μg of PL in the 5 mL 

zein/PEO polymer blend solution carrying a total of 1.575 g polymers (1.5 g zein and 

0.075 g PEO). It is expected that the electrospun membrane collected will be having a 

weight of 1.575 g. But, during the electrospinning process, certain fibre wastage may 

happen. So, the collected membrane was having a total weight of only 1.237 g. The 

corresponding concentration of the drug expected to be entrapped on the fibrous 

membrane is then 102.14 μg, which is termed the theoretical concentration of the drug 

entrapped. Some pre-weighed pieces of the membrane were then dissolved in 8:2 

EtOH/H2O and analysed in a UV spectrometer at 290 nm to quantify the experimental 

concentration of the drug entrapped, which was 72.74 μg. F2 to F5 formulations were 

prepared by dissolving 260, 390, 520 and 650 μg of PL into the polymer solution. With 

respect to the weight of obtained electrospun membrane, the theoretical amount of PL 
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entrapped was calculated. Measurement of UV absorbance at 290 nm quantified the 

experimental amount of PL in the formulations. The blue colour bar demonstrated in 

figure 16A represents the percentage of drug entrapment. The highest drug entrapment 

percentage of 71.1 ± 1.7 % was observed for the F1 formulation. F2, F3, F4 and F5 

demonstrated drug entrapment percentage of 47.6 ± 1.5 %, 23.4 ± 0.6 %, 24.8 ± 2 % and 

23.5 ± 2.6 % respectively. The amount of drug entrapped is more for higher formulations, 

but the drug entrapment percentage is less because it is relatively less compared to the 

amount loaded. Inference of this particular observation is that, though a higher amount 

of drug is loaded into the electrospun membrane of UV crosslinked Zein/PEO, expected 

drug entrapment is not observed which might be due to the aggregation of drug molecules 

happening at higher concentrations and the subsequent non-uniform distribution of PL in 

the electrospun membrane.  

Table 8 Tabulated calculations of the amount of drug-loaded, theoretical amount entrapped and 

experimental amount entrapped in F1-F5 formulations 

Formulations Amount of 

drug 

loaded (μg) 

Theoretical 

amount of 

drug 

entrapped 

(μg) 

Experimental 

amount of drug 

entrapped (μg) 

Drug 

entrapment 

(%) 

F1 130 102.14 72.74 71.1 

F2 260 241.42 115.01 47.6 

F3 390 273 63.85 23.4 

F4 520 325.86 80.91 24.8 

F5 650 515.04 121.03 23.5 
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4.1.12  Evaluation of percentage of drug loading 

The drug loading capacity of a drug-entrapped membrane was stated based on the final 

weight of the electrospun membrane and the total amount of drug entrapped in the 

membrane. The experimental amount of drug entrapped was calculated for pre-weighed 

1 cm x 1 cm pieces of membrane by UV spectroscopy. The total weight of the membrane 

and correspondingly the total amount of drug-loaded were calculated by multiplying the 

observations with the area of the membrane. Since the microgram level of PL is getting 

entrapped on the membrane having weight in the range of grams, the percentage of 

loading capacity is a small number. The loading capacity of the F1 formulation was 

calculated as 0.0059 ± 0.0001 %. F2, F3, F4 and F5 formulations have loading capacity 

percentage of 0.0079 ± 0.0002 %, 0.0058 ± 0.0002 %, 0.0081 ± 0.006 % and 0.0097 ± 

0.001 % respectively. The highest loading capacity was observed for the F5 formulation. 

The percentage of drug loading is graphically represented in figure 16A. 

Figure 16 A) Drug entrapment (%) and loading capacity (%) represented as bar graph B) Drug 

release profile in PBS and mathematical models of drug release – C) Zero order kinetics D) 

First order kinetics E) Higuchi model of release F) Korsmeyer Peppas model of release 
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4.1.13  Drug release kinetics studies and fitting with mathematical 

models 

The release of PL from UV crosslinked Zein/PEO was analysed in Phosphate Buffered 

Saline (PBS) of pH 7.4. Release studies were carried out for 48 h in PBS media. UV 

absorbance of PL released into PBS was measured at 290 nm. Figure 16B represents the 

PL release profile from UV crosslinked Zein/PEO in PBS. PL release trend has an initial 

burst release followed by a sustained release profile. At the first hour of the release itself, 

11.6 ± 2 % of PL got released into PBS media. After 24 h, PL release from the membrane 

reached 26.5 ± 2.5 %. The release sustained to 31.8 ± 2.3 % at 48 h. The release kinetics 

has to be analysed for fitting with existing mathematical models. Zero order, first order, 

Higuchi model and Korsmeyer Peppas models were evaluated. Figure 16C-9F 

Korsmeyer Peppas release model showed the best fit (R2 = 0.95) with the release profile 

of PL from UV crosslinked Zein/PEO.  

4.1.14   Direct contact assay for cytotoxicity evaluation 

Direct contact assay evaluates the cytotoxicity of the materials by analysing the images 

of the cell monolayer after coming in contact with the material for 24 h. The untreated 

cell monolayer was considered as the control wherein the morphology of the cells would 

be seen intact. After treating the cell monolayer with UV-crosslinked Zein/PEO and PL-

incorporated UV-crosslinked Zein/PEO, the changes that happened to the RPMI 2650 

cells were analysed. Figure 17A-C shows the positive control, negative control and cell 

alone control images respectively wherein the original morphology of cells was seen. 

Figure 17D-E represents the images of RPMI 2650 cells treated with UV crosslinked 

Zein/PEO and PL-incorporated UV crosslinked Zein/PEO respectively. The dark colour 

region in the images indicates the materials placed over the cells. It can be inferred from 
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those images that cells are viable with original morphology after material treatment. Zein 

and PEO are already been reported for their non-cytotoxic properties (Surendranath, 

Rajalekshmi, et al., 2022). Incorporation of PL is also not causing cytotoxicity to the 

cells.  

4.1.15   MTT assay for cell viability evaluation 

MTT assay determines the mitochondrial activity of viable cells and quantifies the 

percentage of viable cells. Viable cells are capable of converting MTT into formazan 

crystals which can be solubilized and quantified by measuring the absorbance at 570 nm. 

Material extracts were added to the cells and incubated for 24 h before adding MTT 

reagent. If the material extract supports cell growth MTT would be converted to formazan 

crystals. The quantity of formazan crystals is a direct indication of material toxicity. 

Figure 17F has represented cell viability (%) as a bar graph diagram. Material extraction 

was done in PBS and DMEM media. PBS extracts of UV crosslinked Zein/PEO resulted 

Figure 17 Phase contrast direct contact images (10X magnification) A) Positive control B) 

Negative control C) Cell alone control D) Cells treated with UV crosslinked Zein/PEO E) 

Cells treated with PL-incorporated UV crosslinked Zein/PEO and F) Graphical 

representation of cell viability (%) after MTT assay 
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in 105.1 ± 1.2 %. Cell viability of RPMI 2650 cells after treatment with the extracts of 

PL-incorporated UV crosslinked Zein/PEO was 87.2 ± 1.7 %. Similarly, DMEM extracts 

also showed more than 95 % of cell viability as shown in Figure 17D. Cytotoxic phenol-

treated cells were considered as the positive control which showed 6.2 ± 0.3 % cell 

viability. These results confirmed the cytocompatibility of the materials under study.  

4.1.16   Live/dead assay  

Live/dead assay affirms the cytocompatibility of materials by fluorescent staining. 

Acridine orange was used to stain live cells which appeared green in colour. Ethidium 

bromide was used to stain dead cells and they appeared red in the images. Figure 18A-B 

represents images of untreated control cells which are fluorescent stained using acridine 

orange, and ethidium bromide. Figure 18C is the overlay of both. Similarly, figure 18D 

Figure 18 Live/dead staining images after acridine orange staining, ethidium bromide staining, 

and their overlay respectively of A-C) Untreated control cells D-F) UV crosslinked Zein/PEO 

treated cells G-I) PL-incorporated UV crosslinked Zein/PEO treated cells (40X magnification) 
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and 18E represents fluorescent images of cells treated with UV crosslinked Zein/PEO 

after acridine orange and ethidium bromide staining respectively. Figure 18F is the 

overlay of the previous two. Live/dead assay for PL-incorporated UV crosslinked 

Zein/PEO has been evaluated and represented in figure 18G-I. Live cell staining, dead 

cell staining and their overlay are demonstrated in figure 18G-I in respective order. In all 

the cases, the number of live cells in green colour are in abundance compared to dead 

cells in red colour. A higher population of live cells is evident for the cytocompatibility 

of the materials.   

4.1.17   F-actin staining 

The influence of materials on the integrity of F-actin cytoskeleton filaments plays a 

crucial role in deciding the mechanism of drug transport across epithelia. Paracellular 

transport of drug molecules happens through tight junctions. F-actin filaments critically 

regulate and support the architecture and maintenance of tight junctions (Van Itallie and 

Anderson, 2014). Hence, investigation of the solidity and integrity of F-actin filaments 

Figure 19 Fluorescent images of A) Nucleus staining of control cells B) F-actin staining of control 

cells C) Overlay of A and B, magnified overlay shown in inset D) Nucleus staining of UV 

crosslinked Zein/PEO treated cells E) F-actin staining of UV crosslinked Zein/PEO treated cells 

F) Overlay of D and E, magnified overlay shown in inset 
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would insight into the opening of the tight junction of epithelial cells. F-actin staining 

was done using rhodamine-labelled phalloidin. Figure 19 shows the F-actin-stained 

images of RPMI 2650 cells with the nucleus stained using Hoechst. Figure 19A-C 

represents the images of control cells which are non-treated with the material of interest. 

Figure 19A indicates nucleus staining which appears in blue, figure 19B represents the 

F-actin staining which appears in red and figure 19C represents the overlay of the 

previous two. The enlarged overlay image of a single RPMI 2650 epithelial cell is shown 

in the inset. Figure 19C can be taken as the reference for the integrity of cytoskeleton 

filaments. After treatment of RPMI 2650 cells with UV crosslinked Zein/PEO for 24 h, 

morphological evaluation of F-actin was done and demonstrated in figure 19D-F. The 

extensive filaments of F-actin were seen undisturbed after treatment with UV crosslinked 

Zein/PEO. Figure 19F has an image of the F-actin structure of a single cell shown in the 

inset which was maintaining the integrity as such. Therefore, zein and PEO are not 

causing an impact on the structure and morphology of actin filaments and thus the tight 

junction.  

4.1.18   Immunostaining of beta-catenin proteins in adherens 

junction 

Beta-catenin proteins are the constituents of adherens junctions seen in epithelial cells. A 

strong networking connection exists between beta-catenin proteins and F-actin filaments 

via alpha-catenins (Drees et al., 2005). And also, zonal occludens proteins mediate 

physical linkage between tight junctions and adherens junctions (Campbell et al., 2017). 

Fluorescent antibody staining of beta-catenin proteins of RPMI 2650 was done and 

evaluated for material-treated and non-treated cells. Figure 20A-C represents control cell 

images (Hoechst staining, beta-catenin staining and overlay respectively) which are 
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untreated. The integrity and coalition of beta-catenin proteins were observed to be intact 

in the images. The inset shown in the overlay image of control cells in figure 20C helps 

to figure out the morphology and structural continuity of beta-catenin proteins. Similarly, 

after treatment with UV crosslinked Zein/PEO structure and morphology of beta-catenin 

proteins were maintained as such. Figure 20D-F represents the nucleus staining, beta-

catenin staining and their overlay respectively. The inset of the overlay image in figure 

20F is that of a single cell in which the structure of beta-catenin was observed to be 

undisturbed and continuous. These observations confirmed the F-actin staining results 

wherein no junctional opening can be observed.  

4.1.19   TEER evaluation and in-vitro drug permeation 

Transepithelial electrical resistance (TEER) is the quantitative evaluation of the barrier 

coalition of epithelial cells. Reduction in the epithelial electrical resistance would indicate 

a junctional opening. RPMI 2650 cell monolayer was assessed for its electrical resistance 

Figure 20 Fluorescent images of A) Nucleus staining of control cells B) Beta-catenin staining of 

control cells C) Overlay of B and C, magnified overlay shown in inset D) Nucleus staining of UV 

crosslinked Zein/PEO treated cells E) Beta-catenin staining of UV crosslinked Zein/PEO treated 

cells F) Overlay of D and E, magnified overlay shown in inset. 
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before and after material treatment. Figure 21A gives a bar diagram representation of 

change in TEER value and absolute TEER value before and after UV crosslinked 

Zein/PEO treatment. TEER measurement also goes on par with the results of fluorescent 

staining of F-actin and beta-catenin proteins. Because TEER values were observed to be 

constant before and after treatment with UV crosslinked Zein/PEO. The liquid-liquid 

interface culturing of RPMI 2650 cells was reported to have an absolute TEER value of 

approximately 30 Ωcm2 (Kreft et al., 2015; Sibinovska et al., 2019). A similar result has 

been observed in the experiment also. Therefore, zein and PEO are not expected to cause 

perturbation to the epithelial electrical resistance of RPMI 2650 cells. 

Drug permeation in the absence of a junctional opening has to be evaluated. If PL 

permeation happens only in the presence of a junctional opening, UV crosslinked 

Zein/PEO wouldn’t be the right choice as an adhesive delivery vehicle for the drug. 

Hence, drug permeation through cell monolayer has been extensively investigated. PL-

Figure 21 A) Double Y bar diagram representing TEER (%) and absolute TEER, Double Y 

diagram representing cumulative percentage of drug permeation and cumulative concentration of 

drug permeation of B) PL loaded UV crosslinked Zein/PEO C) 20 µg/mL PL control and 

mathematical models of drug permeation- D) Zero order E) First order F) Higuchi model G) 

Korsmeyer Peppas model 
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loaded UV crosslinked Zein/PEO matrix took 8 h to release 46.4 ± 1.4 % and permeate 

across the epithelial monolayer as shown in figure 21B. PL solution of concentration 20 

μg/mL in HBSS was the control in the experiment. PL solution was administered directly 

to the surface of the epithelial layer. It was noticed that 83 ± 2 % of PL permeated across 

the epithelial layer within 4 h (figure 21C). The fastest permeation in the control sample 

compared to the test samples was reflected in the values of the permeation coefficient. 

Permeation coefficient of UV crosslinked Zein/PEO and 20 μg/mL PL are 0.093 ± 0.002 

cm/h and 0.565 ± 0.025 cm/h respectively. Though fast permeation is happening in the 

direct administration of drug molecules to the surface of the mucosa, it is not preferred 

because of local irritations and loss of drug due to saliva secretion. Mucoadhesive 

membrane carriers for PL drugs would facilitate targeted delivery for a prolonged period 

and prevent fast and uncontrolled release. Since mucoadhesive membrane could reside 

on the surface of mucosa for a long period, it ensures a controlled release of drugs for a 

long duration (Smart, 2004). Figure 21D-G discusses the fitting of cumulative drug 

permeation with different mathematical models. The best-fit model was Korsmeyer 

Peppas with an R2 value of 0.99. As a matter of fact, the cell junctions remain closed after 

Figure 22 A) Cumulative ex-vivo drug permeation diagram B) Permeation coefficients of PL 

20 μg/mL control and PL loaded UV crosslinked Zein/PEO represented as bar diagram 
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material treatment, the inference regarding the mechanism of drug permeation fits with 

the transcellular mechanism. 

4.1.20   Ex-vivo drug permeation evaluation 

 Transcellular transport of PL across epithelial monolayer has been confirmed by TEER 

measurement and in-vitro drug permeation studies. If transcellular transport happens 

across the epithelial cell monolayer, the same has to be verified in ex-vivo conditions also. 

Therefore, PL permeation from UV crosslinked Zein/PEO was verified through porcine 

buccal mucosa using Franz diffusion cell apparatus. Figure 22A demonstrates the 

cumulative release profile ex-vivo. It was noted that 33.4 ± 6.7 % of PL permeated across 

mucosa to the basolateral receptor compartment within 8 h of the experiment. The 

permeation release was investigated for finding the best fit mathematical models based 

on the correlation coefficient. Table 9 is showing R2 values of various mathematical 

models of drug release. Korsmeyer Peppas model of drug release showed maximum fit 

with R2 value 0.996. The PL permeation across porcine buccal mucosa was compared 

with a control system where 20 μg/mL of PL was added directly to the donor chamber. It 

was observed that 72.3 ± 4.3 % of PL happened within 6 h of the experiment. Permeation 

coefficients of control and test systems were calculated from the cumulative drug 

permeation curve. The permeation coefficient of the control system and PL-loaded UV 

crosslinked Zein/PEO are 1.584 ± 0.258 cm/h and 0.808 ± 0.114 % respectively (figure 

22B). A significant change in permeation coefficient hasn’t been observed (p-value = 

0.058) after keeping the material of interest over the mucosa as no junction opening  

happens in the epithelial layer. A comparable permeation coefficient to that of the control 

system was obtained. Still, slow permeation of PL from the electrospun membrane 

compared to PL is observed because additional time is being taken by drug molecules to 
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diffuse out of the electrospun membrane which is not required in direct drug 

administration.  

Table 9 Correlation coefficients of various drug release models in ex-vivo PL permeation through 

porcine buccal mucosa from UV crosslinked Zein/PEO  

 

  

Mathematical model R2 value 

Zero order 0.991 

First order 0.980 

Higuchi model 0.976 

Korsmeyer Peppas model 0.996 
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4.2 THIOL-MODIFIED ZEIN/PEO ELECTROSPUN 

MEMBRANE AND ITS CHARACTERIZATION 

4.2.1 Thiol modification of zein 

Thiol modification of zein with cysteine amino acid was carried out via EDC crosslinker. 

EDC is known as a zero-length crosslinker because it does not involve the amide bond 

formed between the carboxyl and amino functional groups (Deng et al., 2020). An O-

acylisourea active intermediate is formed during the mechanism of crosslinking which is 

further getting substituted with amino groups. At the last step of modification, EDC will 

be removed in the form of isourea which is water soluble (Pham et al., 2018). Figure 23A 

demonstrates the mechanism of thiol modification happening between zein and cysteine 

(CY) in the presence of EDC. The research work involved preparation of five 

formulations of thiol-modified zein. The details of quantities of zein, cysteine and EDC 

taken for the preparation of the formulations are given in table 10. After the preparation 

of thiol-modified zein solution at room temperature, the solution was solvent cast to get 

Figure 23 A) Scheme showing EDC mediated conjugation of cysteine on polymer chain of zein 

B) UV spectra of washed-off water showing absorption maxima at 270 nm 
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a film. Isourea by-product of EDC reaction will be entrapped in the film after casting, 

which has to be washed off. Hence, solvent cast film of thiol-modified zein was washed 

in distilled water several times. UV spectra of the washed off water was analysed and 

observed a peak maximum at 270 nm as shown in figure 23B, which corresponds to the 

n→π* transition of carbonyl groups in isourea (Potthast et al., 2005). The washing was 

continued till the peak maximum disappeared from the washing solution in the UV 

spectra. The film was then again dried and crushed into small pieces before storage.  

Table 10 Composition details of various thiol-modified zein films 

Sample Name Zein (g) Cysteine (g) EDC (mM) 

Z30CY5 3 0.15 2 

Z30CY10 3 0.3 2 

Z30CY15 3 0.45 2 

Z30CY30 3 0.9 2 

Z30CY50 3 1.5 2 

4.2.2 Electrospinning of thiol-modified Zein/PEO solution 

Thiol-modified zein was taken in 3.3 g for all formulations. PEO was taken as 3 % (w/w) 

of total zein present in thiol-modified zein films. Table 11 describes a detailed calculation 

of the weight ratio of each component. For example, for Z30CY50PEO3 composition, 

the total weight of Z30CY0 film will be 4.5 g (3 g zein and 1.5 g cysteine). Out of 4.5 g 

of film obtained, 3.3 g was taken which would contain 2.2 g zein and 1.1 g cysteine in it. 

PEO was taken as the 3 % (w/w) of zein, which would be approximately 0.67 g. Thiol-

modified zein film and PEO were dissolved in an 8:2 EtOH/H2O solvent mixture at room 

temperature (27 ± 2 °C).  
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Table 11 Detailed composition of thiol-modified Zein/PEO solutions 

Electrospinning was carried out using an 18 G needle at a flow rate of 5 mL/h and 15-18 

kV voltage. The distance between mandrel and needle was fixed to 10 cm and mandrel 

rotation was set to 1500 rpm. To prepare electrospun membranes loaded with PL, thiol-

modified zein and PEO were dissolved in PL solutions in 8:2 EtOH/H2O having various 

concentrations of 0.01 mM, 0.02 mM, 0.03 mM, 0.04 mM and 0.05 mM. Electrospinning 

of drug-loaded membranes also followed the same experimental parameters 

(Surendranath, M Ramesan, et al., 2023).  

4.2.3 Surface morphology evaluation by SEM  

Figure 24A demonstrates the bar diagram representation of the fibre diameter of five 

thiol-modified Zein/PEO electrospun membranes. ImageJ software was employed for 

determining the fibre diameter from scanning electron microscope images. From the bar 

diagram, it is evident that fibre diameter decreased with an increase in the percentage of 

thiolation. The average fibre diameter is 5 ± 0.3 µm, 5 ± 0.4 µm, 3 ± 0.3 µm, 2 ± 0.2 µm 

and 1.5 ± 0.3 µm for Z30CY5PEO3, Z30CY10PEO3, Z30CY15PEO3, Z30CY30PEO3 

and Z30CY50PEO3 respectively. A significant difference in fibre diameter is observed 

after 15 % thiolation. The 5 % and 10 % thiol-modified zein does not exhibit a 

considerable difference in fibre diameter among themselves. The observation of 

Composition Total weight 

of film (g) 

Weight of 

zein (g) 

Weight of 

cysteine (g) 

Weight of 

PEO (g) 

Z30CY05PEO3 3.3 3.14 0.16 0.094 

Z30CY10PEO3 3.3 3 0.3 0.09 

Z30CY15PEO3 3.3 2.86 0.44 0.086 

Z30CY30PEO3 3.3 2.54 0.76 0.076 

Z30CY50PEO3 3.3 2.20 1.1 0.066 
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decreased fibre diameter for Z30CY15PEO3 is attributed to the low concentration of PEO 

added to it. But for 5 % and 10 % thiol-modified Zein/PEO samples, the concentration of 

PEO added is almost equal. That is why, fibre diameter is observed to be the same. 

Z30CY50PEO3 is prepared by adding 0.066 g PEO which is very less compared to other 

compositions. Hence, the fibre diameter is the least compared to all other compositions. 

The SEM images of electrospun membranes are depicted in figure 24B-F.  

4.2.4 Porosity evaluation by density method 

A decrease in fibre diameter has been observed with an increase in the extent of thiol 

modification. SEM images and further ImageJ analysis asserted this fact. Fibre diameter 

has a direct influence on the porosity of the electrospun membrane. The porosity of the 

fibrous matrix increases with the decrease in fibre diameter. Figure 25 denotes the bar 

diagram representation of porosity (%) of various thiol-modified Zein/PEO matrices. 

Figure 24 A) Graph showing fibre diameter of different thiol-modified Zein/PEO membranes B-

F) SEM images of Z30CY5PEO3, Z30CY10PEO3, Z30CY15PEO3, Z30CY30PEO3 and 

Z30CY50PEO3 respectively (1000X magnification) 
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Z30CY15PEO3 exhibited a higher value for porosity (78 ± 1 %) which was statistically 

significant (p-value=0.01) compared to lower thiol concentration samples like 

Z30CY5PEO3 and Z30CY10PEO3. Porosity values of lower thiol-modified samples 

were 73 ± 0.1 % and 73 ± 0.6 % respectively. Further increase in porosity was not 

observed for Z30CY30PEO3 and Z30CY50PEO3. Drug delivery devices are extensively 

benefitted with a higher percentage of porosity (Ahuja and Pathak, 2009). 

4.2.5 Ellman’s assay to quantify thiol modification 

Ellman’s assay quantifies the free thiol groups present in samples so that the extent of 

thiolation of zein can be evaluated. With the increase in the concentration of cysteine 

used for modifying zein, the concentration of thiol groups increased in thiolated zein 

samples. Figure 26A represents the graphical representation of thiol concentrations. 

5,10,15,30 and 50 % thiol-modified zein pose thiol concentrations like 421 ± 5 

Figure 25 Porosity (%) of different thiol-modified Zein/PEO electrospun matrices 
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µmole/gram, 658 ± 31 µmole/gram, 806 ± 49 µmole/gram, 935 ± 22 µmole/gram and 

1492 ± 14 µmole/gram respectively. Thiol concentration is considerably more for 50 % 

thiol-modified zein compared to all other compositions (p-value < 0.05). 

4.2.6 Raman spectra 

Raman spectra give identifiable peaks for thiol functional groups (Bazylewski et al., 

2017). Raman spectra were taken for unmodified Zein/PEO and thiol-modified Zein/PEO 

electrospun samples (figure 26B). Literature suggests that S-H stretching vibration 

appears at 2550 cm-1 in Raman spectra (Pawlukojć et al., 2005). Thiol-modified 

Zein/PEO has shown its peak for S-H stretching at 2684 cm-1. Though zein also contains 

thiol groups in its native structure, it was not observed in the Raman spectra of the 

unmodified sample. It might be because the quantity of thiol for the observable 

expression of the peak is less in native zein compared to thiol-modified zein. The other 

peaks observed in Raman spectra are 1655 cm-1, 2930 cm-1 and 3400 cm-1 which 

correspond to -C=O vibration mixed with N-H deformation, N-H vibration and O-H 

vibration (Wang et al., 2013) respectively.  

Figure 26 A) Result of estimation of thiol groups by Ellman’s assay B) Raman spectra of thiol-

modified and unmodified Zein/PEO 
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4.2.7 Mechanical property evaluation by UTM 

Mechanical properties in terms of tensile strength and Youngs modulus were evaluated 

for five compositions of thiol-modified Zein/PEO electrospun membranes. A higher 

percentage of thiol-modified zein samples showed augmentation in tensile strength. From 

figure 27A, it is evident that the tensile strength didn’t show considerable change for the 

initial 5 %, 10 % and 15 % thiol-modified Zein/PEO compositions. A significant increase 

in tensile property was observed for Z30CY30PEO3 (p-value = 0.01). Similarly, 

Z30CY50PEO3 also exhibited a considerable increase in the tensile property (p-value = 

0.002). Tensile strength values of 5 %, 10 %, 15 %, 30 % and 50 % thiol-modified 

samples are 2.10 ± 0.12 MPa, 2.13 ± 0.50 MPa, 2.61 ± 0.15 MPa, 3.81 ± 0.36 MPa and 

Figure 27 A) Bar diagram representing tensile strength values of thiol-modified samples B) Bar 

diagram representing Youngs modulus of thiol-modified samples C) Graphical representation of 

force of adhesion of thiol-modified samples with porcine buccal mucosa D) Graphical 

representation of work of adhesion of samples with porcine buccal mucosa 
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4.61 ± 0.72 MPa respectively. An interesting point to be noted is that amount of PEO 

blended with a higher percentage of thiol-modified zein is less. Despite decreased PEO 

concentration also, mechanical property is improved which is solely due to the 

contribution of thiolation of zein polymer chains. It has already been reported that the 

thiolation technique is capable of improving the mechanical properties of polymer along 

with mucoadhesive properties (Puri et al., 2020). The possible disulfide-sulfhydryl 

exchange reactions in thiolated polymer would cause inter and intra-disulfide interactions 

and further lead to increased mechanical stability (Dicharry et al., 2006). Since a 

commendable increase is observed after the 30 % modification, it is expected that a higher 

extent of chemical crosslinking is happening after this point. A similar trend of 

improvement has been observed for Youngs modulus also. Youngs modulus increased 

significantly at Z30CY30PEO3. For the initial three compositions, values of Youngs 

modulus are 114 ± 12 MPa, 110 ± 15 MPa and 123 ± 16.5 MPa. For Z30CY30PEO3, this 

tremendously increased to 200 ± 26 MPa. Z30CY50PEO3 also exhibited approximately 

the same value for Youngs modulus ie., 208.6 ± 26 MPa which is represented in figure 

27B.    

4.2.8 Mucoadhesion by Texture analysis 

Cysteine moieties are capable of establishing disulfide interactions with the cysteine 

residues of mucin glycoprotein (Mfoafo et al., 2023). Trends in mucoadhesive properties 

for the five compositions were analysed in this regard. Carcass tissue collected from 

rabbit intestine was used for the adhesion study. A linear pattern of increase in the force 

of adhesion is expected with an increase in cysteine concentration in thiol-modified zein 

samples. Linear increase was observed till Z30CY30PEO3, further adhesive force got 

decreased for Z30CY50PEO3 (figure 27C). The values of work of adhesion also 

exhibited a similar pattern of linear increase till Z30CY30PEO3 and then a drastic 
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decrease (figure 27D). The force of adhesion of thiol-modified samples with porcine 

buccal mucosal tissue is 6.85 x 10-2 ± 1.01 x 10-2 N, 6.81 x 10-2 ± 1.61 x 10-2 N, 2.23 x 

10-1 ± 2.18 x 10-2 N, and 6.92 x 10-2 ± 1.08 x 10-2 N in the respective order of 5 %, 10 %, 

30 % and 50 % modification. Similarly, the work of adhesion values of thiol-modified 

samples is 8.20 x 10-2 ± 4.18 x 10-2 N mm, 6.87 x 10-2 ± 3.62 x 10-2 N mm, 2.27 x 10-1 ± 

3.36 x 10-2 N mm, and 2.08 x 10-2 ± 9.57 x 10-3 N mm respectively. Compared to the 

unmodified Zein/PEO blend, thiol modification has been observed to bring about 

enhanced mucoadhesion. A considerable increase in the force of adhesion from 5.70 x 

10-2 ± 7.15 x 10-3 N to 2.23 x 10-1 ± 2.18 x 10-2 N mm after 30 % thiol modification is an 

intriguing observation to be noted (p-value= 2.19 x 10-8). It can also be noted that 5 % 

thiol modification is not showing much mucoadhesive properties. These observations are 

the same for both force of adhesion and work of adhesion. The 30 % modified samples 

showed maximum work of adhesion and it further decreased for the 50 % thiol-modified 

sample. The maximum work of adhesion observed for the 30 % thiol-modified sample 

was 2.27 x 10-1 ± 3.36 x 10-2 N mm which is significantly much higher than unmodified 

Zein/PEO (4.94 x 10-2 ± 8.88 x 10-3 N mm) with p value 4.48 x 10-6. Though the 

concentration of thiol group is higher in 50 % modified sample, a proportional increase 

in mucoadhesion was not observed. Mucoadhesion is complex phenomenon involving 

chemical interaction, polymer chain interpenetration and adhesive interaction. That being 

the case, the phenomenon of mucoadhesion can be explained in terms of a bell-shaped 

distribution rather a sigmoidal distribution. Therefore, 30 % modification would be the 

point of optimum maximum, later which adhesion decreases. Since Z30CY30PEO3 

exhibited better adhesive properties, it was selected for further studies.  
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4.2.9 Drug dissolution studies 

Five formulations of PL-incorporated thiol-modified Zein/PEO electrospun membranes 

were prepared. The formulations were prepared by dissolving 260 μg, 520 μg, 780 μg, 

1040 μg and 1300 μg PL in an 8:2 EtOH/H2O solvent mixture. Thiol-modified zein films 

and PEO were weighed and added to the above PL containing the solvent mixture and 

electrospinning was done. The entire process of PL loading into the polymer solution and 

electrospinning is known as blend electrospinning (Nangare et al., 2020). Electrospinning 

operation involves the loss of a certain amount of polymer solution and spun fibres. It is 

difficult to get 100 % yield after electrospinning. Relative loss is expected in the quantity 

of drug entrapped also. Table 12 denotes the tabulation of the quantity of drug-loaded in 

the membrane after electrospinning. The quantity of drug dissolved before 

electrospinning is given under title of ‘drug loaded’ in the table. Weight of the electrospun 

mat after electrospinning denotes the weight of the electrospun membrane obtained after 

all kinds of wastage. Expected drug loaded after electrospinning is the theoretical 

calculation of the drug-loaded based on the weight of the membrane obtained. That much 

quantity of PL would be entrapped only if the entrapment percentage is 100 %. The 

experimental concentration of PL loaded was analysed by subjecting the membranes to 

Figure 28 A) Bar graph representation of drug entrapment (%) B) Bar graph representation of 

loading capacity (%) 
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UV spectroscopy. A drug dissolution study was employed for this calculation at a 

wavelength of 290 nm. Drug-loaded samples dissolved in 8:2 EtOH/H2O were subjected 

to UV analysis with no drug-loaded samples dissolved in the same solvent mixture as 

blank.  

One example for the calculation is, F1 formulation was prepared by dissolving 3.3 g thiol-

modified zein and 0.076 g PEO in the solvent mixture containing PL. Out of a total of 

3.376 g polymer taken for electrospinning, the weight of the final electrospun membrane 

obtained was just 2.3056 g and the corresponding amount of drug expected to be 

entrapped is 177.56 μg. But UV analysis has shown that the actual amount of drug 

entrapped within the membrane is 175.35 μg. A similar logical calculation was applied 

for all formulations.  

Table 12 Detailed tabulation of the amount of drug-loaded, expected to be entrapped, actually loaded 

and percentage drug entrapment of F1-F5 formulations 

The percentage of drug entrapment was calculated from the theoretical amount of drug-

loaded and the actual drug-loaded. In the case of the F1 formulation, the expected amount 

Formulation Drug-

loaded 

(μg) 

Weight of 

electrospun 

mat after 

electrospinni

ng (g) 

Expected 

drug-loaded 

after 

electrospinnin

g (μg) 

Actual 

drug-

loaded 

(μg) 

Drug 

entrapmen

t (%) 

Z30CY30PEO3 

PL 0.01 mM –F1 
260 2.3056 177.56 175.35 98.8 

Z30CY30PEO3 

PL 0.02 mM-F2 
520 2.208 340.09 192.11 56.5 

Z30CY30PEO3 

PL 0.03 mM-F3 
780 2.6304 607.73 238.62 39.3 

Z30CY30PEO3 

PL 0.04 mM-F4 
1040 1.9776 609.21 140.07 23.0 

Z30CY30PEO3 

PL 0.05 mM-F5 
1300 2.5536 983.31 184.94 18.8 
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of drug entrapped was 177.56 μg and in actual case it had 175.35 μg of PL loading. Hence, 

the drug entrapment percentage was 98.7 ± 0.5 %. Other formulations showed a 

considerable decrease in the value of drug entrapment percentage. It can be noted from 

figure 28A that the amount of drug entrapped is increasing with increasing the 

concentration of PL loading but far less than the drug-loaded. That is the reason for less 

drug entrapment percentage. Figure 28A denotes the bar diagram representation of drug 

entrapment percentage. F2-F5 formulations exhibited 56.5 ± 1.9 %, 39.3 ± 0.4 %, 23.0 ± 

2.1 % and 18.8 ± 0.02 % percentage entrapment respectively. The maximum was 

observed for F1. Nevertheless, it can also be concluded that the maximum concentration 

of PL that could be loaded onto the matrix is 238.62 μg irrespective of the concentration 

loaded. Entrapment concentration does not increase beyond a level even if the loading 

concentration is increased. This might be because of the aggregation of drug molecules 

in the membrane and the subsequent non-uniform distribution of drug molecules (Lian 

and Meng, 2017). 

The percentage of loading capacity was calculated from the weight of the actual amount 

of drug entrapped and the total weight of the membrane. The percentage of loading 

capacity increased till F3 formulation then decreased. Figure 28B is the bar diagram 

representation of percentage loading capacity. It could be concluded that loading capacity 

significantly increases until an optimum value and then decrease. And also, the amount 

of drug-loaded is in the microgram range and the total weight of the membrane falls in 

the gram range, therefore the loading capacity value is very small.     

4.2.10   Cumulative drug release kinetics in PBS  

The third formulation which showed the highest loading capacity was selected for 

cumulative drug release studies in PBS of pH 7.4. The trend of drug release followed an 

initial burst release in the first 1 h, continuous release till 6 h and then a sustained release. 
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Figure 29A describes the cumulative drug release profile of PL from thiol-modified 

Zein/PEO. Within 48 h of the study, 37.3 ± 2.9 μg/mL PL was released into PBS which 

was 61.3 ± 4.8 %. The release profile had to fit with different mathematical models to 

find the best fit. Mathematical models considered for porous membranes are Zero order, 

First order, Higuchi model and Korsmeyer Peppas model (Bruschi, 2015). Figure 29B 

represents the Zero-order release graph which had a 0.919 correlation with the actual 

data. First order release profile in Figure 29C showed the poorest fit with a correlation 

coefficient of 0.823. The Higuchi model of drug release shown in figure 29D showed a 

much better fit and the best fit was observed with the Korsmeyer Peppas model (R2 value 

= 0.972). Figure 29E describes Korsmeyer Peppas release with a k value of 23.63 and an 

n value of 0.255. Korsmeyer Peppas model having n value less than 0.5 describes a 

diffusion-controlled release mechanism (Costa and Sousa Lobo, 2001; Permanadewi et 

al., 2019).  

Figure 29 A) In-vitro drug release of PL from thiol-modified Zein/PEO in PBS (pH=7.4), B-E) 

Mathematical models of drug release fitted with the cumulative release (%)- Zero order release, 

First order release, Higuchi model of release and Korsmeyer Peppas model respectively 
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4.2.11   MTT assay 

MTT assay is a metabolic assay to determine the cytotoxicity of materials quantitatively. 

Quantification of percentage cell viability was done by MTT assay in RPMI 2650 cells. 

Materials loaded with and without PL were subjected to MTT assay. Extracts of materials 

in DMEM media and PBS were taken for the analysis and the results showed that around 

100 % cell viability has been exhibited by thiol-modified Zein/PEO electrospun 

membranes with and without PL loading. Figure 30A is the graphical representation of 

cell viability with phenol as a positive control.  

Figure 30 A) Bar graph representation of percentage cell viability obtained from MTT 

assay B-F) Phase contrast images after  direct contact assay ( 10X magnification) of positive 

control cells, negative control cells, cell alone control,  thiol-modified Zein/PEO treated cells 

and PL loaded thiol-modified Zein/PEO  treated cells respectively G-I) Fluorescent images 

of control cells, thiol-modified Zein/PEO treated cells and PL loaded thiol-modified 

Zein/PEO treated cells respectively after live/dead assay (40X magnification) 
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4.2.12   Direct contact assay 

Direct contact assay evaluates cytotoxicity by investigating the structure and morphology 

of cells after coming in direct contact with the materials of interest for 24 h. Phase contrast 

images are the means of analysis. Figure 30B-F is the phase contrast images taken. Figure 

30B and 30C are the positive and negative control images of cells treated with tin coated 

PVC and UHMWPE respectively. Figure 30D is the reference image of untreated cells. 

The morphology of cells and the number of dead cells were compared with the reference 

for the material-treated cells shown in figure 30E and 30F. It is seen that the cells were 

maintaining their monolayer and morphology even after coming in contact with thiol-

modified Zein/PEO electrospun membranes for 24 h. The incorporation of PL into the 

membrane does not make any change. Therefore, the non-cytotoxicity of the materials is 

confirmed. 

4.2.13   Live/dead assay 

Live/dead assay evaluates cytotoxicity by dual staining live and dead cells after exposing 

the cells to materials for 24 h. Fluorescent images are the means of analysis. Live/dead 

assay stains live cells as green and dead cells as red (K Liu et al., 2015). Akin to direct 

contact assay, untreated cells were stained and their fluorescent images were taken as a 

reference control system (figure 30G). Figures 30H-I are the live/dead images of cells 

treated with thiol-modified Zein/PEO with and without PL loaded. Dead cells are marked 

in the figure using arrows. These fluorescent images conclude that, since the number of 

green-coloured live cells is more compared to a few red-coloured red dead cells, the 

materials are non-cytotoxic.  
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4.2.14   F-actin staining 

F-actin cytoskeletal filaments of epithelial cells have been reported to support the 

architecture and integrity of tight junctions (Van Itallie and Anderson, 2014). 

Rhodamine-labelled phalloidin has been used to stain F-actin filaments and visualized 

under the fluorescent microscope. The nucleus was counter-stained using Hoechst. RPMI 

2650 cells which are kept untreated with materials were considered as the reference 

control. A comparative evaluation of the F-actin morphology of control cells in figure 

31A-C and test material treated cells in figure 31D-F was carried out. It is observed that 

treatment of RPMI 2650 cells with thiol-modified Zein/PEO does not cause changes to 

the structure, integrity and continuity of the F-actin filaments. Similar to the control cells, 

extensive epithelial filamentous structure was maintained after material treatment for 24 

h. The magnified image on the right side of each panel helped to evidently confirm the 

observation.  

Figure 31 Fluorescent images of A-C) Control cells- F-actin stained with Rhodamine/phalloidin, 

nucleus stained with Hoechst, and overlay respectively D-F) Cells treated with thiol-modified 

Zein/PEO- F-actin stained with Rhodamine/phalloidin, nucleus stained with Hoechst, and overlay 

respectively (40X magnification). Enalrged images of overlay are showed on the right side of each 

panel. 
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4.2.15   Beta-catenin immunostaining 

Cell junctions like tight junctions, adherens junctions and gap junctions seal the 

intercellular space of epithelial cells and regulate movement across cells (Anderson and 

Van Itallie, 2009). Tight junctions are present on the apical side and adherens junctions 

lie beneath them (Shukla et al., 2016). Beta-catenin is the protein seen in the adherens 

junction of epithelial cells (Kürti et al., 2012). Perturbations to the architecture and 

morphology of beta-catenin would reflect on the integrity of adherens junction which 

would further impact on the structure and coalition of tight junctions. Therefore, 

evaluation of the intactness of beta-catenin proteins would enlighten the tight junctional 

Figure 32 A-C) Immunostaining images of beta-catenin proteins of adherens junction of 

control cells – nucleus staining, beta-catenin staining and overlay respectively D-F) 

Immunostaining images of RPMI 2650 cells after treatment with thiol-modified Zein/PEO- 

nucleus staining, beta-catenin staining and overlay respectively (40X magnification). 

Enlarged images of beta-catenin staining are also shown above and below each panel. 
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opening. Anti-beta-catenin antibody was used to immunostaining beta-catenin proteins 

and visualized using fluorescent images. Hoechst was used to counterstain nuclei in cells. 

Figure 32A-C was taken as the control for the experiment where the cells are untreated 

with material and their structure was considered as the comparative reference for 

material-treated cells. Figure 32D-F represents fluorescent images of RPMI 2650 cells 

which are treated with thiol-modified Zein/PEO electrospun samples for 24 h. Magnified 

images on the top and bottom of each panel would help to identify the continuity of 

filamentous protein structure. It can be concluded from the comparative evaluation of 

these images that thiol-modified Zein/PEO is not causing changes in the structure of beta-

catenin proteins and cell junctions are maintained close during the material treatment.  

Thiolated polymers (thiomers) have been immensely probed for their ability to open tight 

junctions (Zhang et al., 2018). It is highly recommended for the transport of large-sized 

molecules like proteins (up to 16 Å diameter) and peptide drug across the mucosa. The 

associated disadvantage of tight junction opening is the chance of permeation of toxins, 

bacteria or other noxious substances across mucosa (Hasegawa et al., 2021). The 

traditional thiol functionalized polymers like those that have been discussed in this article 

pose an inherent oxidation tendency to form disulfide moieties at pH ≥5 (Zhang et al., 

2018). The oxidation of cysteine to cystine under normoxic condition suppress junctional 

barrier dysfunction (Yin et al., 2016). The proposed drug molecule to transport across the 

mucosal epithelium is PL, which is comparatively very small in size and lipophilic 

enough to cross the epithelium via a transcellular pathway. 

4.2.16   TEER measurement and drug permeation studies 

Transepithelial electrical resistance (TEER) is the quantitative measure of epithelial 

barrier integrity. Apart from the qualitative evaluations like F-actin and beta-catenin 
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staining images, TEER evaluation will help in asserting junctional opening in terms of 

change in transepithelial electrical resistance. Figure 33A is the graphical representation 

of absolute TEER value and TEER (%). TEER readings were taken before and after 

treatment with thiol-modified Zein/PEO. The measurements reveal that TEER values stay 

the same even after material treatment. The impairment in the junctional opening is 

attributed to the oxidation of thiol groups which exist without S-protected, to disulfide 

groups (Federer et al., 2021; Wang et al., 2012). 

Figure 33 A) Graphical representation of absolute TEER values and TEER (%) of confluent 

RPMI 2650 cells before and after material treatment B) Cumulative release (%) curve of 20 

μg/mL PL control obtained from in-vitro drug permeation study C) Cumulative release (%) 

curve of PL loaded thiol-modified Zein/PEO obtained from in-vitro drug permeation study D) 

Representation of ex-vivo permeation of PL through porcine buccal mucosa- test material 

and control system E) Bar diagram demonstrating ex-vivo permeation coefficient of test and 

control system 
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Absence of junctional opening questions the mechanism of drug transport across 

epithelial cells. Since paracellular transport is impossible due to junction closing. The 

possibility of transcellular transport has to be confirmed via in-vitro drug permeation 

through RPMI 2650 cells. PL solution of concentration 20 μg/mL prepared in HBSS was 

added over the cell monolayer as the control experiment. 20 μg/mL PL loaded thiol-

modified Zein/PEO was placed over the cell monolayer as the test system. Within 4 h of 

direct administration of PL over the cell monolayer, 83 ± 2 % PL permeated across the 

barrier as shown in figure 33B. It took 6 h for 96 ± 2.4 % (20.8 ± 0.53 μg/mL) of PL to 

permeate across the barrier when it is administered as entrapped in thiol-modified 

Zein/PEO (figure 33C). The observed type of slow-release mechanism from thiol-

modified Zein/PEO is preferable. Apart from that, direct administration of drug over 

mucosa is not recommended due to local irritation and patient incompliance. In account 

of the fact that cell junctions are not opening after material treatment, the permeation 

coefficient of PL-incorporated thiol-modified Zein/PEO needs to be lower than the 

control. The permeation coefficient of PL control and PL-incorporated thiol-modified 

Zein/PEO are 0.565 ± 0.025 cm/h and 0.408 ± 0.02 cm/h respectively (table 13). The 

permeation coefficient of PL control is high not because of junctional opening but 

because direct administration of PL led to immediate transport of the drug across 

epithelia. In the case of PL-incorporated thiol-modified Zein/PEO, an initial diffusion of 

PL from the electrospun matrix is required which has to be followed by epithelial 

transport. And also, since no junction is open, fast transport wouldn’t happen. Therefore, 

the delay due to the diffusion of PL from the matrix caused a reduced permeation 

coefficient.  
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Table 13 In-vitro permeation coefficients of PL control and PL loaded thiol-modified Zein/PEO 

4.2.17   Ex-vivo permeation through porcine buccal mucosa 

In-vitro permeation of PL through RPMI 2650 cells has to be supported with evidence 

for ex-vivo permeation through porcine buccal mucosa. The porcine buccal mucosa is 

chosen because of its close similarity with human buccal mucosa in terms of permeation 

characteristics, enzyme activity and ultra-structure (Amores et al., 2014). Thiol-modified 

Zein/PEO placed on mucosa which is mounted in a Franz diffusion cell was the 

experimental system. Mucosa without adding material in diffusion cell apparatus was 

considered as the control. The PL permeation reached 29.7 ± 0.95 % within 8 h of the 

study as shown in figure 33D. It showed the best fit with the First order of drug release 

with an R2 value of 0.980. A PL solution of concentration 20 μg/mL directly added over 

the mucosa in the donor chamber was considered as the control system. The control 

system exhibited 72.3 ± 4.3 % PL permeation within 6 h of the study. Though a fast 

permeation was observed for the control system, the permeation coefficient of the control 

and test material doesn’t differ substantially (p-value = 0.08). The permeation coefficient 

of PL-loaded thiol-modified Zein/PEO is 0.694 ± 0.02 cm/h whereas that of the PL 

control system is 1.584 ± 0.69 cm/h (figure 33E).  Both the control and test system are 

not causing junctional openings to augment the permeation. Still, PL permeation is fast 

in the control system because it bypasses the step of diffusion from the electrospun 

membrane. As already been discussed, direct administration of the drug is not 

recommended and PL-loaded electrospun membrane is facilitating adequate permeation 

of the drug across the mucosa.    

Material Permeation Coefficient (cm/h) 

PL control 0.565 ± 0.025 

PL loaded thiol-modified Zein/PEO 0.408 ± 0.02 
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4.3 THERMALLY CROSSLINKED ZEIN/PVP 

ELECTROSPUN MEMBRANE AND ITS 

CHARACTERIZATION 

4.3.1 Preparation, drug loading and optimization of thermal 

crosslinking 

Zein/PVP blend solutions of three different ratios of 20:2, 15:5 and 10:10 were prepared. 

The feasibility of electrospinning of these solutions were analysed and found that only 

20:2 and 15:5 Zein/PVP blend solutions could electrospun. Higher PVP concentration 

caused a considerable increase in solution viscosity and therefore, electrospinning was 

not possible. Among 20:2 and 15:5 polymer blends, 15:5 was finalized for the study 

because of the assumption that higher PVP concentration would have higher adhesion 

over mucosa. PL was added to the 15:5 ratio of Zein/PVP blend solution at various 

concentrations of 0.01 mM, 0.02 mM, 0.03 mM, 0.04 mM and 0.05 mM.  

The electrospun membranes of the Zein/PVP blend were subjected to thermal 

crosslinking at 120 °C. The time of thermal crosslinking was optimized based on the 

stability of electrospun matrices in contact with water. PVP is a water-soluble polymer 

Figure 34 A) Image showing the response of different crosslinked materials after contacting 

water B) UV absorbance spectra of PVP leach out of thermally crosslinked Zein/PVP matrices 

for varying time periods 
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and will leach out from the matrices during immersion in water. Thermal crosslinking 

aims at crosslinking of PVP chains to reduce its leaching. Electrospun samples of size 1 

cm x 1 cm and approximately 0.13 mm thickness were immersed in water and noted for 

their change in shape and strength. The samples were subjected to crosslinking for 

different time periods of 2.5 h, 5 h, 7.5 h and 10 h and were further evaluated. Figure 34A 

describes the change in the dimension of samples after coming in contact with water. 

With an increase in the time of crosslinking, the membranes exhibited increased stability 

in aqueous conditions. However, 10 h crosslinking at 120 °C exhibited sufficient stability 

to the matrices. UV spectra of PVP exhibited an absorbance maximum of 262 nm (Shen 

et al., 2005). Figure 34B describes the reduced PVP leach out with an increased time of 

crosslinking. The intensity of absorption maximum at 262 nm has been considerably 

reduced after 10 h crosslinking. Since the leaching out of PVP hasn’t completely 

disappeared after 10 h crosslinking at 120 °C, PVP is expected to exist in uncrosslinked 

stage also to an extent. Literature has reported high temperature crosslinking of PVP, 

especially at 200 °C for 2 h (Tan et al., 2014). If so, reducing the temperature of 

crosslinking and increasing the time of crosslinking is expected to cause the same result. 

In that case, following the thumb rule of doubling the rate of reaction with every 10 °C 

rise in temperature, 120 °C crosslinking has to be continued to 384 h or 16 days. In this 

work, the only concern to employ thermal crosslinking was to impart water stability to 

the matrices and it had been achieved after 10 h crosslinking. The extent of crosslinking 

would be less after 10 h of crosslinking.  

4.3.2 Surface morphology analysis by SEM  

Scanning electron microscopy images of uncrosslinked and thermally crosslinked 

Zein/PVP were taken for the evaluation of the surface morphology of fibres (figure 35A-

B). It is evident from the images that thermal crosslinking has increased the compactness 
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of fibres though there are no visible changes in their morphology and fibre diameter. 

ImageJ software was used to analyse the fibre diameter and found that thermal 

crosslinking hasn’t resulted in any significant changes in the fibre diameter. The fibre 

diameter of uncrosslinked and thermally crosslinked Zein/PVP is same and is 3 ± 1 µm. 

Figure 35C-D represents the fibre diameter distribution curves of uncrosslinked and 

thermally crosslinked Zein/PVP.  

4.3.3 FTIR Spectroscopy for characterization of functional 

groups 

FTIR spectra of zein, PVP, and thermally crosslinked PVP are stacked in figure 36A. Six 

characteristic peaks of zein were observed in its spectra. N-H stretching vibration, also 

Figure 35 A-B) SEM images of uncrosslinked and thermally crosslinked Zein/PVP electrospun 

membranes respectively (1000X magnification) C-D) Fibre diameter distribution curve of 

uncrosslinked Zein/PVP and thermally crosslinked Zein/PVP respectively 
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known as amide A vibration was observed at 3280 cm-1. The amide I peak, which 

corresponds to C=O stretching was observed at 1648 cm-1. N-H bending vibration, also 

known as amide II vibration was noted at 1533 cm-1. C-N stretching vibration was 

observed at 1242 cm-1 and C-H stretching vibration was observed at 2947 cm-1. C-H 

bending vibration appeared at 1447 cm-1 (Corradini et al., 2014).  

Characteristic peaks of PVP are also marked in figure 36A. N-H stretching vibration was 

observed at 3400 cm-1, C=O stretching vibration was observed at 1645 cm-1, C-N 

stretching vibration was noted at 1290 cm-1 and C-H asymmetric stretching vibration was 

noted at 2960 cm-1 (El-Batal et al., 2019). After thermal crosslinking of PVP, few changes 

were observed for the -CH asymmetric stretching vibration. The peak which shifted to 

2970 cm-1 and had a decreased intensity compared to uncrosslinked PVP. It is because 

Figure 36 A) FTIR spectra of zein, PVP and thermally crosslinked PVP B) PL, uncrosslinked 

Zein/PVP/PL, and thermally crosslinked Zein/PVP/PL 
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C-H groups are involved in the crosslinking of PVP. During thermal crosslinking, -CH 

groups get converted to tertiary radicals and these radicals join to form crosslinked PVP 

structure (Tan et al., 2014). Therefore, after thermal crosslinking, the number of -CH 

groups will be reduced and that is the reason for the reduced intensity of C-H asymmetric 

stretching vibration.  

FTIR spectra of PL, uncrosslinked Zein/PVP/PL and thermally crosslinked Zein/PVP/PL 

are stacked in figure 36B.  The aromatic C=C stretching vibration found at 1737 cm-1 is 

the characteristic vibration of PL. The incorporation of PL into the electrospun membrane 

also resulted in the appearance of aromatic C=C stretching vibration at 1737 cm-1. The 

appearance of aromatic C=C stretching vibration is undisturbed by thermal crosslinking. 

Similar to PVP and thermally crosslinked PVP spectra, a reduction of the intensity of C-

H stretching vibration was observed in the case of uncrosslinked Zein/PVP and thermally 

crosslinked Zein/PVP.  

4.3.4 Raman spectroscopy 

Raman spectroscopy is another tool used to further confirm the thermal crosslinking of 

PVP. The main characteristic Raman vibrations of PVP were observed at 753 cm-1, 934 

cm-1, 1372 cm-1 and 1670 cm-1 which all correspond to C-C vibration, C-C breathing 

vibration, C-H deformation and C=O stretching vibration respectively. A significant 

vibration at 934 cm-1 was observed in the Raman spectra of PVP which corresponds to 

C-C ring breathing mode (RBM) vibration (Alibe et al., 2019; Grant et al., 2021) (figure 

37A). Due to thermal crosslinking, the RBM of PVP shifted to 930 cm-1. From figure 

37B, it can be seen that the RBM of uncrosslinked Zein/PVP appeared at 934 cm-1 which 

downshifted to 930 cm-1 after thermal crosslinking. The shift happened within 2.5 h of 

crosslinking itself. The shift was observed for both 2.5 h and 10 h crosslinked Zein/PVP 

samples. The literature proposes that the shift in RBM is attributed to either conversion 
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of the pyrrolidone ring structure of PVP or the stiffening of fibre structure due to 

crosslinking (Maciejewska et al., 2019).  

4.3.5 Thiol estimation using Ellman’s assay 

Ellman’s assay quantifies the concentration of free sulfhydryl groups in the polymer 

system. Thermal treatment of zein would cause heat-induced disulfide bond breakage. 

Federici et al have reported conformational changes happening to the alpha-helical 

structure of zein to beta-sheet structure (Federici et al., 2021). During higher temperature 

thermal treatment, disulfide bonds in the terminals of protein structure would break and 

set more thiol groups free. The thermal stability of the majority of globular proteins is 

aided by the disulfide bonds present in their native conformation. Ogawa et al have 

reported the susceptibility of bonds to thermal treatment (Akazawa-Ogawa et al., 2016).  

Disulfide-thiol exchange reactions mediate the destabilization of disulfide bonds during 

thermal treatment (Futami et al., 2017). Sulfhydryl groups would be acting as reducing 

agents to cleave the intramolecular disulfide bonds in the structure of the protein under 

non-aqueous conditions (Cabra et al., 2008). Ellman’s assay and associated quantification 

of thiol concentration in Zein/PVP electrospun samples crosslinked for varying time 

Figure 37 A) Raman spectra of PVP and crosslinked PVP B) Raman spectra of 

uncrosslinked and thermally crosslinked electrospun samples of Zein/PVP for varying time 

periods 
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periods are represented as a bar diagram in figure 38A. It is observed that, up to 7.5 h 

crosslinking at 120 °C, a considerable change in thiol concentration was not observed. 

But thiol concentration considerably increased after 10 h crosslinking (p-value = 0.02). 

This indicates that appreciable amount of disulfide breakage is happening during long 

time exposure of temperature rather than short-term exposure. The thiol group 

concentration of uncrosslinked Zein/PVP is 100 ± 1 µM. After 2.5 h, 5 h and 7.5 h 

crosslinking, thiol concentrations were 113 ± 4 µM, 120 ± 3 µM and 117 ± 4 µM 

respectively. However, 10 h treatment at 120 °C caused an increase in thiol concentration 

to 127 ± 1 µM.  

Table 14 Tabular representation of percentage content of different protein conformations in 

uncrosslinked and thermally crosslinked samples of Zein/PVP 

4.3.6 CD spectroscopy 

Thermal treatment has been reported to cause conformational changes to the protein 

structure of zein. Since zein is a natural protein extracted from corn and is having a native 

alpha-helical conformation (Wei et al., 2021). It is expected according to literature reports 

that thermal crosslinking of zein would change the conformation to beta sheet (Drummy 

et al., 2005; Federici et al., 2021). In accordance with the anticipation, the alpha-helical 

content of zein significantly reduced from 73.9 % to 0.5 %. And on the other hand, anti-

parallel beta-sheet content increased to 44.9 %. Table 14 has included the percentage 

content details of individual conformations of Zein/PVP electrospun membrane before 

 
α helix 

(%) 

β sheet 

parallel 

(%) 

β sheet 

antiparallel 

(%) 

Random coil 

(%) 

Uncrosslinked Zein/PVP 73.9 26.1 0 0 

Thermally crosslinked 

Zein/PVP 

0.5 23.2 44.9 31.4 
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and after thermal treatment. It is evident from the table that thermal crosslinking has 

caused an increase in random coil content to 31.4 %. Sun et al have reported an increase 

in the random coil content of zein due to thermal crosslinking (Sun et al., 2016). A higher 

percentage of random coil conformation is an indication of more uncoiling happening to 

the protein structure during thermal crosslinking. In summary, both breakage of disulfide 

bonds and uncoiling of protein conformation takes place during thermal crosslinking of 

zein for 10 h.  

4.3.7 Percentage of water uptake and Porosity evaluation 

Evaluation of the percentage of water uptake is an approach to confirm crosslinking of 

polymer chains. The percentage of water uptake will decrease with an increased degree 

of crosslinking (Chen et al., 2019). Therefore, thermally crosslinked samples for different 

periods were subjected to percentage water uptake, analysed and depicted in figure 38B. 

At 1 h of study, the percentage water uptake of 2.5 h crosslinked samples was high 

compared to other time crosslinked samples. The water uptake percentage of 2.5 h 

crosslinked samples was 1056 ± 31 %, which was significantly higher than 593 ± 56 % 

of the 10 h crosslinked sample (p-value = 0.001). At 4 h, 9 h and 25 h of evaluation also, 

the water uptake percentage followed a similar trend where the water uptake percentage 

of 10 h crosslinked samples was much lesser than 2.5 h crosslinked samples.  

The percentage of water uptake is expected to increase with time of immersion. But in 

this case, for a particular sample, the water uptake percentage decreased with time and 

later became constant. This is expected to be because of the leaching out of uncrosslinked 

PVP at initial periods. Because not all PVP chains are crosslinked during thermal 

treatment. Uncrosslinked PVP will leach out initially within 4 h of the experiment. After 

4 h of the experiment, the water uptake percentage remained constant for all crosslinked 

samples.  
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It is expected that both PVP and zein are undergoing crosslinking during thermal 

crosslinking. The mechanism of crosslinking of PVP is chemical in nature whereas that 

of zein is physical in nature. PVP undergoes a radical-mediated crosslinking and zein 

undergoes a conformational change-mediated crosslinking. Both happen independently 

of each other. Schematic representations of crosslinking of PVP and zein are depicted in 

figure 38C.  

The density method calculation of the porosity of thermally crosslinked Zein/PVP 

resulted in 73 ± 1 % of porosity.  

Figure 38 A) Graphical representation of thiol concentration of thermally crosslinked samples for 

varying time periods B) Graphical representation of % water uptake of thermally crosslinked 

Zein/PVP for varying time periods (n =3) C) Schematic representation of crosslinking of PVP and 

zein during thermal treatment 
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Table 15 Table representing the temperature of completion of decomposition of uncrosslinked and 

thermally crosslinked Zein/PVP 

 

4.3.8 Thermogravimetric analysis 

Thermogravimetric analysis of uncrosslinked and thermally crosslinked Zein/PVP was 

performed and thermal stability was evaluated. It has been reported that the thermal 

decomposition of zein starts at 250 °C and 80 % weight loss happens between 250 °C 

and 490 °C (Altan et al., 2018). Similarly, thermal degradation of PVP has been reported 

to start at 190 °C and 80 % weight loss happens between 200 °C to 460 °C (Azeez, 2016). 

Thermal degradation of the electrospun polymer blend of zein and PVP will be 

collectively influenced by the individual degradation profiles of zein and PVP. The 

decomposition of uncrosslinked Zein/PVP started at 261.9 °C. The temperature onset of 

degradation of 2.5 h and 20 h crosslinked samples are 251.4 °C and 225.6 °C respectively. 

Thermal crosslinking has resulted in early start of thermal degradation for Zein/PVP 

samples. In the case of uncrosslinked Zein/PVP electrospun matrix, 100 % decomposition 

was noted at 922.6 °C. But, thermal crosslinking after electrospinning has downshifted 

the temperature of completion of decomposition. Though the pattern of degradation is 

same for uncrosslinked and thermally crosslinked samples (figure 39A), pre-mature 

decomposition was noted after thermal crosslinking. 2.5 h crosslinked Zein/PVP 

exhibited its complete decomposition at 852.2 °C and 10 h crosslinked Zein/PVP 

Material 
Temperature onset of 

decomposition (°C) 

The temperature of 

completion of 

degradation(°C) 

Uncrosslinked 

Zein/PVP 

261.92 922.62 

2.5 crosslinked Zein/PVP 
251.41 852.22 

10 h crosslinked Zein/PVP 
222.57 849.59 



 

 

SCTIMST, Trivandrum  139 

 

exhibited its complete decomposition at 845.6 °C. Details of temperature of 

decomposition are given in table 15. 

4.3.9 Mechanical characterization 

The tensile strength of different time-crosslinked samples was evaluated. A significant 

increase in tensile strength was observed after 5 h of thermal crosslinking. Uncrosslinked 

Zein/PVP was having a tensile strength of 2.66 ± 0.21 MPa. Tensile strength of 2.5 h and 

5 h crosslinked Zein/PVP are 2.68 ± 0.24 MPa and 2.97 ± 0.27 MPa respectively. A 

significant increase in tensile strength to 3.5 ± 0.17 MPa was observed for 7.5 h 

crosslinked Zein/PVP compared to uncrosslinked Zein/PVP (p-value = 0.01) and 2.5 h 

crosslinked Zein/PVP (p-value = 0.002). A much higher value of tensile strength was 

demonstrated by 10 h crosslinked Zein/PVP which is 3.92 ± 0.13 MPa (p-value = 1.76 x 

10-5). This observation is attributed to the efficient crosslinking happening with an 

increase in the time of crosslinking. Due to increased efficiency in crosslinking, the free 

motion of polymer chains would be restricted and thus strength would be increased. 

Graphical representations of the tensile strength of Zein/PVP electrospun matrices 

crosslinked for varying time periods are shown in figure 39B. In addition to crosslinking, 

prolonged thermal treatment would be causing ordered arrangement of polymer chains 

and thus increasing crystallinity. This would also be contributing to the improvement in 

tensile properties. Conformational changes of zein from alpha-helix to beta-sheet would 

also be contributing to this observation. 

Figure 39C discusses the changes in mechanical properties of PVP alone before and after 

thermal crosslinking. The tensile strength of uncrosslinked PVP was 7.6 ± 0.25 MPa 

which considerably increased to 10.8 ± 1.05 MPa after thermal crosslinking for 10 h. In 
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this case also, the improvement in mechanical properties would be collectively 

contributed by crosslinking of PVP chains and increased crystallinity.  

4.3.10   Dynamic Mechanical Analysis 

Solvent cast PVP films were subjected to DMA analysis. Temperature sweep under 

tension mode of analysis was continued till 50 °C. The initial storage modulus of 

uncrosslinked PVP was 3.8 x 106 Pa whereas that of crosslinked PVP was 3.0 x 108 Pa at 

35 °C. This observation itself is an indication of crosslinking happening (Zhang et al., 

2019). The DMA thermogram in figure 39D shows that the storage modulus is increasing 

with the increase of the temperature of analysis. Similar to tensile strength analysis, an 

increase in storage modulus with increase in testing temperature is attributed to two 

phenomena. One is the crosslinking of PVP chains happening during temperature 

treatment and the second one is an increase in crystallinity. Already crosslinked PVP also 

Figure 39 A) TGA thermogram of uncrosslinked and thermally crosslinked Zein/PVP B) Tensile 

strength representation of Zein/PVP samples with and without thermal crosslinking C) Tensile 

strength representation of PVP before and after thermal crosslinking D) DMA thermogram of 

PVP before and after thermal crosslinking E) Force of adhesion of uncrosslinked Zein/PVP and 

thermally crosslinked Zein/PVP on porcine buccal mucosa represented as bar graph 
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showed an increase in storage modulus because uncrosslinked sites in the polymer 

structure are getting crosslinked during the temperature exposure.  

4.3.11   Texture analysis for mucoadhesion 

Mucoadhesion of uncrosslinked Zein/PVP and thermally crosslinked Zein/PVP were 

analysed using porcine buccal mucosa and compared. From figure 39E it can be seen that 

thermal crosslinking has resulted in an increase in the force of adhesion over porcine 

buccal mucosa. Thermally crosslinked Zein/PVP exhibited 2.08 x 10-1 ± 1.12 x 10-2 N of 

adhesion which was significantly higher than the 1.54 x 10-1 ± 1.22 x 10-2 N of 

uncrosslinked Zein/PVP (p-value = 0.015).  

The contribution of PVP towards mucoadhesion is regarding its hydrophilicity which 

very well fits with the wetting theory of mucoadhesion (Alsarra et al., 2011; Tort et al., 

2019). And also, polymer chains of PVP can easily penetrate through the mucin 

glycoprotein chains and establish mucoadhesion via the diffusion model of 

mucoadhesion. Mucoadhesive properties of PVP can also be explained based on the 

adsorption model because of its ability to form hydrogen bonds and van der Walls 

interactions with mucin (Vecchi et al., 2021).  

Mucoadhesion is highly favoured with the presence of thiol functional groups because of 

the establishment of disulfide interaction with the cysteine moieties of mucin (Bernkop-

Schnürch, 2005; Leichner et al., 2019). Zein is known for carrying many disulfide bonds 

in its structure. During thermal treatment, disulfide bonds get broken and thiol groups are 

set free for binding. As a result of increased thiol content, the mucoadhesive property 

increased after thermal treatment. Along with that, uncoiling of protein conformations of 

zein would be enabling free interpenetration of zein polymer chains with mucin chains to 

establish a diffusion model of mucoadhesion. A cumulative effect of all these factors 

might be the reason for improved mucoadhesion after thermal crosslinking of Zein/PVP.  
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4.3.12   Drug dissolution studies 

Table 16 Table describing the entrapped concentration of PL in different formulations 

Formulation Blended 

amount of 

drug  

(μg) 

The expected 

amount of 

drug in the 

membrane  

(μg) 

The actual 

amount of 

drug 

entrapped  

(μg) 

Drug 

entrapment 

(%) 

F1 130 94 90 96.2 

F2 260 246 115 47.2 

F3 390 360 102 28.4 

F4 520 211 54 25.8 

F5 600 556 157 28.2 

A drug dissolution study was done by dissolving pre-weighed pieces of drug-loaded 

membranes in ethanol and noting the UV absorbance at 290 nm. A drug dissolution study 

is important to analyse and quantify the amount of drug entrapped in the membrane based 

on the final weight of the electrospun membrane. Zein/PVP membranes loaded with five 

different concentrations of PL were prepared by taking 0.75 g zein and 0.25 g PVP in 

ethanol solvent. The preparation of F1 formulation was done by dissolving 130 μg PL 

into the polymer solution carrying 1 g polymers in total. After electrospinning, 1 g of 

membrane was expected to be collected from the mandrel, but in reality, 0.72 g membrane 

was obtained. The remaining polymer was lost during the process of electrospinning. If 

so, the whole 130 μg of PL can’t be expected to be entrapped in the membrane. The 

membrane having 0.72 g weight is theoretically expected to entrap 94 μg PL in it. UV 

absorbance measurement at 290 nm experimentally quantifies the actual entrapped 

concentration of PL in the membrane, which was 90 μg. Therefore, the entrapment 

percentage of the F1 formulation is 96.2 ± 0.1 %. Details of the theoretical amount of 
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drug loading and experimental amount of drug loading of F1 to F5 formulations are given 

in table 16.  

Out of five formulations, F1 formulation showed a maximum entrapment percentage of 

96.2 ± 0.1 %. Other formulations exhibited less than 50 % of entrapment. It can be seen 

from table 16 that an increase in the concentration of drug loading is causing the increase 

in the amount of drug entrapped but not proportionate to the amount of drug blended. 

Therefore, a sequential increase in drug entrapment can’t be observed which might be 

due to aggregation of drug molecules at higher concentrations and consequent non-

uniform distribution in the electrospun membrane (Lian and Meng, 2017). A simple 

Figure 40 A) Drug entrapment (%) of F1-F5 formulations B) Loading capacity (%) of F1-

F5 formulations C) Drug release kinetics of thermally crosslinked Zein/PVP and D-G) 

Mathematical model fitting with cumulative release – Zero order, First order, Higuchi 

model and Korsmeyer Peppas model respectively 
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blending electrospinning technique for drug entrapment has been reported for low 

efficiency in entrapment percentage and uneven distribution of drug in the electrospun 

membrane (Sun et al., 2019). The drug entrapment percentage of F2 formulation 

decreased to 47.2 ± 1.6 %. It further decreased to 28.4 ± 2.5 % in the F3 formulation and 

later maintained the entrapment percentage constant. Figure 40A is the graphical 

representation of the drug entrapment percentage of all five formulations.  

Loading capacity is the percentage ratio of the amount of drug-loaded and the total weight 

of the drug-loaded membrane. Figure 40B demonstrated the graphical diagram of loading 

capacity. The highest loading capacity was exhibited by the F5 formulation which is 

0.019 ± 0.0001 %. The magnitude of loading capacity is very low because PL was loaded 

in microgram quantity and the weight of the polymer membrane falls in the gram range. 

The loading capacity of the F5 formulation is high, even though the entrapment 

percentage is more for the F1 formulation because the amount of drug entrapped is more 

in F5 than in F1. F1 contains only 90 μg PL entrapped whereas the amount of PL 

entrapped in F5 is 157 μg.  

4.3.13   Drug release studies 

F5 formulation of thermally crosslinked Zein/PVP having the highest loading capacity 

was selected for drug release kinetics evaluation. Figure 40C indicates the drug release 

trend from thermally crosslinked Zein/PVP which initially had an initial release profile 

and later a sustained release profile. The cumulative release of PL was 8.6 ± 0.3 % at 1 h 

of study which further increased to 18 ± 0.1 % after 5 h. Within 48 h of the study, 44.9 ± 

0.5 % of PL was released into the PBS media. Figure 40C also describes the trend of 

cumulative concentration of PL release in μg/mL. From the figure, it is clear that 33.8 ± 

0.4 μg/mL of PL release happened within 48 h from thermally crosslinked Zein/PVP. Out 

of four mathematical models tried for fitting with the release profile, the Korsmeyer 
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Peppas model showed the best fit with an R2 value of 0.94. Zero order, First order and 

Higuchi model of release showed poor fit as the correlation coefficients were 0.804, 0.687 

and 0.894 respectively. Cumulative release graphs showing the extent of fit with different 

mathematical models are given in figure 40D-G. The ‘n’ value of the Korsmeyer Peppas 

fitting equation was 0.14 which corresponds to quasi-fickian diffusion (Olejnik et al., 

2017), where drug release is facilitated by diffusion rather erosion or swelling.  

4.3.14   Direct contact assay for cytotoxicity evaluation 

Cytotoxicity responses of RPMI 2650 cells due to contact with thermally crosslinked 

Zein/PVP were evaluated by direct contact assay. The impact of PL loading on the 

viability of cells was also analysed. Thermally crosslinked Zein/PVP electrospun 

membranes with and without PL loading were placed over the RPMI 2650 cell monolayer 

for 24 h and incubated. F5 formulation having a higher loading capacity was selected for 

the cytotoxicity analysis. The phase contrast images of the cell-material system were 

taken after 24 h and analysed. The harmful influence of materials will be reflected as 

dead cells, morphology-lost cells or disturbance to cell monolayer. Figure 41A-E 

represents the phase contrast direct contact images of RPMI 2650 cells. Figure 41A and 

41B are the positive and negative control images. Figure 41C is the reference or cell alone 

control where the real morphology of live cells and intactness of cell monolayer can be 

seen. Reference cells are just media-treated cells. Figure 41D and 41E are cells treated 

with thermally crosslinked Zein/PVP without and with PL loading. In reference to the 

control cells, material treatment hasn’t resulted in toxicity to the cells. Direct contact 

assay concludes the materials as non-cytotoxic.  
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4.3.15   Live/dead assay 

Fluorescent imaging of RPMI 2650 cells, distinguishing live and dead cells using 

different stains enriches information obtained from direct contact assay. Acridine 

orange/ethidium bromide stains were used for the staining where the former stains live 

cells and the latter stains dead cells. Live cells are visualized as green and dead cells as 

red. Figure 41F is the control image. The appearance of the majority of live cells in green 

colour is the reference for the test material analysis. Figures 41G and 41H are the 

live/dead fluorescent images of cells treated with thermally crosslinked Zein/PVP 

without and with PL loading respectively. The images are self-explanatory regarding the 

Figure 41 Direct contact images of A) Positive control cells B) Negative control cells C) Cell alone 

control D) Thermally crosslinked Zein/PVP treated cells E) PL loaded thermally crosslinked 

Zein/PVP treated cells (Images were taken in 10X magnification), live/dead assay images of F) 

Control cells G) Thermally crosslinked Zein/PVP treated cells H) PL loaded thermally 

crosslinked Zein/PVP treated cells and (images were taken in 40X magnification) I) % cell 

viability as bar diagram representation 
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non-cytotoxic properties of the materials under study. The majority of the cells appeared 

live in the images and few cells are red. The red cells are marked using arrows. Since a 

majority of cells stayed live after material treatment live/dead assay also concluded non-

cytotoxicity of materials of interest. 

4.3.16   MTT assay 

Unlike direct contact assay and live/dead assay, MTT assay is a quantitative estimation 

technique. MTT assay measures the metabolic activity of viable cells via their ability to 

convert MTT to formazan complexes. If the material is not toxic to cells, the conversion 

of MTT to formazan is possible. Higher the number of live cells present, the higher the 

conversion happens. Quantification of formazan is the direct indication of cell viability 

(Präbst et al., 2017). MTT assay was carried out using material extracts in PBS and 

DMEM media. PBS extracts of thermally crosslinked Zein/PVP showed 99.3 ± 9 % cell 

viability after 24 h incubation with RPMI 2650 cells. Incorporation of PL into thermally 

crosslinked Zein/PVP also hasn’t harmed the viability of cells. F5 formulation showed 

87.8 ± 6.4 % viability after 24 h incubation (figure 41I). A similar trend was observed 

when material extracts in DMEM media were used for the MTT assay. Thermally 

crosslinked Zein/PVP and PL loaded thermally crosslinked Zein/PVP demonstrated cell 

viability of 112 ± 11 % and 107 ± 2 % in respective order. However, cell viability of 

thermally crosslinked Zein/PVP hasn’t exhibited a significant difference with PL loaded 

system (p-value = 0.05). Therefore, PL loading is not causing cytotoxicity to RPMI 2650 

cells in particular. Phenol-added cells were taken as the positive control in the 

experiment.  
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4.3.17   F-actin staining for the evaluation of cytoskeleton 

morphology  

Fluorescent staining of F-actin filaments using Rhodamine/phalloidin staining helps to 

visualize and analyse the filament structure and integrity. Along with F-actin staining, 

nucleus staining was done using Hoechst. Figure 42A-B represents untreated control cells 

after nucleus and F-actin staining respectively. Figure 42C is the overlay of both. The 

morphology and cytoskeleton intactness could be considered as the reference for the 

analysis of material-treated cells. After treating RPMI 2650 cells with thermally 

crosslinked Zein/PVP, fluorescent images were taken. It can be visualized from figure 

42D-F that the integrity of F-actin filaments is left undisturbed after material treatment. 

F-actin filaments play a crucial role in maintaining junctional protein integrity. Therefore, 

the absence of alteration in the continuity of F-actin filaments points towards the absence 

of junctional openings in epithelial cells. 

4.3.18   Immunostaining of beta-catenin proteins in adherens 

junction    

Since F-actin filaments stay unchanged in terms of morphology as well as intactness, 

disturbance causing epithelial cell junction is unlikely. Fluorescent antibody staining of 

beta-catenin proteins of adherens junctions (Kürti et al., 2012) in RPMI 2650 cells will 

help to confirm the hypothesis. Figure 42G-I demonstrates the images of control cells 

where the unperturbed beta-catenin proteins are visible with perfect morphology and 

barrier integrity. Changes happening to this structure after treating with thermally 

crosslinked Zein/PVP are analysed in figure 42J-L. It was found that treating RPMI 2650 

cells with thermally crosslinked Zein/PVP doesn’t permute the coherence of beta-catenin 

proteins.  
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Biomaterials known for causing disturbance to junctional integrity are calcium chelators, 

ionic liquids surfactants and cationic polymers (Brunner et al., 2021). Zein and PVP don’t 

fall under any of these categories and not causing disturbance to adherens junctions. Even 

though the adherens junction is not directly controlling paracellular transport, it helps to 

maintain tight junction assembly and thus indirectly regulates paracellular activity. 

Disruption of the tight junction will reflect in the structural coherence of the adherens 

junction also (Han et al., 2019). Notwithstanding the junctional opening, the mode of 

transport of drug molecules across the epithelial monolayer is anticipated to be 

Figure 42 F-actin staining of A-C) Control cells D-F) Cells after treatment with thermally 

crosslinked Zein/PVP and Immunostaining of beta-catenin junctional protein of G-I) Control 

cells J-L) Cells after treatment with thermally crosslinked Zein/PVP (all images taken in 63X 

magnification) [The magnified overlay images are kept on the right side of each panel] 
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transcellular. Paracellular transport could be anticipated only if there is a loss of barrier 

integrity. 

4.3.19   TEER measurement  

Transepithelial Electrical Resistance (TEER) evaluates the integrity of the cell 

monolayer. The absolute TEER values and TEER (%) calculated are plotted in figure 

43A. The absolute TEER value of confluent RPMI 2650 cells lies in the range of 25-30 

Ωcm2 (Kim et al., 2018). In this experiment also, the observed values of absolute TEER 

of cultured RPMI 2650 cells in a liquid-liquid interface were around 30-33 Ωcm2. The 

value didn’t change with time before and after material treatment. Similarly, TEER (%) 

also hasn’t changed significantly before and after treatment with thermally crosslinked 

Zein/PVP. And also, thermal crosslinking of the Zein/PVP blend hasn’t influenced the 

ability of the material to cause changes in the barrier integrity in any way. The TEER (%) 

values as well as absolute TEER values of RPMI 2650 cells do not considerably differ 

with the treatment of uncrosslinked and thermally crosslinked Zein/PVP. These 

observations abide by the above-discussed facts regarding the opening of junctional 

proteins. Immunostaining of beta-catenin proteins revealed that there is no opening of 

Figure 43 A) Graphical representation of TEER (%) and absolute TEER of uncrosslinked and 

thermally crosslinked Zein/PVP B) Zero order in-vitro drug permeation profile of PL loaded 

thermally crosslinked Zein/PVP  
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cell junctions happening due to the influence of material added. Hence TEER is not 

expected to vary with time. Hence, drug transport through the cell monolayer is expected 

to happen through the transcellular pathway.  

4.3.20   In-vitro PL permeation study 

In-vitro drug permeation studies through culture inserts were done to confirm the 

permeation of the drug through the cell monolayer even in the absence of cell junction 

opening. The release kinetics of PL control was also studied. 75 ± 2 % cumulative release 

of PL is observed within 8 h from PL loaded thermally crosslinked Zein/PVP. The in-

vitro drug permeation profile is best fitted with Zero-order kinetics of drug release (figure 

43B). The correlation coefficient of fitting of drug release profile with different drug 

release models is shown in table 17. Zero-order permeation of the drug through the cell 

monolayer facilitated the release of the drug at a constant rate and overcomes the issue 

of immediate release (Laracuente et al., 2020). As a control system of study, PL of the 

same concentration as in the above system but without incorporating in electrospun 

matrix was also added over the cell monolayer. In control, 88 ± 3 % of cumulative release 

of PL happened within 4 h of study in control. The easiness of permeation of PL through 

the cell monolayer would vary for drug samples directly delivered over the cell and 

delivered through a matrix system. It is advised to deliver the drug through polymeric 

carriers to reduce the local irritation expected due to the direct administration of the drug 

(Rabiee et al., 2021). Moreover, direct drug administration without a carrier is practically 

impossible and it is not patient- friendly also. Drug samples delivered through a matrix 

system like an electrospun membrane would take time for the drug to release out of the 

matrix and then to permeate through the cell monolayer. Hence, the permeation 

coefficient of PL control was found to be 0.402 ± 0.012 cm/h which is higher than that 
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of PL loaded thermally crosslinked Zein/PVP system which is only 0.173 ± 0.002 cm/h 

(table 18). This slow-release profile helped to avoid the burst release of the drug.  

The permeation coefficient of thermally crosslinked Zein/PVP was less because tight 

junctions were not opened in contact with the membrane. It is to be noted that PL is 

lipophilic enough to cause transcellular permeation (Gumina and Yan, 2019; Vogelpoel 

et al., 2004). Therefore, the role of the membrane system as a carrier for PL and the ability 

of PL to permeate through the cell layer enabled the constant release of PL for a prolonged 

time. 

Table 17 Correlation coefficients of various mathematical models of drug release in in-vitro drug 

permeation of PL from thermally crosslinked Zein/PVP 

Table 18  In-vitro permeation coefficients of PL control and PL loaded thermally crosslinked 

Zein/PVP 

Material Permeation Coefficient (cm/h) 

PL control 0.402 ± 0.012 

PL loaded thermally crosslinked Zein/PVP 0.173 ± 0.002 

4.3.21   Ex-vivo PL permeation study through porcine buccal 

mucosa 

Ex-vivo drug permeation study was usually carried out using porcine buccal mucosa 

because of its resemblance in structure, morphology and permeability characteristics with 

human buccal mucosa (Pinto et al., 2020). Cumulative drug permeation was evaluated 

Mathematical Model R2 value 

Zero order 0.998 

First order 0.958 

Higuchi model 0.991 

Korsmeyer-Peppas model 0.998 
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for thermally crosslinked Zein/PVP. Similar to the observations of in-vitro drug release 

studies in PBS media, the ex-vivo drug permeation profile also followed an initial burst 

release trend followed by sustained release. It was observed that 6.3 ± 1.04 % of PL 

permeation happened through porcine buccal mucosa within 8 h. In terms of cumulative 

released concentration, 1.9 ± 0.3 μg/mL PL permeation happened in 8 h as shown in 

figure 44A. Mathematical model fitting was done with the cumulative permeation profile 

and found that the Higuchi model exhibited the best fit. Zero order, First order, Higuchi 

model and Korsmeyer Peppas model were evaluated for fitting with the drug permeation 

profile. Correlation coefficients are 0.997, 0.797, 0.960, and 0.997 respectively for Zero 

order, First order, Higuchi model and Korsmeyer Peppas model (figure 44B-E). The ex-

vivo drug permeation experiment was conducted keeping 30 μg/mL PL directly added 

over the mucosa as the control system. Permeation coefficients of control and test systems 

were calculated from the cumulative drug permeation curves. The permeation coefficient 

of the control system is considerably more than test system (p-value = 0.006). In the 

Figure 44 A) Cumulative drug permeation ex-vivo B-E) Mathematical model fitting with Zero 

order, First order, Higuchi model and Korsmeyer Peppas model respectively F) Ex-vivo 

permeation coefficient of control and test system represented as bar graph 
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control system, 67.7 ± 1.4 % of PL permeation happened in 8 h of the experiment and 

subsequently permeation coefficient appeared to be 1.238 ± 0.0008 cm/h. On the other 

hand, in the test system, only 6.3 ± 1.04 % PL permeation was noticed within 8 h of the 

experiment. This slow permeation resulted in a 0.142 ± 0.021 cm/h permeation 

coefficient for PL-loaded thermally crosslinked Zein/PVP (figure 44F). Previous 

experiments have confirmed the absence of junctional openings in epithelial cell 

junctions of mucosal tissue after material treatment. Therefore, it is not expected to have 

a higher permeation coefficient than the control. The huge difference in permeation 

coefficient is not because of the reason that junctional opening is happening in the control 

system. It is because, an abrupt PL permeation occurs when the drug solution is applied 

directly over the mucosa whereas, in the control system, an additional time for diffusing 

out of the electrospun membrane is required. Diffusion of PL from thermally crosslinked 

Zein/PVP could be concluded to be very slow and weak so that only a few drugs are 

getting permeated across the mucosa.  
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4.4 MUCIN CROSSLINKED ZEIN/PVP ELECTROSPUN 

MEMBRANE AND ITS CHARACTERIZATION 

4.4.1 Preparation of mucin crosslinked zein (MUZ) 

Crosslinking between mucin and zein was carried out expecting the formation of peptide 

bonds between amino groups of zein and carboxylic acid groups of oligosaccharide side 

chains of mucin via EDC activation. The structure of mucin is composed of a central 

protein core with O-linked oligosaccharide side chains (Pinzón Martín et al., 2019). N-

acetylgalactosamine, N-acetylglucosamine, fucose, galactose, N-acetylneuraminic acid 

(sialic acid) and mannose were found in the oligosaccharide side chains of mucin 

(Chatterjee et al., 2020). Sialic acids are usually seen on the terminals of O-glycans in the 

Figure 45 A) Schematic diagram depicting the mechanism of crosslinking between mucin and 

zein by EDC crosslinking B) UV spectra of MUZ after washing which shows absorption maxima 

of isourea which disappear after a number of washing C) Captured images of size reduction of 

MUZPVP matrices after water contact which are crosslinked for 4 h, 7 h and 10 h 
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mucin (Varki and Schauer, 2009). Sialic acid is a monosaccharide carrying carboxylic 

acid groups in the 2nd position (Ghosh, 2020). These carboxylic acid residues bind with 

the amino groups present in the structure of zein via EDC activation. Figure 45A depicts 

the schematic representation of EDC-mediated crosslinking of zein and mucin (MUZ). 

EDC crosslinking generates iso-urea by-product which is water-soluble. Since zein is 

water-insoluble, mucin crosslinked zein will also be not soluble in water. Hence, 

unreacted mucin and iso-urea by-products could be washed off using distilled water from 

the casted films of MUZ (Bhattacharjee and Ahearne, 2021). UV spectra of distilled water 

after washing off iso-urea exhibited an absorption maximum of 265 nm. Therefore, the 

complete removal of iso-urea was confirmed by the disappearance of this peak in UV 

spectra (figure 45B). Out of two compositions of MUZ prepared with 0.5 % and 1 % 

(w/v) mucin, MUZ with large mucin content was selected for further evaluations.  

4.4.2 TNBS assay to estimate the degree of crosslinking  

TNBS assay to estimate the concentration of primary amino groups will benefit to 

quantify the degree of crosslinking between mucin and zein. Both zein and mucin carry 

amino groups in their structure. Hence reduction in the concentration of amino groups 

after MUZ preparation has to be compared with zein/mucin polymer blend film rather 

with zein or mucin alone. Zein/mucin blend film was prepared in 7:3 EtOH/PBS without 

EDC activation in view of the above perspective. It was observed that EDC activation 

and subsequent crosslinking between mucin and zein caused a reduction in the 

concentration of amino groups. Zein/mucin polymer blend film carrying 2.75 ± 0.07 

μg/mL primary amino groups, which considerably decreased to 1.67 ± 0.02 μg/mL after 

EDC crosslinking (p-value = 0.001). If that is the case, the degree of crosslinking was 

calculated as 39 ± 0.008 %.  
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4.4.3 Electrospinning of MUZPVP and post-electrospinning 

thermal crosslinking 

The electrospun membrane of zein had insufficient mechanical properties and it could 

not meet the demands of a membrane which is easy to handle (Qu et al., 2019). 

Crosslinking of mucin with zein also hadn’t improved the mechanical properties. 

Blending with a synthetic adhesive polymer like PVP will improve the mechanical 

property of MUZ. Hence polymer solution of MUZ blended with 5 % (w/v) PVP was 

electrospun. Further, PVP is a water-soluble polymer which immediately leaches out of 

the electrospun membrane after water contact. Post-electrospinning crosslinking of PVP 

has to be carried out to resolve this issue. Thermal crosslinking of PVP has already been 

recommended by various research groups (Tan et al., 2014). They have proposed thermal 

crosslinking of PVP at 200 °C for 1 h. In this particular case, the temperature can’t be 

raised to 200 °C because mucin has a melting point in the range of 115-120 °C (Eraga et 

al., 2016). The thermal crosslinking temperature selected in the present study is 100 °C 

and extended for 10 h. The time of crosslinking was optimized based on the stable 

response of the matrix to water. The crosslinking time was varied and compared in terms 

of shrinkage response after water contact (figure 45C). After 4 h of crosslinking, around 

53 % of shrinkage was observed which considerably decreased to 22 % after 10 h of 

crosslinking. Therefore, a 10 h time has been finalised for thermal crosslinking of PVP 

in MUZPVP.  
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4.4.4 Surface morphology analysis by SEM 

Scanning electron microscopy images of MUZPVP and Zein/Mucin/PVP blend 

electrospun membranes were taken and compared. ImageJ software was used for the 

calculation of fibre diameter. Figures 46A and 46B represent SEM images of the 

Zein/Mucin/PVP blend and MUZPVP electrospun membranes. Figure 46C is the bar 

diagram representation of fibre diameter. EDC crosslinking between mucin and zein has 

been observed to cause an increase in the fibre diameter of the electrospun membrane. 

The fibre diameter of the Zein/Mucin/PVP electrospun membrane was 1.8 ± 0.5 μm and 

that of MUZPVP was 2.5 ± 0.3 μm. Statistical analysis of fibre diameter has shown that 

fibre has increased significantly (p-value = 1.36 x 10-6) after EDC crosslinking. This 

might be because of the increased viscosity of the polymer solution after crosslinking 

Figure 46 A-B) SEM images of Zein/Mucin/PVP blend electropsun matrix and MUZPVP matrix 

respectively C) Bar diagramatic representation of fibre diameter of Zein/Mucin/PVP blend and 

MUZPVP matrix D-E) Histrogram distribution of fibre diameter of Zein/Mucin/PVP and 

MUZPVP respectively 
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(Jiang et al., 2010; Tian et al., 2019). Figure 46D and 46E represents the fibre diameter 

distribution of the Zein/Mucin/PVP blend and MUZPVP electrospun membranes 

respectively. Electrospun fibres of Zein/Mucin/PVP are found to be distributed within 1 

to 2.5 μm whereas that of MUZPVP was distributed within 2 to 3 μm.  

4.4.5 FTIR spectroscopy for chemical characterization 

FTIR spectra of mucin and MUZPVP were taken and identified unique functional groups. 

FTIR spectra of mucin shown in figure 47A have several characteristic vibrational peaks. 

A broad peak observed at 3272 cm-1 corresponds to overlapping vibrations of the -OH 

group of alcohol and carboxylic acid functionalities and the -NH group of amide 

functionality. Aliphatic C-H stretching was observed at 2919 cm-1. Amide linkages in 

mucin were evident in the FTIR spectra as amide I and amide II vibrations. They were 

observed respectively at 1638 cm-1 and 1538 cm-1. FTIR peaks observed at 1375 cm-1 and 

Figure 47 FTIR Spectra of A) Mucin alone B) MUZPVP before thermal crosslinking C) 

MUZPVP after thermal crosslinking 
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1227 cm-1 corresponded to C-N and C-O stretching vibrations. A sharp peak observed at 

1036 cm-1 is due to the C-O stretching vibration of primary alcohol groups in 

oligosaccharide side chains of mucin (Johnson et al., 2009).  

Figure 47B represent the FTIR spectra of MUZPVP-before crosslinking. Characteristic 

peaks of mucin and zein were expected to be present in MUZPVP. But in most cases, 

vibrations of chemical bonds overlap for zein and mucin. That being the case, vibrations 

corresponding to amide linkage, C-H and O-H bonds in mucin and zein overlap. The 

broad peak observed at 3290 cm-1 corresponds to the overlap of N-H and O-H stretching 

vibration. A slight shift has been observed for the C-H stretching vibration of MUZPVP 

to 2928 cm-1 compared to similar vibration of mucin. This might be due to the combined 

influence of zein and PVP. No notable shift was observed for amide I and amide II 

linkages. C-N vibration of the pyrrolidone ring structure of PVP appeared at 1290 cm-1 

(Huang et al., 2019). C-N vibration of mucin was expected to be present at 1375 cm-1, 

however it was absent. C-N vibration of PVP ring structure dominated in appearance. It 

is because the MUZPVP is composed of 20 % (w/w) mucin with respect to the total 

weight of PVP. The concentration of PVP is more compared to the concentration of 

mucin and naturally, its vibrations will dominate. The stretching vibrations of O-H bonds 

in primary alcohol groups of mucin appeared at 1041 cm-1 but with a low intensity. This 

is also as a result of less percentage composition of mucin in MUZPVP. Figure 47C 

presents the FTIR spectra of MUZPVP-after thermal crosslinking. Nevertheless, the 

characteristic peaks of MUZPVP before and after thermal crosslinking remain the same, 

but C-H asymmetric stretching vibration differ for MUZPVP before and after thermal 

crosslinking. Thermal crosslinking of PVP is occurring at the -CH group of the PVP 

polymer chain via a radical-initiated mechanism at high temperature conditions (Tan et 

al., 2014). That being the case, asymmetrical stretching vibration of the -CH group 
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decreases in intensity after crosslinking. As previously discussed, thermal crosslinking of 

MUZPVP was carried out under 100 °C for 10 h, which is not enough for the entire 

polymer chains to crosslink. Despite that fact, thermal crosslinking at 100 °C for 10 h 

was performed to enable adequate water stability to the matrix by preventing immediate 

and complete dissolution of PVP.  

4.4.6 Mechanical property evaluation by UTM  

Tensile strength, Youngs modulus and elongation at break (%) of MUZPVP were 

analysed. The impact of crosslinking between mucin and zein will be reflected in the 

mechanical property of MUZPVP. To analyse the reverberations, the mechanical 

properties of MUZPVP were compared with Zein/Mucin/PVP blend electrospun matrix 

without any crosslinking. MUZPVP was evaluated before and after thermal crosslinking. 

Figure 48 Representations of mechanical property and comparison between Zein/Mucin/PVP 

blend and MUZPVP electrospun matrices – a) Tensile strength b) Youngs modulus c) 

Elongation at break (%) 
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It was observed that the effect of crosslinking has been reflected in the tensile and 

modulus properties of MUZPVP. The tensile strength of the Zein/Mucin/PVP blend was 

0.93 ± 0.09 MPa and that of MUZPVP-before thermal crosslinking was 1.71 ± 0.17 MPa. 

After thermal crosslinking, the tensile strength of MUZPVP increased to 4.85 ± 0.92 

MPa. Similarly, Youngs modulus of Zein/Mucin/PVP blend was 54.8 ± 3 MPa and that 

of MUZPVP-before thermal crosslinking was 127 ± 8 MPa. Youngs modulus of 

MUZPVP also considerably increased after thermal crosslinking to 159 ± 4 MPa (p-value 

= 1.6 x 10-8).  Figures 48A-C are bar diagram representations of tensile strength, Youngs 

modulus and elongation at break (%) respectively. Observations regarding elongation at 

break (%) led to the fact that crosslinking of the polymer chains of mucin and zein 

significantly reduced elongation at break (%) (p-value = 0.0003). After crosslinking, free 

slipping of polymer chains over each other would be reduced and consequently, 

elongation at break (%) also will reduce. That is the reason behind the reduction in 

elongation at break (%) from 24.6 ± 3.8 % of Zein/Mucin/PVP blend to 14.6 ± 1.9 % of 

MUZPVP-before thermal crosslinking. This reasonable decrease is confirmative 

evidence for crosslinking between mucin and zein. Thermal crosslinking of PVP caused 

decrease in elongation at break (%) again to 7.43 ± 0.8 %.  

4.4.7 Mucoadhesion by Texture analysis 

The degree of adhesiveness of materials on porcine buccal mucosa was evaluated using 

texture analysis. Zein and PVP have already been investigated extensively for their ability 

to adhere to the mucosa either individually or in combination (Alsarra et al., 2011; 

Surendranath, Ramesan, et al., 2023; Vecchi et al., 2021). The interesting aspect of 

texture analysis of MUZPVP is to investigate the effect of mucin on mucoadhesion. 

Mucoadhesion is being defined as the adhesive interaction between the polymer system 

of interest and with mucin glycoprotein of the mucosal surface (Szilágyi et al., 2020). 
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The force of adhesion between the polymer system and mucosa can be attributed to 

establishing electrostatic interaction, covalent interaction, hydrogen bond interactions or 

physical interpenetrations (Surendranath, R, et al., 2022). That being the case, analysis of 

the cohesive interaction of mucin in the mucosa with mucin incorporated polymer system 

is a novel approach. This can be confirmed by comparing the mucoadhesive properties 

of MUZPVP with Zein/PVP electrospun membrane, in which no mucin is incorporated. 

This comparison allows us to know the additional benefit of mucin incorporation. The 

Zein/PVP electrospun membrane exhibited a maximum force of adhesion of 1.20 x 10-1 

± 1.28 x 10-2 N. After mucin incorporation via crosslinking with zein significantly 

increased (p-value = 5.9 x 10-5) the force of adhesion to 3.25 x 10-1 ± 2.85 x 10-2 N. The 

bar diagram representation of the force of adhesion is shown in figure 49A. A similar 

trend was observed for work of adhesion also. MUZPVP exhibited reasonably higher 

value of work of adhesion compared to Zein/PVP blend (p-value = 0.006). Incorporation 

of mucin caused increase in work of adhesion from 1.03 x 10-1 ± 8.80 x 10-3 N mm to 

8.60 x 10-1 ± 1.89 x 10-1 N mm as expressed in figure 49B. Hydrogen bond interaction of 

oligosaccharide side chains of mucin glycoproteins (Bansil and Turner, 2006) and 

flexible interpenetration of mucin chains might be contributing to this enhancement in 

adhesive properties.   

Figure 49 Comparative graphical representation of A) Force of adhesion B) Work of adhesion of 

Zein/PVP and MUZPVP 
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4.4.8 Drug dissolution study 

Table 19 Detailed calculation of the weight of expected and actual drug entrapped in F1-F5 

formulations 

Formulation 

Total 

weight of 

polymers 

(g) 

Amount 

of drug 

loaded 

(μg) 

Weight of 

membrane 

after 

electrospinn

ing (g) 

Expected 

amount of 

entrapped 

drug (μg) 

Actual 

amount 

of 

entrappe

d drug 

(μg) 

Drug 

entrapm

ent (%) 

F1 2.1 260 1.173 145.2 38.25 26.4 

F2 2.1 520 1.30 322 75.23 23.3 

F3 2.1 780 0.9503 353 57.32 16.2 

F4 2.1 1040 0.8432 417.58 54.04 12.9 

F5 2.1 1200 1.479 845.1 112.04 13.3 

PL incorporations to MUZPVP were done by preparing five formulations of 

concentrations 0.01 mM, 0.02 mM, 0.03 mM, 0.04 mM and 0.05 mM. F1 to F5 

formulations were then subjected to a drug dissolution study for calculating drug 

entrapment (%) and loading capacity (%). Pre-weighed samples of drug-loaded 

electrospun membranes were dissolved in 7:3 EtOH/PBS. UV measurements were taken 

at 290 nm and further calculations gave percentage entrapment and loading capacity. The 

final membrane collected after electrospinning will not be having the same weight as that 

of the total weight of polymers because of the loss of fibre during the process. That being 

the case, additional calculation has to be done to find out the exact amount of drug 

entrapped in the membrane. Table 19 included the calculations of the amount of drug-

loaded, expected drug entrapment and actual drug entrapment. The total weight of zein, 

mucin and PVP will be 2.1 g in the polymer solution containing 7:3 EtOH/PBS. F1 

formulation was prepared by dissolving 260 μg PL in a 2.1 g polymer solution. The final 

weight of the electrospun membrane was 1.173 g which was expected to carry 145.2 μg 
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of PL if 100 % of drug entrapment happened. This concentration is absolutely a 

theoretical value which demands an additional calculation for the experimental amount 

of drug entrapment. UV measurements of F1 formulation after dissolving in 7:3 

EtOH/PBS have calculated the exact entrapped PL concentration as 38.25 μg. This means 

the experimental concentration of PL entrapment is only 26.4 ± 0.5 % of the theoretical 

concentration of drug entrapment. Though F2 to F5 formulations were prepared by 

dissolving higher PL concentrations, a proportionate increase in entrapment has not been 

observed. Figure 50A represents the graphical representation of drug entrapment for five 

formulations. Maximum drug entrapment was observed for F1 formulation and other 

formulations showed much less entrapment percentage. Usually, electrospinning enables 

the preparation of electrospun membranes with more than 95 % drug entrapment. The 

efficiency of drug entrapment into the fibres of the electrospun matrix is determined by 

the compatibility of the drug and polymer in the solvent mixture as well as the volatility 

of the drug (Arthanari et al., 2016). Mucin is a polymer showing highly pH-dependent 

behaviour. Changes in pH conditions will cause conformational changes to mucin and 

further lead to sol-gel transitions (Curnutt et al., 2020). The solubility of mucin is 

enhanced at higher pH conditions (Cao et al., 1999). Conversely, the solubility of PL is 

enhanced at acidic conditions. This compatibility issue will be the reason for poor PL 

Figure 50 A) Drug entrapment (%) of F1-F5 formulations B) Loading capacity (%) of F1-F5 

formulations of MUZPVP 
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entrapment in MUZPVP (Perez-Marcos et al., 1996). From figure 50A, drug entrapment 

percentage of F1 to F5 formulations can be observed as 26.4 ± 0.5 %, 23.3 ± 0.5 %, 16.2 

± 0.4 %, 12.9 ± 1.2 % and 13.3 ± 0.3 % respectively. The consecutive decrease in drug 

entrapment percentage from F1 to F5 formulation might be credited to the aggregation of 

drug molecules and non-uniform distribution in the electrospun membrane (Lian and 

Meng, 2017).  

Loading capacity (%) was calculated from the amount of drug entrapped and the total 

weight of the membrane. Figure 50B is the loading capacity (%) graph. Loading capacity 

percentage of F1-F4 formulations are 0.0033 ± 6.15 x 10-5 %, 0.0058 ± 0.0001 %, 0.0060 

± 0.0001 % and 0.0064 ± 0.0006 % respectively. F5 formulation showed a maximum 

loading capacity of 0.0076 ± 0.0002 %. Loading capacity is low because PL is loaded in 

microgram quantity to polymer membrane having weight in ‘gram’.  

4.4.9 Drug release kinetics in PBS 

A drug release study was done for the F5 formulation having the highest loading capacity 

(%). Figure 51A demonstrates the drug release profile in PBS which had initial burst 

release characteristics followed by a sustained release trend. Electrospun membrane 

carrying 70 μg/mL PL was analysed for release kinetics in PBS. At 1 h of the release 

study, 5.2 ± 1.2 μg/mL PL got released into the PBS media. After 8 h of the experiment, 

31.6 ± 1.8 % of PL release happened. Later, the release profile had a slow releasing 

mechanism as the release reached 41.3 ± 2.8 % in 48 h of the experiment. The release 

profile was fitted with different mathematical models and found that the Korsmeyer 

Peppas model exhibited the best fit with an R2 value of 0.937. Figure 51B-E is the 
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mathematical model fitting curves with Zero order, First order, Higuchi model and 

Korsmeyer Peppas model kinetics.  

4.4.10   Direct contact assay for evaluation of cytotoxicity 

In-vitro cytotoxicity of MUZPVP was evaluated on human nasal epithelial cells, RPMI 

2650. The reverberations of PL loading on cytotoxicity were also evaluated. Samples 

with and without PL were kept over an epithelial cell monolayer of RPMI 2650 cells for 

24 h and visualized under the microscope. Phase contrast images of figure 52A and 52B 

represent positive and negative control. Figure 52C is the control image of untreated 

RPMI 2650 cells. Figures 52D and 52E are the phase contrast images after keeping 

MUZPVP without PL and with PL over the cell monolayer. The dark regions marked 

using arrows are the materials placed over cells. In comparison with the actual live 

morphology of cells, figures 52D and 52E were also maintaining the same morphology. 

Zein and PVP are already acknowledged for their non-cytotoxic properties to cells 

Figure 51 A) Cumulative drug release of MUZPVP loaded with PL in PBS B-E) Fitting curves 

with mathematical models of drug release- respectively in the order of Zero order, First order, 

Higuchi model and Korsmeyer Peppas model 
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(Surendranath, Ramesan, et al., 2023). The incorporation of mucin hasn’t been observed 

to cause cytotoxicity to the cells.  

4.4.11   MTT assay for quantitative evaluation of cytotoxicity 

MTT assay was performed to confirm and quantify the non-cytotoxicity of MUZPVP. It 

is a metabolic assay where the number of viable cells was estimated based on their 

capability to reduce tetrazolium salt to formazan crystals. More the number of viable cells 

after material treatment, more is the production of formazan crystals. MTT assay was 

done using material extract in PBS and DMEM media. It was observed that the addition 

of material extracts and incubation for 24 h hasn’t resulted in toxicity to the cells. Even, 

PL incorporation hasn’t caused toxic responses to RPMI 2650 cells. The percentage cell 

viability for PBS extracts of MUZPVP and PL-loaded MUZPVP are 97.2 ± 5.1 % and 

86.6 ± 4.7 % respectively. These results differ significantly as the p-value is 0.03. Even 

Figure 52 Phase contrast imaging of direct contact assay in RPMI 2650 cells A) Positive control 

cells B) Negative control cells C) Cell alone control D) Cells treated with MUZPVP matrix E) 

Cells treated with PL loaded MUZPVP matrix (NB: The yellow arrow points towards the 

material placed over the cell monolayer, which is seen as dark) F) Cell viability (%) of MUZPVP 

and PL loaded MUZPVP in MTT assay with phenol as positive control 
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then, percentage cell viability is more than 85 % for both membranes and can be 

considered non-cytotoxic. The % cell viability for DMEM extracts of MUZPVP and PL-

loaded MUZPVP are 115.7 ± 5.8 % and 101 ± 10.7 % respectively. Figure 52F represents 

the graphical representation of cell viability. 

4.4.12   Fluorescent visualization of cytotoxicity via live/dead 

assay 

Live/dead assay is a technique to qualitatively evaluate cytotoxicity via fluorescent 

imaging. Acridine orange/ethidium bromide stain was used for imaging. Acridine orange 

will stain live cells in green and ethidium bromide-stained dead cells in red. Untreated 

control cells are shown in figure 53A-C where live and dead cell staining and their 

Figure 53 Live dead assay fluorescent images – acridine orange staining, ethidium bromide 

staining and overlay respectively of A-C) Control RPMI 2650 cells D-F) Cells treated with 

MUZPVP matrix and G-I) Cells treated with PL loaded MUZPVP (40X magnification) 
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overlay are arranged respectively. RPMI 2650 cells after treating MUZPVP for 24 h were 

alive since the majority of cells appeared green in figure 53D. Only very few dead cells 

are observed in figure 53E in red colour. Figure 53F is the overlay of live and dead cell 

images after MUZPVP treatment. Direct contact assay and MTT assay proved that the 

PL-loaded MUZPVP won’t cause toxicity to RPMI 2650 cells. Likewise, live/dead assay 

also confirmed the non-cytotoxicity of PL-loaded MUZPVP. Figures 53G-I are the 

fluorescent images after acridine orange staining, ethidium bromide staining and their 

overlay respectively. In this case, also, the majority of cells appeared as live and certified 

the non-cytotoxicity of PL-loaded MUZPVP.  

4.4.13   Evaluation of F-actin morphology 

The logical relevance of evaluating F-actin morphology lies in understanding the integrity 

of epithelial tight junctions. F-actin filaments play a critical role in maintaining the 

architecture of tight junctions and the coherence of junctional proteins (Van Itallie and 

Anderson, 2014). Disturbance to the structure and continuity of F-actin filaments would 

lead to loss of barrier integrity of tight junctional proteins. The evaluation has been 

carried out by comparing the morphology of untreated control cells with that of 

MUZPVP-treated cells. Figures 54A-C are fluorescent images of nucleus staining, F-

actin staining and their overlay respectively of control cells. The overlay has been 

enlarged and placed on the right side of the panel. The actual structure and distribution 

of F-actin filaments are evident in figure 54A-C. The main focus of the experiment is to 

make observations regarding changes happening to F-actin filaments after MUZPVP 

treatment. Figure 54D-F are fluorescent images after MUZPVP treatment. It is clear from 

the images that the F-actin cytoskeleton of RPMI 2650 cells stay intact even after 

maintaining 24 h direct contact with MUZPVP. Neither zein, PVP nor mucin cause 
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disturbances to F-actin filaments and consequently tight junctions remain closed after 

material treatment.  

4.4.14   Immunostaining of adherens junctions  

Inter-cellular junctions like tight junctions, gap junctions and adherens junctions provide 

cell-cell adhesion (Samiei et al., 2019). Zonal occludens proteins act as physical linkages 

between tight junctions and adherens junctions. Hence, they perpetuate a high level of 

Figure 54 Top panel-  Fluorescent images of nucleus staining(Hoechst), F-actin staining 

(rhodamine/phalloidin) and overlay respectively of A-C) Control cells D-F) Cells after treatment 

with MUZPVP. 

Bottom panel- Fluorescent images of nucleus staining (Hoechst), β catenin adherens protein 

immunostaining (anti β-catenin) and overlay respectively of G-I) Control cells J-L) Cells after 

treatment with  MUZPVP  
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interdependency (Campbell et al., 2017). Cadherin proteins of the adherens junction 

comprise α catenin, β catenin and p-120 catenin. Actin filaments are attached to α catenin, 

which is linked with epithelial cadherin and β catenin (Drees et al., 2005). Previous 

experiments have proven that MUZPVP is causing disturbances to F-actin filaments. 

Even though, material impact over adherens junction proteins also has to be investigated. 

Therefore, immunostaining of β catenin proteins has been done and visualized. Just like 

in the previous case, untreated cells were considered as the control for the reference. 

Figure 54G-I are the nucleus staining, β catenin staining images and their overlay image 

in the sequence of control cells. The β catenin proteins appeared green and the nucleus 

was blue. The real structure and integrity of β catenin proteins could be noted from those 

images. Treatment of cells with MUZPVP hasn’t been noticed causing any changes to β 

catenin proteins. Alike observations and inferences of F-actin staining, perturbations to 

the epithelial junctions after MUZPVP can be ruled out. Figure 54J-L represents the 

MUZPVP-treated cells after nucleus, β catenin staining and their overlay in sequence. 

Maintaining junctional integrity and keeping junctions closed after material treatment is 

desirable in the aspect of preventing pathogen entry and other damages (Lu et al., 2014).  

4.4.15   Transepithelial electrical resistance (TEER) evaluation 

F-actin staining and immunostaining of β catenin proteins have qualitatively confirmed 

the lack of junctional opening occurring during MUZPVP treatment. TEER measurement 

and its calculation is a quantitative step to validate the same. It is relevant in the aspect 

of determining the mechanism of PL transport across epithelial cell monolayers. The 

absolute TEER value calculated before and after placing MUZPVP over RPMI 2650 cell 

monolayer is depicted in figure 55A. No considerable difference in absolute TEER value, 

as well as TEER (%) value, was observed. Literature has reported the absolute TEER 

value of RPMI 2650 cells under liquid-liquid interface culturing as 30 Ωcm2 (Kreft et al., 
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2015; Sibinovska et al., 2019). The experimental results of absolute TEER value after 

MUZPVP also fall in the same range.  

4.4.16   In-vitro drug permeation study 

The possibility of PL permeation in the absence of a junctional opening has to be verified. 

In-vitro drug permeability through complete cell monolayer is a wise technique for the 

same. PL-loaded MUZPVP was kept over RPMI 2650 cell monolayer and the amount of 

PL permeated across cell monolayer was quantified. Within 8 h of the experiment, 44.9 

± 2.5 % of PL permeated across the cell monolayer to the basolateral compartment of the 

cell culture insert. The control system of the experiment was PL (10 µg/mL) added 

directly over the cell monolayer. In that case, 93 ± 4 % of PL permeated across the cell 

monolayer within an initial 2 h. The cumulative drug permeation curve of test system is 

depicted in figure 55B. The beneficial aspect of mucoadhesive drug delivery is bypassing 

of hepatic metabolism to increase drug bioavailability. Even if that is the case, direct drug 

administration over the mucosal surface is not recommended in any circumstances. It 

may cause local irritations and lead to the loss of a greater amount of drug through saliva 

secretion and mucus turnover. Employing a drug-carrying matrix for adhesive drug 

delivery through mucosa will facilitate a diffusion-controlled release of PL from the 

matrix and subsequent permeation through the mucosa. It prevents uncontrolled drug 

release at the mucosal surface. Especially, mucoadhesive formulations assured targeted 

delivery of PL at the mucosa and retains the formulation as such at the site of interest. A 

specific and controlled release of the drug would be facilitated by the adhesive 
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electrospun matrix (Smart, 2004). The permeation of PL through the cell monolayer was 

fitted with various mathematical models- Zero order, First order, Higuchi model and 

Korsmeyer Peppas model. The best fit model found was Korsmeyer Peppas with a R2 

value of 0.960. The correlation coefficient for model fitting with Zero order, First order 

and Higuchi release models were 0.853, 0.741 and 0.939 respectively (figure 55C-F). 

Nevertheless, cell junctions remained intact after material treatment, PL permeated 

through the cell monolayer. The mechanism of PL transport followed a transcellular 

Figure 55 A) TEER (%) and absolute TEER (Ω cm2) before and after MUZPVP treatment B) 

Cumulative Permeation (%) through RPMI 2650 cells of PL from PL loaded MUZPVP, 

Cumulative Permeation (%) fitting with C) Zero order D) First order E) Higuchi model F) 

Korsmeyer Peppas models G) Bar diagram representation of permeation coefficient of PL loaded 

MUZPVP and PL control 
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pathway. The extent of permeation was compared for PL control and PL-loaded 

MUZPVP. As already discussed, PL control had burst release followed by a fast 

permeation profile. Therefore, the permeation coefficient of PL control was too high, ie., 

0.847 ± 0.032 cm/h. On the other hand, PL-loaded MUZPVP showed a slow permeation 

profile (figure 55G) with a substantially low permeation coefficient ie., 0.097± 0.002 

cm/h (p-value = 3.7 x 10-5).  

4.4.17   Ex-vivo drug permeation through porcine buccal mucosa 

Transmucosal permeation of PL through porcine buccal mucosa will be a piece of 

additional information to verify the transcellular permeation happening. The amount of 

PL permeated across mucosa was quantified using UV spectroscopy. Within 8 h of the 

study, 84 ± 35 % PL permeation was observed. Figure 56A represents the cumulative 

drug permeation graph. A liner profile of drug permeation was observed till 8 h. 

Mathematical model fitting of drug permeation was carried out. Zero-order kinetics had 

the best fit with the PL permeation profile from MUZPVP with an R2 value of 0.997 

(figure 56B). First order, the Higuchi model and Korsmeyer Peppas model fitting curves 

are shown in figure 56C-E in sequence. Permeation coefficients of PL-loaded MUZPVP 

and 10 μg/mL PL control were calculated from the cumulative drug permeation graph. 

Figure 56F demonstrates the cumulative drug permeation graph of 10 μg/mL PL control. 

It has been observed that 97.4 ± 6 % of PL permeation happens ex-vivo through porcine 

buccal mucosa within 6 h of the experiment. As a consequence, the permeation 

coefficient of PL control is high compared to PL loaded MUZPVP system. Figure 56G 

is the bar diagram representation of the permeation coefficient of the control and test 

system. Permeation coefficients of control and test systems are 3.99 ± 1.06 cm/h and 2.06 

± 0.77 cm/h respectively. A significantly lower permeation coefficient for the test system 

(p-value = 0.04) is an indication of a lack of cell junction opening after MUZPVP 
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treatment. Fast permeation in the control system is not attributed to junction opening but 

rather due to immediate release at the site of action. Drug release from electrospun 

material happens in a while as drug diffusion should happen initially from the electrospun 

material and it has to be followed by permeation.  

 

  

Figure 56 A) Cumulative drug permeation graph ex-vivo B) Zero order drug permeation C) First 

order drug permeation D) Higuchi model drug of permeation E) Korsmeyer Peppas model of drug 

permeation F) Ex-vivo cumulative drug permeation of 10 μg/mL PL control G) Bar graph 

representation of permeation coefficients  
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4.5 ZEIN/APBA CONJUGATED PVP ELECTROSPUN 

MEMBRANE AND ITS CHARACTERIZATION 

4.5.1 APBA conjugation with PVP 

Initially, 3-aminophenyl boronic acid (APBA) solutions were prepared in 10 mL EtOH. 

Three concentrations of 10 mM, 20 mM, and 50 mM were prepared by dissolving 0.01 

g, 0.02 g and 0.05 g APBA respectively. The meta position of the benzene ring in APBA 

contains an amino group. It is susceptible to bind with the C=O group of the pyrrolidone 

ring of PVP and establishing a Schiff base (Manju et al., 2011). Thereafter, APBA would 

be present as a pendant group on the principal polymer chain of PVP. Figure 57 is the 

pictorial representation of the scheme and mechanism of APBA conjugation with PVP.  

4.5.2 Electrospinning of Zein/APBA-PVP 

Zein is a natural protein known for mucoadhesive properties due to the presence of thiol 

functional groups in the cysteine amino acid. Zein is extracted from corn and it is rich in 

Figure 57 Pictorial representation of scheme of APBA conjugation with PVP and further 

blending with zein. Mechanism of APBA-PVP conjugation is shown in dotted rectangle. 
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proline content (Abe et al., 1985). On the other hand, PVP has also been broadly explored 

for developing electrospun fibres (Maciejewska et al., 2019; Tort et al., 2019). PVP is 

hydrophilic, and hygroscopic (Kurakula and Rao, 2020) and its superior adhesive 

property can be explained in terms of the wettability theory of mucoadhesion. Despite all 

these, the practical difficulty of electrospinning of PVP is to separate the electrospun 

membrane from the collector. Moreover, electrospinning of PVP alone in EtOH 

developed a membrane with a fused fibrous structure. In that scenario, it is preferred to 

prepare a blend of PVP with another polymer having better spinnability. Therefore, 5 % 

(w/v) PVP conjugated with APBA solution (APBA-PVP) was added with 15 % (w/v) 

zein. Zein was chosen purposively because of its adhesive property and hydrophobicity 

(Gonçalves et al., 2020). The addition of zein results in reducing the hygroscopic property 

of PVP and ends up in obtaining an electrospun membrane with unfused fibrous structure 

and adhesive properties. 

4.5.3 Scanning electron microscopy (SEM) for morphological 

analysis 

SEM images of 10 mM, 20 mM and 50 mM Zein/APBA-PVP electrospun membranes 

are represented in figure 58A-C in sequence. Primary visual analysis of change in fibre 

diameter with an increase in APBA concentration concludes that fibre diameter increases 

with an increase in APBA concentration. ImageJ analysis of fibre diameter was done to 

assess the changes quantitatively. The Zein/10 mM APBA-PVP electrospun fibres were 

having 1.6 ± 1.4 μm. A wide distribution of fibre diameter was observed for Zein/10 mM 

APBA-PVP, which spanned from 0.2 μm to 4.5 μm (figure 58D). Fibre diameter of 

Zein/20 mM APBA-PVP was 1.9 ± 1.3 μm. Just like in the previous case, the fibre 

diameter distribution of Zein/20 mM APBA-PVP spanned between 0.3 μm and 5.5 μm 
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(figure 58E). A commendable increase in fibre diameter hasn’t been observed for Zein/20 

mM APBA-PVP compared to Zein/10 mM APBA-PVP (p-value = 0.1). Increasing the 

concentration of APBA from 20 mM to 50 mM resulted in an increase in fibre diameter 

as well as a narrow distribution of fibre diameter (figure 58F). The fibre diameter of 

Zein/50 mM APBA-PVP was 3.2 ± 1.5 μm, which was a considerable increase compared 

to 10 mM and 20 mM APBA conjugated membranes (p-value = 0.0002 and 0.002 

respectively).  

4.5.4 Quantification of the percentage of conjugation 

UV spectra of APBA have been taken and observed an absorption maximum at 305 nm 

(J Yang et al., 2016) which corresponded to π →π* transition in the benzene ring (Jayeoye, 

Olatunde, et al., 2020). The amino group of APBA and the carbonyl group of PVP interact 

Figure 58 A-C) SEM images of Zein/APBA-PVP with 10 mM, 20 mM and 50 mM APBA 

concentration respectively (each of 1000X magnification) D-F) Fibre diameter distribution curves 

for 10 mM, 20 mM and 50 mM APBA conjugated electrospun membranes of Zein/PVP. 
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and establish the Schiff base during the conjugation mechanism. In that case, also, the 

benzene ring in APBA will be maintained intact and similar absorbance was noticed 

(figure 59A). Taking this observation into account, a standard calibration curve of APBA 

was plotted by measuring absorbance at 305 nm. Figure 59B represents the standard 

calibration curve of APBA in distilled water. Pre-weighed samples of 10 mM, 20 mM 

and 50 mM APBA conjugated samples of Zein/PVP were immersed in distilled water 

and the concentration of APBA leached out from the matrices were quantified taking the 

standard calibration curve as reference. Percentage of APBA conjugation was determined 

from the initial APBA concentration conjugated and the leached-out concentration. 

Figure 59C represents the graphical representation of percentage of APBA conjugation 

for different Zein/APBA-PVP samples at various time periods. In the case of 10 mM and 

Figure 59 A) UV-visible spectra of APBA showing absorbance maximum (water taken as blank) 

B) Standard calibration curve of APBA in water C) Bar diagram representation of degree of 

conjugation of 10 mM, 20 mM and 50 mM APBA conjugated samples of Zein/PVP. 
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20 mM conjugated samples, almost 99 % conjugation was calculated. With increase in 

the concentration of APBA conjugated, percentage conjugation was observed to decrease 

to 98 % after 1 h of leach out study. Further after 3 h of experiment, percentage 

conjugation of Zein/50 mM APBA-PVP significantly decreased to 97 % (p-value = 0.01). 

It was observed that, for all three compositions of Zein/APBA-PVP, percentage of 

conjugation remained constant after 3 h of release study.  

4.5.5 FTIR spectroscopy 

Figure 60A represents the stacked FTIR spectra of PVP, APBA, APBA-PVP and 

Zein/APBA-PVP. The major distinguishable peak for APBA is the peak observed at 1440 

cm-1 which corresponded to vibrations of the benzene ring (Jayeoye, Nwabor, et al., 2020) 

which is absent in PVP. A similar peak was observed for APBA-PVP and Zein/APBA-

Figure 60 A) FTIR overlay spectra of PVP, APBA, APBA-PVP and Zein/APBA-PVP, Fraction 

of FTIR spectra of B) PVP C) APBA D) APBA-PVP E) Zein/APBA-PVP 
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PVP at 1439 cm-1. In addition to that, C=O stretching vibrations observed in PVP at 1644 

cm-1 has been observed to shift to 1636 cm-1 due to the formation of new C=N bonds. 

This confirmed the Schiff base formation between the amino group of APBA and the 

carbonyl group of PVP. Bending vibration of CH2 groups of PVP was observed at 1371 

cm-1. The peak at 1355 cm-1 in the FTIR spectra of APBA corresponded to B-O stretching 

vibrations. APBA-PVP exhibited an overlap between CH2 bending vibration and B-O 

stretching vibrations and only bending vibrations of CH2 were dominant in the FTIR 

spectra of APBA-PVP and Zein/APBA-PVP. The asymmetrical O-B-O stretching 

vibration of APBA was noted at 1287 cm-1
 as a strong peak. This was observed to be 

prominent in APBA-PVP and Zein/APBA-PVP as shown in figure 60B-E.  

4.5.6 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy was done to confirm the presence of elements. Figure 

61A represents the XPS survey spectra showing elemental peaks of C1s, N1s, O1s and 

B1s. B1s elemental peak in survey spectra confirmed the presence of APBA moieties in 

Figure 61 A) XPS survey spectra of Zein/APBA-PVP electrospun membrane, High resolution 

spectra of B) B1s C) C1s D) O1s and E) N1s 
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the polymer matrix. High-resolution spectra of B1s in figure 61B had a characteristic 

peak maximum at 190.9 eV (Sarıarslan et al., 2020). High-resolution spectra of C1s 

showed two peaks at 285.0 eV and 287.6 eV (figure 61C). The strong peak at 285 eV is 

attributed to unresolved contributions from aromatic and alkyl carbons. The weak peak 

noticed at 287.6 eV is attributed to carbon atoms bound to heteroatoms. This peak again 

is a validation of the presence of boronic acid moieties. Figure 61D-E are the high-

resolution XPS spectra of O1s and N1s in sequence.  

4.5.7 The water contact angle for the wettability study 

APBA conjugation with polymers is reported to cause changes in the wettability 

characteristics. Boronic acid groups exhibit hydrophobic properties below pKa values 

and hydrophilic properties above pKa values (Brooks and Sumerlin, 2016; Yoshinaga et 

al., 2023). This fact has been verified by comparing the water contact angle of Zein/PVP 

polymer before and after APBA conjugation. Zein/PVP polymer film is hydrophilic and 

exhibited a contact angle of 75 ± 2 °. APBA conjugation with PVP has resulted in an 

increase in contact angle to 92 ± 4 °. The commendable increase in contact angle (p-value 

= 0.015) is depicted in figure 62A-B. According to reports in the literature, the pKa of 3-

aminophenyl boronic acid is 8.8 (Surendranath, R, et al., 2022). In that case, at neutral 

pH conditions, APBA is supposed to demonstrate hydrophobic properties. Thus, and so, 

Zein/APBA-PVP showed higher contact angle values which is a valid confirmation of 

conjugation happening. Mucoadhesion and hydrophilicity of polymers possess a direct 

proportionate relation. In that case, an increase in hydrophobicity could retard adhesive 

interaction between the polymer matrix and mucosa. Hydrophilic property-mediated 

mucoadhesion is completely non-specific and it belongs to first-generation materials. On 

the contrary, APBA moieties establish adhesive interaction via the formation of a 

boronate ester complex with cis-diols groups of mucins. It is highly specific and targeted. 
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Though APBA conjugation increases hydrophobicity, the targeted binding would be 

enough for adhesion over mucosa.  

4.5.8 Mechanical property evaluation 

The consequences of APBA conjugation on static mechanical properties were evaluated 

using UTM. Mechanical properties were observed to change with an increase in the 

concentrations of APBA. Figure 62C represents the bar diagram representation of tensile 

strength of 10 mM, 20 mM and 50 mM APBA conjugated Zein/PVP electrospun 

membranes. It is reported that the electrospun membrane of a simple polymer blend of 

Zein and PVP has a tensile strength of 2.67 ± 0.21 MPa. After 10 mM APBA conjugation, 

Figure 62 Water contact angle images of A) Zein/PVP film B) Zein/APBA-PVP film, 

mechanical property evaluation of Zein/APBA-PVP electrospun membranes with 10 mM, 20 

mM and 50 mM APBA conjugation represented in terms of C) Tensile strength D) Youngs 

modulus E) Elongation at break (%) and F) Mucoadhesion results represented in terms of 

force of adhesion and work of adhesion 
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tensile strength predominantly increased to 4.66 ± 0.22 MPa. A significant increase can’t 

be observed further for Zein/20 mM APBA-PVP whereas, Zein/50 mM APBA-PVP 

showed a perfect improvement in tensile strength compared to 10 mM (p-value = 0.03) 

and 20 mM APBA conjugated membranes (p-value = 0.002). Tensile strength of Zein/50 

mM APBA-PVP is 5.68 ± 0.47 MPa. As shown in figure 62D, APBA conjugation has 

improved the Youngs modulus also. The 50 mM APBA conjugation augmented Youngs 

modulus to 274 ± 18 MPa from 200 ± 9 MPa of Zein/10 mM APBA-PVP (p-value = 

0.03). As a consequence of the increase in brittleness after APBA conjugation as noted 

in terms of tensile strength and Youngs modulus, elongation at break (%) exhibited an 

appreciable decrease. Figure 62E represents the bar diagram representation of elongation 

at break (%). An appreciable decrease was recorded after increasing APBA concentration 

to 50 mM from 10 mM. The elongation at break (%) of 10 mM, 20 mM and 50 mM 

APBA conjugated membranes was 4.62 ± 0.54 %, 3.84 ± 0.45 %, and 3.52 ± 0.14 % 

respectively. The highest percentage APBA conjugated system ie., Zein/50 mM APBA-

PVP which exhibited best results for mechanical properties was selected for further 

evaluations. 

4.5.9 Evaluation of mucoadhesion by Texture analysis 

Boronate-containing polymers (BCP) are capable of establishing irreversible covalent 

complexes with cis-diol groups in mucin (d’Amone et al., 2023). Zein/PVP blend 

electrospun matrix itself is capable of adhering to the surface of mucosa due to its 

wettability and swelling properties (Surendranath, Ramesan, et al., 2023). The additional 

benefit of pendant APBA groups on the polymer chain was evaluated by comparing the 

mucoadhesive properties of Zein/PVP and Zein/APBA-PVP electrospun matrices. 

Texture analysis for mucoadhesion was carried out in porcine buccal mucosa. The peak 

maximum of the force-distance curve was considered as the maximum force of adhesion 
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and the area under the curve represents the work of adhesion. After APBA conjugation 

to the polymer chain, the force of adhesion considerably increased to 1.87 x 10-1 ± 1.94 

x 10-2 N from 1.29 x 10-1 ± 1.50 x 10-2 N of that of Zein/PVP blend (p-value= 0.003). 

Following the same trend, work of adhesion also increased after APBA conjugation from 

1.17 x 10-1 ± 1.53 x 10-2 N mm to 1.88 x 10-1 ± 2.16 x 10-2 N mm (p-value = 0.004). 

Graphical representation of force of adhesion and work of adhesion is given in figure 

62F. Collective contribution of zein, PVP and APBA in terms of establishing disulfide 

bonds, swelling and boronate ester complex formation respectively resulted in increased 

force of adhesion and work of adhesion. The improvement observed in mucoadhesion 

after APBA conjugation would be enabling prolonged stay of material on the mucosal 

surface and thus facilitating prolonged drug release.  

4.5.10   Drug dissolution and drug release studies 

Zein/APBA-PVP electrospun matrix has been loaded with propranolol hydrochloride 

(PL), an anti-hypertensive drug for transmucosal delivery. The drug was loaded in five 

formulations and electrospun. Blending electrospinning was employed for the 

preparation of drug-loaded membranes, where PL of concentrations 0.01 mM, 0.02 mM, 

0.03 mM, 0.04 mM and 0.05 mM were mixed into the polymer solution before 

Figure 63 A) Drug entrapment (%) of F1-F5 formulations B) Graphical representation of loading 

capacity (%) of F1-F5 formulations C) Drug release profile of PL loaded Zein/APBA-PVP in 

terms of cumulative concentration (μg/mL) and cumulative release (%) done in PBS 
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electrospinning. A drug dissolution study was carried out by dissolving triplicate pieces 

of pre-weighed samples in EtOH. Since PL and polymers are miscible in the solvent 

taken, 100 % of drug entrapment was expected for all electrospun formulations (Ajmal 

et al., 2019). But the same was true only for the F1 formulation. Drug entrapment was 

not calculated based on the amount of drug dissolved in the polymer solution. This is 

because, electrospinning involves loss of polymer fibres during the process. Therefore, 

the expected amount of drug loading can be calculated based on the final weight of the 

polymer membrane obtained. For example, the F1 formulation was prepared by mixing 

130 μg of PL in the polymer solution. The weight of polymers to which PL was mixed 

was 1.025, but after electrospinning, the membrane was having only 0.6045 g weight. If 

so, 76.67 μg of PL would have been entrapped in the membrane. In that case, the 

membrane was dissolved back in EtOH and absorbance was noted at 290 nm. It was 

found that 75.05 μg of PL is actually entrapped in it, which is 97.9 ± 3.4 % entrapment. 

Further, in other formulations, a higher concentration of PL was loaded but a 

proportionate increase in entrapment percentage was not observed. Figure 63A describes 

the drug entrapment of five formulations of PL-loaded Zein/APBA-PVP electrospun 

membranes. Detailed tabulation of the calculation of drug entrapment is given in table 

20. F2 formulation was having only 59.9 ± 0.8 % of drug entrapment. F3 to F5 

formulations had drug entrapment in the range of 35 %. PL aggregation happening at 

higher concentration drug loading can be expected as the cause of the decrease of drug 

entrapment form F1 to F5 formulations (Surendranath, Ramesan, et al., 2023).  

Even if the drug entrapment percentage is getting decreased from F1 to F5 formulations, 

the quantity of drug entrapped is increasing as evident from table 20. Increasing the 

quantity of PL loading from 130 μg to 650 μg, the quantity of drug entrapped also 
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increased from 75.02 μg to 198.22 μg. But the problem is that the increase in the quantity 

of entrapped drug is not in proportion with increase in the quantity of drug loading.  

Loading capacity was calculated from the quantity of drug entrapped and the final weight 

of the electrospun membrane. Unlike drug entrapment percentage, loading capacity 

percentage increased from F1 to F5 formulation because the quantity of drug entrapped 

is increasing from 75.02 μg to 198.22 μg. Figure 63B is the graphical representation of 

the loading capacity of F1-F5 formulations. F5 formulation exhibited a maximum loading 

capacity of 0.0236 ± 0.006 %. The low magnitude for loading capacity is because the 

amount of drug loaded is in the microgram range and the weight of the membrane ranges 

in grams.  

Table 20 Tabulation of drug entrapment (%) and loading capacity (%) based on the experimental 

concentration of entrapped drug in F1-F5 formulations 

The highest-loading F5 formulation was chosen for drug release studies in PBS at pH 7.4. 

Figure 63C is the cumulative drug release curve of PL from the Zein/APBA-PVP 

electrospun matrix. The release trend followed an initial burst release followed by a 

sustained release. Within 1 h of release, 10.3 ± 4.9 % of PL release happened. The PL 

release approached 33.2 ± 2 % within 48 h of the study. The release profile was fitted 

Formulat

ion 

Weight 

of 

polyme

r (g) 

Loaded 

drug 

(μg) 

Expected weight 

of drug after 

electrospinning 

(μg) 

The actual 

concentration 

of the drug 

(μg) 

Drug 

entrap

ment 

(%) 

Loading 

capacity 

(%) 

F1 1.025 130 76.67 75.05 97.9 0.0124 

F2 1.025 260 173.12 103.75 59.9 0.0152 

F3 1.025 390 171.22 57.54 33.6 0.0127 

F4 1.025 520 362.22 121.00 33.4 0.0169 

F5 1.025 650 531.73 198.22 37.3 0.023 
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with Zero order, First order, Higuchi model and Korsmeyer Peppas model and found to 

be fitting best with the Korsmeyer Peppas model with an R2 value of 0.915. Table 21 

gives the calculated R2 values for the different mathematical models after fitting with the 

PL release curve. Korsmeyer Peppas model is best fitted with an n value less than 0.5, 

suggesting a diffusion-controlled release mechanism of PL from the electrospun matrix.  

Table 21 R2 values of mathematical models of drug release 

4.5.11    In-vitro cytotoxicity studies 

In-vitro cytotoxicity evaluation of Zein/APBA-PVP electrospun matrix was done in 

RPMI 2650 epithelial cells. PL-loaded Zein/APBA-PVP membranes were also analysed. 

Qualitative estimation of cytotoxicity was done by direct contact and live/dead assays. 

Direct contact assay gives the phase contrast images of RPMI 2650 cells after incubating 

with materials of interest for 24 h. On the other hand, cells were visualized under a 

fluorescent microscope after live/dead fluorescent staining in live/dead assay. Phase 

contrast images of direct contact assay are shown in figure 64A-E. Cells treated with tin 

coated PVC and UHMWPE were considered as positive and negative control. The 

epithelial RPMI 2650 cells without any treatment were considered as the cell alone 

control (figure 64C). Zein/APBA-PVP and PL-loaded Zein/APBA-PVP treated cells are 

depicted in figure 64D and 64E respectively. The cells after material treatment were 

retaining their morphology and monolayer after 24 h. Therefore, the materials were 

Mathematical models R2 values 

Zero order 0.959 

First order 0.936 

Higuchi model 0.983 

Korsmeyer-Peppas model 0.985 
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confirmed to be non-cytotoxic to RPMI 2650 cells. Live/dead assay images also go on 

par with the results of direct contact assay. Figure 64F is the control cell images where 

the live cells are stained using acridine orange in green colour and dead cells are visible 

as red colour after ethidium bromide staining. Figures 64G and 64H are live/dead 

fluorescent images after Zein/APBA-PVP and PL-loaded Zein/APBA-PVP treatment. In 

both cases, the number of live cells is observed in the majority in green colour. A few of 

the cells, which were observed as dead were marked using arrow points. Quantitative 

estimation of cell viability using MTT assay is a next step confirmation to the above 

observations. Material extracts in PBS and DMEM media were collected for MTT assay. 

Figure 64 Direct contact phase contrast images (10X magnification) of A) Positive control cells B) 

Negative control cells C) Cell alone control D) Zein/APBA-PVP treated cells E) Zein/APBA-

PVP/PL treated cells, Live/dead assay fluorescent images (40X magnification)  of F) Control cells 

G) Zein/APBA-PVP treated cells and H) Zein/APBA-PVP/PL treated cells I) Representation of % 

cell viability after MTT assay 
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The metabolic viability of cells after Zein/APBA-PVP and PL-loaded Zein/APBA-PVP 

was almost 100 %. The positive control cells which were treated with phenol showed 5.7 

± 0.8 % viability. The graphical representation of cell viability obtained from the MTT 

assay is depicted in figure 64I. Zein and PVP are already known for their 

cytocompatibility (Demir et al., 2017) and hence are widely used in biomedical 

applications. The additional presence of APBA with these non-cytotoxic polymers has 

not caused toxicity to the cells.  

4.5.12   F-actin staining for the evaluation of cell-junction integrity  

Evaluation of F-actin cytoskeletal filaments of epithelial cells is important in the 

perspective of analysing the mechanism of drug transport. In paracellular drug transport, 

where the drug passes through the inter cellular space, cell junctions get opened. In that 

Figure 65 Overlay F-actin staining images of A) Control cells B) Zein/APBA-PVP treated cells and 

Overlay beta-catenin immunostaining images of C) Control cells D) Zein/APBA-PVP treated cells 
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case, the coherence of tight junction, adherens junction and desmosomes are important. 

Changes happening in the structure of tight junction proteins will be reflected in the 

integrity of adherens junction proteins and further in F-actin filaments which are inter-

connected through catenin proteins (Campbell et al., 2017; Hartsock and Nelson, 2008). 

Therefore, the evaluation of F-actin structural integrity is a key point to describe the 

mechanism of drug transport.  

Rhodamine-labelled phalloidin was used to stain F-actin filaments in red colour. The 

nucleus of the cells was stained using Hoechst in blue colour. Figure 65A represents the 

control cells after F-actin/nucleus staining. Magnified images of F-actin filaments are 

shown in the inset of the image. The continuity and integrity of the filamentous structure 

of F-actin is visible from the image. The cells after treatment with Zein/APBA-PVP for 

24 h also retained the structural integrity of F-actin filaments. Figure 65B is the 

fluorescent image after material treatment. A magnified image is given in the inset where 

the structural coalition of F-actin filaments was seen undisturbed.  

4.5.13   Immunostaining of beta-catenin proteins of adherens 

junction 

In continuation with the above discussion, the changes happening to the tight junction of 

epithelial cell junction will be reflected in the structure of adherens junction proteins also. 

In that scenario, the β-catenin proteins of adherens junctions (Giepmans and van 

IJzendoorn, 2009) were stained using anti-β catenin antibody. Immunostaining images of 

untreated cells in figure 65C with the magnified image shown in the inset can be 

considered as the reference for the natural appearance of β-catenin proteins. Figure 65D 

is the cell image after Zein/APBA-PVP treatment for 24 h. Just like the control cells, 

material-treated cells also retained the continuity, integrity and structure of β-catenin 
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proteins of the adherens junction. This observation confirms the junctional coherence and 

rules out the possibility of paracellular transport of PL across epithelial cell monolayer.  

4.5.14   TEER measurement and in-vitro drug permeation study 

F-actin staining and β-catenin immunostaining have qualitatively confirmed the lack of 

junctional opening during material treatment. Transepithelial electrical resistance 

(TEER) measurement is a quantitative method adopted to confirm the integrity of the cell 

monolayer. Changes in TEER values after material treatment indicate junctional opening 

and therefore a comparative study of TEER values before and after material treatment 

has to be carried out. Figure 66A represents the schematic setup for TEER 

experimentation. RPMI 2650 cells were cultured in a 24-well insert till achieving a 

constant TEER value, ie., complete formation of a monolayer. Once the TEER has 

become constant, the material was placed over the monolayer and TEER values were 

noted before and after placing the material at different periods. The extent of retaining 

the TEER integrity was calculated and stated in terms of TEER (%). Figure 66B is the 

graphical presentation of absolute TEER and TEER (%) values at different periods. 

Liquid-liquid interface culturing of RPMI 2650 cells has been reported to have an 

absolute TEER value in the range of 30 Ωcm2 (Sibinovska et al., 2019). RPMI 2650 cells 

after treatment with Zein/APBA-PVP also demonstrated an absolute TEER value of 30 

Ωcm2. Similarly, TEER (%) values also ranged at 100 % at all periods of the experiment. 

Hence, the epithelial cell junction integrity was proved quantitatively.  

In the absence of a cell junction opening, the drug transport across the epithelial cell 

monolayer has to follow the transcellular pathway. It has to be verified whether PL is 

capable of permeating through the cell membrane or not. A drug permeation study was 

done in the same experiment setup as that of TEER measurement. Drug-loaded 
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Zein/APBA-PVP electrospun membrane was placed in the apical chamber of 24 well 

inserts and permeated amount of drug was collected from the basolateral compartment. 

Quantification of drug permeation was done using UV spectroscopy at 290 nm. The 

control system of the experiment was 40 μg/mL of PL directly added to the top of the cell 

monolayer. The cumulative drug permeation curve was plotted for both control and test 

systems. Figures 66C and 66D represent both in respective order. The permeation 

coefficient (Papp) was calculated from the slope of the curve. In case, the mechanism of 

Figure 66 A) Schematic representation of experimental setup for TEER measurement and drug 

permeation using cell culture inserts B) TEER (%) values of RPMI 2650 cells before and after 

Zein/APBA-PVP treatment C) Cumulative drug release profile of PL directly added (40 

μg/mL) over the cell monolayer D) Cumulative release profile of PL delivered via electrospun 

Zein/APBA-PVP [Permeation coefficient of control and test material are denoted on the bottom 

of the graphs] 
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drug transport is paracellular for the material-treated system, Papp would be a higher value 

compared to the control. But, here Papp of PL from the Zein/APBA-PVP system was 0.272 

± 0.006 cm/h, and that of control was 0.379 ± 0.006 cm/h. Since the Papp of the material-

treated system is lesser than the control (p-value = 0.0003), the mechanism of drug 

permeation can only be transcellular. A higher Papp value for the control system doesn’t 

mean that direct drug administration is causing a junctional opening, rather it means that 

the direct addition of the drug is causing abrupt drug permeation. When PL is applied 

through an adhesive membrane carrier, the drug permeation is controlled as it has to first 

diffuse out of the membrane and then permeate across the cell monolayer. Such a 

controlled delivery is highly favoured for many of the drug delivery applications.   

4.5.15   Transmucosal drug permeation through porcine buccal 

mucosa 

In-vitro drug permeation through RPMI 2650 cell monolayer has confirmed transcellular 

transport which has to be further verified in ex-vivo conditions. The ex-vivo drug 

permeation was done by Franz diffusion cell apparatus with porcine buccal mucosa. The 

permeation study was conducted till 8 h and the cumulative drug release curve was 

plotted. Figure 67A demonstrates the cumulative PL permeation curve through porcine 

buccal mucosa from the PL-loaded Zein/APBA-PVP electrospun membrane. Within 8 h 

of the experiment, 31.3 ± 5.7 % of PL permeation was observed. Figure 67B-E are the 

mathematical model fitting curves of cumulative drug permeation. The best-fit model 

was Zero order since the R2 value is high. The effective permeation through buccal 

mucosa has to be compared with a control system, which is 40 μg/mL PL directly 

administered over mucosa. Figure 67F is the cumulative drug permeation through porcine 

buccal mucosa after direct administration of the control drug system. The observation for 
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the control system was that 64.3 ± 0.4 % of the drug permeated within 8 h of the 

experiment which was almost double the amount of drug permeation of that from test 

material. Fast and immediate drug permeation was absent in the test system because of 

the additional time requirement for the drug diffusion from the electrospun material of 

interest. In test material drug permeation through the mucosa happens only after drug 

diffusion whereas in the control system direct drug permeation will be facilitated. Due to 

this difference, the permeation coefficient of PL control was observed to be higher than 

that of PL loaded Zein/APBA-PVP system (p-value = 0.01). Permeation coefficients are 

1.25 ± 0.09 cm/h and 0.75 ± 0.12 cm/h respectively for 40 μg/mL PL control and PL 

loaded Zein/APBA-PVP which are given as a bar diagram in figure 67G. The smaller 

permeation coefficient for the test material indicates the lack of cell junction opening. At 

the same time, higher permeation for the control system doesn’t mean junction opening. 

It is just an indication of fast permeation due to direct drug administration.  

Figure 67 A) Ex-vivo permeation profile of PL through porcine buccal mucosa B) Fitting curve 

with Zero order kinetics C) Fitting curve with First order kinetics D) Fitting curve with Higuchi 

model E) Fitting curve with Korsmeyer Peppas model F) Drug permeation from 40 μg/mL PL 

control through porcine buccal mucosa G) Permeation coefficients of test and control system 

represented as bar diagram 
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5 SUMMARY, CONLCUSION AND FUTURE 

PERSPECTIVES 

5.1 SUMMARY AND CONCLUSION 

The aim of the present study was to evaluate the potential of zein based electrospun 

membranes for mucoadhesive drug delivery applications. Taking into consideration of 

the fact that electrospun zein is mechanically weak due to its brittleness, different 

crosslinking techniques, blending with synthetic polymers like polyethylene oxide and 

polyvinyl pyrrolidone and different functional modifications were evaluated and 

compared in this research.  

5.1.1 UV crosslinked Zein/PEO 

UV crosslinking of Zein/PEO electrospun membrane resulted in conformational changes. 

The inherent alpha helical conformation of zein gets transformed to beta-sheet after UV 

irradiation for 24 h. Also, the disulfide linkages at the end of each helix break during UV 

crosslinking and thiol-containing cysteine amino acids become free following an electron 

transfer mechanism. Blending of PEO with zein caused increase in mechanical property 

of the electrospun membrane. UV crosslinking further improved the tensile strength from 

1.78 ± 0.29 MPa to 3.52 ± 0.38 MPa. UV crosslinking hasn’t caused changes in the 

thermal decomposition pattern of zein. DSC analysis of UV crosslinked Zein/PEO 

membrane exhibited protein unfolding peak at 255.1 °C indicating the absence of 

complete unfolding of native protein structure of zein after 24 h UV irradiation. PEO 

blending resulted in decrease in the water contact angle which further got decreased after 

long UV exposure. The evaluation of mucoadhesion in porcine buccal mucosa showed 

increase in force of adhesion and work of adhesion after UV crosslinking of Zein/PEO 

electrospun membrane. This is a result of the presence of more thiol groups on the 
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polymer chain of zein after UV crosslinking. UV crosslinked Zein/PEO electrospun 

membrane with and without PL loading has showed non-cytotoxic properties with RPMI 

2650 cells. The result has been confirmed with direct contact assay, MTT assay and 

live/dead assay. The cumulative percentage release of PL in PBS, in-vitro conditions and 

ex-vivo conditions were 31.8 ± 2.3 % in 48 h, 46.4 ± 1.4 % in 8 h and 33.4 ± 6.7 % in 8 

h respectively. The release kinetics of PL from UV crosslinked Zein/PEO best fitted with 

Korsmeyer Peppas model in PBS, in-vitro conditions and ex-vivo conditions. Treatment 

of RPMI 2650 cells with UV crosslinked Zein/PEO hasn’t resulted in perturbations to the 

epithelial cell junctions which pointed towards transcellular mechanism of drug transport. 

Fluorescent imaging of F-actin filaments and immunostaining of β-catenin protein of 

adherens junction confirmed this fact. Since the TEER (%) values remained unchanged 

after material treatment, possibility of transcellular mechanism of transport was again 

confirmed. Occurrence of drug permeation through porcine buccal mucosa in the absence 

of the opening of cell junction further confirmed the mechanism of transport.   

5.1.2 Thiol-modified Zein/PEO 

Thiol modification of zein with cysteine amino acid has been carried out in the presence 

of EDC crosslinker. The functionalised thiol groups were assessed for the presence of 

thiol via Ellman’s assay and Raman spectra. Electrospun membrane of thiol-modified 

zein was prepared by blending with PEO.  Thiol-modified samples of zein were prepared 

with 5 %, 10 %, 15 %, 30 % and 50 % cysteine concentrations to which 3 % (w/w) of 

PEO was added to prepare the blend. The quantity of PEO blended with the thiol-

modified zein decreases with increase in the percentage of thiol concentration. As a result, 

the fibre diameter of electrospun samples were observed to be significantly decreasing 

from 5 % to 50 % thiol-modified Zein/PEO. An improvement in the mechanical property 

of zein was observed after thiol modification and PEO blending. The tensile strength 
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values significantly increased from 2.10 ± 0.12 MPa to 4.61 ± 0.72 MPa for the 5 % and 

50 % thiol-modified zein/PEO electrospun membranes. Even if the amount of PEO 

blended with thiol-modified zein is less for higher percentage modified samples, the 

improvement in mechanical property is solely due to the contribution of thiolation of zein 

polymer chains. Even though the concentration of thiol groups sequentially improved 

from 5 % to 50 % thiol-modification, the maximum force of adhesion in porcine buccal 

mucosa was noted for the 30 % modified sample. The PL loaded and non-loaded samples 

of 30 % thiol-modified Zein/PEO electrospun membrane were subjected to 

cytocompatibility evaluation using RPMI 2650 cells and their non-cytotoxicity was 

confirmed. The result has been confirmed with direct contact assay, MTT assay and 

live/dead assay. The cumulative percentage release of PL in PBS, in-vitro conditions and 

ex-vivo conditions are 67.6 ± 6.3 % in 48 h, 96 ± 2.4 % in 6 h and 34.0 ± 1.43 % in 8 h 

respectively. Drug permeation kinetics in PBS media, in-vitro conditions and ex-vivo 

conditions best fitted with Korsmeyer-Peppas model, Higuchi model and First order 

kinetics respectively. Drug transport mechanism from thiol-modified Zein/PEO also 

followed a transcellular mechanism as no changes in the barrier integrity was noted for 

epithelial cell junctions as visualized from F-actin staining and β-catenin 

immunostaining. The evaluation of TEER (%) after material treatment quantitatively 

confirmed transcellular mechanism of transport.  

5.1.3 Thermally crosslinked Zein/PVP 

Polymer blend of Zein/PVP was prepared in 15:5 ratio. Thermal crosslinking of 

electrospun membrane of Zein/PVP blend was done at 120 °C. High temperature 

treatment for 10 h caused radical mediated crosslinking of PVP chains in the systems. 

The diminished intensity of -CH asymmetric stretching vibration of PVP polymer after 

thermal crosslinking is confirmative evidence for the radical mediated crosslinking 



 

 

SCTIMST, Trivandrum  200 

 

mechanism. The shift observed for the RBM vibration of PVP in Raman spectra after 

thermal crosslinking also confirmed the crosslinking. According to the results of CD 

spectroscopy, the crosslinking technique also resulted in conformational change of zein 

from alpha-helix to beta-sheet. Uncrosslinked PVP chains in the system get arranged in 

an ordered fashion in such a way that the crystallinity is increased. The cumulative effect 

of PVP crosslinking, conformational change of zein and increased crystallinity 

contributed to the enhanced mechanical property of thermally crosslinked Zein/PVP 

electrospun membrane. A significant increase in tensile strength was observed after 5 h 

of crosslinking. The 10 h crosslinked Zein/PVP exhibited the maximum tensile strength 

value of 3.92 ± 0.13 MPa. Increasing the time of thermal crosslinking resulted in pre-

mature decomposition of polymer system as evidenced from TGA results. The breakage 

of disulfide bonds in zein after 10 h temperature treatment set more thiol groups free on 

the polymer chain which resulted in better mucoadhesion. In-vitro cytotoxicity analysis 

in RPMI 2650 cells concluded that the thermally crosslinked Zein/PVP electrospun 

membrane as non-cytotoxic even after incorporating PL. The result has been confirmed 

with direct contact assay, MTT assay and live/dead assay. The cumulative percentage 

release of PL in PBS, in-vitro conditions and ex-vivo conditions are 44.9 ± 0.5 % in 48 h, 

75 ± 2 % in 8 h and 6.3 ± 1.03 % in 8 h respectively. The best fit mathematical models 

were Korsmeyer Peppas, Zero order and Higuchi model for drug release studies in PBS, 

in-vitro conditions and ex-vivo conditions respectively. Immunostaining showed that the 

beta catenin proteins in the epithelial cell junction do not open up during material 

treatment. TEER (%) evaluation also confirmed the observations of F-actin staining and 

immunostaining. Hence the transport of PL through epithelial cells and porcine buccal 

mucosa has been assumed to follow a transcellular mechanism of transport.  
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5.1.4 Mucin crosslinked Zein/PVP 

Mucin incorporated electrospun membrane for mucoadhesive drug delivery is a novel 

concept to investigate. Mucin of concentration 1 % (w/v) was crosslinked with 15 % 

(w/v) zein in the presence of EDC crosslinker so that the amino group of zein binds with 

carboxyl group of mucins. TNBS assay quantified the degree of mucin/zein crosslinking 

to 39 %. Mucin crosslinked zein film was then blended with 5 % (w/v) PVP for the 

preparation of electrospun membrane. Post-electrospinning crosslinking of electrospun 

MUZPVP enabled PVP chain crosslinking. Mucin/zein crosslinking has resulted in 

increase of fibre diameter for MUZPVP compared to uncrosslinked blend of mucin, zein 

and PVP. Both crosslinking mechanisms contributed towards increased tensile strength. 

Tensile strength of Zein/Mucin/PVP blend electrospun membrane was observed to be 

0.93 ± 0.09 MPa whereas that of MUZPVP after thermal crosslinking was 4.85 ± 0.92 

MPa. Evaluation of FTIR spectra of MUZPVP also confirmed the presence of mucin by 

the vibrational peaks of O-H bonds of primary alcohols. It also gave evidence for the 

thermal crosslinking of PVP by showing decreased intensity for C-H asymmetric 

stretching vibration compared to that of MUZPVP without thermal crosslinking. The 

cohesive interaction and mutual interpenetration mucin chains in the polymer system and 

mucin in the mucosal surface enhanced the mucoadhesive property of MUZPVP in terms 

of force of adhesion and work of adhesion. MUZPVP with and without PL loading were 

observed to be non-cytotoxic to RPMI 2650 cells. The result has been confirmed with 

direct contact assay, MTT assay and live/dead assay. A decreased drug entrapment was 

observed due to lack of compatibility between mucin and PL. However, PL release in 

PBS, in-vitro drug permeation and ex-vivo drug permeation was evident. The cumulative 

percentage release of PL in PBS, in-vitro and ex-vivo conditions are 33.2 ± 7 % in 48 h, 

44.9 ± 2.5 % in 8 h and 83.9 ± 34.9 % in 8 h respectively. The release kinetics is best 
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fitted with Korsmeyer Peppas model for PBS media and in-vitro conditions whereas for 

the ex-vivo conditions the best fit model was Zero order kinetics. Fluorescent staining of 

F-actin filaments and beta-catenin proteins confirmed the barrier integrity of epithelial 

cells after material treatment. That being the case, PL permeation through the cell 

monolayer happened through a transcellular pathway. TEER (%) evaluation results also 

confirmed the transcellular mechanism of transport.  

5.1.5 Zein/APBA conjugated PVP 

3-aminophenyl boronic acid (APBA) was conjugated to the polymer chain of PVP by 

forming a Schiff base. The conjugation was done with 10 mM, 20 mM and 50 mM APBA 

to 5 % (w/v) of PVP. A polymer blend of 15 % (w/v) zein with APBA conjugated PVP 

was prepared to fabricate electrospun membrane. FTIR and XPS analysis confirmed the 

presence of APBA in the system after conjugation. UV spectroscopy quantification 

technique was adopted to find out the degree of conjugation which appeared to be 97 %. 

APBA conjugation to PVP resulted in increase in contact angle compared to 

unconjugated Zein/PVP. This is a result of hydrophobic behaviour of APBA at a pH 

lower than its pKa values. Augmentation in tensile strength also confirmed conjugation 

of APBA with PVP. Comparatively higher force and work of adhesion with respect to 

unconjugated Zein/PVP blend grounded boronate ester mediated mucoadhesion. The 

cumulative percentage release of PL in PBS, in-vitro conditions and ex-vivo conditions 

are 39.05 ± 1.18 % in 48 h, 92 ± 1 % in 6 h and 31.35 ± 5.65 % in 8 h respectively. PL 

release in PBS, in-vitro condition and ex-vivo conditions demonstrated Korsmeyer 

Peppas model, Higuchi model and Zero order fitting respectively. Zein/APBA-PVP 

electrospun membrane was observed to be non-cytotoxic to RPMI 2650 cells with and 

without PL loading. The result has been confirmed with direct contact assay, MTT assay 

and live/dead assay. After material treatment, F-actin and immunostaining unveiled the 
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intactness of cytoskeleton and adherens junction proteins. Despite that, in-vitro drug 

permeation of PL was observed through RPMI 2650 cells which pointed towards the 

transcellular mechanism of transport. The TEER (%) evaluation and Ex-vivo drug 

permeation studies also confirmed the possible mechanism of transport to be 

transcellular.  

5.1.6 System comparison- conclusion 

All the five systems under investigations were noted to be non-cytotoxic to RPMI 2650 

cells. The drug loaded samples showed an initial burst release profile and a sustained 

release afterwards. The integrity and continuity of F-actin filaments and beta-catenin 

proteins in the adherens junctions were observed to be maintaining intact. Quantitative 

evaluation of epithelial junction integrity by TEER value evaluation also showed no 

significant change after treating the cells with all electrospun membranes. In-vitro drug 

permeation observed in the absence of epithelial junction openings confirmed the 

transcellular mechanism of transport. Transmucosal drug permeation of PL observed in 

ex-vivo conditions also validated the conclusion of transcellular transport of PL.  

Among all the five systems, thiol modification, mucin incorporation and APBA 

conjugation improved the performance of electrospun polymer membranes as 

mucoadhesive PL delivery system compared to simple polymer blends like UV 

crosslinked Zein/PEO and thermally crosslinked Zein/PVP. 

• Thiol-modified Zein/PEO performed excellent in cumulative drug release in PBS, 

in-vitro drug permeation and ex-vivo drug permeation. 

• Mucin crosslinked Zein/PVP was the best mucoadhesive polymeric system and it 

performed well in ex-vivo drug permeation studies. 
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• Zein/APBA conjugated PVP system exhibited maximum mechanical property 

and its permeation results were excellent in in-vitro as well as ex-vivo conditions. 

5.2 FUTURE PERSPECTIVES 

The present study confirmed the potential of five types of zein based electrospun 

membranes for mucoadhesive drug delivery applications. Propranolol hydrochloride has 

been incorporated and evaluated for drug release as a model analysis. The results of this 

particular research shed light towards incorporating other drug molecules which are much 

compatible with the electrospun membranes and use of the same for either local or 

systemic drug delivery. 

The present study has evaluated the electrospun membranes only up to ex-vivo conditions. 

It is necessary to comprehensively understand the drug release profile in in-vivo 

conditions. In-vivo evaluation has to be carried out in suitable animal model with 

appropriate disease conditions. It needs to verified that whether the plasma level 

concentration of the drug falls within the therapeutic window of the drug molecule.  
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