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ABSTRACT

Preparation, Characterization and In vitro Evaluation of Novel
Drug Delivery System Using As-synthesized, Surface Modified

and Regenerated Bacterial Cellulose

Cellulose is the most abundant and renewable polymer produced by plants and certain

bacterial species, i.e., Agrobacterium, Rhizobium, Sarcina and Gluconacetobacter,

and is known as bacterial cellulose (BC). BC is free from pectin, lignin and

hemicellulose and chemically identical to plant based cellulose (PC). It is produced as

swollen membrane having well organized fibrous network, higher water holding

capacity, higher crystallinity and tensile strength, and moldable into desired shape.

BC finds various applications in cosmetics, bioelectronics, e-paper preparation, digital

displays, biomedical sciences, enzymes immobilization, proteins and drug delivery

system.

The formulation and manufacture of conventional tablet dosage forms have

limitation such as multistep processing, involvement of heavy machinery and labour

and time consumption. In addition, numbers of excipients are added in conventional

table for design in desired shape and drug delivery, which may have the issue of

interactions of excipients with drugs as well other excipients. These interactions may

cause processing problems, dosage form instability, poor drug solubility, which lead

to poor drug absorption.

In the current work, the drug loaded BC matrices for designing novel drug

delivery system in as-synthesize, surface modified and regenerated form using

famotidine (low water soluble) and tizanidine (highly water soluble) as model drugs.

In the first phase of this research studies, BC matrices (12 mm diameter) were

prepared and loaded with model drugs. The successful drug loading and uniform

distribution into the matrices was confirmed through scanning electron microscopy

(SEM) and X-rays diffractometer (XRD). Fourier-transform infrared (FT-IR)

spectroscopy and thermogravimetric analysis (TGA) revealed the chemical and

thermal stability of the BC-drug matrices, respectively. Percent drug loading of

various matrices was in the range of 18.10–67.64%. Similarly, the friability test
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results were in the range of 0.69–0.83% and 0.14–0.89%, for 20 and 40 mg/ml

famotidine loaded matrices respectively, while no weight loss for formulations loaded

with 6 mg/ml tizanidine. These weight loss values are below 1%, which is the

maximum limit for tablets dosage form as per USP specifications. In-vitro dissolution

studies showed more than 80% drug release in the initial 15 min for BC matrices and

commercial formulations, following immediate release criteria. In case of in-vitro

permeation studies, BC matrices (8 mm diameter) released most of the drug (above

90%) in 10h for famotidine loaded matrices and 8h for tizanidine loaded matrices.

In the second phase, BC matrices were surface modified and loaded with model

drugs. FT-IR, XRD, SEM and TGA confirmed the successful drug loading, chemical

and thermal stability of the drug loaded BC matrices. Percent drug loading was

13.83±1.13% to 50.25±1.82% for famotidine loaded matrices and, 10.16±0.58% to

32.15±4.79% for tizanidine loaded matrices. No drug loss was observed during

friability test. The in-vitro dissolution studies using USP type-II dissolution apparatus

showed drug release (more than 80%) in 0.5–3h for famotidine loaded matrices and

0.25–0.5h for tizanidine loaded matrices. In the case of permeation studies, all the

matrices released most of the drug content in 3h.

In the final phase, BC was regenerated using N-methyl-morpholine-oxide

(NMMO) solution and loaded with model drug famotidine or tizanidine to prepare

regenerated BC (R-BC) matrices. Percent drug loading for R-BC-famotidine matrices

was 22.97±0.81% to 27.70±3.24%, and 17.65±1.80% to 28.32±1.00% for R-BC-

tizanidine matrices, respectively. The friability test data does not show any weight

loss from the matrices. Characterization with FT-IR, XRD, SEM and TGA revealed

the stability of matrices and successful drug loading. Results of the in-vitro

dissolution studies showed drug release (more than 90%) in 0.5h, while Franz cells

data revealed that most of the drug (> 90%) was released in 4h for famotidine and 7h

for tizanidine, respectively. Various mathematical models including zero order, first

order, Higuchi model and Korsmeyer-Peppas model were applied to study the drug

release mechanism. The drug release of all the experiment was best fit into first order

kinetics model with R2 value greater than 0.997.
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Chapter 1

Introduction
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1.1 Cellulose

Cellulose is the most abundant, nontoxic, odorless and colorless polysaccharide on

earth. It is obtained mostly from cotton and higher plants (PC). In higher plants,

cellulose play’s the roles of supporting material and is the main structural component

of the plant cell wall along with lignin, hemicellulose and pectin. The structure of

cellulose is composed of hundreds to thousands of D-glucose units, which are linked

to each other by β (1—4) glycosidic bond. These small subunits are brought close

together by strong inter subunits hydrogen bonding to form micro-fibrils (Fig. 1.1).

The presence of hydrogen boding imparts higher mechanical strength and stability to

cellulose (Grande et al., 2009; Gu & Catchmark, 2012).

1.1.1 Properties and applications of cellulose

The unique properties and intelligent behavior makes cellulose a smart biomaterial

(Qiu & Hu, 2013) and integral part of human life from the ancient periods to modern

time (Wan et al., 2006). Cellulose and its derivatives have the ever long traditional

relationship with human life from food stuff to dressing and household items. It has

been used as the material of choice for vast applications related to human life from

food items to cosmetics (Shanmugam et al., 2005), electronics active paper, sensors

and smart membranes (Qiu & Hu, 2013). In the field of agriculture, functionalized

cellulose has been used in pesticides and herbicides to enhance efficacy and reduce

the environmental pollution (Ekebafe et al., 2011). In the field of biomedical sciences,

it has been used in medical devices, prostheses, dental materials, scaffold for tissue

regeneration and contact lenses (Duncan et al, 2007) along with fixation of bone

fractures, surgical strings and carriers in tissue engineering (Stevanovic & Uskokovic,

2009). In addition, cellulose and its derivatives have been playing pivotal role in

conventional to novel dosage form formulations and drug delivery system for the

treatment, cure and prevention of health related dysfunctions (Vilar et al., 2012).

Furthermore, it has been used as an essential excipient in the development of

controlled drug delivery systems along with the designing and synthesis of macro and

micro molecular prodrugs (Oledzka & Sobczak, 2012; Shanmugam et al., 2005). The

applications of cellulose in various fields have been summarized in Fig. 1.2. Cellulose
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and its derivatives with diverse physicochemical and mechanical properties are

becoming more important to pharmaceutical researchers due to advances and

innovations in the modern sciences, in as-synthesized and modified forms (Kamel et

al., 2008; Shokri & Adibkia, 2013). In order to meet the demand of modern scientific

research and enhance the properties of cellulose, nanocomposites and co-polymers of

cellulose with other material including metals, ions, drugs and polymers have been

prepared. Although such combination add new feature to cellulose along with the

existing properties, it may have the potentials for interactions with other polymers,

drugs and relevant pharmaceutical excipients by playing role as impurities (Geng et

al., 2016; Guibal et al., 2013; Nagalakshmaiah et al., 2016; Qiu & Hu, 2013). Fig. 1.1

shows the general structural components of the cellulose.

Fig. 1.1 Molecular structure of cellulose, (a) general structure and (b) molecular

structure (Carpita & Gibeaut, 1993).
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Fig. 1.2 Summary of applications of plant derived cellulose.

1.2 Limitations associated with plant derived cellulose (PC)

1.2.1 Cellulose manufacturing associated limitations

There is an ever increasing demand for cellulose and its various derivatives, which

has resulted in an increased wood consumption and thus has led to deforestation and

global environmental change. In addition, cellulose is playing an important role in the

plant structure formation, where it acts as one of the main building material in the

primary and secondary cell wall. In addition to cellulose (which make 35-50% of cell

wall components), plants cell wall also contains lignin, pectin, hemicellulose and

natural products (Chen, 2014; Eichhorn et al., 2010). In order to obtain pure cellulose

from plants, several mechanical and chemical purification steps are involved. The

mechanical steps are cutting of tree into small pieces, their drying and grinding into

powdered form. These processes not only require heavy machinery but also need

labor, energy and time consumption. In addition, the separation of different

components of plant cell wall requires chemical purification. This chemical

purification processes involves the applications of unhealthy chemicals including
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harsh alkali and acid treatments (Esa et al., 2014). These limitations not only have

environmental effects but also create health associated issues and results in an

increase in the overall production cost (Jackson et al., 2000; Narang et al., 2012; Patel

et al., 2015).

1.2.2 Potential for interactions with excipients and drugs in

pharmaceutical formulations

Plant derived cellulose and its derivatives have been used as excipients in

conventional dosage forms formulations. These excipients not only impart proper

shape to the conventional dosage forms but also improve the stability, performance

and ease of handling and appearance. However, the presence of number of excipients

in pharmaceutical formulations have the potential of interactions among the excipients

as well with drugs, which results in physical, chemical and biological changes in the

active pharmaceutical agents (Akers, 2002; Kulkarni et al., 2012; Patri et al., 2002;

Shanmugam et al., 2005). Such interactions have the potential to affect the quality,

safety, efficacy and stability of the dosage forms. Microcrystalline cellulose is

incompatible with drugs that contain amine groups, which are strong oxidizing agents

(Kaushal et al., 2011). Lactose has the ability to crystalize in humid environment and

have been found incompatible with drugs having amine and ester groups. It also has

shown incompatibility with drugs such as ketoprofen, oxprenolol, aceclofenac and

lisinopril (Darji et al., 2018). Similarly, the aldehyde groups of dextrose have the

potential for interactions with amine, proteins and amides, and decompose in the

presence of alkali, which may impart brown color to tablets Laroque et al., 2008).

Starch is the most widely used excipient in tablets dosage form. The aldehyde group

in its terminal glucose unit has been found to cause decomposition of hydralzine.

Further studies have shown that the presence of starch reduces the disintegration and

dissolution of ketoprofen tablets formulations (Darji et al., 2018). Superdisintegrant,

such as carboxy methylecelluose sodium have been found to interact with

phenylpropanolamine, which is a cationic drug (Bindra et al., 2014). Magnesium

stearate, which is the most commonly used lubricant in tablets, has incompatibility

with formulations contain iron (Darji et al., 2018). In addition to this, there may be

potentials for interactions among excipients, which may affect the process involved in

the manufacture of pharmaceutical dosage forms. Magnesium stearate may melt at
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relatively high temperature and interact with starch to form gel, which may hinder the

compression process (Ahmad & Akhter, 2010; Beneke et al., 2009; Butun et al.,

2011). Some of the pharmaceutical active ingredients and excipients may have poor

performance and problems such as compressibility and mixing, which requires

additional excipients to overcome. The addition of more excipients may result in an

increase in dosage form size, issue with uniformity of contents, cost increase and

sensitivity of the other excipients (Shi & Sun, 2011). The results of such potent

interactions may lead to decrease in drug solubility, loss of drug activities, changes in

pH, reduction in the drug shelf life and production of the toxic by-products (Crowley

& Martini, 2001; Narang et al., 2012).

1.3 Bacterial cellulose

In addition to plants sources, cellulose is also biosynthesized by certain species of

microorganisms and is called biocellulose, microbial cellulose or bacterial cellulose

(BC). The different species involved in the production of BC include Pseudomonas

putida and Burkhoderia spp. (plant pathogens), bacterial species such as Dickeya

dadantii and Erwinia chrysanthemi and Escherichia Coli (Bielecki et al., 2005; Jeong

et al., 2010; Römling & Galperin, 2015; Sheykhnazari et al., 2011; Sulaeva et al.,

2015; Ullah et al., 2016). In addition to the above mentioned microorganisms,

selected species of the bacteria of the genera Agrobacterium, Rhizobium, Sarcina and

Gluconacetobacter have been studied extensively for BC production (Esa et al., 2014;

Ullah et al., 2016a).

The literature studies showed that bacterial species Gluconacetobacter xylinus (G.

xylinus) is an acetic acid aerobic bacteria (Gram negative rod), that have the ability to

produces BC in enormous quantity in comparison to other microbial species (Klemm

et al., 2001; Ullah et al., 2016). BC is produced as exopolysaccharide, which is the

primary metabolic product of microorganisms by utilizing different carbon sources

such as glycerol, pyruvate, dicarboxylic acids and hexoses. The synthesis process of

cellulose by bacterial species is very complex and involves number of enzymes and

proteins. However, the pathway and mechanism of the synthesis of uridine di-

phospho-glucose (UDPG) is well reported (Ebrahimi et al., 2016). During this

mechanism, the sugar molecule is converted into UDPG and finally the precursor is

excreted in the form of cellulose, using the cellulose synthase enzyme. This process
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leads to the production of subfibrils, which combine and forms microfibrils and later

adopt the shape of hundreds to thousands of ribbons (Chawla et al., 2009; Ullah et al.,

2016). Synthesis of BC and the structural arrangements of BC have been shown in fig.

1.3.

Fig. 1.3 A general overview of BC structural organization from synthesis of single sub

unit to ribbons formation (Sulaeva et al., 2015).

1.3.1 Difference between BC and PC

BC is the biomaterial, which can be biosynthesized by incubating the selected

bacterial colonies using static or agitated culturing conditions (Moon et al., 2011). It is

produced as extracellular nano-sized fibrils in swollen form at the air and medium

interface (Bielecki et al., 2005; Jeong et al., 2010; Sheykhnazari et al., 2011). BC is

the purest form of cellulose and with no unwanted biogenic materials such as lignin,

hemicelluloses and pectin, which are present in cellulose obtained from wood, cotton

and other plant sources. In PC, the fiber structures has been arranged as inter-tangled,

while BC fibers are molecules of long chain and aligned parallel (Moon et al., 2011).
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The chemical structure of BC and PC are identical; however, the physical properties

of BC such as ultrafine nanofabrillar structure, highest tensile strength, large surface

area, water absorbency, porosity, biodegradability, easy molding into the desired

shape and affinity for biologics make it superior PC (Czaja et al., 2006; Czaja et al.,

2007; Gu & Catchmark, 2012; Hu et al., 2014; Trovatti et al., 2012; Wu & Liu, 2013;

Yousefi et al., 2013; Zhang et al., 2010). Due to the unique nanofabrillar structure and

morphology, the interest of materials scientist in BC is increasing day by day (Ruka et

al., 2013). Comparisons of various features of BC and PC have been summarized in

Table 1.1. Fig. 1.4 shows the structural difference between BC and PC.

Fig. 1.4 A general overview of the structural organization of (a) plant cellulose and

(b) bacterial cellulose (Abe et al., 2007).
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Table 1.1 Summary of differences between various feature BC and PC

Feature Bacterial cellulose Plant derived cellulose

Production source Microbes Plants / Forest

Purity Pure cellulose Cellulose with lignin, pectin,

hemicellulose

Existence Exopolysaccharide Cell wall component

Role Protective Structural support

Processing Few processing steps Multi-processing steps

Production time 3-15 days 2-5 years

Environment

impact

Environment friendly Deforestation

Sustainability Highly sustainable Comparatively lesser

sustainable

Nutrition Sources Carbon/Nitrogen Multiple components

Physical state Swollen membrane Powder form

Structure Organized fibrous network Intertwined

Fibers thickness Thin (1-1.5 nm) Thick (100-150 nm)

Surface area Large Small

Crystallinity High Low

Stability High Lower

Porosity Highly porous Non porous

Moldibility Moldable Not moldable

Water holding Higher water holding Lower water holding

Allomorphs I  & I  I β

Strength High Low
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1.3.2 Production of BC

1.3.2.1 Production of BC using chemically defined medium for laboratory scale

production

Literature studies revealed that BC can be produced by selected species of

microorganisms utilizing different sources enriched with carbon such as pyruvate,

hexoses, dicarboxylic acids, mannitol, sucrose and glycerol (Mohammadkazemi et al.,

2015). The sources containing D-glucose and fructose are the most suitable for higher

production of BC. Various chemical media have been reported for the production of

BC including Yamanaka, Zhou and Hestrin Schramm (Römling & Galperin, 2015). In

broader spectrum, the Hestrin Schramm (HS) medium consisting of D-glucose (2%),

peptone (0.5%), yeast extract (0.5%), sodium di hydrogen phosphate (0.27%), citric

acid (0.115%) and distilled water (pH 6), is the most commonly used for culturing and

fermentation of bacterial colonies using static or agitated incubators for 3-15 days

(Ullah et al., 2017). Prepared BC sheets are washed thoroughly with distilled water

for the removal of bacterial colonies and remnants of HS medium. The presence of

different proteins and remnants of the culturing medium may impart yellow color to

BC and thus have impact on long term storage (Rosenau et al., 2014). BC sheets are

further treated with 0.3 M sodium hydroxide solution and passed through the process

of autoclaving. This process is followed by constant washing with distilled water,

until neutral pH of the medium is achieved and stored for further applications

(Khattak et al., 2015b; Mohammadkazemi et al., 2015; Ul-Islam et al., 2014). The

data regarding BC biosynthesis pathway adopted by G. xylinus has been shown in Fig.

1.4.

1.3.2.2 Industrial scale/commercial production of BC

Higher demand and extensive utilization of nonrenewable resources used in the

chemically defined media is facing the shortage issues. Therefore, the exploration of

alternate and sustainable sources for BC production is unavoidable (Gao et al., 2011).

Production of BC from the chemically defined media is the major concern regarding it

large scale production and higher cost. In this regard, research has been carried out to

explore the potential sources for commercial scale and cost effective production of

BC. The different methods reported for the production of BC such as lipid fermented
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wastewater (Huang et al., 2016), water extracted wood sugar (Kiziltas et al., 2015),

wastes product from stream and sugarcane jaggery (Khattak et al., 2015a; Tsouko et

al., 2015), acetone-ethanol-butanol fermented wastewater, corncob acid hydrolysate

(Huang et al., 2015a,b) and industrial wastes of brewery industry (Khattak et al.,

2015b).

The applications of wood hot water as extract was studied as alternative source for

the low cost production of BC at different pH and temperatures and were found to

have potential for applications in production of BC (Kiziltas et al., 2015). Waste from

beverage industry was investigated as potential alternative for BC production using

the Komagataeibacter xylinus. The results showed that BC yield was higher with

beverages wastes than HS medium with similar physico-chemical properties (Fan et

al., 2016). Industrial wastes rich in carbon and vitamin C have the potential to be

utilized for the commercial production of BC (Keshk. 2014). Similarly, the waste

products from the industrial units producing juice from citrus fruit showed higher BC

production as compared to the standard medium (Kim et al., 2017). The industrial

wastes from olive oil plants can also be used as potential source for BC production to

overcome production cost (Gomes et al., 2013). The wastes from milk whey and

rotten fruit and industrial units showed more BC yield of 6.0 g/l (Jozala et al., 2015).

The wastes from sugarcane industry were used for the production of BC and the yield

was as high as 12.6 g/l. BC obtained was highly pure without requiring chemical

treatment (Tyagi & Suresh 2016). Similarly, BC production from the molasses of

sugarcane industry using static semi continuous process was 1.2 g/l and has the

potential for the industrial scale production (Cakar et al., 2014). The wastes from pulp

of sweet lime showed comparatively higher yield of BC (26.2 ± 1.50 g/l) to

chemically defined HS medium (Dubey et al., 2018). The wastes of cider production

industry (carbon rich source) showed 1.5 fold higher production of BC than HS

medium. BC obtained showed superior physical and mechanical properties as

compared to BC produced using HS medium (Urbina et al., 2017). The waste from

corn stalk has the capability for utilization in BC production (Chen et al., 2016).

Similarly, the waste water from lipid fermentation was beneficial in production of BC

with yield of 0.659 g/l. This medium has the potential to be used for BC production

after removing the prepared BC sheets. BC produced showed higher crystallinity than

BC produced by utilizing HS medium (Huang et al., 2016).
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In order to further improve the production of BC, media such as pineapple juice

and coconut water in combination can be used for the production of BC with higher

yield as compared to synthetic medium (Lestari et al., 2014). The combination of

wastes of pineapple and watermelon can be used for the bulky production of BC with

three to four time higher yields than HS medium. BC showed higher hardness,

cohesiveness, shear energy, adhesiveness and resilience to BC obtained with HS

medium (Kumbhar et al., 2015). Potential fermentation media for BC production

using different wastes has been summarized in Table 1.2.

Table 1.2 Summary of different sources for the potential commercial production of
BC

Fermentation source Bacterial Strain Yield Reference

Wood hot extract G. xylinus 0.15 g/l Kiziltas et al., 2015

Beverages wastes K. xylinus 5.7 g/l Fan et al., 2016

Vitamin C G. xylinus 0.47 g/30 Keshk., 2014

Olive oil waste G. sacchari 0.85 g/l Gomes et al., 2013

Rotten fruit G. xylinus 6.0 g/l Jozala et al., 2015

Sugarcane wastes G. intermedius 12.6 g/l Tyagi & Suresh 2016

Molasses G. xylinus 1.2 g/l Cakar et al., 2014

Juice industry wastes G. xylinus - Kim et al., 2017

Sweet lime pulp waste K. europaeus 1.6 g/l Dubey et al., 2018

Cider production wastes G. medellinensis 8 g/l Urbina et al., 2017

Corn wastes G. xylinus 2.86 g/l Chen et al., 2016

Coconut water G. xylinus 0.117g/l/h Lestari et al., 2014

Pineapple K. hansenii 9-12g/l Kumbhar et al., 2015

black strap molasses G. xylinus 2.9g/l Khattak et al., 2015b

Lipid waste water G. xylinus 0.659 g/l Huang et al., 2016

Polysaccharid waste

water

G. xylinus 1.177 g/l Zhao et al., 2018
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1.4 Physical, chemical and mechanical properties of BC

1.4.1 Structural morphology

BC is a homopolysaccharide composed of repeated monosaccharide (glucan) units,

which are connected by β (1—4) glycosidic linkage at regular intervals. The presence

of van der Waals forces brings the glucan units close to each other and forms the

shape of singular fibrils (subfibrils). Number of subfibrils (15–20 subfibrils) comes

close to each other due to inter and intra-molecular hydrogen bonding and attains the

shape of microfibrils (Ebrahimi et al., 2016; Sulaeva et al., 2015). The microfibrils

together make bundles and the combination of these bundles finally adopt the shape

of ribbons (Bielecki et al., 2005). The diameter of BC varies according to bacterial

species as well the production medium used. Normally the diameter of the subfibrils

is about 1.5 nm, microfibrils ranges from 5 nm to 10 nm and ribbons have 1.5 µ to 9

nm (Ashjaran et al., 2013; Esa et al., 2014; Gao et al., 2011). In contrast, PC have

very thick fibers with diameter of up to 100 times greater than that of BC fibers (Esa

et al., 2014).

1.4.2 Chemical composition and modification capabilities

Chemically, BC is identical to its counterpart PC (Bielecki et al., 2005; Chawla et al.,

2009). BC consist of repeated glucose units and these units are held together by the

van der Waals forces as well by inter- and intra-molecular hydrogen bonding

(Bielecki et al., 2005: Esa et al., 2014; Ul-Islam et al., 2012a). As a result of strong

bonding, BC adopts shape as sheet with higher number of hydroxyl groups on the

surfaces. The presence of excess hydroxyl groups increases the hydrophilicity of BC

and it possesses larger exposed surface area (Chawla et al., 2009; Gayathry &

Gopalaswamy, 2014; Klemm et al., 2001). The studies have shown that higher

number of hydroxyl groups on the surfaces of BC make it more exposed to acetylation

and nitration. In addition to the surfaces, there are large numbers of hydroxyl groups

in the inter-fibrils tunnels. These groups are not exposed to the surface reactions and

maintain the hydrophilic nature of BC (Chawla et al., 2009).
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1.4.3 Mechanical Strength

The fibers of BC are very stiff and have higher strength (almost equal to aluminium)

due to the well organized and ultra-fine fiberous network (Fig. 1.4). The inter- and

intra-microfibrils hydrogen bonding brings the fibrils close together and gives the

cellulose higher stability with Young's modulus value of 78 ± 17 GPa for BC fibers

having diameters of 35–90 nm (Huang et al., 2011; Millon et al., 2008). Due to the

higher stability and hydrogen bonding, it is difficult to convert BC it into pulp, which

requires higher energy and mechanical force. In addition, BC has the lower density

and extra-ordinary modulus, which make it more resistant for the mechanical

conversion into powder form (Ashjaran et al., 2013; Ebrahimi et al., 2016; Gao et al.,

2011).

1.4.4 Crystallinity and degree of polymerization

In contrast to PC, BC has inter connected ribbons, which make it more crystalline

(Ebrahimi et al., 2016; Klemm et al., 2001). BC is composed of two main regions; the

high order region is composed of cellulose microfibriles and is more crystalline, while

the region with lower macrofibriles order has mixed crystalline and amorphous

features (Esa et al., 2014). The extraordinary arrangement of fibrils imparts BC

exciting physico-mechanical properties including permeable fibrous structure and

high degree of crystallinity, which materialize BC as unconventional biomaterial

(Keshk et al., 2014; Ul‐Islam et al., 2015a). The studies showed that BC has higher

crystallinity (more than 60%) compared to PC (Ruan et al., 2016). The culturing

conditions, carbon sources and species of bacteria used for BC production have

significant influence on the crystallinity and degree of polymerization of BC. BC

produced under static conditions has higher crystallinity as compared to the agitated

conditions (Esa et al., 2014). Although the chemical structure of BC is similar to that

of PC, there is difference between the degrees of polymerization. The degree of

polymerization PC is 13000 and even reaches 14000. On the other hand degree of

polymerization of BC is 2000 to 6000 but in some of cases is 16000 or even higher up

to 20000 (Chawla et al., 2009; Esa et al., 2014).
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1.4.5 Biocompatibility and biodegradability

BC is composed of repeated glucose units and is highly pure form with no biogenic

impurities (Jeong et al., 2010). The literature studies showed that BC is non-toxic,

biocompatible and inert biopolymer and is generally regarded as safe (GRAS) by

FDA (Ullah et al. 2016a). There has been hardly faced the issue with immunological

rejection as well cytotoxicity with body tissues (Pértile et al., 2012). BC has higher

number of I α allomorphs as compared to I β allomorphs. The later is being found in

abundance in PC and hence it is not easily degraded by the enzymes in the human

body (Ebrahimi et al., 2016; Reddy & Yang, 2015; Sulaeva et al., 2015; Ul-Islam et

al., 2015b). Therefore, BC is being used as dietary food, i.e., Nata de coco kom buch

tea. Due to the presence of I α allomorphs in BC, it is degraded by enzymes, i.e.,

cellobiohydrolase-I in the body and thus has been widely studied for applications in

tissue engineering and cells proliferation (Kwak et al., 2015; Ullah et al., 2016a;

Wang et al., 2016a).

1.4.6 Water holding capacity

The number of excess of free hydroxyl groups on BC surface and inter- and intra-

fiberous hydrogen bonding make it an ideal candidate for absorption of hydrophilic

solvents and small molecules (Ebrahimi et al., 2016; Khan et al., 2007; Ul-Islam et al.,

2014). The number of hydrogen bonding and presence of weak van der Waals forces

help in bringing the microfibriles close together and form a dense structure, which

adopts the shape of tunnels. These tunnels have the ability to accommodate number of

solvents and small hydrophilic molecules due to the hydrogen bonding and van der

Waals forces. The literature studies showed that BC has the water holding capacity of

100 to 200 times of its dry weight (Almeida et al., 2014; Esa et al., 2014; Gao et al.,

2014; Simone et al., 2008; Ul-Islam et al., 2012).

1.4.7 Higher surface area and thermodynamic stability

The unique nanofabrillar structure of BC and being produced as swollen membrane

with 3D construction, it has higher surface area and swelling capabilities (Esa et al.,

2014; Simone et al., 2008). The presence of van der Waals forces and hydrogen

bonding play key role in bringing the microfibrils close to each other and create

surfaces, having exposure in all directions (Bielecki et al., 2005: Chawla et al., 2009).
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The well-organized and ultra-fine fiberous network makes BC thermodynamically

more stable in comparison to PC (Chawla et al., 2009: Esa et al., 2014; Lynd et al.,

2002).

1.5 Applications of BC

1.5.1 General applications

The biochemical nature, permeable geometry and well organized fibrous structure

make BC as an ideal material for applications ranging from foods to personal

clothing, face cleansing agent to cosmetics, electronics display devices to diagnostics

tools and biosensors, artificial skin for burns, support for cartilage formation and cells

proliferation, surfaces for enzymes immobilization, scaffold for tissue regeneration,

bio-ink for 3D bioprinting for plastic and re-constructive surgery of human body cells,

and as delivery agent for proteins and drugs (Möller et al., 2017; Ul‐Islam et al.,

2015a; Ullah et al., 2016a).

The porous and unique structure of BC has the ability to support the deposition of

nano-materials and make advanced multifunctional composites for various

applications. The nano-composite of exfoliated graphite with BC was prepared using

impregnation. These BC-composites have high thermal stability and good electrical

conductivity (Kiziltas et al., 2016). The presence of excess of hydroxyl groups on BC

surface makes it an ideal material for chemical modification. In this regard, strontium

was grafted chemically onto BC surface which enhanced the electrical and thermal

properties of BC. The prepared BC-strontium composite was mixed with

polyvinylidene fluoride, which showed many fold enhancement in the thermal

stability and electrical conduction as compared to original composite and pure BC

(Ummartyotin et al., 2017).

BC is soft, biocompatible, biodegradable, human and eco-friendly; hence it has

the potential for applications in preparing implantable and patient friendly bioelectric

devices. BC based muscle actuator was prepared with zinc oxide, which showed

durability, fast response and large deformation as well lower actuation voltage. The

prepared composite has excellent ion exchange ability and conductivity as compared

to BC (Wang et al., 2017).
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BC is produced as swollen sheet and has ultrafine and well organized fibrous

network. These features make BC a potential alternative to PC for making high

quality paper with enhanced physical and mechanical properties. The bleached

bagasses of sugarcane were incorporated into BC, which showed improvement in the

mechanical properties and tensile strength of composites. The chemical modification

of BC-sugarcane bagasse composite via trimethylammonium chloride improved its

mechanical features more than unmodified BC-bagasse composites (Xiang et al.,

2017). Due to higher tensile strength, BC has the capability to enhance the physical

strength of papers prepared from PC. The addition of BC into PC imparts higher

physical strength as compared to paper prepared from PC (Yuan et al., 2016). Fig. 1.5

summarize the applications of BC in various fields.

Fig. 1.5 Summary of the general applications of BC in various fields.
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1.5.2 Biomedical applications of BC

The presence of number of hydroxyl groups, inter-connected nano-fibrous structure

and swelling behavior enables BC to retain water content for longer time and produce

a moist environment for human body cells. In addition, the flexibility, high purity and

non-toxic nature make bacterial cellulose as single polymer or in combination with

other materials as ideal polymer for biomedical applications. Furthermore, BC has the

ability to accelerate the tissue repair and proliferation. BC based composites has the

ability of cells adhesions, which is the basic need characteristics for scaffolds and

cells grafting. The ultra-fine structure of BC has the potential for applications in

biosensors, which can be used for immobilization of proteins and enzymes (Eichhorn

et al., 2010; Picheth et al., 2017). The superiority of BC for wound healing over other

conventional biomaterials derived from PC are large number of pores, which aiding

the transport of therapeutic agents into the selected sites. Additionally, the selective

permeability of these pores act as physical barricade to the outside infection. These

properties enable BC as potential candidate for applications in biomedical field (Czaja

et al., 2006; Fontana et al., 1990). Fig. 1.6 illustrate the various applications of as-

synthesize BC in biomedical field.

1.5.2.1 BC as wound healing and dressing material

BC possess better wound healing effects than conventional gauzes (Fu et al., 2013;

Kwak et al., 2015; Solway et al., 2011). In addition to healing effects, the applications

of BC is also economical as it does not require frequent changes over of the wound

dressing, as observed with conventional dressing materials and thus has shown about

70% cost reduction (Schmitz et al., 2014).

BC has a higher compatability with body tissues and cells, particularly the dermal

tissues. BC studies on human volunteers by applying patches for 24 h, during

erythema clinical trials, there was no skin infection after the removal of patches

(Almeida et al., 2014). Another study on the skin lesion treatment of mice showed

that BC film was very effective in the rapid healing of wound surfaces with negligible

inflation. The additional benefits included were easy removal of dressing materials,

appropriate mechanical properties, perfect environmental conditions for proliferation

of cells and extraordinary compatibility for the better wound protection (Fu et al.,
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2012; Li et al., 2015). Composites of BC were also investigated as alternate wound

dressing material. Conjugates of BC-PVA were developed and applied into the

porcine aortic tissues. It was observed that nanocomposites have better pre-defined

ranges and mechanical properties than unmodified BC. The composites of BC-

titanium dioxide (BC-TiO2) were studied for in-vivo healing applications using burnt

skin of animal models. The results showed that the wound healing ability of BC-TiO2

was 71% with no inflammation (Khalid et al., 2017). It was conclude that BC

composites with controlled properties can be prepared, which have the potential for

applications in the replacement of connective and cardio-vascular tissues (Millon et

al., 2008; Tang et al., 2015).

1.5.2.2 BC as artificial blood vessels biopolymer

The ability of BC for in-situ and ex-situ fabrication makes it an ideal candidate for the

preparation of vascular grafts used in cardio-vascular disease. In addition, the ability

for cell attachment and cell proliferation make it a suitable biopolymer for cartilage

replacement (Picheth et al., 2017). The small size of microfibriles, which is almost

similar to that of the thickness of small blood vessels and molding capabilities, make

it an ideal candidate for the preparation of coronary arteries (Klemm et al., 2001). BC

based arteries using animal model showed successful implantation and stability for up

to 90 days (Schumann et al., 2009). Similarly, BC was used as artificial blood vessel,

which dissolves the low thrombin aggregates at the vessels surfaces. The conjugates

of BC with PVA showed higher tensile strength, reduced toxicity and prolong

integrity as compared to BC alone (Fink et al., 2010; Tang et al., 2015). The

composites of BC with PEG were studied for its potential as artificial blood vessels,

which revealed excellent hydrophilic properties, improvement in physical features and

were highly compatible with the fibroblast cells (Cai and Kim. 2010). It was observed

that BC and its composites with other biocompatible and biodegradable materials

have good hydrophilic features and have the potential for application as artificial

blood vessels implants and heart valves (Picheth et al., 2017).

1.5.2.3 Applications in bone regeneration

Biocompatibility of the graft is the major challenge in regeneration of bone tissues

and filling the area defected due to bone diseases in patients suffered from trauma.
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The problems associated with conventional grafts are the risk of graft rejection, risk

for infection due to transfer of pathogens and availability of the limited shapes and

sizes in the bone transplantations. BC is highly biocompatible with body tissues, non-

toxic and exhibit minimum rejection by body immune system. These features make

BC as an ideal candidate for bone tissue regeneration. Studies showed a very low

inflammatory response as compared to the available commercial kit in rabbits (Xu et

al., 2014). In another study, BC was found to be an ideal candidate for dural graft

healing in post-operative neurosurgery (Goldschmidt et al., 2016). BC was found to

be more effective in faster healing in bone regeneration due to its similarity to body

collagens. Furthermore, phosphorylation of BC surface showed higher mineralization

and osteoprogenitor cells migration (Oshima et al. 2008). Similarly, calcium and

phosphates loaded BC composites were used for bone tissue regeneration in mices,

which showed that pre-osteoblast cells used in the study maintain its integrity to BC

and there was higher concentration of the mineral delivered to the tissue (Fricain et

al., 2002). In general, it was concluded from different studies that BC implanted in the

wounded regions of bone defects has the ability to provide support for longer duration

without the need for frequent replacement (Fricain et al., 2002; Hu et al., 2016). BC

based scaffolds with hydroxyapatite (bone) and glycosaminglycans (cartilage) showed

promising increase in size of cells without causing any immunological response and

higher bone mineral density as compared to control groups (Kumbhar et al., 2017).



21

Fig. 1.6 Summary of the potential applications of BC in biomedical field.

1.5.3 Pharmaceutical applications of BC

BC has the ability to retain moisture due to hydrophilic nature, act as external barrier

to prevent contamination and have properties of maintaining prolong contact with the

body skin, which makes it an ideal material for transdermal drug delivery (Czaja et

al., 2006). BC composites with benzalkonium chloride were prepared with

0.116mg/cm loading capacity and were tested against Staphylococcus aureus (S.

aureus ) and Bacillus subtilis (B. subtilis) and the composited was found effective for

24 h (Wei et al., 2011). Similarly, the silver nanoparticles were loaded into BC,

showed 99.9% antibacterial action against B. subtilis and S. aureus (Jung et al., 2009;

Pinto et al., 2009). Propranolol (S)-enantiomer loaded into BC-methacrylate

composite were evaluated for transdermal drug delivery using skin of Wistar rats’

males. It was observed that being part of the composites, BC played the key role as

controller for drug release rate due to nano-sized pores in the sheet and retained the

drug for 8 h (Bodhibukkana et al., 2006; Suedee et al., 2008). In another study
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tetracycline was loaded into the as-synthesized and irradiated BC-polymethyl

methacrylate composites. It was observed that as-synthesized BC composite released

the drug at faster rate in comparison to irradiated, showing higher drug absorption via

transdermal route (Stoica-Guzun et al., 2007). The biocompatibility and mechanical

properties of BC were applied for enhancement in the drug permeation by preparing

composites with charged polyaniline and carbon multiwalled nanotubes via

carboxymethyl cellulose sodium and ammonium. The drug loaded was ibuprofen and

it was found that conjugation of BC with charged polymers not only enhance the

mechanical properties of BC but also increase the drug permeation across the

membrane (Fang et al., 2002; Guimard et al., 2007; Lin et al., 2013; Shi et al., 2013;

Yoon et al., 2006). The composites of BC-hydroxypropyl methyl cellulose (HPMC)

were studied as excipient in tablets. It was suggested that due to hydrophilic nature of

BC, the prepared BC-HPMC composites have ability to absorb mono-sized molecules

for better drug delivery applications (Huang et al., 2011). BC was prepared as mono-

crystalline cellulose, which has similar effects and properties as observed with Avicel

of grade PH 101 (Salamat-Miller et al., 2005). In another study, tablets were coated

with BC showed modest rate controlling effects on the drug release (Keshk & Haija,

2011).

1.5.4 Applications of BC in antimicrobial peptides/agents delivery

The biocellulose does not possess antimicrobial properties. It only acts as barrier for

preventing the intervention of bacteria and other microorganisms. In this regard,

modifications have been carried out by utilizing the presence of hydroxyl groups and

the large surface area for drug loading. The approaches included addition of different

agents such as proteins and peptides, nano-particles with graphenes, polysaccharides

or small molecules i.e. nanoparticles and quaternary ammonium salts (Basmaji et al.,

2014; Chen & Huang, 2015; O-Rak et al., 2013; Shao et al., 2015; Zhang et al., 2015).

The surface properties, porous structure and interconnected molecular bonding help in

controlling the release of different components from BC. These approaches resulted in

the longer drug retention at the wound and hence provide better antimicrobial actions

(Moritz et al., 2014; Wu et al., 2014).
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1.6 Modifications of BC

The unique structure and morphology of BC is of great interest in material science

and it can be altered according to the requirements for the designing of desired drug

delivery system. The goal of modifications in the morphology may be achieved by

physical, chemical or biological procedures using different active groups and the in-

situ modification methods by the applications of selected polymers, chemicals and

biologics. Such modification results in the formation of new entities in BC having

advanced features in addition to the existing ones (Millon et al., 2008; Ruka et al.,

2013).

1.6.1 Physical modification of BC

The preparations of various composites have been reported in order to overcome the

limitation of existing features of BC. A Number of biocompatible materials can be

introduced into BC for the reinforcement in the physical, mechanical, chemical and

biological features. These materials include natural and synthetic polymers, organic

and inorganic compounds, proteins and various enzymes (Hu et al., 2014).

The composites of BC with collagen and chitosan showed very good

biocompatibility (Kim et al., 2011; Zhijiang et al., 2011), better skin adhesion and

negligible cytotoxic effects with epithelium cells of retinal pigments (Gonçalves et al.,

2015; Kingkaew et al., 2014). The lecithin mixture with BC and BC-alginates showed

better proliferation of fibroblast cells (Zhang et al., 2015) and were found supportive

in skin disease treatment (Chiaoprakobkij et al., 2011; Skjåk-Bræk & Draget, 2012).

PEG-BC, BC-poly hydroxyl ethyl methacrylate and BC-TiO2 showed improved cells

proliferation and thermally stable wound dressing material (Figueiredo et al., 2013;

Wan et al., 2015). The carbon nanotube with BC promotes mesenchymal cells

formation and differentiation (Park et al., 2015; Xu et al., 2015). BC-peptide

combination was more effective in the treatment of wounds for longer duration

(Basmaji et al., 2014). The composites of BC with polyethylene glycol and

polyacrylic acid decreased uptaking of reticuloendothelial cells and reduced proteins

immunogenicity (Kolate et al., 2014; Mogoşanu & Grumezescu, 2014).

The microporous structure, large surface area and highest number of hydroxyl

groups enables BC to  adsorb large number of molecules such as bovine serum
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albumin (Lin et al., 2015) and smaller molecules such as quaternary ammonium,

which showed better therapeutic effects (Sulaeva et al., 2015). BC modified with 2-

aminoethyl methacrylate (Figueiredo et al., 2013), polyhexamethylene guanidine

(Kukharenko et al., 2014) and Benzalkonium chloride composites with hydrated and

freeze dried BC have shown far better anti-bacterial activities (Wei et al., 2011). The

comibination of BC and ployhexamethylene guanidine against S. aureus, Klebsiella.

pneumoniae (K. pneumoniae ) and Pseudomonas syringae (P. syringae), were very

effective (Kukharenko et al., 2014). Surface modified BC with octenidine

hydrochloride showed significant enhancement of antimicrobial properties of the

octenidine dihydrochloride (Moritz et al., 2014). BC loaded with chloramphenicol–

aldehyde showed enhanced antimicrobial action, good proliferation and adhesion

(Laçin, 2014). Similarly, silver sulfadiazine loaded BC showed promising anti-

bacterial and anti-fungal effects (Dellera et al., 2014; Luan et al., 2012). The zinc

oxide and BC (ZnO-BC) have very strong inhibitory effects on the bacterial growth

(Katepetch et al., 2013; Ul-Islam et al., 2014; Xiong et al., 2014).

1.6.2. Chemical modification of BC

Chemical functionalization of cellulose was carried out to meet the demand for

polymers with enhanced properties and various applications that were not fulfilled by

the physical modification and existing properties. The modifications included

carboxymethylation, hydroxypropylation, methylation, etherifications and

cyanoethylation (Varshney & Naithani, 2011). BC has similar chemical structure to

PC, which make it an ideal candidate to change the chemical structure of BC for the

improvement in its properties and achieving the desired results. The modification in

chemical nature of BC may be carried out using the phosphorylation, acetylation and

carboxylation (Gonçalves et al., 2015; Hu et al., 2014; Shekaran & Garcia, 2011).

Furthermore, the modifications of BC via enzymatic, chemical or biosynthetic

pathway improve the physico-chemical, catalytic and magnetic features (Hu et al.,

2014).

1.6.2.1 General applications of surface modified BC

The surface features of BC are enhanced by addition different proteins and

polysaccharides, using various techniques. The incorporation of hydroxyapatite into
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BC showed improvement in the biocompatibility with fibroblasts and osteosarcoma

cells (Ramani & Sastry, 2014). Incorporation of different amino-alkyl groups on BC

surfaces via chemical grafting showed better antimicrobial properties and negligible

toxicity during the studies on human mesenchymal stem cells. Similarly,

incorporation of nitrogen groups increases BC anti-bacterial properties (Fernandes et

al., 2013). The incorporation of β-cyclodextrine and ciprofloxacin were carried out

and the modified BC was found to have improved anti-bacterial properties against S.

aureus and E. coli (Dong et al., 2014). Amine functionalized BC with magnetite

nanoparticles has high efficiency toward the arsenic adsorption and removal (Nata et

al., 2011).

1.6.2.2 Applications of surface modified BC in tissue engineering

BC modification with suitable polymer can improve the healing and wound dressing

properties of BC. Chitin in combination with BC showed better biodegradability, no

evidence of toxic effects were observed and promote faster wound healing and cell

proliferation (Wu et al., 2018). BC-Alginate as scaffold for mouse fibroblast cells

showed higher swelling, biocompatibility and higher cell proliferation

(Kirdponpattara et al., 2015).

The combination of chitosan and gelatin enhanced the mechanical features and

showed good cells proliferation and differentiation (Yan et al., 2017). Surface

functionalized BC with bioactive agents was highly compatible with human

embryonic kidney cells and showed reduced microbial growth (Shao et al., 2017). BC

surface modification with poly (acrylic acid) and chitosan has promising cell adhesion

and proliferation features (Khamrai et al., 2017).

1.6.2.3 Applications of surface modified BC in 3D bioprinting

The replacement and repair of body organ is the major challenge faced in the modern

plastic surgery. The conventional bioink is facing the challenges with stability and

biocompatibility, cytotoxicity, interactions among the components of bioink and

availability of the pure biomaterials. Being produced in the high pure form, BC has

the potential for applications in regenerative medicine and tissue engineering. BC

cross-linked with alginate was found to be highly suitable material for preparing 2D

and 3D structures for sheep meniscus and human ear, which displayed no toxicity
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(Markstedt et al., 2015). As an alternative to alginate, tyramine was also investigated

and BC-tyramine imparted stability to bioink. (Markstedt et al., 2017). BC-alginate in

combination with human cells showed good cell proliferation and mesenchymal cells

collagens formation (Apelgren et al., 2017). Similarly, BC-alginate bioink as 3D

cartilage support showed higher cell proliferation and collagen formation as compared

to BC-hyaluronic acid scaffold (Nguyen et al., 2017). Xylan and alginate combination

with BC and human nasal chondrocytes and mesenchymal cells showed good

compatibility and mechanical properties and no immunological response was

observed (Möller et al., 2017).

1.6.2.4 Applications of surface modified BC in drug delivery

BC incorporated with methyl group was used to covalently bind gentamicin and a

peptide RGDC (R: arginine; G: glycine; D: aspartic acid; C: cysteine) was observed

that the modified BC has the ability to be applied in drug delivery materials

(Rouabhia et al., 2014; Taokaew et al., 2015). Modification of BC with polylactide-

graft-γ-methacryloxypropyltrimethoxysilane (MPS-g-PLA) resulted in highly

hydrophobic product, which has the potential for controlled drug delivery (Li et al.,

2010). Surface acetylation of BC with acetic anhydride enhanced BC

biocompatibility, thermal stability and has the potential controlling the delivery of

various drugs (Ifuku et al., 2007). Similarly, BC-gelatin showed higher drug loading

and promising sustaining properties (Treesuppharat et al., 2017).

In general, it was found that surface functionalized BC has vast applications in the

designing of electronic devices, flexible display, photochromic films, magnetically

responsive filters, opteoelectronic, electrical conductive films, photolytic

nanomaterial and heavy metal absorbent and limited applications in drug delivery

(Esa et al., 2014; Ullah et al., 2016a). However, there is vast space available and more

research is required to explore its applications in drug delivery.

1.7 Regeneration of BC

In the modern time, advances in science and technology are facing new challenges in

overcoming the demand raised as a result of the extensive utilization of cellulose from

the available resources. There is dire need for the exploration of alternative resources,

recycling and cost-effective utilization of the recycled cellulose. BC in as-synthesized
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and surface modified form has been studied for potential applications in various fields

including electronic devices, filters and biosensors and biomedical sciences. However,

there is limited data available for the dissolution and regeneration for the unexplored

features of BC and its potential applications. Therefore, extensive research work is

required to explore the different pathways for BC dissolution and regeneration (Hina

et al., 2015; Medronho & Lindman, 2015; Zhang et al., 2002).

The regeneration process is limited due to low solubility of BC in commonly used

chemicals such as urea, formaldehyde, polyacrylates and poly vinyl alcohol. These

chemicals have environmental and health hazards effects (El‐Wakil & Hassan, 2008).

Furthermore, the applications of these chemicals results in the inability of the polymer

to tailor the polymeric properties after regeneration. In the alternative approaches, the

trend has been changed to the applications of environment friendly and less hazardous

chemicals such as sodium hydroxide/thiourea, ferric chloride/sodium tartarate/sodium

hydroxide and N-methylmorpholine-N-oxide (NMMO). In all of these solvents,

NMMO was found to be environment friendly and recyclable after the dissolution and

regeneration of BC (El‐Wakil & Hassan, 2008; Xu et al., 2015). However, this

method has been is to the cellulose fibers in textiles industries and cotton fibers

spinning mills (Hina et al., 2015; Isogai & Atalla, 1998; Xu et al., 2015; Zhu et al.,

2006).

1.7.1 Applications of regenerated BC (R-BC)

The progress in the regeneration of cellulose has explored new pathways for its

potential applications in making films, fibers, aerogels, hydrogels, microspheres,

beads and bioplastics as single polymer or combination with other materials (Wang et

al., 2016b). R-BC finds applications as microfluidic column for protein separation

(Chen et al., 2016), electricity conducting multi-walled carbon nano-tube (Chen et al.,

2009), novel nano-porous membrane (Phisalaphong et al., 2008) and diode for light

emission (Chen et al., 2012). R-BC has been studied as wound dressing material

(Shao et al., 2016) for the delivery of nanoparticles (Ul-Islam et al., 2014), as scaffold

for tissue regeneration (Khan et al. 2015), delivery of antibacterial agents (Lu et al.

2013) and biomaterial for biomedical tissue engineering (Wu et al. 2017).
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R-BC as cytocompatibile material was studied, which revealed that it is

comparatively less resistant to degradation as compared to native BC and highly cells

compatible (Wu et al., 2017). Similarly, R-BC was used as scaffolds loaded with

enzymes (trichoderma ressei and lysozyme). The enzymatic degradation data showed

that Trichoderma reesei enzymes have higher degradation rate for R-BC scaffolds as

compared to lysozyme. R-BC was found biocompatible and supportive in cells

proliferation (de Araújo Júnior et al., 2016). The R-BC scaffold tested for cells

differentiation and proliferation have high water and nutrients holding capabilities. In

addition, the R-BC scaffolds displayed good differentiation, penetration and adhesion

of fibroblast and osteoblasts (Khan et al., 2015).

R-BC loaded with lecithin concanavalin-A has higher potential for applications in

glycoproteins and lysozymes affinity chromatography and affinity for lectin

separation using HPLC (Chen et al., 2016). The R-BC Zinc Oxides (R-BC-ZNO) has

high growth inhibiting efficiency against the selected bacterial strains and outstanding

cells proliferation due to biocompatible nature (Ul-Islam et al., 2014).

The regeneration of BC is novel idea and has limited published data for its

potential applications in different fields. The literature studies revealed limited data

related to the applications of regenerated BC for tissue engineering and artificial skin.

However, there has been no reported data available regarding the potential

applications of regenerated BC in drug delivery systems.

1.8 Limitations associated with conventional dosage forms and need

for novel drug delivery system

The manufacture and designing of pharmaceutical dosage forms involve pre-

formulations studies, manufacturing process optimization, stability of the product and

in-vivo bioavailability studies. In addition to these, the advancement in technology,

reduction in production cost, time consumption, impact of the environment and

market competition are to be considered (Qiu et al., 2017). Therefore, the

development of new dosage form, its manufacturing method, as well the marketing

cost keeps the pharmaceutical manufacturers under constant economical pressure.

Pharmaceutical manufacturers prefer formulations of dosage form with low cost

pharmaceutical excipients and easily available operating machinery to reduce
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production cost (Sastry et al., 2000). Drug delivery through conventional dosage is the

most easily available and convenient method from formulators and patients

perspective. Among the available pharmaceutical dosage forms, tablets and capsules

are the most preferred dosage form for pharmaceutical manufacturer due to

advantages over the other dosage forms like higher stability, easy manufacturing, low

cost production, minimum chances of contamination and easy transportation. From

the market perspective, conventional tablets dosage form accounts about 80% of the

available pharmaceutical dosage forms (Jivraj et al., 2000). From patient perspective,

tablets and capsules are the most acceptable dosage form due to ease of

administration, handling, accurate dosing, avoidance of pain, availability in the

desired shapes and acceptable appearance (Gohel & Jogani, 2005; Sastry et al., 2000).

However, there are certain limitations associated with conventional dosage forms,

such as limited delivery routes, limited formulations designing options for single drug

and sizes of the dosage form. There are number of limitations associated with tablets

dosage forms such as requirement for multi-manufacturing steps, heavy and

expensive machinery and time consumption. In addition, to obtain the desired shape

of tablets, number of excipients are added which vary according to the requirements,

i.e., from immediate release to targeted drug delivery system (Goole & Amighi, 2016;

Karanth et al., 2006). Tablet dosage form is also not suitable for formulating materials

with low bulk density due to issue with compression and tablet hardness. In addition,

the powders with low or poor flowing ability cannot be designed in the tablet dosage

form. Furthermore, there are chances for the creation of static charges on the particles

surfaces, which may lead to agglomeration during mixing and compression (Jivraj et

al., 2000; Patel et al., 2015). To overcome these processing associated limitations of

the tablets dosage forms, different types of excipients are added. The addition of

number of excipients not only increases the bulk volume of the dosage form but also

increase the production cost. In addition, these excipients may have the issue to

dosage form stability, changes in the physical and chemical as well mechanical

properties of the active pharmaceutical ingredients and excipients (Abdelkader et al.,

2008; Narang et al., 2012). To achieve effective and convenient drug delivery as well

better patient compliance, conventional tablets manufacturing processing were

revolutionized with time and become multistep. The steps included are mixing,

granulations, extrusion and coating of the dosage form at various manufacturing

stages. The addition of these steps results in increase in the product size (due to
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addition of various excipients) as well as time consumption and increased in the

involvement of heavy machinery (Goole & Amighi, 2016). In addition to the above

mentioned limitations, manufacture of the conventional tablets dosage forms are

involve expensive and laborious methods, heavy testing equipments and high energy

consumption and higher labour.

From the patients’ perspective, for achieving the desired therapeutic effects from

the dosage form, it is necessary to deliver the active ingredients at the site of

absorption (Goole & Amighi, 2016). The additions of number of excipients in the

conventional dosage forms influence the tablets disintegration and dissolution, which

may lead to poor drug solubility and bioavailability (Crowley & Martini, 2001;

Narang et al., 2012). It is unavoidable due to the current manufacturing competition as

well consumer trend to develop new concept and approaches for the pharmaceutical

industry to replace the current manufacturing practice. There is need for tablets

dosage form, which are single polymer based, cost effective, easy in production and

have better patient compliance (Goole & Amighi, 2016; Teżyk et al., 2016).

1.9 Selection of model drugs for the current study

In the current study, model drugs were selected on the basis of aqueous solubility and

dose. Famotidine has low aqueous solubility and available in the dose of 20mg and

40mg tablets. Tizanidine is highly water soluble drug and is available in 2mg and 4mg

tablets.

1.9.1 Famotidine

Famotidine is H2 receptor blocking antihistamine and has the ability to reduce

stomach acid concentration. It is used for the treatment and prevention of ulcer in

stomach and intestine i.e., Zollinger-Ellison syndrome and gastro-esophageal reflux

disorder, which causes heartburn. It is freely soluble in acetic acid, slightly soluble in

methanol, has very low solubility in water and insoluble in ethanol. The drug has low

absorption from the gastrointestinal tract due to short half-life (2.5–3.5h), so frequent

dosing is required (Mokale et al. 2016; Satheeshababu & Sarvaiya, 2016).). The

solubility and absorption of famotidine may be increased in the gastrointestinal tract

by preparing its complexes and matrix with other polymers. In the efforts to enhance

famotidine solubility in gastrointestinal tract and prevent degradation, its complexes
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with beta β-Cyclodextrin were prepared. This resulted in preventing drug degradation

and enhanced the drug solubility many folds when compared with pure drug (Hassan

et al., 1990; Islam & Narurkar, 1991). However, there is more space available for the

exploration of new pathways for enhancing famotidine solubility and bioavailability.

Fig. 1.2 shows the chemical structure of famotidine and Table 1.3 summarizes its

physico-chemical features.

1.9.2 Tizanidine

Tizanidine hydrochloride belongs to centrally acting muscle relaxants and has been

used for the treatment of symptoms related to sclerosis (Ritu & Meenakshi, 2013).

The drug is highly soluble in water and poorly soluble in ethanol, methanol and

acetone. It has very short half-life (2.5h) due to its extensive metabolism in the body

during hepatic first pass effect, which results in the low bioavailability (40%) in the

body. To maintain the tizanidine therapeutic concentration in blood, frequent doses

are required. The reported data showed that various matrix system have been

developed for tizanidine controlled delivery (Aamir & Ahmad, 2010; Elwy et al.,

2015; Murtaza et al., 2015; Pendekal & Tegginamat, 2012; Ritu & Meenakshi, 2013).

The chemical structure of tizanidine has been shown in Fig. 1.7 and physical

properties of tizanidine are summarized in Table 1.3.

Fig. 1.7 Structures of famotidine and tizanidine
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Table 1.3 List of the physicochemical features of famotidine and tizanidine

Drug Solubility (mg/mL) Mass (g/mol) Reference

Aqueous methanol Acetic Acid (g/mol)

Famotidine 0.1 0.3 50 337.449 Windholz et al. 1983

Tizanidine 20 0.5 – 290.2 Moriguchi et al.1992

1.10 Hypothesis

BC is highly biocompatible and renewable biomaterial having characteristics features

such as highly pure, good crystallinity, water holding ability, higher degree of

polymerization and moldability into desired shape, which make it distinct from the

cellulose derived from plants. In addition, the 3D structure, well organized and inter

connected fiberous membrane with highest numbers of pores give BC advantages

over PC. These features make BC versatile biopolymers for applications in different

field such as biomedical, electronics and drug delivery. In as-synthesized form, BC

has been studied for applications in various fields including biomedical, paper making

and packing, electronic device, filters and delivery of proteins. The surface modified

form of BC has been studied mostly for preparing electronic devices and scaffold for

tissue engineering. In regenerated form, BC has been studied for tissue engineering

and proteins separation. However, the literature lacks studies on BC applications as

matrices for drug delivery in as-synthesized, surface modified and regenerated form.

Therefore, extensive research work is required for the exploration of BC as matrices

for the delivery of drugs for oral as well transdermal drug delivery. In addition to this,

BC has the promising features to be used as alternative to PC for the preparation of

single polymer based drug delivery system.

In this regard, the current work was designed to prepare BC-drug matrices and

evaluate these matrices for the potential application as single polymer based drug

delivery system.
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1.11 Statement of the problem

Conventional tablet dosage forms are the most easily available drug delivery system

in the current time due to higher stability, cost effective production, and lesser

chances for contamination and better patient compliance. However, tablets require

number of excipients for designing into final shape (Gohel & Jogani, 2005). The

excipients are produced through multistep mechanical and harsh chemical processing,

which results in deforestation, global warming and environmental problems.

In addition, tablets dosage forms require multiprocessing steps, heavy machinery

and high energy, working force and time, which leads to an increase in the overall

production cost.

The addition of number of excipients in the tablet dosage form may have the issue

of excipients-excipients as well drug-excipients interactions (Crowley & Martini,

2001; Narang et al., 2012). These interactions may results in the formation of

complexes in the dosage form, which ultimately affect the drug stability, solubility,

absorption and bioavailability, which results in poor patient compliance (Patel et al.,

2015).

To overcome the above mentioned limitations associated with conventional tablet

dosage form, there is dire need for the alternative approaches to develop single

polymer based novel drug delivery system. This dosage form should have the ability

to reduce the number of excipients, requires fewer processing step, involve in-

expensive machinery, minimum time and labour cost. In this regard, bacterial

cellulose is the biomaterial that has the desired physical, chemical and mechanical

features to be applied for the designing of single polymer based drug delivery system.

1.12 Aim and objectives of the current research work

The objective of this thesis was to explore and evaluate the potential alternative and,

more sophisticated and industrially feasible approaches for the designing of single

polymer based drug delivery system using the novel biomaterial BC.

The specific goals of the study were:
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1. To study the applicability of BC as a novel biomaterial in the as-synthesized

form by preparing the matrices via physical adsorption methods under various

conditions.

2. To carry out characterization and in-vitro evaluation of BC-drug matrices for

drug delivery.

3. To prepare surface modified BC-drug matrices and investigate the effects of

surface modification on the drug loading and release behaviour.

4. To explore the potential applications of surface modified BC-drug matrices for

drug delivery.

5. To evaluate the potential applications of regenerated BC-drug (R-BC-drug)

matrices for drug delivery and investigate the effects of BC regeneration on the

drug-loading and release properties of drugs.
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Chapter 2

Materials and Methods
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2.1 Materials

Peptone and agar (Technical agar No.3) were purchased from Oxide, UK, sodium

hydroxide and phosphate buffered saline tablets were supplied by Sigma Aldrich, UK.

Citric acid and sulphuric acid were purchased from RDH, Germany, and hydrochloric

acid from Fishers Chemicals Ltd, UK. Yeast extract (anhydrous), sodium dihydrogen

phosphate, Di-sodium hydrogen phosphate, ethanol (99.5%) and methanol were procured

from Merck, Germany. Famotidine was supplied by Suleshvari Pharma while tizanidine

was obtained from JPN Pharma, Maharashtra, India. N-methyl morpholine oxide

(NMMO 50%) was received as gift from Amines, Mumbai, India. Acetic anhydride,

anhydrous D-glucose, potassium di hydrogen phosphate and di-potassium hydrogen

phosphate were acquired from Daejung, Korea. Franz cells were provided by SES Franz

cells, GmbH-analytical system, Germany and Millipore membrane 0.45 µm by HNWP,

Merck Millipore Ltd, Ireland. Bacterial cellulose (BC) was prepared from the culture of

Gluconacetobacter xylinus (ATCC 23768) colonies. Mice skin, plastic rectangular

containers and disc fabricator (12 mm diameter) were acquired locally and Vernier

caliper by SparkFun, USA. All the chemicals and solvents were of analytical grade and

used as received without further analysis.

2.2 Selection of model drugs

Model drugs famotidine and tizanidine were selected on the basis of solubility in aqueous

medium and dosing regimen. The physicochemical properties of model drugs have been

summarized in Table 1.3.

2.3 Methods

2.3.1 Biosynthesis of BC

BC was produced in Hestrin-Schramm (HS) liquid medium composed of D-glucose

(2%), peptone (0.5%), yeast extract (0.5%), sodium dihydrogen phosphate (0.27%), citric

acid (0.115%) in distilled water (pH 6), and sterilized at 121oC for 20 min. The pre-

culture was prepared by suspending colonies of G. xylinus in 50 mL HS medium and
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incubated using shaking orbital incubator (J.P. Selecta S.A, Barcelona, Spain) at 30oC

and 150 rpm for 24h. The pre-culture was inoculated into previously sterilized

rectangular container (6 cm × 24 cm × 18 cm) containing 300 mL HS medium and

incubated in static incubator (Memmert, 100-800, Germany) at 28oC for 7–21 days. BC

membranes were rinsed thoroughly with distilled water, treated with 0.3 M NaOH

solution in an autoclave (HVA-85, Hirayama Co. Japan) at 121oC for 20 min in order to

eliminate any remnants of bacterial cells. BC sheets were again thoroughly rinsed with

distilled water till neutral pH and stored at 4oC for further use (Czaja et al. 2006; Hu et al.

2014; Khattak et al. 2015). Fig. 2.1 summarizes the various steps involved in the

production of BC and matrices preparation.

Fig. 2.1 A general scheme illustrating the different phases of BC biosynthesis.
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2.3.2 Preparation of BC-drug matrices by physical adsorption

BC matrices were fabricated with the help of locally designed circular shaped disc

fabricator (12 mm diameter). Table 2.1 summarise the various physical parameters used

during the preparation of BC-drug matrices by physical adsorption method. In first set of

experiments, the never dried BC discs (A1) and partially dried BC discs (A2 and A3)

were immersed in 20mg/mL solutions of famotidine in acetic acid-methanol (Table 2.1).

Similarly, the never dried BC discs (B1) and partially dried BC discs (B2 and B3) were

immersed in 40mg/mL of famotidine in acetic acid-methanol. Then all these matrices

(A1–A3 and B1–B3) were dried in an oven (SANFA, DHG-9202, Jiangsu Jinyi, China)

at 50°C till complete drying. Similarly, the never dried BC discs (C1–C3) were immersed

in 20mg/mL of famotidine solution in acetic acid-methanol for 12, 24 and 36h,

respectively, and subsequently were oven dried at 50°C till complete drying, i.e., 24h. In

another set of experiments, the never dried BC discs (D1–D3) were immersed in

20mg/mL of famotidine solution in acetic acid-methanol (5:95, v/v%) for 12, 24 and 36h,

respectively, and subsequently freeze-dried at –50°C and 0.025 mbar for 6h (Cydos-50,

Telstar, Terrassa, Spain). In case of formulations E1–E3, BC discs were freeze-dried and

immersed in 20mg/mL of famotidine solution in acetic acid-methanol for 12, 24 and 36h,

respectively, followed by freeze-drying. In the next experiments, the never dried BC

discs, (F1–F3) were immersed in tizanidine (6mg/mL) aqueous solution for 12, 24 and

36h, respectively, and oven dried at 50°C till complete drying, i.e., 24h. In case of

formulations G1–G3, BC discs were freeze-dried and immersed in 6mg/mL of tizanidine

solution in distilled water for 12, 24 and 36h, respectively, and freeze-dried. Fig. 2.2

shows the schematic diagram from BC biosynthesis to matrices preparation. A general

scheme of important steps involved in the preparation of BC-drug matrices and in-vitro

evaluation are displayed in Fig. 2.3.
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Fig. 2.2 General orders summarizing various stages from BC biosynthesis to matrices

preparation.

Fig. 2.3 A general scheme for drug loading and in-vitro drug release studies of matrices

prepared by physical adsorption method.
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Table 2.1 Experimental design for the preparation and processing of the drug loaded BC matrices.

Formulation
Pre-

loading
condition

Drug
(mg/mL)

Immersion
time (h)

Post loading
treatment

Solvent
ratio
*(AA

:MeOH)

Pre-loading
water

removal
time (h)**

Drying
Time at
50oC (h)

A1 Wet 20 24 OD 1.5: 8.5 0 36

A2 PD 20 24 OD 1: 9 1 30

A3 PD 20 24 OD 0.5: 9.5 2 24

B1 Wet 40 24 OD 1.5: 8.5 0 36

B2 PD 40 24 OD 1:9 1 30

B3 PD 40 24 OD 0.5:9.5 2 24

C1 Wet 20 12 FD ˗ ˗ ˗

C2 Wet 20 24 FD ˗ ˗ ˗

C3 Wet 20 36 FD ˗ ˗ ˗

D1 FD 20 12 FD ˗ ˗ ˗

D2 FD 20 24 FD ˗ ˗ ˗

D3 FD 20 36 FD ˗ ˗ ˗

E1 Wet 6 12 OD ˗ ˗ 24

E2 Wet 6 24 OD ˗ ˗ 24

E3 Wet 6 36 OD ˗ ˗ 24

F1 Wet 6 12 FD ˗ ˗ ˗

F2 Wet 6 24 FD ˗ ˗ ˗

F3 Wet 6 36 FD ˗ ˗ ˗

G1 FD 6 12 FD ˗ ˗ ˗

G2 FD 6 24 FD ˗ ˗ ˗

G3 FD 6 36 FD ˗ ˗ ˗

PD = Partially dried, FD = Freeze-dried, OD = Oven dried, AA = Acetic Acid, **= At
room temperature
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2.3.3 Preparation of BC-drug matrices by surface modification

BC discs (12 mm in diameter) were prepared by using a disc fabricator (locally made)

and soaked in 50 mL mixture of acetic acid and water (40:60, v/v%) for 2h. The matrices

were further treated with 50 mL acetic acid for 2h to remove excess water. The chemical

modification and drug loading of matrices was carried by two different approaches. In the

first approach, BC matrices were immersed in solution of famotidine in acetic acid

(20mg/mL) or tizanidine (6mg/mL) in water-acetic acid (40:60, v/v%) for 8h. The drug-

loaded matrices were transferred to three-necked round bottom flask containing 24 mL

acetic acid solutions with dissolved famotidine (20mg/mL) or tizanidine (6mg/mL) at

60°C. Then, 1 mL mixture of acetic acid and sulphuric acid (95:5, v/v%) was added to

the flask followed by addition of acetic anhydride (ratio shown in Table 2.2). The

reaction was allowed to continue for 24h. The surface modified and drug loaded matrices

were then immersed in 25 mL distilled water (four time each) for 2h to remove the acid

remnants and dried individually either in oven (SANFA, DHG-9202, Jiangsu Jinyi,

China) at 50°C for 24h or freeze dryer at -50°C and 0.025 mBar for 6 h. In the second

approach, BC matrices were surface modified initially by transferring into three-necked

round bottom flask containing 24 mL acetic acid, followed by addition of 1 mL mixture

of acetic acid and sulphuric acid (95:5, v/v%) and acetic anhydride (Table 2.2) at 60°C.

The reaction was allowed to continue for 24h. The matrices were then washed with 25

mL distilled water (four times) for 2h, and freeze-dried at -50°C and 0.025 mBar for 6h.

These BC matrices were then immersed in famotidine (20mg/mL) or tizanidine

(6mg/mL) solution for 8h and dried in freeze dryer at -50°C and 0.025 mBar for 6h

(Table 2.2) (Mukherjee et al., 2013; Pavaloiu et al., 2014; Pohl et al., 2009). A general

scheme illustrating the important steps of BC surface modification and drug loading has

been shown in Fig. 2.4. The images of as-synthesized BC and drug loaded, surface

modified and oven dried BC, drug loaded, surface modified and freeze dried BC can be

seen in Fig. 2.5 (a˗c). Table 2.2 summarizes the different parameter for surface

modification and drug loading of BC matrices.
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Fig. 2.4 A general scheme illustrating surface modification and drug loading studies of

BC

Fig. 2.5 Images of (a) as-synthesized, (b) drug loaded, surface modified and oven dried

BC, (c) drug loaded, surface modified and freeze dried BC.
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Table 2.2 An overview of various parameters for surface modification and drug loading

of BC matrices.

Formulation Drug (mg/mL)
Acetic

anhydride  (mL)
Final drying

F0 20 - Freeze drying

F1 20 2.5 Oven drying

F2 20 5 Oven drying

F3 20 7.5 Oven drying

F4 6 5 Oven drying

F5 6 7.5 Oven drying

F6 6 10 Oven drying

F7 20 5 Freeze drying

F8 20 7.5 Freeze drying

F9 20 10 Freeze drying

F10 6 2.5 Freeze drying

F11 6 5 Freeze drying

F12 6 7.5 Freeze drying

F13 20 5 Freeze drying

F14 20 7.5 Freeze drying

F15 20 10 Freeze drying

F0 - - Freeze drying

* F0, F1–F3, F7–F9 and F13–F15 were treated with 20mg/mL of famotidine, while F4–

F6 and F10–F12 are treated with 6mg/mL of tizanidine
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2.3.4 Preparation of BC-drug matrices by regeneration

The drug loaded regenerated bacterial cellulose (R-BC) matrices were prepared by drying

BC at 60°C in an oven (SANFA, DHG-9202, Jiangsu Jinyi, China) for 10H. BC was

initially grinded and converted into powder form. This was followed by gradual addition

of 1 g BC powder (2% w/w) in 50 g NMMO solution (50% H2O) in glass petri plates (90

mm × 10 mm) and heated in an oven at 70°C for 24H until BC dissolved and formed a

thick solution. Before the removal of BC-NMMO solution from oven, it was added with

different concentrations of drugs [BC: drug (w/w%)] as shown in Fig. 2.6. The mixtures

were stirred thoroughly until the drug was dispersed uniformly. BC-NMMO-drug

mixtures were allowed to stand for 6H at room temperature (25°C) until solidify in a

sheet form. In order to remove residual NMMO, the R-BC-drug sheets were placed in 50

mL distilled water for 96H with regular replacement of fresh washing medium at interval

of 24H (4 times) and then freeze-dried (FreeZone 6, catalogue No. 7752030,

LABCONCO, USA) at –33°C and 0.025 mbar (Lee et al. 2009; Ul-Islam et al. 2014).

Once the R-BC-drug sheet was prepared, the matrices with desired diameter were

prepared using disc fabricator. Fig. 2.6 summerize the important steps in R-BC-drug

matrices preparation, drug loading and revelant parameters.

Fig. 2.6 A general scheme illustrating BC dissolution, regeneration, drug loading and

preparation of regenerated bacterial cellulose matrices.
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2.4 Evaluation of physical parameters of prepared BC-drug matrices

2.4.1 Thickness measurement

Thickness of the dried BC-drug matrices was measured with Vernier caliper (SparkFun,

USA).

2.4.2 Friability test

The loss in drug content from BC-drug matrices (20 matrices) was determined using

friability test apparatus (FT-L, Galvano Scientific, Pakistan) with speed of 25 rpm and for

4 min as reported previously (Hassan et al., 2015). BC-drug matrices weight loss was

calculated using Eq. 1. = × 100 (Eq. 1)

Whereas represent percent weight loss, is the weight of matrices before friability

test and is the weight of matrices after friability test.

2.4.3 Determination of percent drug loading into BC matrices

The amount of drug loaded into matrices was calculated from the average amount of drug

released from the loaded matrices assuming that nearly the entire loaded drug was

released. The percent drug loading was calculated using Eq. 2.= ( ) × 100 (Eq. 2)

2.5 Characterization of BC-drug matrices

The physical and chemical properties of BC matrices may have changed during BC-drug

matrices preparation and treatment at various high temperatures. Therefore, the matrices

were characterized using various characterization techniques mentioned below.

2.5.1 Field Emission Scanning electron microscopy (FE-SEM)

With the help of Field emission scanning electron microscope (FE-SEM, S-4800, Hitachi,

Tokyo, Japan) in secondary electron detection mode to visualize the surface topography.
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The samples for cross-section analysis were prepared under the liquid nitrogen. The

samples were mounted onto the SEM holder with the help of double-sided adhesive tape.

The samples were exposed to an atmosphere having Argon gas, and coated with osmium

tetra oxide (OsO4) with the help of VD HPC-ISW osmium coater (Tokyo, Japan) prior to

putting into the brass holder and FE-SEM for imaging.

2.5.2 Fourier-transform infrared (FT-IR) spectroscopy

In order to study the chemical changes in BC and drug during various processes, FT-IR

spectra for all the prepared samples were recorded with the help of spectrophotometer

(Autoimage FT-IRTM, PerkinElmer Inc., USA). The spectral range for the samples

analysis was: 4000–600 cm–1 beam splitter: coated on KBr; detector: DTGS; resolution:

0.25 cm–1. Prior to analysis, the samples were mixed with KBr pellets (IR grade, Merck,

Germany) and circular discs were prepared, which were then preceded for obtaining the

IR spectra. The results obtained were finally transferred into the computer for securing

the acquired spectral peaks.

2.5.3 X-ray diffraction (XRD)

The changes in the crystallinity of various samples were determined from the X-ray

diffraction (XRD) patterns obtained through an X-ray diffractometer (X’Pert-APD

Philips, PAnalytical, EA Almelo, The Netherlands) supported by 3 kW X-ray generator

and an anode (LFF Cu). The Cu Kα X-rays measure was 30 mA and 40 kV. The angle

(2θ) for scanning was in the range of 5° to 60° (depending on sample), with scanning

speed of 6°/min.

2.5.4 Thermogravimetric analysis (TGA)

Thermal stability of the samples was confirmed through thermogravimetric analyzer

(Thermal Analysis, SDT Q 600, TA Instruments, USA) thermo-balance. The thermogram

of the samples was acquired under the nitrogen atmosphere at the temperature range of

35°C–800°C with a consistent increase in the temperature at10oC/min.
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2.6 In-vitro drug release from BC-drug matrices

2.6.1 Preparation of standard calibration curves

Standard calibration curve of the drugs famotidine and tizanidine in 0.1 N HCl (pH 1.2)

and phosphate buffer (pH 7.4) were prepared by dissolving 100mg of each drug in 100

mL of the respective medium. The stock solutions in of famotidine and tizanidine in 0.1

N HCl were further diluted to get dilutions of 1µg/mL to 90 µg/mL and 1 µg/mL to 30

µg/mL, respectively. Similarly, stock solutions of the drug in phosphate buffers were

diluted further to obtain 1 µg/mL to 50 µg/mL for famotidine and 1 µg/mL to 10 µg/mL

for tizanidine (Ullah et al. 2015; Ullah et al. 2017). The absorbance of famotidine and

tizanidine was measured at 265 nm and 319 nm, respectively, using UV-visible

spectrophotometer (Cary 60 UV-Vis, Agilent Technologies, USA). The calibration

curves of famotidine and tizanidine were generated using absorbance (Y-axis) versus

concentration (X-axis) as shown in Fig. 2.7, 2.8, 2.9 and 2.10.

Fig. 2.7 Standard calibration curve of famotidine in 0.1 N HCl (pH 1.2) at λ = 265 nm.
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Fig. 2.8 Standard calibration curve of tizanidine in 0.1 N HCl (pH 1.2) at λ = 319 nm.

Fig. 2.9 Standard calibration curve of famotidine in phosphate buffer (pH 7.4) at λ = 265

nm.
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Fig. 2.10 Standard calibration curve of tizanidine in phosphate buffer (pH 7.4) at λ = 319

nm.

2.6.2 In-vitro drug release using dissolution apparatus

The drug release studies for as-synthesized, surface modified and regenerated BC-drug

matrices were carried out in USP dissolution apparatus (Dissolutest, Prolabo, France)

(Fig. 2.10), equipped with regular USP type-I and type-II paddles. The rotation speed of

the paddles was 50 rpm. The release medium (900 mL) was prepared with 0.1 N HCl (pH

1.2) and added into the beaker with capacity of 1 L. Temperature of the medium was

maintained at 37±0.5°C. Aliquot of 5 mL was taken from the release medium at

scheduled time (0, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8 and 10H) and replenished the same

with 5 mL of the fresh medium. The amount of drug released from the matrices was

analyzed by using the UV-spectrophotometer (Cary 60 UV-Vis, Agilent Technologies,

USA) at a wavelength of 265 nm for famotidine and 319 nm for tizanidine. All the

experiments performed for drug release were carried out in triplicate and the data
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obtained was averaged, and presented as percent drug released verses time (Amin et al.

2012; Christensen et al 2011; Gupta et al. 2013; Viridén et al. 2011). Standard calibration

curve of the respective drug was used for finding the amount of drug released during

dissolution.

2.6.3 Comparative studies with commercial tablets

Commercial tablets containing famotidine 20mg/tablet and 40mg/tablet and tizanidine

containing 2mg/tablet, were selected and used for comparative studies. The tests on these

tablets included thickness and diameter, friability and in-vitro dissolution studies were

performed.

2.6.4 In-vitro drug release using Franz cells

BC-drug matrices were also evaluated for drug permeation through membranes. In this

regard, the rat skin was obtained from the animals adopted for experimental purpose

(approved by the ethical committee) in the university. Similarly, the synthetic membrane

known as Nylon membrane having pore size of 0.45 μm (HNWP, Merck Millipore Ltd,

Ireland), was also used as an alternative to animal skin. The upright Franz diffusion cells

(9 mm × 0.64 cm, SES Franz cells, GmbH-analytical system, Germany) with an effective

diffusion area (EDA) of 9 mm2 were used. The membranes were trimmed as circular

discs (diameter 26 mm) to cover the area for effective diffusion. The drug receiving

compartments were filled with 4.5±0.5 mL of phosphate buffers (pH 7.4) and the

membranes were soaked with receiving compartment fluid for 15 min before adding

matrices into the donor compartment. The skin conditions for the permeation experiment

were maintained at 37.0±0.5ºC and speed of the magnetic bar at drug receiving chamber

was adjusted to 100±5 rpm. The matrices were prepared as circular discs in appropriate

sizes (8.0 mm) and mounted onto the Franz diffusion assembly. The samples (200 μL)

were withdrawn from the drug receiving chamber at pre-determined time interval of 0.25,

0.5, 0.75, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10H and were replaced with an equal volume of the

fresh medium. The samples were then diluted 15 times and analyzed using UV-Vis

spectrophotometer (Cary 60 UV-Vis, Agilent Technologies, USA) at wavelength of 265

nm for famotidine and 319 nm for tizanidine (Christensen et al. 2011; Ng et al. 2012,
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2010). Standard calibration curves of the respective drugs were used for finding the

amount of drug released during Franz cells studies (Fig. 2.11).

2.7 Drug release kinetics

The investigations of drug release mechanisms from BC-drug matrices during the in-vitro

studies were calculated using DD Solver ® software (Ullah et al. 2017). Different

kinetics models included zero order, first order, Higuchi and Korsmeyer-Pappas models

were applied to the data obtained.

2.8 Statistical analysis

The results obtained from the three independent experiments were averaged and

presented as mean ± SD. The analysis was executed using GraphPad Prisim 5.0 software

(GaraphPad Software Inc. USA). The statistical analysis was performed using one way

ANOVA with post-hoc Tukey’s test, keeping the level of significance with probabilities

of *p < 0.05, **p < 0.01 and ***p < 0.001.
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Fig. 2.11 Apparatus used for in-vitro drug release study from BC-drug matrices (a)

dissolution apparatus (USP- I & II) and (b) up-right Franz diffusion cell.
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Chapter 3

Results
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3.1 Preparation, drug loading, characterization and in-vitro release of

As-synthesized BC matrices

3.1.1 Preparation of BC matrices, drug loading and physical parameters

In the current study, BC matrices were prepared and evaluated for drug loading under

various conditions, i.e., never dried, partially dried and freeze dried; different

concentration of drug, loading time and solvents compositions.

The drug loading capacity of the hydrated, partially hydrated and freeze dried

matrices have been shown in Table 3.1. The partially hydrated matrices treated with

20mg/mL and 40mg/mL famotidine has showed higher drug loading capacity, i.e., A1

(41.58 ± 1.24%), A2 (49.73 ± 1.24%) and A3 (45.89 ± 1.91%), and B1 (36.46 ±

0.99%), B2 (38.47 ± 1.31%) and B3 (45.52 ± 0.26%). Similarly, the matrices treated

with drug solution in hydrated form and finally freeze dried also showed higher drug

loading, i.e., C1 (31.82 ± 1.54%), C2 (47.77 ± 2.52%) and C3 (52.82 ± 2.25%). In

contrast, matrices D1 (35.14 ± 1.00%), D2 (43.37 ± 2.68%) and D3 (16.03± 0.48%),

freeze dried before and after drug loading displayed lower drug loading capabilities.

In case of matrices treated with solutions of tizanidine (6mg/mL), the drug loading

was strongly dependent on the hydrated state of BC matrices before drug loading,

irrespective of the final drying method. The matrices E1 (65.22 ± 3.40%), E2 (67.64 ±

1.80%) and E3 (50.23 ± 3.00%), and G1 (64.74 ± 4.62%), G2 (46.84 ± 2.00%) and

G3 (44.62 ± 8.38%), finally freeze dried, displayed higher drug loading as compared

to F1 (24.67 ± 0.70%), F2 (18.10 ± 1.72%) and F3 (24.06 ± 2.20%), which were

freeze dried before drug loading.

The drying time of matrices was dependent on the concentration of methanol

added into acetic acid. It was observed that higher the concentration of methanol in

the acetic acid solution, the shorter was the drying time. The formulations A1 and B1

(where methanol concentration was 85% v/v) showed drying time of 36h while A2

and B2 showed drying time of 30h, where the concentration of methanol was 90%

(v/v). Similarly, the formulations A3 and B3 with methanol concentration of 95%, v/v

showed the drying time of 24h, as shown in Table 3.1. In case of tizanidine loaded

matrices, the drying time was found 24h.
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The results of friability test for all formulations were below 1%. The weight loss

was in formulations A1 (0.83%), A2 (0.69%), A3 (0.67%), B1 (0.89%), B2 (0.14%)

and B3 (0.68%) showed drug loss, whereas, matrices loaded with tizanidine showed

no drug loss during friability test. Friability test data is summarized in Table 3.1.

As shown in Table 3.1, the matrices thickness was influenced by the drug

concentration and final drying method. The average thicknesses of BC matrices

loaded with 40mg/mL dug (B1–B3) were relatively greater than that of matrices

loaded with 20mg/mL famotidine (A1–A3). Similarly, the thicknesses of A1–A3

matrices were relatively greater than that of matrices subjected to 6mg/mL of

tizanidine solution (E1–E3). The post-drying conditions also affected the thickness of

matrices. The thicknesses of the freeze-dried matrices, i.e., D1–D3 and G1–G3 were

relatively greater than oven dried matrices, i.e., A1–A3 and E1–E3, respectively.
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Table 3.1 Results of the various physical parameters of as-synthesize BC-drug

matrices.

Formulation

Percent drug loading

(Mean ± S.D)

(n=3)

Thickness (mm)

(Mean ± S.D)

(n=3)

Friability (%)

(n=10)

A1 41.58 ± 1.24 0.24 ± 0.03 0.83

A2 49.73 ± 1.24 0.29 ± 0.02 0.69

A3 45.89 ± 1.91 0.41 ± 0.02 0.67

B1 36.46 ± 0.99 0.31 ± 0.01 0.89

B2 38.47 ± 1.31 0.46 ± 0.01 0.14

B3 45.52 ± 0.26 0.43 ± 0.03 0.68

C1 31.82 ± 1.54 1.56 ± 0.13 0

C2 47.77 ± 2.52 1.83 ± 0.15 0

C3 52.82 ± 2.25 1.12 ± 0.11 0

D1 35.14 ± 1.00 0.55 ± 0.05 0

D2 43.37 ± 2.68 0.58 ± 0.08 0

D3 16.03± 0.48 0.57 ± 0.07 0

E1 65.22 ± 3.40 0.51 ± 0.15 0

E2 67.64 ± 1.80 0.68 ± 0.18 0

E3 50.23 ± 3.00 0.69 ± 0.12 0

F1 64.74 ± 4.62 0.44 ± 0.08 0

F2 46.84 ± 2.00 0.37 ± 0.13 0

F3 44.62 ± 8.38 0.21 ± 0.04 0

G1 24.67 ± 0.70 0.83 ± 0.21 0

G2 18.10 ± 1.72 1.07 ± 0.37 0

G3 24.06 ± 2.20 0.97 ± 0.04 0
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3.1.2 Scanning electron microscopy (SEM)

SEM images of the cross section and surface view of BC and BC-drug matrices have

been shown in Fig. 3.1 (a-c). The unmodified BC (Fig. 3.1a) showed clear, well-

organized, densely arranged and interconnected porous fibrous network. In contrast,

the successful drug loading into BC matrices has been displayed in the images BC-

famotidine (Fig. 3.1b) and BC-tizanidine (Fig. 3.1c). The images showed the

interconnected fibrous network of BC, loaded with the drug particles in the voids as

well on the surfaces.

Fig. 3.1 SEM images of (a) BC and (b) BC-famotidine matrices and (c) BC-tizanidine

matrices.



58

3.1.3 Fourier-transform infrared spectroscopy (FT-IR)

The loading of drugs into BC matrices may have effect on the chemical properties of

either BC or drugs. In this regard, FT-IR spectra of BC, famotidine, BC-famotidine

matrices, tizanidine and BC-tizanidine matrices were recorded and have been

presented in the Fig. 3.2. BC-famotidine IR spectrum showed bands at 3200–3500

cm-1, 2895 cm-1, 2904 cm-1 and peak at 1645 cm-1 in comparison to native BC. There

is appearance of new bands at 1389 cm-1 and 1305 cm-1. The matrices showed the

characteristics peaks for BC and drug. Some of the peaks are observed at 1143 cm-1

and at 1060 cm-1, and a short peak at 895 cm-1, which is not visible in the native BC

spectra. In contrast to BC-famotidine matrices spectra, the FT-IR spectra of BC-

tizanidine matrices have small peaks at 3244–2900 cm-1. The spectra showed a strong

peak at 1600 cm-1 and at 1068 cm-1.

Fig. 3.2 FT-IR spectra of BC, famotidine, BC-famotidine matrices, tizanidine and

BC-tizanidine matrices.
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3.1.4 X-rays diffraction (XRD)

XRD patterns for BC, famotidine, BC-famotidine, tizanidine and BC-tizanidine

matrices were recorded and and have been shown in Fig. 3.3. BC pattern displayed

distinct bands at 14.2°, 16.74° and 22.72°. In pattern for BC-famotidine matrices,

there are strong peaks at 12.22°, 22.8°, 24.62° and 26.52°. In addition, there are short

peaks at 29.02°, 30.84°, 33.62°, 36.12°, 37.7° and 40.16° observed typical for

famotidine. The XRD pattern for BC-tizanidine matrices shows distinct peaks at

14.05°, 16.05°, 24.05° for BC. There is appearance of peaks at 34.05°, 36.05°, 37.20°

and 41.00° in addition to the shorter peaks of BC.

Fig. 3.3 XRD patterns of BC, famotidine, BC-famotidine matrices, tizanidine and BC-

tizanidine matrices.
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3.1.5 Thermogravimetric analysis (TGA)

In order to study the stability of matrices, TGA for BC-famotidine matrices and BC-

tizanidine matrices was carried out. Fig. 3.4 show changes in the BC-famotidine

weight with rise in temperature. The graph shows a weight loss of 3% in the first

phase at 35°C–110°C. A higher weight loss of 60% was observed in the second phase

at 110°C–350°C, while 30% weight loss was displayed at temperature ranging

350°C–800°C. In case of BC-tizanidine matrices, initially 5% weight loss was

observed at 35°C–110°C. There is gradual loss in the weight and count for 40% at

110°C–350°C. At the temperature above 350°C to 800°C, there was 20% weight loss

in BC-tizanidine matrices.

Fig. 3.4 TGA thermogram for BC, BC-famotidine and BC-tizanidine matrices.
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3.1.6 In-vitro drug release studies

3.1.6.1 In-vitro drug release using USP dissolution apparatus

The in-vitro drug release studies of BC-drug matrices were carried out using specific

USP type II dissolution apparatus. It is evident from the drug release profile (Fig. 3.5)

that BC-famotidine matrices loaded with 20 and 40mg/mL of famotidine and dried

under various conditions including oven drying after drug loading (A1–A3 and B1–

B3), freeze-dried after drug loading (C1–C3) and freeze-dried before and after drug

loading (D1–D3) showed more than 80% drug release in 15 min. In case of tizanidine

(6mg/mL) loaded matrices, more than 90% drug was released from matrices loaded

under different conditions (Fig. 3.6) including loading onto hydrated BC followed by

oven drying (E1–E3), loading onto hydrated BC followed by freeze drying (F1–F3),

and freeze drying before and after drug loading (G1–G3).

Fig. 3.5 Drug release profile for BC matrices loaded with famotidine under various

conditions at pH 1.2. The data is presented as mean ± S.D (n=3).
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Fig. 3.6 Drug release profile for BC matrices loaded with tizanidine under various

conditions at pH 1.2. The data is presented as mean ± S.D (n=3).
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3.1.6.2 Comparative studies using commercial tablets

Comparative studies were carried out using commercial tablets containing famotidine

20mg (F20) and 40mg (F40) and tizanidine 2mg (T2). The average weight of

commercial tablets for F20 (138.1±2.86mg) F40 (216.26±6.58mg) and T2

(110.36±1.05mg) was several times higher than BC matrices loaded with similar

concentration of the drug. Similarly, the thickness of commercial tablets (Table 3.2)

F20 (3.25±0.04 mm), F40 (3.75±0.13 mm) and T2 (2.84±0.12 mm) was higher than

BC matrices prepared with respective drugs (Table 3.1). The data of friability test

shows that commercial tablets have loss in weight less than 1% (Table 3.2). In-vitro

dissolution studies data of T20 and T40 showed more than 80% drug release in the

initial 15 min, while T2 released the same amount of drug in 45 min (Fig. 3.7).

Table 3.2 Summary of various physical parameters of the commercial tablets

containing famotidine (F20 and F40) and tizanidine (T2) for comparison (n=20).

Formulations Drug content (mg)
Weight (mg)
Mean ± S.D

Thickness (mm)
Mean ± S.D

Friability (% )

F20 20 138.10±2.86 3.25±0.04 0.00

F40 40 216.26±6.58 3.79±0.13 0.046

T2 2 110.36±1.05 2.84±0.12 0.413
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Fig. 3.7 Drug release profile for commercial tablets containing 20mg (F20) and 40mg

(F40) famotidine and 2mg (T2) tizanidine, used as reference in comparative study at

pH 1.2. The data is presented as mean ± S.D (n=3).
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3.1.6.3 In-vitro drug permeation studies through Franz diffusion cells

The drug release from the matrices for transdermal drug delivery was studied using

Franz diffusion cells and has been displayed in Fig. 3.8. The drug release profile

showed that matrices A2, B2 and C2 released 40% drug release after 2h for all the

formulations and 50% drug was observed after 5h, while 75% drug release for B2 and

C2 was 6h, and for A2 was 9h. The data showed that most of the drug content (more

than 90%) was released in 8h for B2 and C2, while 10h for A2. In contrast, the

formulations E2, F2 and G2 showed drug release of 25% and 50% 1 and 2h, while

75% released observed was 4h for G2 and 5h for E2 and F2, respectively. All

formulations containing tizanidine showed that 90% above drug was released in 8h.

3.1.7 Drug release kinetics

The release of drugs in Franz diffusion cells studies was comparatively sustaining

than from the matrices in dissolution studies. Therefore, the mechanism of drug

release from the matrices via Franz diffusion cells was investigated with different

kinetic models like zero order, first order, Higuchi and Korsmeyer-Peppas models.

The regression co-efficient (R2) value has been presented for all formulations in the

Table 3.3. The data of all formulations (F1–F15) best fit into the first order model,

while for Korsmeyer-Peppas model, the n value obtained was higher than 0.5 for most

of the formulations. Comparison of drug release data at different time intervals: for

formulations drug loaded, surface modified and finally freeze dried, i.e., A2–C2 and

E2–G2 at 0.25, 0.5, 1.0 and 2.0h, using one way ANOVA with post-hoc Tukey’s test

have been explained in Fig. 3.9.
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Fig. 3.8 Drug release profile for BC-famotidine (A2, B2 and C2), BC-tizanidine (E2,

F2 and G2) matrices, and pure drugs famotidine and tizanidine using Franz diffusion

cells at pH 7.4. The data is presented as mean ± S.D (n=3).

Table 3.3 Drug release mechanism of famotidine and tizanidine from BC-drug

matrices via Franz diffusion cells.

Formulation Zero order First order Higuchi Korsmeyer-Peppas

R2 K0h
-1 R2 K1h

-1 R2 KH
h-0.5 n R2

A2 0.967 8.073 0.903 0.177 0.794 21.982 0.965 0.962

B2 0.871 12.511 0.990 0.265 0.946 30.344 0.985 0.989

C2 0.945 13.246 0.966 0.251 0.919 30.288 1.051 0.945

E2 0.850 12.541 0.985 0.277 0.936 30.991 0.958 0.963

F2 0.886 11.564 0.983 0.232 0.9471 29.104 0.813 0.949

G2 0.648 13.194 0.989 0.349 0.925 32.418 0.802 0.992
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Fig. 3.9 Comparison of drug release data at different time intervals: for formulations

(a) A2, B2 and C2 loaded with famotidine and (b) E2, F2 and G2 loaded with

tizanidine at 0.25, 0.5, 0.75, 1.0 and 2.0h, prepared under same conditions. We have

applied one way ANOVA with post-hoc Tukey’s test, keeping the level of

significance with probabilities of *p < 0.05, **p < 0.01 and ***p < 0.001. Data is

presented as mean ± SD (n=3).
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3.2 Fabrication and characterization of drug loaded surface modified

BC (SM-BC) matrices

3.2.1 Preparation of surface modified BC matrices and drug loading

Surface modified BC discs were successfully fabricated and loaded with different

concentration of drugs under different conditions which have been explained in Table

2.2. Drug loading for formulations F1–F3 exhibited 38.31±5.66% to 46.90±1.14%

and for F4–F6 was 10.16±0.58% to 15.91±1.30%, while formulations F7–F9 showed

36.10±0.30% to 50.25±1.82%, respectively. In case of formulations F10–F12, drug

loading was 16.98±0.03% to 32.15±4.79%, while F13–F15 have shown 13.83±1.13%

to 27.04±1.29%, respectively (Table 3.4).

The drug loading and post modification drying process has shown strong impact on

the thickness of BC-drug matrices. Thickness of BC-drug matrices was in the range of

0.16 mm to 5.25 mm for all the formulations. The results of friability test data

revealed no drug loss as summarized in Table 3.4.
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Table 3.4 Summary of the results of various physical tests performed for surface

modified BC-drug matrices.

Formulation Thickness (mm) (n=3) Friability (%) (n=20) Loading (%)± SD (n=3)

F1 0.24±0.02 0 39.81±5.78

F2 0.24±0.02 0 38.31±5.66

F3 0.23±0.01 0 46.90±1.14

F4 0.17±0.02 0 11.61±0.20

F5 0.19±0.03 0 10.16±0.58

F6 0.16±0.03 0 15.91±1.30

F7 5.0±0.71 0 36.10±0.30

F8 5.5±0.75 0 50.25±1.82

F9 5.25±0.23 0 36.19±3.04

F10 2.25±0.43 0 32.15±4.79

F11 2.0±0.5 0 16.98±0.03

F12 2.6±0.55 0 23.74±0.95

F13 2.0±0.22 0 27.04±1.29

F14 2.5±0.30 0 13.83±1.13

F15 3.0±0.35 0 20.56±1.44
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3.2.2 Scanning electron microscopy (SEM)

SEM micrographs of as-synthesized BC, surface modified BC, BC-famotidine and

BC-tizanidine matrices have been displayed in Fig. 3.10. The figure showed clear,

densely arranged, well-organized, porous and interconnected fibers network of BC.

The images of surface modified BC revealed thick microfibrils with reduced pore

size. The micrographs of BC-famotidine matrices showed BC fibrous network with

reduced pore size and dense surface coagulates with entrapped drug. Similarly, the

micrographs for surface modified BC-tizanidine matrices showed interconnected

fiberous network of BC with drug particles on the surface.

Fig. 3.10 Field Emission–Scanning Electron Microscopy showing surface

morphologies of (a) as-synthesized BC, (b) surface modified BC, (c) BC-famotidine

and (d) BC-tizanidine matrices.
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3.2.3 Fourier-transform infrared spectroscopy (FT-IR)

FT-IR spectra for as-synthesized BC, surface modified BC, famotidine, BC-

famotidine matrices, tizanidine and BC-tizanidine matrices have been shown in Fig.

3.11. BC has large number of free hydroxyl groups on the surface and acetylation

changes the surface features of BC, which results in the appearance of new peaks in

BC spectra. BC spectra has characteristic peaks at 3500–3200 cm-1, 2895 cm-1, 1380

cm-1 and 1100-1025 cm-1. The surface modified BC spectra shows appearance of a

new peak at 1747 cm-1. Surface modified BC famotidine matrices show peaks at 3345

and 1665 cm-1 and there is the appearance of new peaks at 1736 cm-1. There are small

peaks at 1375 cm-1, 1240 cm-1 and 1240 cm-1. The characteristic bands at 1315, 1160,

1135 cm-1 and 895 cm-1 are observed in the surface modified BC-famotidine spectra.

The spectra for surface modified BC-tizanidine showed broader peak at 3500–3200

cm-1
, 2904 cm-1 and 2895 cm-1. A new peak can be seen at 1731 cm-1, in addition to

peaks at1650–1530 cm-1 in the surface modified BC-tizanidine matrices.

Fig. 3.11 FT-IR spectra of BC, surface modified BC, famotidine, BC-famotidine

matrices, tizanidine and BC-tizanidine matrices.
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3.2.4 X-ray diffraction (XRD)

XRD patterns of unmodified BC, surface modified BC and drug loaded BC matrices

was performed with scanning angle in the range of 10° and 60° and have been shown

in Fig. 3.12. In the diffractogram for BC, distinct peaks were observed at 14.12°,

16.8° and 22.72°, while surface modified BC-famotidine matrices have strong peaks

at 11.58° and 17.76° and short peaks at 26.90°, 28.54° and 29.82°. There have been

observed distinct peaks in the pattern for surface modified BC-tizanidine matrices at

25.06° and 26.46°.

Fig. 3.12 X-ray diffractogram of unmodified BC, surface modified BC, famotidine,

BC-famotidine, tizanidine and BC-tizanidine matrices.
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3.2.5 Thermogravimetric analysis (TGA)

The surface modification was carried out at higher temperature which might have

influenced the thermal features of BC. TGA of the surface modified BC matrices was

performed and the changes in the thermal properties of the matrices can be observed

from the data shown in Fig 3.13. The thermogram for BC revealed about 5% weight

loss at 35°C–220°C, 65% at 230°C–340°C and remaining 30% content was produced

as ash at 350°C–800°C. The surface modified BC displayed 10% weight loss at

110°C, 40% at 110°C–230°C and 30% at 250°C–800°C. Thermogram of surface

modified BC˗famotidine matrices revealed 3.56% weight loss at 35°C–110°C,

26.47% at 110°C–350°C and 42.67% at 350°C–800°C. The thermogram for BC-

tizanidine revealed 3% weight loss at temperature of 35°C–110°C, 50% at 110°C–

230°C and 40% at 300°C –800°C.

Fig. 3.13 TGA curves of as-synthesized BC, surface modified BC, surface modified
BC-famotidine and surface modified BC-tizanidine matrices.
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3.2.6 In-vitro drug release from surface modified BC matrices

3.2.6.1 In-vitro drug release studies using dissolution apparatus

In-vitro drug release data for formulations F1–F6 (oven dried) and F7–F15 (freeze

dried) has been displayed in Fig. 3.14 and 3.15. The data in Fig. 3.14 revealed that

F1–F3, i.e., matrices loaded with famotidine, surface modified and oven dried

released about 85% of the drug content within 0.25h and more than 90% within 0.5h.

Similarly, the formulations F4–F6, i.e., matrices loaded with tizanidine, surface

modified and oven dried, released most the drug content (> 90%) in 0.25h.

In the case of formulations F7–F9, where BC matrices were loaded with

famotidine, surface modified (Table 3.3) and finally freeze dried, formulations F7, F8

and F9 released 18.80±4.58%, 34.81±2.07% and 54.91±10.61% of the drug content in

the initial 0.25h, respectively. Similarly at 0.5h, these matrices released 33.61±4.71%,

58.78±2.15 and 77.54±12.09% of the drug content, respectively. Moreover, these

matrices showed drug release of 51.77±4.57%, 72.90±1.80% and 91.62±8.36% after

1h. Furthermore, while 74.11±1.60%, 85.88±0.49% and 97.83±2.00% of the drug was

released after 2h from formulations F7, F8 and F9, respectively. In this study, all the

formulations released more than 80% of the drug content after 3h (Fig. 3.15).

In the case of formulations F10–F12 (loaded with tizanidine, surface modified and

freeze dried), the drug release was greater than 95% at 0.25h.

For statistical calculations of the effect of surface modification and freeze drying

on the drug release from the formulations F7, F8 and F9, drug release results from un-

modified BC matrices (F0) were used as reference (Table 2.2) and have been

presented in Fig. 3.17.

The formulations F13–F15, i.e., surface modified, freeze dried, loaded with

famotidine and finally freeze dried, released more than 80% of the drug content at

0.25h.
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Fig. 3.14 In-vitro drug release profile for BC-drug matrices at pH 1.2, drug loaded,

surface modified and oven dried. Formulations F1–F3 are loaded with famotidine and

F4–F6 with tizanidine. The data is presented as mean ± S.D (n=3).



76

Fig. 3.15 In-vitro drug release profile for BC-drug matrices at pH 1.2, drug loaded,

surface modified and freeze dried. Formulations F7–F9 and F13–F15 are loaded with

famotidine and F10–F12 with tizanidine. The data is presented as mean ± S.D (n=3).
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3.2.6.2 In-vitro drug release using Franz diffusion cells

The prepared matrices were evaluated for transdermal drug delivery using upright

Franz diffusion cells and the data has been displayed in Fig. 3.16. The drug release

profile showed that surface modified BC-famotidine (F2) and BC-tizanidine matrices

(F11) has sustained effect. The matrices released above 80% of the drug content in 2h

and above 90% in 3h. Similar drug release profile was also observed with pure drugs,

i.e., famotidine and tizanidine.

Fig. 3.16 Drug release profile for surface modified BC-famotidine (F2), BC-

tizanidine (F11) matrices and pure drugs, famotidine and tizanidine, using Franz

diffusion cells at pH 7.4. The data is presented as mean ± S.D (n=3).
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3.2.7 Drug release kinetics

The drug release mechanism from the matrices (F1–F15) with different kinetic

models including zero order, first order, Higuchi and Korsmeyer-Peppas models was

found best fit in first order kinetics with regression co-efficient (R2) value about 0.99

for most of the formulations. The results have been presented for all formulations in

the Table 3.5. Comparison of drug release data at different time intervals: for

formulations drug loaded, surface modified and finally freeze dried, i.e., F7–F9 at

0.25, 0.5, 1.0 and 2.0h, using one way ANOVA with post-hoc Tukey’s test have been

explained in Fig. 3.17.
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Table 3.5 Drug release mechanism from surface modified BC-drug matrices with

applications of different kinetics models.

Formulation Zero order First order Higuchi Korsmeyer-Peppas

R2 K0h
-1 R2 K1h

-1 R2 KH
h-0.5 n R2

Dissolution studies

F1 0.664 205.58 0.961 6.408 0.421 87.944 0.053 0.985

F2 0.491 206.34 0.891 6.842 0.225 87.674 0.005 0.930

F3 0.341 227.24 0.839 9.539 -0.219 91.214 0.075 0.808

F4 0.892 68.809 0.974 12.031 0.254 89.432 0.838 0.901

F5 0.985 121.89 0.960 9.384 0.300 88.136 0.756 0.999

F6 0.927 167.99 0.999 98.845 0.268 92.649 0.498 0.998

F7 0.755 227.21 0.984 0.695 0.922 45.550 0.092 1.000

F8 0.794 221.25 0.999 1.423 0.202 39.529 0.164 1.000

F9 0.773 225.22 0.999 2.947 -0.511 46.183 0.128 1.000

F10 0.777 223.52 0.979 23.981 0.240 92.135 0.140 0.998

F11 0.779 214.20 0.969 4.218 0.670 86.232 0.137 1.000

F12 0.767 224.95 0.995 5.761 0.547 92.005 0.112 1.000

F13 0.787 227.84 0.997 9.270 0.444 92.854 0.155 0.999

F14 0.807 198.38 0.998 7.463 0.501 92.412 0.197 0.997

F15 0.833 211.69 0.998 8.424 0.465 93.203 0.294 0.993

Franz diffusion studies

F2 0.768 69.796 0.996 1.429 0.851 60.400 0.703 0.965

F11 0.830 66.547 0.996 1.270 0.898 59.368 0.806 0.989
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Fig. 3.17 Comparison of drug release data at different time intervals: for formulations

drug loaded, surface modified and finally freeze dried, i.e., F7–F9 at 0.25, 0.5, 1.0 and

2.0h, using one way ANOVA with post-hoc Tukey’s test, keeping the level of

significance with probabilities of *p < 0.05, **p < 0.01 and ***p < 0.001. Data is

presented as mean ± SD (n=3).
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3.3 Preparation, drug loading, characterization and in-vitro

evaluation of regenerated BC (R-BC) matrices

3.3.1 Preparation of regenerated BC matrices and drug loading

In the current study, BC was successfully dissolved in recyclable and environment

friendly solvent NMMO, loaded with drug (different concentrations) and regenerated

as shown in Table 3.6. BC dissolution and regeneration requires higher temperature

and longer time, which has strong impact on BC stability, crystallinity, surface

morphology, thermal stability, drug loading and release behavior. In this regard, the

R-BC-drug matrices were subjected to various characterization techniques and in-

vitro drug release studies for assessment.

The concentrations of the drug added into various formulations have effects on the

matrices thickness. It was observed that thickness was directly proportional to amount

of drug added. The results showed that matrices F1–F3 have higher thickness as

compared to G1–G3. The data of friability test revealed that there was no weight loss

(Table 3.6).

The results showed that formulations F3 has higher percent drug loading than F2

and F1. Similarly, G3 has higher drug loading than G2 and G1 as shown in Table 3.6.

Table 3.6 Study of the different parameters and results of various physical tests of R-

BC-drug matrices.

Formulation R-BC : Drug (g) Thickness (mm) Friability Drug loading (%)

F1 1:0.25 3.50 0 22.97±0.81

F2 1:0.50 3.25 0 24.62±3.98

F3 1:0.75 3.20 0 27.70±3.24

G1 1:0.085 2.50 0 17.65±1.80

G2 1:0.17 2.45 0 24.79±3.27

G3 1:0.25 2.65 0 28.32±1.00
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3.3.2 Scanning electron microscopy (SEM)

Fig. 3.18 (a–c) shows the typical microphotographs for R-BC, R-BC-famotidine and

R-BC-tizanidine matrices. The surface morphology of the images shows that BC has

smooth surface and no pores are visible like as-synthesized BC membrane. The drug

loaded. The images of drug loaded R-BC clearly showed the presence of drug

particles embedded in the R-BC membrane. The cross-sections for R-BC showed

porous layers of different dimensions and without fibrous network. The cross

sectional images of the R-BC famotidine and R-BC-tizanidine shows porous structure

embedded with drug particles.

Fig. 3.18 SEM images of (a) R-BC (b) R-BC-famotidine and (c) R-BC-tizanidine
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3.3.3 Fourier-transform infrared spectroscopy (FT-IR)

FT-IR spectra for BC, R-BC, famotidine, R-BC-famotidine, tizanidine and R-BC-

tizanidine have been shown in Fig. 3.19. The spectra for R-BC showed characteristics

bands at 3500–3200 cm–1, a short peak at 2950–2850 cm–1, 1650 cm–1, and 1100–

1050 cm–1. The R-BC-famotidine IR spectra revealed peaks at 3500–3200 cm–1 and at

2950–2850 cm–1. There are distinct peaks in the spectra at 1650 cm–1, 1600 cm1 and at

1553 cm1. The spectrum has peaks at 1450 cm–1, at 1290 cm–1 and 1135 cm–1. The

same spectra showed bands at 1078 cm–1, 990 cm–1, at 895 cm–1 and at 850 cm–1.

Similarly, IR spectrum for R-BC-tizanidine has broadening of bands at 3200–

3500 cm–1. There is appearance of distinct peak at 1665 cm–1, 1450–1200 cm–1, 1290

cm–1 and 1187 cm–1. This spectra also showed peaks at 1113 cm–1 and 1068 cm–1.

Fig. 3.19 FT-IR spectrums for BC, R-BC, famotidine, R-BC-famotidine, tizanidine

and R-BC-tizanidine matrices.
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3.3.4 X-rays diffraction (XRD)

BC dissolution has strong influence on the crystallinity of BC. The XRD pattern of

the BC, R-BC, famotidine, R-BC-famotidine, tizanidine and R-BC-tizanidine has

been shown in Fig. 3.20. The image showed that R-BC has broadening of the peak at

19.8°, 22.7° and 30.4°. The XRD pattern for R-BC-famotidine showed peaks at 18°,

22°, 25.6°, 30°, and 35.5°. In the case of R-BC-tizanidine, distinct peaks were

observed at 16°, 18.7° and 32.55°, 37.55° and 41.5°.

Fig. 3.20 XRD pattern of BC, R-BC, famotidine, R-BC-famotidine, tizanidine and R-

BC-tizanidine.
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3.3.5 Thermo gravimetric analysis (TGA)

As a result of the dissolution, there were changes observed in the thermal stability of

BC and BC-drug matrices as shown in Fig. 3.21. The BC, R-BC, R-BC-famotidine

and R-BC-tizanidine have displayed 5, 6 and 8% loss in weight lower than 100°C.

With rise in temperature till 280°C, the weight loss count for R-BC was 22%, while

52% weight loss was observed at the temperature range of 160°C–200°C. The R-BC-

famotidine composite has shown high weight loss (55%) at 100°C–380°C and

complete degradation has taken place above 700°C.

Similarly, the thermogram of R-BC-tizanidine has sharp weight loss of 22% at

100°C–160°C and 54% at 160°C–200°C. The R-BC-tizanidine complete degradation

occurred at temperature greater than 500°C.

Fig. 3.21 Thermogragraph for BC, R-BC, R-BC-famotidine and R-BC-tizanidine
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3.3.6 In-vitro drug release studies

3.3.6.1 In-vitro drug release using dissolution apparatus

Fig. 3.22 shows in-vitro release profile from R-BC-famotidine matrices i.e., F1–F3.

The data showed that in the initial 0.25h, the drug release was more than 70% to and

more than 90% in 0.5h. Similarly, most of the drug content (higher than 95%) was

released after 0.75h.

The in-vitro drug release from the R-BC-tizanidine matrices, i.e., G1–G3, was

above 60% at 0.25h, more than 85% at 0.5h, and more than 95% after 0.75h.

Fig. 3.22 In-vitro drug release profile of R-BC-famotidine (F1–F3) and R-BC-

tizanidine (G1–G3) matrices using USP type-I dissolution apparatus. The data is

presented as mean ± S.D (n=3).
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3.3.6.2 In-vitro drug release from R-BC-drug matrices using Franz cells

Fig. 3.23 shows the drug release profile for R-BC-famotidine matrices (F1–F3) and R-

BC-tizanidine (G1–G3). The data showed that formulations F1–F3 released more than

80% of the drug content in 2h and most of the drug within 3h.

In case of the formulations G1–G3, the drug release pattern was found somewhat

different than formulations F1–F3. The drug release data of the R-BC-tizanidine

matrices (G1–G3) revealed that 80% of the drug was released in 4h and most of the

drug was released in less than 7h.

Fig. 3.23 In-vitro drug release profile of R-BC-famotidine (F1–F3) and R-BC-

tizanidine (G1–G3) matrices using Franz diffusion cell. The data is presented as mean

± S.D (n=3).
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3.3.7 Drug release kinetics

The release data of drugs from the R-BC-drug matrices was best fit into the First

order kinetic models with R2 value greater than 0.95. The “n” value of Korsmeyer-

Pappas model for dissolution was ≤ 0.5, while for Franz cells was ≥ 0.5 as shown in

Table 3.7. Comparison of drug release data at different time intervals: for

formulations drug loaded, surface modified and finally freeze dried, i.e., F1–F3 and

G1–G3 at 0.25, 0.5, 1.0 and 2.0h, using one way ANOVA with post-hoc Tukey’s test

have been explained in Fig. 3.24.

Table 3.7 Summary of drug release kinetics of R-BC-famotidine and R-BC-tizanidine

matrices.

In-vitro dissolution drug release

Formulation Zero order First order Higuchi Korsmeyer-Peppas

R2 K0h
–1 R2 K1h

–1 R2 KH
h–0.5 n R2

F1 0.840 3.536 0.999 5.936 0.572 91.90 0.101 0.987

F2 0.895 3.401 0.999 4.935 0.644 91.047 0.136 0.977

F3 0.884 3.465 0.999 5.298 0.620 91.7 0.122 0.979

G1 0.887 3.638 0.998 6.025 0.540 92.520 0.098 0.975

G2 0.921 3.165 0.999 4.064 0.733 89.766 0.182 0.971

G3 0.927 3.308 0.997 4.510 0.675 90.967 0.158 0.962

Franz diffusion cells drug release

F1 0.446 26.854 0.973 0.896 0.879 51.261 1.248 0.943

F2 0.382 26.906 0.990 0.935 0.891 51.607 0.973 0.975

F3 0.475 26.947 0.988 0.883 0.912 51.324 1.018 0.958

G1 0.607 16.073 0.991 0.495 0.934 37.743 0.825 0.970

G2 0.750 16.027 0.986 0.438 0.938 38.084 1.067 0.975

G3 0.703 15.819 0.996 0.447 0.957 37.809 0.898 0.969
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Fig. 3.24 Comparison of drug release data at different time intervals: for formulations

(a) F1–F3, loaded with famotidine and (b) G1–G3, loaded with tizanidine, prepared

under similar conditions. The data was taken at 0.25, 0.5, 0.75h, 1.0 and 2.0h. The test

applied was one way ANOVA with post-hoc Tukey’s test, keeping the level of

significance with probabilities of *p < 0.05, **p < 0.01 and ***p < 0.001. Data is

presented as mean ± SD (n=3).
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Chapter 4

Discussion
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4.1 Preparation, drug loading, characterization and in-vitro

evaluation of As-synthesized BC matrices

4.1.1 Preparation of BC-drug matrices

BC is the purest form of cellulose with exciting properties and widespread

applications in various fields (Ullah et al., 2016a) but its applications in drug delivery

are limited. There is need for exploration of potential applications of BC in drug

delivery (Hu et al., 2014; Khattak et al., 2015b; Ul-Islam et al., 2012b) to overcome

the shortcomings related to conventional formulations and their processing (Narang et

al.,  2012). In the current study, BC matrices were prepared (never dried, partially

dried and freeze dried) and evaluated for drug loading under various conditions such

as different concentration of drug, different loading time and solvents compositions.

Model drugs were selected on the basis of their water solubility i.e., famotidine,

which is poorly water soluble and tizanidine, which is highly water soluble.

As famotidine is poorly water soluble, therefore, the effects of solvents

combinations on matrices drying were studied using acetic acid and methanol in

different ratio for the dissolution of famotidine. Formulations A1 and B1 using acetic

acid and methanol in 1.5:8.5 ratio, were completely dried in 36h, while the

formulations A2 and B2 using acetic acid: methanol in 1:9 ratio dried in 30h. The

formulations A3 and B3 having acetic acid: methanol in the ratios of 0.5:9.5 has 24h

drying time (Table 2.1). The results indicated that increasing the methanol

concentration in the mixture with acetic acid has reduced the drying time for matrices.

The possible reasons might be the low boiling point and volatility (Ju & Howard

2003; Sultana et al., 2009; Lindner et al., 2015). In case of tizanidine, the drug was

dissolved in water and the drying time was found 24h similar for all the tizanidine

loaded formulations.

4.1.2 Evaluation of physical parameters of prepared BC-drug matrices

4.1.2.1 Determination of percent drug loading into BC matrices

Variation in the drug loading capacity of the hydrated, partially hydrated and freeze

dried matrices was observed. The hydrated and partly hydrated matrices showed

higher drug loading probably due to hydrophilic nature and porous fibrous network,
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facilitating rapid diffusion of the drugs into matrices (Gupta & Kompella, 2006;

O'reilly et al., 2001; Ruths et al., 1996) as shown in Table 2.1 and 3.1. In case of

freeze dried matrices, the drug loading capacity was low, which may be due to fibre

aggregation and reduced water holding capacity as result of freeze drying, as

compared to never dried BC (Clasen et al., 2006; Ul-Islam et al., 2013). This in turn,

may result in reduced drug solution uptake leading relatively lesser drug loading. The

drug loading is also dependent upon the concentration of drug used for loading. The

higher the concentration of loaded drug, the higher is the amount of drug loaded into

matrices and vice versa.

4.1.2.2 Thickness measurement of as-synthesized BC-drug matrices

As shown in Table 3.1, the thickness of BC matrices is somehow dependent on the

amount of loaded drug. The average thicknesses of BC matrices subjected to 40

mg/mL dug loading (B1–B3) were relatively greater than that of matrices subjected to

20mg/mL famotidine (A1–A3) loading. Similarly, the thicknesses of A1–A3 matrices

were relatively greater than that of matrices loaded with 6mg/mL of tizanidine

solution (E1–E3). It is worth mentioning that all these three sets of matrices were

subjected to similar volume (3 mL) of drug solution and similar post-loading drying

method. The possible cause of variation in thickness is the amount of drug loaded into

the matrices, i.e., the more drug loaded, the thicker the matrices are, and vice versa

(Table 3.1).  In other words, the reduced thickness (in case of formulations subjected

to lower concentration of equal volume of drug solution) may be due the evaporation

of relatively higher amount of water during drying with no loose spaces left behind

(Ul-Islam et al., 2013). Furthermore, the post-drying conditions also affect the

thickness of matrices. The thicknesses of the freeze-dried matrices, i.e., D1–D3 and

G1–G3 were relatively greater than oven dried matrices, i.e., A1–A3 and E1–E3,

respectively, as shown in Table 3.1. The possible reason for larger thickness of freeze-

dried matrices may be the spaces that remain in the fibrous network of the matrices as

result of freeze drying (Ul-Islam et al., 2013).

4.1.2.3 Friability test

Friability test data showed that BC matrices subjected to 20mg/mL famotidine

solution (3 mL) have 0.83%, 0.69% and 0.67% weight loss for formulations A1, A2
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and A3, respectively. BC matrices subjected to 40mg/mL famotidine solution (3 mL)

have shown 0.89%, 0.14% and 0.68% weight loss for formulations B1, B2 and B3,

respectively, which comply with the official limits in USP (2010) as previously

reported in other studies (Hassan et al., 2015). No weight loss observed in the results

of matrices exposed to 6mg/mL tizanidine solution (3 mL) as shown in Table 3.1. The

friability test data of the reference commercial tablets was found in the official range

of the USP (Hassan et al., 2010). These results showed that due to the highly porous

and interconnected fiberous network of BC microfibrils, the drug particles are tightly

held, which results in the reduced drug loss during friability test.

4.1.3 Characterization  of BC-drug matrices

4.1.3.1 Scanning electron microscopy (SEM)

SEM images of the cross section and surface view in the reference BC matrices (Fig.

3.1) showed clear, well-organized, densely arranged and interconnected porous

fibrous network in all samples (Kwak et al., 205). On the other hand, BC-famotidine

and BC-tizanidine matrices showed the presence of drug crystals on the surface as

well in the voids, which may have been produced on the surface as result of the drug

migration toward the surfaces during drying (Dayal & Catchmark, 2016;

Sheykhnazari et al., 2016). The presence of drug on BC-drug matrices is an attribute

to the successful drug loading onto the BC matrices.

4.1.3.2 Fourier-transform infrared spectroscopy (FT-IR)

FT-IR spectra of BC, famotidine, BC-famotidine matrices, tizanidine and BC-

tizanidine matrices were recorded and have been presented in the Fig. 3.2. The IR

spectrum of BC-famotidine showed characteristics bands at 3200–3500 cm–1, which

was assigned to OH stretching in BC and NH2 group in famotidine (Arima & Iwata,

2007; Gayathry & Gopalaswamy, 2014; Sagdinc & Bayari, 2005; Shaikh et al., 2012;

Wan et al., 2006). The C-H vibration was confirmed by the presence of bands at 2895

cm–1 and 2904 cm–1 (Gayathry & Gopalaswamy, 2014) and NH2 at 1645 cm–1 (Cheng

& Lin, 2008; Gayathry & Gopalaswamy, 2014). The C-H bending vibration in BC-

famotidine matrices was denoted by the bands at 1389 cm–1 and 1305 cm–1 (Pavaloiu

et al., 2014). The presence of SO2 was identified by peak at 1143 cm–1(Cheng & Lin,
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2008), while the C-O-C group stretching vibration was observed at 1060 cm–1

(Gayathry & Gopalaswamy, 2014; Williams & Lawton, 2010). The absorption spectra

at 895 cm–1 indicated famotidine N-S group (Cheng & Lin, 2008). The FT-IR spectra

of BC-tizanidine matrices have characteristic peaks indicating the N-H stretching at

3250 cm–1, while C-C aromatic ring stretching has been identified by spectra at 1600

cm–1. The spectra at 1530 cm–1 identify the presence of C-N amide stretching and the

absorption band at 1068 cm–1 represent the C-Cl bond stretching vibration of

tizanidine (Aamir & Ahmad, 2010; Singh & Bajpai, 2011). The appearance of

specific absorption peaks associated to various functional groups of BC and the

loaded drugs revealed that there has been successful drug loading achieved into BC

and no chemical alterations occurred in the structure of either drug or BC has taken

place.

4.1.3.3 X-rays diffraction (XRD)

XRD patterns for BC, famotidine, BC-famotidine, tizanidine and BC-tizanidine

matrices were recorded and have been shown in Fig. 3.3. In pattern for BC, distinct

bands were observed at 14.2°, 16.74° and 22.72°, representing the Iα allomorph of BC

prepared in the static incubation conditions (Ullah et al., 2017). In pattern for BC-

famotidine matrices, strong peaks at 19.22°, 22.8°, 24.62° and 26.52°, and short peaks

at 29.02°, 30.84°, 33.62°, 36.12°, 37.7° and 40.16° indicated drug crystals growth on

the matrices surface due to high drug concentration, while no change in BC structure

was observed (Gayathry & Gopalaswamy, 2014; Molina et al., 2013; Wan et al.,

2006). The XRD pattern for BC-tizanidine matrices showed characteristic peaks at

14.05°, 16.05°, 24.05° for BC with reduced intensity (Ullah et al., 2017). There are

characteristics peaks at 34.05°, 36.05°, 37.20° and 41.00°, indicating the crystalline

structure of tizanidine (Aamir & Ahmad, 2010; Malik, 2012). This data showed that

the crystallinity of composites was slightly changed as a result of drug loading on BC.

This slight change in BC or drug spectra may be due to physical interaction between

BC and drug (Khan et al., 2010; Razavi et al., 2014; Singh & Bajpai, 2011).
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4.1.3.4 Thermo gravimetric analysis (TGA)

TGA of BC-drugs matrices (Fig. 3.4) was performed to study the heat tolerance

capabilities. The thermogram for BC-famotidine showed gradual weight loss of 3% in

the first phase at 35°C–110°C and is probably due to the evaporation of water content

(Khan et al., 2007). The second phase of degradation at 110°C–350°C resulted in a

faster degradation with a major weight loss counted for 60% and is probably due the

elimination of –OH group and de-polymerization of BC skeleton as a result of the

cleavage of glycosidic linkage (Gupta et al., 2013; Khan et al., 2007). In addition to

loss of absorbed water, the gradual decline in BC-famotidine thermograph is probably

due to melting of famotidine at about 170°C (Cheng & Lin, 2008; Ibrahim & El-

Badry, 2014; Jamrógiewicz & Ciesielski, 2015). BC-famotidine matrices have the

remaining 30% degradation at the temperature ranging 350°C–800°C, as ash. The

data showed that BC-famotidine matrices are thermally stable. In case of BC-

tizanidine matrices, 5% weight loss was observed in the first phase at 35°C–110°C. In

the second phase at 110°C–350°C, there was a gradual weight loss, which is about

40% of the total weight. In the last phase, the sample showed about 20% weight loss

at 350–800°C. Due to the lower drug concentration loading on BC, the thermograph

of BC-tizanidine was found similar to BC (Safdarian et al., 2016; Ritu & Meenakshi,

2013; Sheykhaghaei et al., 2016). The TGA results displayed a gradual and consistent

weight loss, which indicate the better thermal stability of the prepared matrices. It is

observed from the data that BC-drug composites have good stability.

4.1.4 In-vitro drug release from BC-drug matrices

4.1.4.1 In-vitro drug release using dissolution apparatus

The drug release profile (Fig. 3.5) showed that BC-famotidine matrices loaded with

20 and 40mg/mL of famotidine and dried under various conditions including oven

drying after drug loading (A1–A3 and B1–B3), freeze-dried after drug loading (C1–

C3) and freeze-dried before and after drug loading (D1–D3) showed that most of the

drug (more than 80%) was released within 15 min. Similarly, most of the drug (more

than 90%) was released within first 15 min in the case of matrices loaded with

tizanidine (6mg/mL) under various conditions (Fig. 3.6) including loading onto

hydrated BC followed by oven drying (E1–E3), loading onto hydrated BC followed
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by freeze drying (F1–F3), and freeze drying before and after drug loading (G1–G3).

These results showed that all the formulations have released the drug in the immediate

release manner (Ullah et al., 2017).

These results showed that the amount of drug loaded into matrices did not affect

the release behaviour of BC matrices. Furthermore, water solubility of the drug also

did not significantly affect the drug release properties as all formulations displayed an

immediate drug release pattern. Overall, the nature and concentration of drug, and

drying methods did not have any significant effect on the drug release patterns. The

hydrophilic nature and extremely porous network of BC could be the possible reason

for the faster drug release (Oshima et al., 2011). These properties may facilitate the

diffusion of medium into the matrices, which in turn results in faster dissolution and

diffusion of the drugs toward the surfaces of matrices and thus leading to the

immediate release of the drug (Wening et al., 2012).

4.1.4.2 In-vitro comparative drug release studies using commercial tablets

The results of different parameters studied for the prepared matrices were compared

with commercial tablets containing famotidine 20mg (F20) and 40mg (F40) and

tizanidine 2mg (T2). The average weight of tablets F20, F40 and T2 was

138.1±2.86mg, 216.26±6.58mg and 110.36±1.05mg, respectively (Table 3.2), which

was comparatively several times greater than BC-drug matrices. Average thickness of

the commercial tablets was F20, F40 and T2 was many fold higher than BC-drug

matrices. The possible reasons are the number of excipients added into the

formulations of tablets dosage form to give it desirable shape (Thoorens et al., 2014).

It has been observed that the results of various physical tests of commercial tablets

have relatively higher values in comparison to BC matrices. The friability test data

was within the limits as specified in USP (2010) (Table 3.2) (Hassan et al., 2015). In-

vitro dissolution data of F20 and F40 showed faster drug release and most of the drug

(more than 90%) was released in 15 min. In the case of T2 commercial tablets, most

of the drug (90%) was release in 45 min, which follow the criteria for immediate

release (Fig. 3.7). In contrast, BC-drug matrices released more than 80% of the drug

content in the initial 15 min in all the formulations (Fig.3.7). These results advocated

that BC alone has the potential for replacement of the traditional formulations’

excipients.
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4.1.4.3 In-vitro drug permeation studies through Franz diffusion cells

To study the drug release from the matrices for potential applications in transdermal

drug delivery, upright Franz diffusion cells were used. The release of drugs from the

matrices has been shown in Fig. 3.8. The drug release profile showed that matrices

A2, B2 and C2 released drug in a highly controlled manner, and there was less than

40% drug release after 2 h (p < 0.001) for all the formulations. Pure drug famotidine

was used as reference for statistical calculations on the drug release from the

formulations A2–C2 and has been shown in Fig. 3.9. In the next phase, the drug

release was comparatively in controlled manner and 50% drug was released above 5h.

The possible reasons may be limited penetration of the fluids into matrices and slow

dissolution of the drug from the matrices (Rabin & Siegel 2012). Similarly, 75% drug

release for B2 and C2 was 6h and for A2 was 9h. which may be due to the higher

penetration of fluid and due to pores formation in matrices due to dissolution of

surface drugs (Lamoudi et al., 2016). The concentration of drugs released (90% and

above) was 8h for B2 and C2, while it was 10h for A2. The possible reasons for this

type of drug release may be the limited contact of dissolution medium with BC

matrices (Kim et al., 2002) and comparatively less solubility of famotidine in basic

medium (Cheng & Lin, 2008) as compared to gastric medium of the stomach

(Elmowafy et al., 2008; Goyal et al., 2017). In contrast to A2, B2 and C2, the

formulations E2, F2 and G2 showed comparatively faster drug release. The

formulations released 25% and 50% drug content in 1 and 2h (p <0.001), respectively,

which was less than A2 and C2 for the same amount of drug released. Pure drug

tizanidine was used as reference for statistical calculations on the drug release from

the formulations E2–G2 and has been shown in Fig. 3.9. Similarly, 75% drug

released was observed in 4h for G2 and 5h for E2 and F2, respectively, while 90%

drugs was released in 8h. It was observed that formulations E2, F2 and G2 showed

comparatively faster drug release than A2, B2 and C2. The possible reasons may be

the highly water solubility of the drug (Murtaza et al., 2015; Sheykhaghaei et al.,

2016) and low drug concentration (Fink et al., 2001).
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4.1.5 Drug release kinetics

The release of drugs from BC-drug matrices was dependent on the drug solubility,

concentration loaded, BC hydrophilic properties and diffusion of the release medium

into matrices. It was observed that drug release from the matrices in the Franz cells

study was best fit into the First order kinetic models with R2 value more than 0.966,

except A2, which showed R2 more than 0.969 for zero order (probably due to higher

drug concentration in the BC-drug matrices). In case of Korsmeyer-Pappas model

study, the “n” value was greater than 0.5 for all the formulations, except G. This data

showed that drug release from the matrices was following non-Fickian transport

(Abbasi et al., 2016; Nasir et al., 2012) as shown in Table 3.3.
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4.2 Preparation and drug loading onto surface modified BC (SM-BC)

matrices

4.2.1 Preparation of surface modified BC matrices and drug loading

Bacterial cellulose (BC) is a fascinating biopolymer having identical chemical

structure to PC. The distinguished features such as high purity, well organized

nanofibrillar network, high water holding capability, biodegradability and non-toxic

nature make it superior to PC (Augimeri et al., 2015; Ullah et al., 2016a). BC has

been studied in as-synthesized form for applications in electronics, food industry,

tissue engineering and enzymes immobilization and dental canal treatment (Gutiérrez-

Hernández et al., 2017; Ullah et al., 2017). Since the non-modified BC has highly

porous structure, which lacks resistance ability to the free movement of gases,

solvents, other small molecules and thus it is an inappropriate biopolymer for

controlled drug delivery systems (Ullah et al., 2017). Therefore, modifications of BC

for the inclusion of the desired features with physical, biological and chemical

techniques become inevitable for potential applications in controlled drug delivery

(Huang et al., 2011; Oledzka et al., 2012; Oliveira et al., 2017; Ul-Islam et al., 2015).

BC has large number of free hydroxyl (–OH) groups on the surface, which has the

potentials for the surface modification (Ifuku et al., 2007; Kim et al., 2002; Ramírez et

al., 2016). For example, these free –OH groups are the easily available targets for

acetylation. The reported processes for chemical modification of cellulose include

esterification, oxidation, etherification, carbamation and amidation through the

utilization of free hydroxyl groups (Hu et al., 2014; Ullah et al., 2016b). Surface

acetylation of BC has displayed greater advantages with the ability to maintain large

modified surface area with controlled hydrophobic properties and compatibility with

other composite materials (Eyley & Thielemans, 2014; Hu et al., 2014). In addition,

acetylated BC has shown enhanced biocompatibility and non-toxic nature, which

makes it a potential candidate for the synthesis of advanced BC-based polymeric

materials with functionalized surfaces (Barud et al., 2008; Kim et al., 2002).

In the current study, the drug loaded surface modified BC discs were successfully

prepared by acetylation process. Excess water was removed from the hydrated BC

discs in order to achieve effective surface modification of the matrices. The matrices



100

were immersed in drug solutions (Table 2.2) in before surface modification and after

surface modification and dried using oven drying and freeze drying techniques.

4.2.2 Evaluation of physical parameters of prepared surface modified BC-

drug matrices

4.2.2.1 Determination of percent drug loading into surface modified BC matrices

Various formulations of BC with model drugs were prepared and dried under different

conditions, which have been explained in Table 2.2. Formulations F1, F2 and F3 have

relatively higher drug loading as compared to other formulations. This may be the

hydrophilic nature and highly porous structure of BC, and higher drug concentration,

whereby the drug solution can easily penetrate BC matrices. In case of formulations

F4–F6, the drug loading was comparatively lower than it was in F1–F3. The possible

reasons may be the exposure of BC matrices to lower drug concentration (in

comparison to F1–F3) during the loading process (Gupta et al., 2013; Sriamornsak et

al., 2010).

Similar to F1–F3, formulations F7–F9 showed higher drug loading with

famotidine (Table 2.2). In addition, the formulations F10–F12, where the matrices

were loaded with tizanidine showed higher drug loading onto BC matrices (Table 3.4)

than formulations F4–F6. The possible reason for higher drug loading may be the

large surface area maintained by BC matrices during freeze drying whereby the

ejection of drug is reduced during the process of drying (Gupta et al., 2013;

Sriamornsak et al., 2010; Tang et al., 2010; Ul-Islam et al., 2013; Viridén et al.,

2011). In case of formulations F13–F15, where the matrices were surface modified,

freeze dried, loaded with famotidine and finally freeze dried, the drug loading was

comparatively lower than in any other formulation loaded with similar drug

concentration (Table 3.4). The formation of a hydrophobic surface layer on the BC

matrices due to acetylation and reduced swelling abilities could explain this

phenomenon (Ifuku et al., 2007; Kim et al., 2002).

4.2.2.2 Thickness measurement of surface modified BC-drug-matrices

As shown in Table 3.4, thickness of surface modified BC-drug matrices is

independent of the amount of the loaded drug. The average thicknesses values of
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matrices F1–F3 and F4–F6 are quite close to each other inspite of difference in the

concentration of drug used for loading. In contrast, the post drying conditions of the

matrices have effect on the thickness. The oven dried matrices (F1–F3 and F4–F6)

have relatively lower thickness as compared to the freeze dried matrices (F7–F1). The

possible reason for thickness of freeze-dried matrices may be the spaces that remain

in the fibrous network of the matrices as result of freeze drying (Ul-Islam et al.,

2013).

4.2.2.3 Friability test of surface modified BC-drug matrices

The results of friability test (Table 3.4) showed that there was no drug loss from the

matrices and all the results were in the range specified in USP (2010) and previous

reports (Hassan et al., 2015). The possible reason for withholding drug within

matrices may be the higher surface area maintained during surface modification and

drying process (Ul-Islam et al. 2013).

4.2.3 Characterization  of surface modified BC-drug matrices

4.2.3.1 Scanning electron microscopy (SEM)

SEM images of all the prepared matrices were recorded at various resolutions to study

the surface morphology. Fig. 3.10 (a-d) shows the SEM images of BC, surface

modified BC, surface modified BC-famotidine and surface modified BC-tizanidine

matrices. The image (Fig. 3.10a) showed a clear, densely arranged, well-organized,

porous and interconnected fiber network of BC, similarly as reported previously (Esa

et al., 2014; Gayathry & Gopalaswamy, 2014). The surface modified BC prior to drug

loading (Fig. 3.10b) revealed that the micro-fibrils become thick and the pore size has

been reduced due to micro-fibrils stiffness caused by acetylation and deformation

during the drying process similarly to previous reports (Barud et al., 2008b; Kim et

al., 2002; Ramírez et al., 2016). This finding was further supported by results

published by Ifuko et al. (2007) that incorporation of acetyl group(s) into the micro-

fibrils increases the thickness and developed mutual contact between the neighboring

fibrils during drying (Ifuku et al., 2007). The micrographs of surface modified BC-

famotidine matrices (Fig. 3.10c) showed reduced pore size and appearance of dense

coagulates on the surface with entrapped drug crystals. The micrographs for surface
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modified BC-tizanidine matrices (Fig. 3.10d) showed dense fiber network with drug

crystals on the surface indicating successful loading of tizanidine into the matrices.

4.2.3.2 Fourier-transform infrared spectroscopy (FT-IR)

Fig. 3.11 demonstrates the FT-IR spectra for as-synthesized BC, surface modified BC,

famotidine, surface modified BC-famotidine matrices, tizanidine and surface modified

BC-tizanidine matrices. The reduction in peak intensities at 3345 and 1665 cm-1 (–

OH) and appearance of peaks at 1747 cm-1 and 1736 cm-1 (C=O) indicated the

successful acetylation of BC matrices (Hu et al., 2011; Ifuku et al., 2007). The

increase in band intensities at 1375 cm-1 (–CH3) and 1240 cm-1 (C–O) in surface

modified BC before drug loading and BC-famotidine matrices spectra confirmed the

progress of the acetylation process (Mukherjee et al., 2009; Suetsugu et al., 2009).

The characteristic bands at 1553 cm-1 and 1315 cm-1 (–NH2 bending vibration), 1160

cm-1 and 1135 cm-1 (–SO2 groups) and 895 cm-1 (N–S groups) are distinctive of

famotidine as shown in surface modified BC-famotidine spectrum (Cheng & Lin,

2008; Gupta et al., 2013; Sagdinc & Bayarı, 2005). The spectral band for BC-

tizanidine showed broader peak at 3500–3200 cm-1 is attributed to –OH and –CH2,

and at 2904 and 2895 cm-1 represent C–H stretching vibration, respectively (Olivera

al., 2017). The peak at 1731 cm-1 observed in the spectrum of acetylated BC-

tizanidine matrices indicated the surface modification of BC matrices (Hu et al., 2011;

Ifuku et al., 2007; Kim et al., 2002). The broadening of peak at 1650–1530 cm-1

indicated the presence of H–O–H and C–C aromatic groups, and C–N group of

tizanidine, respectively (Elwy et al., 2015; Ritu & Meenakshi, 2013; Singh & Bajpai,

2011).

4.2.3.3 X-ray diffraction (XRD)

XRD patterns of the as-synthesized BC, surface modified BC and drug loaded surface

modified BC matrices have been shown in Fig. 3.12. The distinct peaks observed in

the diffractogram for BC at 14.12°, 16.8° and 22.72° demonstrated that the structure

of as-synthesized BC is crystalline (Gayathry & Gopalaswamy, 2014; Shezad et al.,

2010). Surface modified BC have peaks in the XRD pattern similar to as-synthesized

BC with lower intensity indicating reduction in the crystallinity as a result of

acetylation (Kim et al., 2002; Ifuku et al., 2007). The pattern for surface modified BC-
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famotidine matrices have strong peaks at 11.58° and 17.76°, which indicated the drug

crystal growth and the short peaks at 26.90°, 28.54° and 29.82°, which showed weak

famotidine crystals, confirming the entrapment of drug into matrices and progressed

acetylation (Goyal et al., 2017; Gupta et al., 2013; Ramírez et al., 2016; Suetsugu et

al., 2009). The appearance of distinct peaks in the pattern for BC-tizanidine matrices

at 25.06° and 26.46° showed lower crystal growth of the drug (Aamir & Ahmad 2005;

Elwy et al., 2015; Malik, 2012).

4.2.3.4 Thermogravimetric analysis (TGA)

TGA was carried out and the results are shown in Fig 3.13. The thermogram for as-

synthesized BC revealed about 5% dry material loss at in the initial phase, which is

due to the evaporation of adsorbed water. The highest weight loss (65%) occurred in

the second phase is due to the elimination of polyhydroxyl groups. Similarly, the

remaining content was produced as ash at 350°C–800°C (Lee et al., 2009). The

surface modified BC (Fig. 3.13) prior to drug loading showed about 10% weight loss

in the starting phase at 110°C due to evaporation of adsorbed water followed by a

gradual loss of dry matter, which accounts for 40% of the total weight loss. Similarly,

30% weight loss was observed in the last phase at 250°C–800°C. TGA data revealed

that acetylation has delayed the thermal decomposition and improved the stability of

BC, similar to previously reported studies (Kim et al., 2002; Ifuku et al., 2007;

Suetsugu et al., 2009). Thermogram for surface modified BC˗famotidine (Fig. 3.13)

matrices revealed slight weight loss at 35°C–110°C, which is due to evaporation of

the adsorbed water. Similarly, with rise in temperature, the weight loss which counts

for 26.47% was probably due to the elimination of hydroxyl groups, evaporation of

solvents and de-polymerization of BC carbon skeleton as a result of cleavage of

glycosidic linkage (Oledzka & Sobczak 2012). The maximum degradation was

observed at the temperature 350°C–800°C accounting for 42.67% of the total weight

loss indicating higer thermal stabiliy of acetylated BC (Suetsugu et al., 2009; Wan et

al., 2006). The thermogram for BC-tizanidine (Fig. 3.12) showed 3% weight loss at a

temperature of 35°C–110°C, probably due to loss of water content (Lee et al., 2009b).

Similarly, 50% weight loss was observed at a temperature of 110°C–230°C, which is

an indication of the surface hydroxyl groups’ acetylation (Hu et al., 2011; Ifuku et al.,
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2007). At the temperature of 300°C–800°C, about 40% weight was lost, possibly due

to breakage of BC glycosidic linkage (Wan et al., 2006).

4.2.4 In-vitro drug release from surface modified BC-drug matrices

4.2.4.1 In-vitro drug release studies using dissolution apparatus

4.2.4.1.1 Oven dried surface modified BC-drug matrices

The in-vitro drug release data for drug loaded, surface modified, and oven dried

formulations have been displayed in Fig. 3.14. The formulations F1–F3 and F4–F6

also released more than 80% of the loaded drug during the initial 0.25h and thus

following the immediate release criteria (Fig. 3.14) (Ullah et al., 2017). No correlation

was observed between surface modification (due to use of higher concentration of

acetic anhydride) and the drug release in case of relatively high loading of water

insoluble drug famotidine. The possible reason may be the migration of drug content

to the surface of the matrices during drying (especially for F3) as well as lower path

length for drug release (due to lower swelling of oven dried matrices). Another

possible explanation could be that the drug release creates more pores in matrices thus

facilitating the quicker drug release (Adesina et al., 2015; Clasen et al., 2006; Wening

et al., 2012). Likewise, the water soluble drug even at low drug loading was quickly

released due to hydrophilic nature of the drug.

4.2.4.1.2 Freeze dried surface modified BC-drug matrices

The in-vitro drug release data for the formulations loaded with drug (famotidine),

surface modified and finally freeze dried have been displayed in Fig. 3.15. The

formulations F7, F8 and F9, i.e., drug loaded, surface modified and freeze dried

(Table 2.2), displayed diverse drug release pattern with sustained effect as compared

to rest of the formulations (Fig. 3.15). The formulation F7 released more than 75% of

drug content in 2h, F8 in 1h, and F9 in 0.5h (p < 0.001), respectively. Drug release

results from as-synthesized BC matrices (F0) were used as reference for statistical

calculations of the effect of surface modification and freeze drying on the drug release

from the formulations F7, F8 and F9 (Table 2.2) and has been shown in Fig. 3.17.

It is suggested that surface modification of BC-matrices has altered BC surface

properties by creating a hydrophobic coat (as evident from Fig. 3.10 b and c) (Agustin
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et al., 2016; Ifuku et al., 2007; Kim et al., 2002; Oledzka & Sobczak 2012). Freeze

drying at the final stage might have increased the mutual contact amongst the

nanofibers (which become thicker due to acetylation) and thus reducing the BC

micro-fibrils’ interstitial voids (Hu et al., 2011; Ifuku et al., 2007; Oliveira et al.,

2017; Sagdinc & Bayarı 2005) and increasing the pathway for diffusivity of the

dissolution medium into matrices. These factors might have hindered the liquid

diffusion and thus delayed the drug release (Cook 2013; Larsson et al., 2017). The

drug release from these formulations is slower than that of F1–F3 (famotidine

loaded). This suggests that acetylation of BC together with freeze-drying can sustain

the drug release (Abdelkader et al., 2008; Azeh et al., 2013; Chen et al., 2015; Wu et

al., 2012).

In contrast, the drug (tizanidine) loaded, surface modified and freeze dried

formulations F10–F12 showed more than 75% drug release (Table. 2.2) in 0.25h and

above 85% in 0.5h, which fall in the immediate release category (Ullah et al., 2017).

The possible reason may be the higher aqueous solubility of the drug and lower drug

concentration used for drug loading as compared to famotidine loaded formulations.

In addition, formulations F13–F15, where BC matrices were surface modified,

freeze dried, loaded with tizanidine and finally freeze dried, most of the drug (above

80%) was released during the initial 0.25h, also complied with the criterion

established for immediate release (Ullah et al., 2017). The possible reasons may be

that surface modification caused reduction in drug loading due to hydrophobic nature

of the modified BC, which suggests that the drug is merely present on the surface of

the matrices that can be easily released.

4.2.4.2 In-vitro drug release from surface modified BC-drug matrices using

Franz diffusion cells

The results of permeation studies for the matrices have been presented in Fig. 3.16.

The drug release profile for these formulations showed that F2 and F11 have released

most of the drug (about 80%) within 1.5h of the experiment while maximum drug

retaining time was 3h. It was observed that irrespective of the loaded amount of the

drug (Table 2.2) in the matrices and difference in aqueous solubility (Table 1.3), all

formulations showed quite similar drug release pattern. It was observed that the
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higher amount of drug loaded into the matrices have no significant effect on the drug

retaining properties of the matrices (Agarwal & Murthy 2015).

4.2.5 Drug release kinetics

In order to investigate the drug release mechanism from the formulations, different

kinetics models including zero order, first order, Higuchi’s model and Korsmeyer-

Peppas model were applied. For all the formulations, the regression co-efficient (R2)

values have been presented in Table 3.5. Data for all formulations, i.e., F1–F15

showed best fit for first order kinetics model with highest R2 value. Upon application

of Korsmeyer-Peppas model to all formulations, the release exponent n value was less

than 0.5, which indicates that drug was released through Fickian diffusion (Abbasi et

al., 2016; Zhao et al., 2009).
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4.3. Preparation, drug loading, characterization and in-vitro

evaluation of regenerated bacterial cellulose matrices

4.3.1 Preparation of regenerated bacterial cellulose matrices and drug

loading

Bacterial cellulose is highly pure biomaterial with higher degree of polymerization,

crystallinity, remarkable tensile strength and molding into desired shapes (Esa et al.,

2014; Fink et al., 2014; Khan et al., 2007; Lavoine et al., 2012; Ul-Islam et al., 2014;

Ullah et al., 2017). Being highly pure and homogeneous polymer, BC can be easily

dissolved and modified with minimum number of solvents (Wu et al., 2017). Keeping

the above-mentioned properties and limitations associated with BC in view, current

study was designed to evaluate BC in regenerated form as matrices for potential

applications in drug delivery.

BC was successfully dissolved in recyclable and environment friendly solvent

NMMO (N-methyl morpholine oxide) and incorporated with different concentrations

of drugs (Table 3.6) and regenerated. The regenerated BC-drug (R-BC-drug) matrices

were later on evaluated for in-vitro drug release (Fig. 2.6). R-BC-drug composites

freeze dried. It was observed that drying time was higher than previously reported

similar studies (Khan et al., 2015). The possible reason was the higher concentration

of drugs (Table 3.6) used in our studies for the preparation of R-BC-drug composites.

4.3.2 Evaluation of physical parameters of prepared regenerated BC-drug

matrices

4.3.2.1 Determination of percent drug loading into regenerated BC matrices

R-BC-drug matrices were prepared with the same techniques under similar

conditions. The only difference was the concentrations of drugs used for loading into

matrices. It was observed that the amount of drug loaded into matrices was

concentration dependent. The formulations F1 showed lower percent drug loading

than F2, which is lower than F3. Similar, G1 has the lowest drug loading as compared

to G2, which has lower drug loading than G3. This data showed that higher the

concentration of drug added into BC solution, the higher was drug loading. It was
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observed that higher the drug concentration, higher was loading into matrices in-spite

of thorough washing of the R-BC-drug composite for the removal of NMMO.

4.3.2.2 Thickness measurement of regenerated BC-drug matrices

The thickness of the R-BC-drug matrices was dependent on the amount of drug

loaded into matrices and the drying technique applied. The formulations F1–F3 have

shown higher thickness as compared to G1–G3. It is clear from the Table 3.6, that

famotidine concentration loaded into R-BC-drug matrices was higher than tizanidine.

This data showed that famotidine is water insoluble drug, and hence was not removed

from the matrices in higher concentration as compared to water soluble drug

tizanidine.

4.3.2.3 Friability test of regenerated BC-drug matrices

The results of friability test showed no loss in weight of R-BC-drug matrices and were

in the limits defined in the USP (2010) (Hassan et al., 2015). The possible reason may

be the entrapment of loaded drug by the regenerated cellulose sheet.

4.3.3 Characterization  of regenerated BC-drug matrices

4.3.3.1 Scanning electron microscopy (SEM)

SEM micrographs of the cross section and surface of R-BC and R-BC-drugs matrices

were recorded at varying resolutions. Fig. 3.17 shows the typical microphotographs

for R-BC, R-BC-famotidine and R-BC-tizanidine. The cross-sections for R-BC (Fig.

3.17a) showed compact structural layers with voids of different dimensions, which are

produced during the regeneration and drying process of the R-BC, which is in

agreement with the previously reported studies for the R-BC (El‐Wakil & Hassan,

2008; Wu et al., 2017). The cross sectional micrograph for the R-BC does not show

formation of fibrous structure, which is the confirmation of the native BC fiber

network destruction. The surface morphology of the R-BC shows smooth surface and

absence of fiberous network, which confirms the conversion of BC from type-I into

the type II cellulose (Khan et al. 2015a; Ul-Islam et al. 2014; Wan et al. 2006). The

cross sectional images of the R-BC famotidine (Fig. 3.17b) and R-BC-tizanidine

(Fig.3.17c) shows porous structure, which may have been produced due to the
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possible wash out of drug during the solvent exchange of NMMO with, deionized

water and the forced migration of the drug toward the surfaces during freeze drying.

The crystals growth in the surface micrographs revealed the presence of drugs

particles encapsulated with R-BC film and confirms the presence of loaded drug in

the R-BC matrices, as previously reported (Wan et al. 2006; Wu et al., 2017).

4.3.3.2 Fourier-transform infrared spectroscopy (FT-IR)

FT-IR spectra for BC, R-BC, famotidine, R-BC-famotidine, tizanidine and R-BC-

tizanidine have been shown in Fig. 3.19. The IR spectra for R-BC-famotidine

revealed broadening of peaks at 3200–3500 cm–1, which are assigned to –OH in R-BC

and NH2 groups in famotidine (Arima and Iwata 2007; Cheng and Lin 2008; El‐Wakil

and Hassan 2008; Sagdinc and Bayarı 2005; Ul-Islam et al. 2013; Wan et al. 2006).

The peaks at 2950–2850 cm–1 represent reduction in C–H bending vibration in RBC

due to famotidine loading (El‐Wakil and Hassan 2008; Sagdinc and Bayarı 2005; Ul-

Islam et al. 2013). The spectrum showed a band at 1553 cm1 due to NH2 group

(Cheng and Lin 2008; Devlin et al. 2001), while the band at 1290 cm–1 and 1135 cm–1

represent CH2=S and SO2 groups of famotidine, respectively (Cheng and Lin 2008;

Sagdinc and Bayarı 2005).  The peak at 1078 cm–1 and 990 cm–1 show NH2 of

famotidine and CH2 group bending vibration of R-BC (Cheng and Lin 2008; Sagdinc

and Bayarı 2005; Ul-Islam et al. 2013). The peak at 895 cm–1 represent glucose

glycosidic linkage of R-BC and 850 cm–1 has been assigned to the CH2 skeleton of

famotidine and R-BC (Cheng and Lin 2008; Gayathry and Gopalaswamy 2014;

Sagdinc and Bayarı 2005; Ul-Islam et al. 2013; Ul-Islam et al. 2014).

The band in IR spectrum of R-BC-tizanidine at 3200–3500 cm–1 represent OH and

NH2 groups of R-BC and tizanidine, respectively (Aamir and Ahmad 2010; Cheng

and Lin 2008; Ul-Islam et al. 2013; Wan et al. 2006). The spectra at 1665 cm–1

indicates H-O-H and tizanidine C=C aromatic stretching (Aamir and Ahmad 2010;

Khan et al. 2010; Ul-Islam et al. 2013). The peaks at 1450–1200 cm–1 indicates C–H

stretching vibration in R-BC. The C–N stretching is confirmed by peak at 1290 cm–1

and 1187 cm–1, while band at 1113 cm–1 and 1068 cm–1 confirm the C–Cl group of

tizanidine (Aamir and Ahmad 2010; Khan et al. 2010). The appearance of

characteristic absorption bands of respective functional groups with slight shift shows

drug incorporation into the R-BC.
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4.3.3.3 X-rays diffraction (XRD)

XRD pattern for BC, R-BC, famotidine, R-BC-famotidine, tizanidine and R-BC-

tizanidine have been shown in Fig. 3.20. The R-BC revealed peak broadening at 19.8°

and 22.7°, which confirmed the hydrogen bonding disruption and conversion of

cellulose I into II (Bian et al., 2014). The broadening of angle at 30.4° is an indication

of the R-BC regeneration (El‐Wakil and Hassan 2008; Lee et al., 2014). The pattern

for famotidine displayed crystalline nature and the R-BC-famotidine showed few and

shorter peaks indicating crystalline nature of drug loaded. The peaks at 18, 22°, 25.6°,

30°, and 35.5° also show the presence of famotidine (Razavi et al., 2014). In case of

R-BC-tizanidine, distinct peaks at 16°, 18.7° and 32.55°, 37.55° and 41.5° with

reduced intensity confirm the presence of tizanidine (Aamir and Ahmad 2010). The

presence of the respective drug specified peaks confirm successful drug loading into

R-BC-drug matrices.

4.3.3.4 Thermo gravimetric analysis (TGA)

Thermograms were obtained in the range of 35°C–800°C to study the thermal

stability of the prepared matrices (Fig. 3.21). In the initial phase, the R-BC, R-BC-

famotidine and R-BC-tizanidine displayed 5, 6 and 8% loss in weight, respectively, at

temperature below 100°C. This weight loss is due to the evaporation of physically

adsorbed water molecules on the R-BC and R-BC-drug matrices (Sheykhaghaei et al.,

2016; Ul-Islam et al., 2013). With a rise in temperature from 100°C to 160°C, the

weight loss for R-BC was 22%. The possible reason could be the breakdown of

hydrogen bonding in R-BC, which has the affinity for the absorption of water

molecules (Tierney, 2005). The maximum weight loss of 52% in the R-BC thermo-

gram was observed at the temperature range of 160°C–200°C, which may be due to

the de-polymerization of the R-BC as a result of glycosidic linkage cleavage

(Olyveira et al., 2013). The R-BC-famotidine composite has shown high weight loss

in the second phase at a temperature of 160°C–200°C, which account 52% and may

be due to hydroxyl groups and combustion of the organic part of R-BC (Sheykhaghaei

et al., 2016; Ul-Islam et al., 2012a). The data showed that R-BC-famotidine was

degraded till rise in temperature to 700°C and complete degradation (marked as ash)

has taken place above 700°C, which is in agreement with previous reports (El‐Wakil

and Hassan 2008).
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Similarly, the thermogram of R-BC-tizanidine has sharp weight loss at

temperature between 100°C–160°C (52% of the total weight) and 54% with rise in

temperature to 200°C. This is possibly due to the combustion of organic part of R-BC

and tizanidine. The complete degradation (rest of 5%) has taken place at temperature

above 500°C (Sheykhaghaei et al., 2016; Ul-Islam et al., 2013).

4.3.4 In-vitro drug release from regenerated BC-drug matrices

4.3.4.1 In-vitro drug release using dissolution apparatus

Fig. 3.22 shows the in-vitro drug release profile from R-BC-famotidine matrices (F1–

F3) and R-BC-tizanidine matrices (G1–G3). The matrices F1, F2 and F3 released

more than 70% of the drug content in the initial 0.25h, while these released more than

90% in 0.5h. It was observed that regardless of the different concentrations of loaded

drug, the matrices released most of the drug content (more than 95%) after 0.75h. The

in-vitro drug release from the R-BC-tizanidine matrices, i.e., G1, G2 and G3 was

more than 60% in the initial 0.25h and more than 90% after 0.5h. The R-BC-

tizanidine matrices released most of the drug (more than 95%) in 0.75h. The possible

reasons for the early release behavior were the solubility of the drugs, hydrophilic

nature of the R-BC (Shezad et al., 2010; Ul-Islam et al., 2014) and the breakdown of

the interconnected fibrous network of hydrogen bonding (Fig. 3.18) of BC as result of

dissolution (Lee et al., 2014; Xu et al., 2015). In addition, the presence of loaded drug

particles may have effected the film and pores formation during the R-BC

regeneration process (Fink et al., 2001). The pores formation thus facilitated the

diffusion of dissolution medium into the matrices and resulted in the faster drug

release from the matrices. Furthermore, the lower cellulose concentration (Fink et al.,

2001), matrices washing for the removal of NMMO and freeze-drying (Khan et al.,

2014) may have facilitated the drug migration toward the surfaces, which resulted in

the faster dissolution and drug release. It was also observed that early drug release

behavior of R-BC have the potential for the designing of immediate release

formulations based on single polymer.

4.3.4.2 In-vitro drug release using Franz cells

The permeation studies of the prepared matrices were carried out and the results have

been displayed in Fig. 3.23. The drug release profile showed that R-BC-famotidine
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matrices F1, F2 and F3 showed comparatively controlled release in the initial 2h (p <

0.001) and later on faster release, where released most of the drug (more than 90%)

within 3h. Pure drug famotidine was used as reference for statistical calculations on

the drug release from the formulations F1–F3 and has been shown in Fig. 3.24. It was

observed that irrespective of the loaded amount of the drug in the matrices (Table

3.6), all formulations showed quite similar drug release pattern. It was observed that

the higher amount of drug loaded into the matrices during BC regeneration process

have no significant effect on the drug retaining properties of the R-BC. The drug

release from the R-BC-tizanidine matrices G1–G3 was found interesting and different

from the formulations F1–F3. These formulations showed comparatively slow release

for the starting 2h (p < 0.001). It was observed that t75% and t90% for all the

formulations (G1–G3) was 3h and 5h, respectively. This drug retaining time for

formulations G1–G3 was 2h more than F1–F3. It was observed that formulations

(G1–G3) have shown similar drug release behaviour irrespective of the loaded drug

concentrations and most of the drug (more than 95%) was released in 6h. Pure drug

tizanidine was used as reference for statistical calculations on the drug release from

the formulations E2–G2 and has been shown in Fig. 3.24. The possible reasons may

be the higher drug aqueous solubility, thinner film formation of BC during

regeneration process due to low cellulose concentration and hydrophilic nature of

regenerated cellulose (Agarwal and Murthy 2015; Fink et al., 2001; Khan et al.,

2014). These results showed that R-BC-drug matrices have showed comparatively

faster drug release than matrices prepared with as-synthesized BC. The possible

reasons may be the amorphous nature of R-BC, which facilitate solvent diffusion and

thus released drug at faster.

4.3.5 Drug release kinetics

The release of drugs from the R-BC-drug matrices was dependent on the faster

solubility of drug, concentration of drug, hydrophilic properties of R-BC and

diffusion of the dissolution medium into matrices. It was observed that drug release

during dissolutions and Franz cells study was best fit into the first order kinetics

model with R2 value more than 0.997. The release exponent “n” value of Korsmeyer-

Pappas model was different for in-vitro dissolution and Franz cells studies. In case of

the dissolution studies, the value of “n” was less than 0.5, which shows that release
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mechanism was following Fickian diffusion. The “n” value for Franz cells release

data was greater than 0.5, indicating non-Fickian transport (Abbasi et al., 2016; Nasir

et al., 2012) as presented in Table 3.7.
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Conclusion

BC is the purest form of cellulose having unique features like higher water holding

capacity, higher crystallinity, tensile strength, well organized and ultrafine fibrous

network, and framing ability into desired shape. In addition, BC has abundant surface

hydroxyl groups, inter- and intra-molecular hydrogen bonding and higher degree of

polymerization than PC.

The primary objectives of the current work were to explore and design the alternative

drug delivery system to conventional tablet dosage form, using BC.

In the as-synthesized form, BC matrices were prepared, loaded with drug and

evaluated as single excipient-based drug delivery system. The results indicated that BC-

based matrices in hydrated, partially hydrated and freeze-dried form have superior drug

delivery characteristics as compared to conventional tablet dosage form. The

characterization data revealed that drug loaded BC matrices were chemically and

thermally stable. Furthermore, irrespective of the drug aqueous solubility, drug

concentration and drying method, the matrices exhibited immediate drug release. The in-

vitro data revealed that most of the drug was released in immediate pattern, which is

achieved in conventional formulations by adding a number of excipients. In case of

permeation studies with Franz cells, the drug was released in controlled manner and has

the potential for designing transdermal drug delivery system. This study showed that BC

sheet is an ideal candidate for applications as single polymer-based drug delivery system

with potential to overcome the problems associated with conventional tablets dosage

forms.

The surface modified BC matrices were evaluated for drug loading and release

capabilities. The results showed that surface modification of BC matrices altered the

surface properties. The drug loading condition, concentration of surface modifier,

aqueous solubility of drugs, their concentration and the drying techniques all influenced

the drug loading and release behavior. It was observed that matrices (F1–F6), which were

dried using oven technique, release most of the drug (in-spite of difference in aqueous

solubility) in the initial 0.25h, without showing any drug sustaining effect. In contrast,
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BC matrices dried via freeze drying technique, i.e., F7, F8 and F9 released most of the

drug (≥ 80%) in 3h, 2h and 1h, respectively. It was observed that freeze dried

formulations have shown superior drug sustaining effect as compared to oven drying for

relatively low aqueous soluble drug, i.e., famotidine. In case of permeation studies with

Franz cells, the drug release was controlled. It is suggested that surface modification

together with freeze drying is an effective method for altering the hydrophilic properties

of BC matrices for controlled drug release. It was concluded that modified BC has the

potential for applications in drug delivery systems, particularly prolonged and controlled

drug delivery, provided that more efficient modification process is adopted. The more

effective surface modification is expected to result in an enhanced drug sustaining effect.

For studying the effects of BC regeneration on drug loading and release, R-BC-drug

matrices were prepared using NMMO as solvent and characterized using various

techniques. The characterization data showed that R-BC-drug matrices were chemically

and thermally stable and have low crystallinity. The drug loading and in-vitro drug

release studies revealed that R-BC-drug matrices released more than 80% of the loaded

drug in the initial 0.5h during dissolution studies. In case of Franz diffusion cells study,

80% and 90% of the drug was released in 3h and 5h, for famotidine and tizanidine loaded

matrices, respectively. This data showed that R-BC-drug matrices have the ability for the

designing of desired drug delivery system, i.e., immediate or prolong release. In addition,

it was observed that features like drug aqueous solubility, concentration of drug and BC,

solvent used for washing of matrices and drying method have impact on the drug release

properties from the matrices. It has been concluded that R-BC, a novel and physically

modified form of BC, has the potential to be applied as dressing material for delivery of

drugs to burnt skin, and as tool for transdermal and oral drug delivery. However, further

research work is required for enhancing its physico-mechanical properties and explores

its potential applications in drug delivery.

In general, it can be concluded form the experimental data obtained that BC in all the

forms has the potential for application in designing single polymer based orally

immediate drug delivery system. In addition, no significant difference was observed in

drug release from oven and freeze dried BC-drug matrices. Therefore, oven drying,
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which is less expensive than freeze drying is more suitable for preparation of BC-drug

matrices. In case of transdermal drug delivery data, BC was found to be the most suitable

candidate in all the three forms, i.e., as-synthesized, surface modified and regenerated

form.
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Future perspective

The main objective of the current research work was to evaluated novel drug delivery

systems using BC in as-synthesized, surface modified and regenerated forms. The results

of the current research work showed that due to its unique physico-chemical features, BC

has the potential for applications in designing single polymer based novel drug delivery

system.

The futures prospective of the current work are the upscale production of BC

matrices in all the forms discussed in the current thesis.

In the near future, we will focus to work on the designing of composites of as-

synthesized BC using various drugs and polymers for the development of novel drug

delivery systems for oral and transdermal routes.

Keeping in view, the results obtained with surface modification of BC, we will be

working on designing localized and controlled drug delivery system. The current research

work can be further extended for designing controlled drug delivery to the intestines

using most appropriated modification techniques other than acetylation such as

amination, methylation, carboxylation etc. In addition to oral drug delivery systems, the

surface modified BC matrices can be used for designing transdermal drug delivery by

controlling the surface properties.

It was observed that regenerated BC matrices may be used for designing controlled

drug delivery via oral and transdermal routes for various therapeutic agents, subject to

further alteration in the physico-mechanical features.

The available literature on applications of BC (in as-synthesized, surface modified

and regenerated forms) shows that BC can be used in various fields, particularly

agriculture, environment (waste water treatment), electronic display devices, biomedical

devices, solar energy cells, biofuel cells and food technology. However, there is limited

data available regarding potential applications of BC in drug delivery. The current

research work will be extended to design oral and transdermal matrices for further
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experimentation such as in-vitro as well in-vivo studies and other novel drug delivery

systems.
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