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Abstract  

Background and Objective 

5-Fluorouracil and Curcumin are widely used in clinics against many types of solid cancer. 

However owing to their short half-life, high toxicity, rapidly clearance from circulation and 

damage of healthy tissues has limited their applications. Many studies reported their 

encapsulation in various types of controlled release delivery devices in order to control their 

release and overcome the limitations. However the results obtained are substantial and the 

therapy need to be modified. The present study was aimed to develop insitu formed 

thermoresponsive injectable hydrogels within body temperature range through subcutaneous 

route. The hydrogels will act as drug loaded depot at body temperature and will provide the 

prolonged release of the encapsulated drug in a controlled manner. Moreover the limitations 

associated with 5-Fluorouracil and Curcumin will be controlled to great extent and will be 

present in the general circulation for longer time. 

Methodology 

In this study insitu formed thermoresponsive injectable hydrogels were prepared though 

physical self-assembled and insitu polymerization chemical crosslinking approaches and 

characterized. The thermoresponsive hydrogels were prepared by cold method using three 

different thermoresponsive polymers and monomers i.e. N-isopropylacrylamide (NIPAAm), 

Pluronic
®
-127 (PF-127) and N-vinylcaprolactam. The thermoresponsive hydrogels were 

prepared in various ratios alone and in combination with other natural and synthetic materials 

such as β-cyclodextrin, ethylene glycol, carboxymethyl chitosan, sodium alginate and 2-

acrylamido-2-methylpropane sulfonic acid. For preparation of chemically cross-linked 

injectable hydrogels, glutaraldehyde and N, N-methylene-bis-acrylamide (MBA) were used 

as crosslinking agent and ammonium persulphate as initiator respectively. 5-Fluorouracil and 

Curcumin were used as model drugs in this study. Drug loaded injectable hydrogels were 

prepared either by insitu loading or post synthesis loading techniques. All the developed 

formulations were characterized for clarity and physical appearance, phase transition from 

sol-gel state at body temperature via tube titling method, rheological analysis, optical 

transmittance study, swelling study (at variable pH and temperature values) and invitro drug 

release study in buffer solutions of different pH values at variable temperature programs. The 

safety of blank and cytotoxic potential of drug loaded injectable hydrogels was confirmed 

through methyl thiazolyl tetrazolium (MTT) assay against various cell lines. Structural 

analysis was carried out through nuclear magnetic resonance spectroscopy (NMR), Fourier 
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transformed infrared spectroscopy (FTIR) and X-ray diffraction analysis (XRD). The phase 

transition and thermal properties were confirmed through thermogravimetric analysis (TGA) 

and differential scanning calorimetric analysis (DSC). While the surface and cross-sectional 

morphology of the hydrogel samples was analyzed through scanning electron microscopy 

(SEM). Based on invitro results, one formulation of thermoresponsive hydrogels was selected 

for invivo evaluation. The invivo analysis was carried out in albino rabbits by administering 

drug loaded injectable hydrogels in comparison to free drug solution through subcutaneous 

route. Moreover acute toxicity study was also conducted in rabbits after administering drug 

loaded injectable hydrogels in comparison to free drug solution through subcutaneous route.  

Results 

The hydrogel formulations developed and reported in this study showed response to 

temperature change depending upon the ratio of thermoresponsive material. All the optimized 

hydrogel formulations exhibited phase transition from solution to gel state within body 

temperature range (32
o
C-37

o
C) confirmed through tube titling, time sweep, temperature ramp 

test and optical transmittance study. The injectability of the formulation was analyzed by 

conducting continuous ramp test which confirmed its viscoelastic nature. The self-assembled 

physically cross-linked hydrogels showed a thermoreversible nature while chemically cross-

linked hydrogels exhibited good mechanical strength confirmed through frequency sweep 

test. All the hydrogel samples subjected to swelling experiments showed highest swelling 

below the lower critical solution temperature (LCST) of the formulation (25
o
C) owing to the 

relaxed gel state and faster diffusion of solvent. Moreover depending upon the nature of 

copolymer, the respective hydrogel formulation also exhibited its pH responsive behavior. 

The invitro release experiments showed that drug release from injectable hydrogels are pH 

and temperature dependent and maximum release (> 90%) was observed at lower temperature 

(25
o
C) attributed to relaxed gel state. Moreover the release from these injectable hydrogels 

was controlled for 48 hours invitro. MTT assay confirmed that blank hydrogels are safe and 

biocompatible tested against mouse fibroblast (L929) and Vero cell lines respectively. 

Moreover it was also confirmed from MTT assay that drug encapsulated in these hydrogels 

can cause cells killing tested against Human cervical (HeLa) and breast (MCF-7) cancer cell 

lines in controlled fashion in comparison to free drug solution and positive control. NMR and 

FTIR analysis confirmed the formation of new copolymer structure, TG and DSC analysis 

confirmed the phase transition around body temperature and thermal stability of the 

formulations. XRD analysis showed the amorphous nature of the formulations while SEM 
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analysis confirmed the porous nature of the formulations. Invivo analysis in albino rabbits 

showed that depot formation occur at body temperature. Additionally low drug availability in 

rabbit plasma in initial phase and retarding up to 144 hours confirmed that drug release from 

insitu depot occur in controlled manner.  Moreover acute toxicity study in rabbits also 

confirmed that cytotoxic drug encapsulated in injectable hydrogels cause no toxicity to 

normal tissues and organs and the blood chemistry remain normal.  

Conclusion 

It was concluded from the results that all the developed formulations showed 

thermoresponsive behavior and exhibited phase transition within physiologic temperature 

range. Moreover the developed injectable formulations loaded with anticancer agents (5-FU 

and Curcumin) are safe and can be effectively used as drug depot after subcutaneous 

administration invivo for controlled and prolonged release  
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1.1.Introduction  

Pharmaceuticals and biologicals owing to their variable solubility, half-life and stable nature 

have encountered great issues in their distributions to body tissues and organs. The 

fundamental issue in medicine is the poor distributions of these drugs and other therapeutic 

(Jain, 2003; Labhasetwar, 2005; Sahoo, Parveen, & Panda, 2007; Shaffer, 2005). Scientists 

over the last two decades found that the basic reason behind this issue is the method by which 

these therapeutic agents are administered and delivered to the tissues and organs. Therapeutic 

agents such as drugs, proteins, siRNA and DNA etc are administered through oral route either 

degraded in the harsh gastrointestinal conditions or encounter enzymatic degradation (Lee, V 

& Yamamoto, 1989).  

Improving the quality of health and treatment of a disease require the development and 

applications of novel biomaterials. Current research in the field of biomaterials focuses on the 

synthesis of new materials with high biocompatibility, responsiveness to internal and external 

environmental stimuli and enhanced mechanical properties. Polymeric biomaterials have 

wide applications specifically in modified drug delivery systems, artificial organs, dental 

implants, tissue engineering, stents coated with polymer and coated tablets (Langer & 

Peppas, 2003; Madhusudana Rao, Krishna Rao, Sudhakar, Chowdoji Rao, & Subha, 2013). 

The realization of therapeutic efficacy of a therapy depends upon the release of the drug from 

a delivery system that plays an important role in the development of time controlled devices. 

So the optimization of the pharmacotherapy demands that the release of the drug moiety from 

a delivery system should be in accordance with the therapeutic goals and the pharmacological 

possessions of the drug. Moreover the delivery system needs to be effectively modified 

therapeutically for the elimination of potential risks that may arise due to under dose or over 

dose (Madhusudana Rao et al., 2013). 

Hydrogels, a class of biomaterials with 3D structure have the ability to swell and shrink as a 

result of diffusion of aqueous or biologic media in and out of the network, respectively, is the 

most important characteristic of hydrogels (Ahmed, 2015). 

In the field of timed or controlled release devices, environmental responsive hydrogels have 

gained considerable interest that have the ability to react to a minute change in the external or 

internal stimuli (Kulkarni & Sa, 2009). The stimuli to which these smart monomers or 

polymers show response mainly include pH, temperature, light, ionic strength, electric field, 
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magnetic field and type of salt. These responsive matrices are also called ―materials with 

brain‖ due to their intelligent characteristics. These responsive matrices have close 

resemblance with the natural physiological processes, in which the release of encapsulated 

drug can be modulated by the change in physiological condition (P. T. Mather, 2007). 

Water solutions of hydrophobically modified hydrophilic polymers refers to a class of soft 

materials exhibiting remarkable rheological characteristics. Such polymers which exist in 

solution state below certain temperature display high viscosity producing semi-solid hydrogel 

as the drug is injected at body temperature (Yu, Y et al., 2010a). The temperature at which 

these sol-gel phase transitions occur refers to critical gelation temperature (CGT), while such 

polymers are called thermogelling polymers (Moreno et al., 2014a). Scientists in the field of 

biomaterials are now twisting their focus towards the biodegradable injectable hydrogels that 

serves as potential materials for delivery of bioactive agents, proteins and used in the field of 

tissue engineering. These injectable sol–gel transition hydrogels that are based on 

thermoresponsive polymers act as insitu depot system at physiological temperature for the 

controlled delivery of encapsulated therapeutic agents upon injection into the body. 

Generally for the synthesis of insitu injectable depot hydrogels, physical or self-assembled 

and chemical crosslinking approach are used. Physically cross-linked hydrogels which are 

formulated from the self-assembly of a wide variety of molecules utilize weak interaction 

forces such as host/guest inclusion complex, hydrophobic interactions, hydrogen bonding, 

electrostatic interactions, ionic, stereocomplex formation and π−π staking. These physical or 

reversible crosslinks permit the design of ―smart‖ materials that have the ability to self-adapt 

specifically in response to a change in environment (in terms of temperature, pH, ionic 

strength, electric field etc.) (Chassenieux & Tsitsilianis, 2016). Chemically cross-linked gels 

which are referred to as permanent/irreversible gels are formed by the covalent crosslinking 

between the monomer or polymer chains. This covalent crosslinking is created with the help 

of crosslinking agents e.g. glutaraldehyde, epoxy compounds, dialdehyde and formaldehyde 

(Khan, S et al., 2016).   

In the development of insitu forming hydrogels, various synthetic thermo-responsive 

polymers such as poly (N-isopropylacrylamide) (Constantin et al., 2014), vinylcaprolactam 

(Sivagangi Reddy, N et al., 2016), poly (ethylene oxide) (PEO)/poly (propylene oxide) (PPO) 

(PEO–PPO–PEO) tri-block copolymers (Pluronics) (Baskan, Tuncaboylu, & Okay, 2013; 

Fang, Hsu, Leu, & Hu, 2009),  polyphosphazenes (L. Qiu, 2003) and PEO/poly (D,L-lactide-
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co-glycolide) (PLGA) tri-block copolymers (Y. J. Kim et al., 2001) that display thermo-

sensitive property have been widely studied. 

Poly (N-isopropylacrylamide) (PNIPAAm) is a well-known thermoresponsive polymer and 

have widely been reported in the literature for the design of smart insitu forming systems in 

biomedical field (Afroze, Nies, & Berghmans, 2000; Vieira, Posada, Rezende, & Sabino, 

2014). PNIPAAm has been reported to exhibit phase transition due to its lower critical 

solution temperature (LCST) close to body temperature i.e. (32
o
C) (Pelton, 2010; Ruel-

Gariépy & Leroux, 2004a). 

Triblock copolymer (commercially called Pluronic
®
, also named poloxamer) consisting of 

series of poly (ethylene oxide)-poly (propylene oxide)-poly (ethylene oxide) (PEO–PPO–

PEO) can induce sol–gel transition as a result of hydration and dehydration of polymer chains 

in aqueous solutions in response to decrease and increase in temperature respectively. 

Poloxamers consists of various numbers of hydrophilic PEO and hydrophobic PPO 

copolymers. These tri-block copolymers produce spherical micelles in aqueous solution via 

hydrophobic interaction among the middle PPO segments (H. J. Chung, Lee, & Park, 2008a). 

N-(vinylcaprolactam) (NVCL) is a biocompatible, nonionic, thermal sensitive, nontoxic, 

hydrophilic and water soluble monomer at room temperature (Montes, Ortega, & Burillo, 

2014). NVCL possesses a lower critical solution temperature (LCST) in the physiological 

range (32-38
o
C) that has widened its applications in pharmaceutical industry (Hanyková et 

al., 2015). 

5-Fluorouracil (5-FU), a hydrophilic chemotherapeutic agent, interferes with DNA synthesis 

and is effective against wide cancer types such as neck, colorectal, breast cancer, gastric and 

pancreatic cancer etc (Yarden, Baselga, & Miles, 2004). However the disadvantage 

associated with 5-FU is its rapid clearance from general circulation by dihydropyramidine 

dehydrogenase, poor oral absorption, un-uniform distribution, and killing of healthy cells. In 

order to circumvent these problems and increased the efficacy of 5-FU, efforts has been made 

for many years by encapsulating in different modified delivery carriers (Yarden et al., 2004). 

Curcumin, a natural yellow active component extracted from the rhizome of curcuma 

(Curcuma Longa, Zingiberaceae) has been well known for many pharmacological activities 

such as antitumor, antibacterial, anti-inflammatory, antioxidant and liver protection. Its broad 

spectrum anticancer activity has been confirmed against many cancer cell lines in invitro cell 
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culture experiments and invivo in animals. However the applications of curcumin as an 

anticancer agent have been hampered due to its insolubility in water, poor bioavailability and 

low stability in alkaline media (Alaikove et al., 2007; Bruck et al., 2007). Currently many 

curcumin formulations include granules and tablets. Some chitosan based nanogels and 

miroparticles have also been reported for curcumin delivery whose stability is still not good 

(Anand, Kunnumakkara, Newman, & Aggarwal, 2007; Anitha et al., 2011; Sowasod, 

Nakagawa, Tanthapanichakoon, & Charinpanitkul, 2012; Sun et al., 2012). 

In present work, various thermoresponsive injectable hydrogels have been developed through 

self-assembled physical crosslinking and chemically grafted approaches. The injectable 

hydrogels formulations have been developed based on different thermoresponsive monomer 

and polymers (N-isopropylacrylamide, Poloxamers and N-vinylcaprolactam) alone and in 

combinations with other natural and synthetic monomers and polymers. The injectable 

thermoresponsive hydrogels were loaded with two model drugs (5-FU and curcumin) and the 

formulations were evaluated against wide range of parameters by conducting invitro 

experiments. It was concluded that biocompatible gel formulations are developed which can 

be effectively used for prolronged and controlled delivery of 5-FU, curcumin and other 

chemotherapeutic agents in cancer chemotherapy. Based on invitro results, one hydrogel 

formulation was selected and tested in albino rabbits for depot formation through 

subcutaneous injectable route. It was concluded from invivo results that the developed gel 

formulations can be injected through subcutaneous route and will provide drug in sustained 

fashion for longer time period.  
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2.1. Drug delivery systems 

For the treatment of any disease, active pharmaceutical ingredient (API) is hardly 

administered exclusively as pure substance but nearly always administered in pharmaceutical 

dosage form or delivery system. So drug and excipients are invariably used in different 

proportions for the formulation of a suitable drug delivery system.   

Drug delivery is the process or technique of providing the active pharmaceutical ingredient in 

humans or animals to achieve a therapeutic response for the treatment of any disease (Kumar, 

2008). The main goal of any drug delivery system is to provide the therapeutic quantity of 

drug to appropriate site in the physiological system and to keep the other body tissues 

unaffected. Predominantly any dosage form or delivery system is formulated to attain 

predictable therapeutic response of the drug provided in the formulation. In general drug 

delivery system can be classified as: 

1. Conventional drug delivery system       

  

2. Modified or controlled drug delivery system. 

It has been acknowledged that conventional drug delivery system that includes simple tablets, 

capsules, solution and injections may not be the best mode of drug administration. To 

increase the patient‘s compliance towards drug administration and management and to reduce 

the dosage variation, novelty, more efforts and innovations in effective delivery systems 

design need to be entrusted, specially controlled drug delivery system. As a result of 

collaborative research work between pharmacists, chemists, engineers, polymer scientists, 

pharmacologists and medical researchers, significant goals have been attained in the field of 

controlled drug delivery (Leong, reviews, & 1988, n.d.).The objectives of any drug delivery 

system includes; 

• Spatial placement i.e. targeting drug moiety to a specific organ 

• Temporal delivery i.e. to control the delivery rate of drug from dosage form to target site, 

thus keeping drug concentration within therapeutic window. The potential problems 

associated with conventional delivery system include; 

• Lack of targeted to a specific body organ or part (temporal delivery) 
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 Repeated or multiple doses after specific interval to maintain the therapeutic drug 

concentration.  

• Patient non-compliance 

• Lack of healthy tissues safety and increased toxicity 

In traditional drug delivery formulations, the drug is usually administered through various 

routes including the oral, topical rout, subcutaneous, intravenous, intramuscular, and the 

concentration of drug in plasma has a direct proportion with the administration route and dose 

reached to systemic circulation. In other words, the drug through conventional dosage forms 

is released comparatively fast, often requiring multiple drug administrations to produce a 

therapeutic effect (Balmayor, Azevedo, & Reis, 2011; S. Kim et al., n.d.). This fast drug 

release in turn leads to high plasma drug levels, producing adverse effects and negotiating the 

patient compliance (Bhattarai, Gunn, reviews, & 2010, n.d.; S. Kim et al., n.d.). 

2.2. Controlled or modified drug delivery systems  

With the continuous efforts of industrial and laboratory scientists, controlled or modified 

drug delivery systems (DDSs) have been established in order to beat the main limitations of 

conventional dosage forms. Controlled drug delivery (CDD) systems have been developed 

and made progress with the advancement of polymer science and engineering, which now 

have a significant impact in medical and pharmaceutical applications. The production of 

several new drug carrier devices has been made possible in response to emphasis on the 

progress of novel controlled drug delivery systems such as solid lipid nanoparticles, 

liposomes, micellar systems etc (Bhattarai et al., n.d.; Wissing, Kayser, reviews, & 2004, 

n.d.). The main goal of developing controlled drug delivery systems is to effectively engineer 

systems that should deliver the drug at a specified or predetermined rate to a target site 

according to the need of body or disease and within a particular time period (Jungju Kim et 

al., 2009). 

The modern controlled or modified DDSs developed with aim to deliver an appropriate 

quantity of the drug to the specified location, at an appropriate pre-determined rate, while 

preventing the healthy cells or tissues from the local and systemic toxic effects (Kumar, 

2008; Tiwari et al., 2012). Moreover CDDSs can also make the active moiety protected from 

physiological degradation including environmental and enzymatic and in turn can increase its 

circulation time with controlled elimination (Siegel & Rathbone, 2012). This is especially 
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pertinent for pharmaceuticals including proteins and peptides that can get easily degraded and 

deactivated after oral administration and are rapidly cleared from the body after intravenous 

injection (Liechty, Kryscio, Slaughter, & Peppas, 2010). Over the last few years a number of 

polymer-based systems, such as microparticles and nanoparticles (De Jong & Borm, 2008; 

Panyam, reviews, & 2003, n.d.; Prow et al., n.d.), films (Zelikin, 2010), depot systems, 

hydrogels (Drury & Mooney, 2003; Hoare & Kohane, 2008; HOFFMAN, 2006) and 

polymeric microneedles (Thakur et al., 2016) have been extensively studied over the years 

and investigated as alternatives for the classical formulations. The highly stable and versatile 

polymers from natural and synthetic sources used in the formulations of CDDSs make these 

devices very useful materials in drug delivery applications. Moreover many micro and nano 

based formulations have been extensively investigated for the delivery of many hydrophobic 

compounds that have the challenge of solubility (Kipp, 2004). Using micro and nanoscale 

delivery systems, the solubility and in turn the bioavailability of such compounds (e.g. 

paclitaxel, tamoxifen) have been improved (Kipp, 2004; Shi, Votruba, Farokhzad, & Langer, 

2010). 

CDDSs has offered many advantages with four principal advantages including constant drug 

levels, localized delivery, more efficacious utilization of drug moiety and avoidance of lesser 

and frequent drug administrations. Moreover CDDSs avoid the problem of patient 

compliance encountered with conventional dosage forms, lesser amount of total dose 

incorporation, reduces the systemic side effects, improve efficiency in treatment, minimizing 

the variation in drug plasma concentrations, enhanced bioavailability of some hydrophobic 

drugs, and more importantly economic savings (Nicholas G. Lordi, L.L., ed).  

2.3. Environmentally responsive drug delivery systems 

Environmentally responsive systems sense the changes in the internal or external 

environment and show response to it. The three most commonly and important environmental 

systems which are highly studied includes temperature, pH and magnetic sensitive systems. 

In case of pH and temperature responsive systems, the drug release is controlled either by 

physiological pH or temperature value changes. Environmental responsive systems also show 

variable response to swelling behavior, permeability and mechanical strength and structural 

parameters (Galaev, Mattiasson, & Mattiasson, 2007). So the release of drug occur not only 

as function of time, but the variable physiological conditions also can affect the drug release 

from the release systems (Galaev et al., 2007). In magnetic responsive systems, the materials 

contain magnetic, some magnetic sensitive materials such as iron oxide etc are incorporated 
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during the formulation and the drug release is controlled by the magnetic sensitivity and 

application of the magnetic field on the materials (Galaev et al., 2007). 

Some other stimuli utilized in the formulation of environmentally sensitive CDD systems 

include ionic strength, enzyme-substrate, chemical species, ultrasound irradiation and electric 

field. 

2.4. What is a gel? 

The gel is considered as a soft, solid or semi-solid like material, which has the characteristics 

of both solid and liquid components. The solid component of the gel represents the 

mesh/network which restrains the liquid component. This solid network of the gel stops the 

liquid from flowing due to increase in the surface tension (Murdan, 2005). They have broad 

range of characteristics from weak and soft to tough and hard. Gels in general exist as liquid 

by weight, but they act as solids owing to their three dimensional (3D) cross-linked network 

in liquid. On the other hand, gels can be defined as dispersion of liquid particles in solid 

wherein the solid component refers to the continuous phase and liquid is the stationary phase. 

2.4.1. Types of gels 

Gels are mainly classified into two types on the basis of external solvent phase: 

1. Organogels 

2. Hydrogels 

2.4.1.1. Organogels 

The organogel is a thermodynamically stable, viscoelastic, clear and biocompatible system 

consisting of non-polar system and gelators, wherein non-polar solvent refers to the external 

phase. The gelators go through chemical or physical interactions, leading to the formation of 

self-assembled tough fibrous structures which get entrap with each other leading to the 

formation of a three- dimensional (3D) network structure (Murdan, 2005). Cross linking of 

the network basically strengthen the gels, prevents or reduces the flow of external polar 

phase, and control the diffusion rate of the encapsulated drug diffusion rate of drug. 

2.4.1.2. Hydrogels 

Hydrogel is a transparent, thermo dynamically stable and viscoelastic system composed of a 

polymer or monomer and polar solvent, wherein polar solvent act as external phase. The 

polymer used which may be of synthetic or natural sources get assemble to form a three 

dimensional (3D) network which in turn have the ability to absorb and retain sufficient 

quantity of water (Khan, S et al., 2018).  
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2.5. Hydrogels as controlled drug delivery system 

The featured characteristics of an ideal drug delivery system include biocompatibility, 

biodegradability, inertness, comfortable for patients, mechanically stable for intended 

purpose, having high loading capacity, should prevent early drug release, should easily be 

administered and removed, sterilize and easy to fabricate. Hydrogels meet with numbers of 

these requirements and have been identified as one of the major class of drug delivery vehicle 

in controlled release applications. 

Hydrogels are three dimensional network (3D) of polymer chains with good permeability, 

high absorbing capacity and rubbery or tissue like mechanical properties due to the presence 

of light crosslinks (Galaev et al., 2007; Hoare & Kohane, 2008; Peppas, Huang, Torres-Lugo, 

Ward, & Zhang, 2000). The hydrogel networks are comprised of either homopolymers or 

copolymers and remain insoluble due to the presence of physical or chemical crosslinks. In 

case of physically cross-linked gels, hydrogel synthesis occur due to the temporary bond 

formation or interactions such as hydrogen bonding, aggregation, host-guest interaction, 

crystallized domains, hydrophobic interaction, self-assembly and temperature-induced sol-gel 

transition (Khan, S et al., 2018). These type of hydrogels have the ability to undergo a 

reversible volume phase change or sol-gel-sol transition in response to any internal or 

external stimuli. These hydrogels have found great potential to be used in biomedical and 

pharmaceutical applications such drug delivery, tissue engineering and gene delivery etc. In 

such type of hydrogels, the active pharmaceuticals are loaded in the polymer matrix and also 

protect them from enzymatic, environmental and hydrolytic degradations (Appel et al., 2015; 

F. Wang et al., 2010).  

In case of chemically cross-linked hydrogels, the polymer chains are entangled by the 

formation of chemical bond that lead to the formation of permanent gels. These gels don‘t 

have the ability of phase transition but can provide the release of loaded therapeutics for a 

prolonged period. These permanent links are created by the incorporation of various 

crosslinking agents such as glutaraldehyde, N, N, methylene-bis-acrylamaide, epichlorhydrin 

etc. With the developing progress in drug delivery, the physiological environment of the body 

play a vital role and need to be considered to develop an effective delivery system. Therefore, 

smart polymers with their ability to respond to the physiological conditions in the human 

body have been extensively studied in drug delivery field over many decades (Khan, S et al., 

2016). They can be synthesized in various physical forms (L. Liu, Chakma, & Feng, 2008; 

Loh et al., 2008). such as pressed powder matrices, microparticles, solid moulded forms, 

nanogels, coatings, encapsulated solids, membranes, films, slabs and injectable depot forms. 
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They have been extensively utilized in such applications as bioadhesives (I.-M. Chung et al., 

2008), biomolecules (Kanazawa et al., 2008), artificial organs (Dai & Barbari, 2000; 

Kobayashi, Toguchida, & Oka, 2003), biosensors (Hansoo Park, Temenoff, Tabata, Caplan, 

& Mikos, 2007; Quinn, Connor, & Heller, 1997), contact lenses (Uchida, Sato, Tanigawa, & 

Uno, 2003), biosynthetic bandages (Jinah Kim, Conway, & Chauhan, 2008; Pratoomsoot et 

al., 2008), soft tissues (Dalton & Shoichet, 2001), and matrixes in tissue engineering 

applications (Freier, Montenegro, Shan Koh, & Shoichet, 2005; Linnes, Ratner, & Giachelli, 

2007; Hansoo Park, Temenoff, Holland, Tabata, & Mikos, 2005).  

In regenerative medicine and tissue engineering fields, hydrogels have been utilized as 

promising materials for the regeneration and repair of soft tissues (Brandl, Seitz, Teßmar, 

Blunk, & Göpferich, 2010; Möller, Weisser, Bischoff, & Schnabelrauch, 2007), cartilages 

(Jin et al., 2009; Tan, Chu, Payne, & Marra, 2009) and bones (Ma et al., 2010; Santo et al., 

2009) where they facilitate the cell growth and regeneration by forming scaffolds. For the 

delivery of active pharmaceuticals, hydrogels have been utilized as depot systems for oral 

route, injectable depot through subcutaneous route, gastrointestinal (Hyojin Park, Park, & 

Kim, 2006; Prinderre, Sauzet, & Fuxen, 2011) nasal and ocular (Alsarra et al., 2009; 

Anumolu, Singh, Gao, Stein, & Sinko, 2009), topical and transdermal (Cassano, Trombino, 

Muzzalupo, Tavano, & Picci, 2009; Don et al., 2008) and vaginal (Aka-Any-Grah et al., 

2010; de Araújo Pereira & Bruschi, 2012). 

The attractiveness of hydrogel as drug delivery carriers in biomedical and pharmaceutical 

applications are related closely to their versatile characteristics for human use. In general, 

hydrogels are termed as biocompatible and inert thereby reporting no significant toxic effect 

after administration (Appel, del Barrio, Loh, & Scherman, 2012; Hoare & Kohane, 2008). 

The biocompatible nature of hydrogel can also be improved by selecting specific polymers in 

their composition, mainly those that display similar characteristics to the extracellular matrix, 

e.g. the water soluble polyethylene glycol (PEG) and other polysaccharides (Jagur-

Grodzinski, 2009) etc. one of the most appealing property of hydrogels is their rubbery 

consistency that resembles with the human tissues. Secondly biodegradability is another good 

characteristics of hydrogels that can be achieved by utilizing polymers with such 

characteristics that can be either enzymatically cleaved or hydrolytically break under hostile 

conditions (Jagur-Grodzinski, 2009). Moreover the physical and chemical properties of the 

hydrogels can be modified in order to acquire the necessary requirements for their intended 

use e.g. deformation capacity and adherence (Drury & Mooney, 2003). 
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Hydrogels are particularly gaining extensively attention for the improvement of controlled 

drug delivery systems owing to their highly structural porosity, nontoxicity, inert surface,   

biocompatibility, deformability, high water contents and smart nature by showing response to 

the external and internal stimuli (Drury & Mooney, 2003; Samiullah Khan et al., 2016). 

Moreover due to the high loading capacity of hydrogels, they ensure the high availability of 

drug at target site. Some of the variables that are hold responsible for their good loading and 

release characteristics include swelling behavior and network permeability. This in turn also 

depends upon the nature of the monomers and polymers used in the composition of gels as 

well as morphological (i.e. porous or non-porous nature) and structural properties of the gel 

network (Khan, S et al., 2016). 

2.5.1. General requirements 

The prime requirement of a hydrogel drug delivery system in biomedical applications is their 

biocompatibility with the body tissues. The materials used in hydrogels synthesis should not 

show any immunogenicity or toxicity and should not demonstrate any inflammatory reaction 

to body tissues. Moreover they also must show biocompatibility with any other compounds or 

additives used and their degradation products should also be non-toxic in case of 

biodegradable materials. 

Biodegradability of hydrogels is also necessary factor in order to be protected from second 

surgery to remove the implant after it performed its function. The degradation products 

should either be excreted by the kidneys or either be metabolized. Excretion of the 

degradation products also depends upon the size of the excretory metabolites. For example, 

for globular proteins the size is limited to the cut-off molecular weight of approximately 

60,000 (Yamaoka, Tabata, & Ikada, 1994). In case of tissue engineering applications, the 

degradation of materials facilitate the healing process of the organs and tissues (Benoit, 

Durney, & Anseth, 2006; K. T. Nguyen & West, 2002; Patel, Gobin, West, & Patrick, 2005). 

The available well known synthetic polymers include, poly (glycolide-co-lactide) (PLGA), 

poly (lactide) (PLA), poly (ε-caprolactone) (PCL), poly (vinyl alcohol), poly(ε-caprolactone) 

(PCL) etc. Their degradation occur either through hydrolytic cleavage by breakage of ester 

bond that finally results in hydroxyl acids excretion as their non-toxic degradation products. 

Moreover some polymers belong to natural sources having specific peptide sequences such as 

collagen and fibrin are cleaved by the enzymatic degradation (K. T. Nguyen & West, 2002).  

2.5.2. Polymers used for hydrogel preparations 

In order to develop an effective drug delivery system, the selection and utilization of 

polymers need great care. In pharmaceutical industries and research laboratories, polymers 



 

   14 
 

are highly used in controlling the release and as drug carriers. In order to maintain the rigidity 

of the dosage form and to control the release of the drug over an extended period of time, 

polymers must have some desirable characteristics.  For the last few decades, scientists are 

trying to develop new strategies and techniques using polymers from various sources for safe 

and effective delivery of pharmaceuticals. 

Hydrogels can be formulated using a wide variety of polymers from various sources. Broadly 

polymers utilized in the preparations of hydrogels for biomedical applications can be 

differentiated into two main classes as natural and synthetic polymers  

2.5.3. Hydrogels based on natural polymers 

Biopolymers i.e. derived from natural sources have been widely utilized in the development 

of CDDSs including hydrogels since few decades. Natural polymers have found potential 

biomedical applications due to their excellent biomimetic nature and inherently 

biodegradable nature. Main examples of natural biopolymers include proteins, natural 

polyesters, polysaccharides and nucleic acids (Benoit et al., 2006; Patel et al., 2005). Natural 

biodegradable polymers from polysaccharides that are used in hydrogel formulations mainly 

include hyaluronic acid (Allison & Grande-Allen, 2006; Miyamoto et al., 2004; Y. D. Park, 

Tirelli, & Hubbell, 2003), chondroitin sulfate (Q. Li et al., 2004), gum guar, cellulose, 

alginates (George & Abraham, 2006; Gombotz & Wee, 1998), gelatin (produced by partial 

hydrolysis of collagen) (Young, Wong, Tabata, & Mikos, 2005), chitin and chitosan (George 

& Abraham, 2006), dextran (Ferreira et al., 2004; Maia, Ferreira, Carvalho, Ramos, & Gil, 

2005; Van Tomme, van Steenbergen, De Smedt, van Nostrum, & Hennink, 2005) pullulan 

(M. Gupta & Gupta, 2004; Masci, Bontempo, & Crescenzi, 2002; Yuta Nomura et al., 2004) 

etc. These polymers have inherent biocompatibility, bio adhesiveness and also cause specific 

cell-material interactions. Examples of proteins utilized in hydrogels drug delivery system as 

natural polymers include fibrin, collagen, elastin and gelatin.  

2.5.4. Synthetic materials for hydrogel preparations 

As counterparts of natural polymers, material from synthetic sources can be tailored with 

wider range of chemical and mechanical properties to be used in hydrogel formulations. 

Synthetic hydrophilic polymers are considered to have tremendous properties and have wide 

possibilities to be used in network design owing to their good control on final material 

properties such as permeability for pharmaceuticals, nutrients and stiffness. However 

synthetic biomaterials need careful consideration in development owing to their toxicity and 

non-biodegradability. Moreover in most of the cases, intrinsic cellular interactions and 

biocompatibility of synthetic materials for successful application may be an issue in 



 

   15 
 

regenerating damaged tissues and should be taken into consideration in the formulations of 

hydrogels. Commonly used synthetic hydrophilic polymers include poly(2-hydroxyethyl 

methacrylate) (pHEMA), poly(N-(2-hydroxypropyl) methacrylamide) (pHPMA), 

poly(ethylene glycol) (PEG) and polyglycerol. Poly (ethylene glycol) is the commonly used 

synthetic source material in the synthesis of hydrogels (Burdick, Mason, Hinman, Thorne, & 

Anseth, 2002; Mann, Gobin, Tsai, Schmedlen, & West, 2001; Watanabe et al., 2002). 

However due to its hydrophilic nature, PEG hardly show any interactions with the peptides 

and proteins and excreted from the body through the kidneys of molecular weights up to 

30000 kDa (Yamaoka et al., 1994). In some cases amphiphilic block copolymers composed 

of hydrophobic blocks and hydrophilic PEG blocks have also been utilized widely in 

hydrogel preparation. Commonly used hydrophobic blocks include PLGA (Jeong, B et al., 

1999), PLA (Jeong, Bae, Lee, & Kim, 1997), PCL (Soo Jin Bae et al., 2006), poly (D, L-3-

methylglycolide) (PMG) (Zhong et al., 2002). In the formulation of physically cross-linked 

gels, these hydrophobic block polymers can self-assemble due to hydrophobic interactions. 

2.5.5. Hybrid hydrogels based on both polymers 

Hybrid hydrogels designed from combination of natural and synthetic materials have been 

synthesized to utilize the advantages of both i.e. polymers from natural and synthetic sources, 

control their variable properties and interaction with specific cell materials. Hybrid hydrogels 

responsive to specific cell materials have been synthesized from combination of polyethylene 

glycol (PEG) and other polymers such as collagen mimetic peptide (Burdick et al., 2002), 

chondroitin sulfate (Bryant, Arthur, & Anseth, 2005), enzyme cleavable peptides (Lutolf, MP 

et al., 2003) and cell adhesion (Ghosh, Ren, Shu, Prestwich, & Clark, 2006). Thermosensitive 

hybrid hydrogels have been synthesized from combination of natural and synthetic polymers 

with thermoresponsive monomers and polymers such as Poly (N-isopropylacrylamude), 

poloxamers and N-vinylcaprolactam (Rongsheng Zhang, 2005). pH-sensitive hybrid 

hydrogels have been synthesized from combining natural polymers with other pH responsive 

materials such as acrylic acid and methacrylic acid (Hsin-Cheng Chiu, Yi-Fong Lin, & Hung, 

2002; Y.-Y. Liu, Shao, & Lü, 2006).  

2.6. Environmentally-responsive polymers in drug delivery systems 

In recent years, smart or stimuli-responsive polymers have got huge attention in drug delivery 

applications. These are called smart as these polymers pay response to a small change in 

surrounding environment such as light, electric or magnetic fields, ionic strength, 

temperature, pH, enzyme response or specific ligands. Moreover in some responsive systems, 

more than one stimulus can be combined such as response to both temperature and pH 
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changes (Bignotti et al., 2000; Garbern, Hoffman, & Stayton, 2010). In environmental 

responsive systems, drug release is controlled by a small change in external or internal 

environment and not only as a function of time. In these type of systems, drug release change 

dramatically with the change in swelling kinetics, permeability, network structure and 

mechanical strength of the materials (Galaev et al., 2007). In drug delivery applications, 

stimuli sensitive materials which response to pH change and temperature variation are 

specially paid attention owing to their ability to reversible phase change. Their ability to 

sense change in surrounding environment can be utilized to increase the drug loading, change 

in rate of release and release site.  

2.6.1. pH-responsive polymers 

pH sensitive polymers contain typical ionizable functional groups which have the ability to 

either donate or accept protons in response to a change in environmental pH. pH responsive 

polymers have a typical pKa value and by changing the pH across the net pKa value of that 

polymer leads to change in the net charge and in turn the electrostatic interaction of the 

polymer chains. Moreover the presence of ionizable functional groups in the polymer chains 

cause the polymer chains to swell as result of high net charge repulsion and the network chain 

changed from an aggregated state to hydrated state (F. Liu, 2010). On the other hand the 

osmotic pressure created by the presence of charged counter ions leads to increase the 

hydrodynamic volume of the network chains (Gil & Hudson, 2004). 

Since human body has a variable pH range over the gastrointestinal tract, so it is quite 

interesting to target a specific organ or tissue by using corresponding polymers which showed 

a particular response to a pH change. Moreover in targeting tumor cells, the release of the 

chemotherapeutic drug can be made more specific by triggering the release in the 

extracellular acidic environment of the tumor cells. This in turn contribute to the lower 

toxicity to the surrounding normal cells and greater efficiency (Bajpai, Shukla, Bhanu, & 

Kankane, 2008). 

In delivering a drug to specific body part, the selection of the polymers in the design of drug 

delivery system should be carefully considered. For example, in most of the studies, Poly 

(acrylic acid) was extensively used in delivering drug to the intestine (Kurkuri & 

Aminabhavi, 2004). Poly (acrylic acid) which is polyelectrolyte has an ionizable COOH 

groups in its structure. So at low pH, this polyelectrolyte remain uncharged and protonated 

and eliminates the electrostatic repulsive forces which in turn leads to the formation of 

compact structure. On the other hand, as the pH of the medium cross the pKa value of the 

PAA, ionization of the -COOH groups in the network structure increased, which in turn leads 
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to higher repulsive forces in the network structure.  The presence of highly ionizable groups 

cause chain repulsion and in turn expansion which cause the polymer chains to swell. This 

relaxation or swelling of the delivery systems containing PAA polymer chains cause the 

encapsulated drug to release at intestinal pH (7.4) (Gil & Hudson, 2004; Kurkuri & 

Aminabhavi, 2004).  

On the other hand, most of the polymers trigger the release at low pH in acidic environment. 

Polymers such as chitosan, polyethyleneimine and polybases such as poly (-amino esters), 

poly (N, N‘-dimethyl aminoethyl methacrylate) (PDMAEMA) have abundant of amino 

groups in their network structure. These amino groups remains in deprotonated state at 

neutral pH but in acidic environment at low pH values, changed to protonated ionized state 

(Gil & Hudson, 2004). These type of polymeric materials are of particular importance in 

designing drug delivery carriers which are aimed to encapsulate anticancer agents and target 

tumor cells. This is because the extracellular environment of the tumor is acidic in nature 

(<6.8) so delivery carriers designed with these polymers can be used to trigger the release in 

the vicinity of tumor. Moreover the endosome and lysosomes of the cancer cell are even more 

acidic in nature pH 4.0-6.0) (Ganta, Devalapally, Shahiwala, & Amiji, 2008) as compared to 

the extracellular environment. Moreover in case of normal cells, the endosomes also has a 

slight acidic environment, which can be used to trigger the release of encapsulated drug and 

can be used in gene delivery applications (Dehousse, Garbacki, Colige, & Evrard, 2010; 

Dinesh Shenoy, Steven Little, Robert Langer, & Mansoor Amiji, 2005). 

2.6.2. Temperature-responsive polymers 

In modern drug delivery applications, polymers which sense a small variation in temperature 

have widely been investigated. Thermoresponsive polymers are characterized by the fact that 

in response to a small change in external environment temperature, they show a unique 

change in their hydrophilic/hydrophobic balance, conformation, and solubility (Shao, P et al., 

2011). 

Thermoresponsive polymers exhibit aqueous solubility across intrinsic temperature. At lower 

temperature, these polymers are soluble and transparent in water, which goes under phase 

transitions with increase in temperature.  At higher temperature, these polymer solution 

become cloud/turbid and even forms a precipitates. This intrinsic temperature point at which 

phase transition occur refers to critical solution temperature (CST).  

In the field of drug delivery, insitu gelling depot systems are of particular interest and have 

gained wide scientific attention. Insitu depot systems can be synthesized by injecting low 

viscosity solution of thermoresponsive polymers, which undergoes phase transition and fast 
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gelation in response to body temperature. This sol-gel phase transition of thermoresponsive 

polymers strongly depends upon the polymer concentrations and hydrophilic-hydrophobic 

balance. Under physiologic temperature range, this sol-gel transition takes place and leads to 

insitu gelation. 

2.6.3. Upper and lower critical solution temperature (UCST, LCST) 

Many polymers showed variable response to temperature change. Those polymers which 

become soluble with temperature increase exhibit upper critical solution temperature 

(UCST). Table 2.1 indicates some of the polymers with UCST (take from gels). On the other 

hand some polymers which become insoluble in aqueous media with temperature rise exhibit 

lower critical solution temperature (LCST).  In these type of polymers, ―hydrophobic effect‖ 

dominate which is characterized by enthalpy of water molecules with temperature rise. The 

dominant hydrophobic forces cause the precipitation of polymer out of solution. These 

polymers are able to self-organize upon heating and their self-assembling ability depends 

upon the intra and intermolecular hydrophobic interactions of structural units. Below LCST, 

water molecules interact with the hydrophilic segments of the polymers chains through 

hydrogen bonding and keep the polymer in soluble state. However with temperature rise, the 

hydrogen bonds between the structural units breaks, leaving the water molecules of network 

chains. In addition the hydrophobic interactions dominate leading to precipitation of the 

polymer and coil-to-globule phase transitions. This phase separation, which occurs mostly at 

higher polymer concentration, refers to sol-gel transition. In this process of phase transition 

or separation, the most appealing cause is the hydrophilic-hydrophobic balance in the 

polymer structure (Clark & Lipson, 2012; Tanaka, Katsumoto, Nakano, & Kita, 2013). Some 

examples of polymers with LCST are listed in Table 2.2. Various methods can be used for the 

synthesis of thermoresponsive copolymers. Some of the well-known methods include atom 

transfer radical polymerization (ATRP, reversible addition- fragmentation chain transfer 

(RAFT, ring opening polymerization and polymerization techniques. By each method 

amphiphilic copolymers with specific hydrophilic and hydrophobic segments can be 

produced.  

In literature, some of the polymers with LCST have been reported and have been used in the 

design of insitu forming depot hydrogels. In this thesis three thermoresponsive polymers with 

LCST have used and characterized with various aspects. The detailed description about these 

thermoresponsive polymers are given below. 
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Table 2.1: Examples of polymers with UCST in aqueous solution  

Polymers                                                   UCST 
o
C 

Poly(allylamine-co-allylurea) 

 

                                                     ~65 

Zwitterionic polymers like 

poly(betaines) 

                                                     ~50           

Poly(methacrylamide)                                                      ~60 

Poly(N-acryloyl glycinamide)                                                                                        ~65 

Poly(L-citrulline-co-L-ornithine)                                                      ~73 

Poly(acrylamide-co-acrylonitrile)                                                      ~85 

Poly(uracilacrylate)                                                      ~65 

 

Table 2.2: Examples of polymers with LCST in aqueous solution  

               Polymers                                         LCST 
o
C 

Poly (vinyl methyl ether), PVME           ~40 

Poly (propylene glycol), PPG                                           ~50 

Poly(N-vinylcaprolactam)          ~30 

Poly (silamine)          ~37 

Poly(methacrylic acid), PMAA          ~75 

Poly(N-isopropylacrylamide), 

PNIPAAm 

          ~32 

Hydroxypropylcellulose, HPC                                            ~55 

Poly(siloxyethylene glycol)                ~10-60 
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2.6.4. Phase transition mechanism in thermoresponsive polymers 

In order to undergo phase transition from solution to gel state, thermoresponsive polymers do 

not require a chemical stimulus which is considered one of the remarkable property of these 

polymers. Multiple theories and mechanisms have been proposed to explain the phase 

transition of these polymers in aqueous solution. However the prime mechanism involved is 

considered to be the presence of inter and intramolecular hydrogen forces, which affect the 

solubility of polymers with temperature (Y. Qiu & Park, 2001; R. Yu & Zheng, 2011).  

2.6.5. Interaction forces in phase transition  

In phase transition of thermoresponsive polymers, usually three types of interaction forces 

exist. These forces usually refers to hydrogen bonding between water molecules and 

polymers, hydrogen bonding between polymers and hydrogen bonding between water 

molecules (Soppimath, Aminabhavi, Dave, Kumbar, & Rudzinski, 2002). In addition, 

negative free energy has a vital role in polymers interaction that adopt LCST. It makes the 

interaction weakens between polymer and water molecules, while assisting the interaction 

between polymers molecules (Gallagher et al., 2014). On the other hand, increase in enthalpy, 

high entropy and negative free energy are based on thermodynamic relationship (Bengang 

Xing et al., 2002).  

For drug delivery applications, volume phase transition is an important parameter, which 

mainly depends on polymer nature and interaction forces present. The interaction forces 

tailored the phase transition include hydrogen bonding, ionic interactions, vander Waal forces 

and hydrophobic interactions (Ruel-Gariépy & Leroux, 2004; J.T. Zhang, Huang, & Zhuo, 

2004). Vander waal forces mainly take part in the phase transition of hydrophilic polymers 

specifically in case of mixed polymer solution. Moreover hydrogen bonding and hydrophobic 

interactions are involved in phase transition of thermoresponsive polymers i.e PNIPAAM 

(Schmaljohann, 2006). For example at low temperature PNIPAAM exist in hydrated state, 

while it collapse with temperature rise due to hydrophobic interactions between the functional 

groups. Hydrogen bonding also play a vital role in the interaction between water molecules 

and polymer chains below and above LCST (J.-T. Zhang et al., 2004). Moreover in case of 

pH responsive polymers such as acrylates and methacrylates, ionic interactions play an 

important role (P. Gupta, Vermani, & Garg, 2002).  

2.6.6. N-isopropylacrylamide and its copolymers 

In the class of thermoresponsive polymers, N-isopropylacrylamide (NIPAAM) and its 

copolymers have widely been explored with respect to various parameters. NIPAAM based 
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hydrogels have been investigated with respect to temperature effect and structural changes 

(Y. H. Bae, Okano, & Kim, 1990; Feil, Bae, Feijen, & Kim, 1992), tissue engineering 

(Shimizu, T et al., 2001), cell encapsulation (Na et al., 2006) and drug delivery applications 

(Coughlan, Quilty, & Corrigan, 2004; Liu et al., 2006). Atom transfer radical polymerization 

(ATRP) is the common technique used for the synthesis of poly (N-isopropylacrylamide) 

(PNIPAAM) in the laboratory. Poly (N-isopropylacrylamide) is considered to be the pioneer 

thermoresponsive polymers, used in the synthesis of insitu depot forming hydrogels. Since 

1960, various studies have been conducted on synthesis of PNIPAAM and its copolymers and 

explored in variable biomedical applications as cell culturing, drug delivery and tissue 

regeneration (Y.-S. Chen et al., 2013). It is generally well known that PNIPAAM adopt lower 

critical solution temperature (LCST) at approximately 32
o
C in aqueous solution. PNIPAAM 

remains in soluble state below 32
o
C and undergoes precipitation at or above 32

o
C in water. 

This polymer is especially important because its LCST is around physiologic temperature. 

The solubility of PNIPAAM is best explained by hydration/dehydration of polymer due to the 

presence of side chain functional groups. It is best explained by the fact that below LCST, the 

polar amide groups attract water molecules through hydrogen bonding and keep the polymer 

in hydrated expanded state. However at or above LCST, the hydrogen bonds undergo 

breakage and the water molecules leave the polymer chains. As a result, the PNIPAAM 

becomes hydrophobic in nature and dehydrated leading to precipitation and phase separation 

in aqueous solution (Zhang, X et al., 2001; Zareie et al., 2000). The LCST values of 

PNIPAAM can be controlled by polymerization with other monomers depending upon its 

hydrophilic and hydrophobic nature. The LCST value of PNIPAAM can be further reduced 

by copolymerization with more hydrophobic monomer. Likewise, grafting of PNIPAAM 

with more hydrophilic monomer can shift its LCST values to higher temperatures (Feil et al., 

1992; Yoshida, Sakai, Okano, & Sakurai, 1995). In addition, the LCST values of PNIPAAM 

can also be affected by pH variation or salts incorporation (Liu, X., et al 2004; Pei et al., 

2004). This intrinsic temperature responsive property of PNIPAAM has widely been used for 

cross-linked gels preparation with their application in cell culturing, tissue regeneration, 

chromatographic analysis, gene and drug delivery.  

Similarly the incorporation of amino or carboxyl moieties to PNIPAAM based formulations 

greatly affect their applications as biomaterials. However by grafting PNIPAAM with acrylic 

acid, the LCST values of PNIPAAM rise to higher temperature. This is suggested because of 

the increased hydrophilic nature of copolymer chain by incorporating increased carboxyl 

moieties. 
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2.6.7. Poloxamers or Pluronics 

Polyethylene glycol (PEG) owing to its excellent physicochemical and biological 

characteristics have widely been investigated for biomedical applications. It was investigated 

that PEG has lesser toxicity with prolonged medical effects. Owing to the safe nature of PEG, 

it can be beneficial to be used as starting material in amphiphilic copolymer synthesis.  

In literature, various PEG based block copolymers have been reported owing to its 

biocompatible and non-toxic nature. Nonionic polypropylene glycol (PPG) which has been 

synthesized by polymerization from propylene glycol is one of the biocompatible copolymer 

among PEG based block copolymers (Abdi et al., 2012). PEG and PPG are considered to be 

non-toxic and biocompatible and have structural similarity of polyether.  A triblock linear 

copolymer composed of PEG and PPG representing in the form of PEG-PPG-PEG refers to 

Poloxamers or Pluronics. These Poloxamers have been modified covalently to 

polyethyleneoxide (PEO) and polypropylene oxide (PPO) chains with phosgene or 

hexamethylene diisocyanate (Cohn, Sosnik, & Levy, 2003a)(Fundueanu, G 2014). So 

poloxamers or Pluronics also referred to as Polyethylene oxide-polypropylene oxide- 

polyethyleneoxide copolymers and represented as PEO-PPO-PEO triblock copolymers. 

These modified PEO-PPO-PEO triblock copolymers have widely been investigated as non-

ionic surfactants, micelles, drug delivery systems (DDS) and solubilizes (Alexandridis & 

Alan Hatton, 1995). Poloxamers aqueous solution showed phase transition from sol-gel state 

with temperature variation at lower critical solution temperature (LCST) and some specific 

copolymer concentration referred to as critical gelation concentration (CGT) (Kissel, Li, & 

Unger, 2002). In addition the LCST of poloxamers can also be controlled by length of PEO-

PPO-PEO triblock copolymers or micellar units. It was reported that aqueous concentrated 

solutions of Pluronics adopt reversible phase transition from sol-gel and gel-sol state with 

temperature range of ~ 4-32
o
C.  

The gelation mechanism of poloxamers aqueous solution have been investigated widely, 

however it‘s still debatable. Generally in most of the cases it has been hypothized that 

Pluronics demonstrated temperature dependent sol-gel transition assisted by micelles 

formation. At lower temperature below LCST, these micelles exist as unimers since the 

copolymer contain hydrophilic PEO block. With temperature increase above LCST and CGC, 

symmetrical changes occur in micelles intrinsic properties which exist as unimers and convert 

into macromers probably due to dehydration of hydrophobic PPO central block. So with 

temperature rise, the micelles packed in and convert into gel form (Rassing, McKenna, …, & 

1984, n.d.). In one study, 13C NMR study demonstrated that gelation of Pluronics aqueous 
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solution can be attributed to the hydrophobic PPO block dehydration (Rassing & Attwood, 

1982). Similarly the gelation mechanism of these triblock copolymers was studied through 

various instrumental analysis such static and dynamic light scattering spectroscopy (SLS and 

DLS), rheology, small angel X-ray scattering (SAXS) and small angel neutron scattering 

(SANS). These analysis exhibited that temperature has a dominant effect on the intrinsic 

properties of micelles structure (Overstreet, Dutta, Stabenfeldt, & Vernon, 2012; Rassing & 

Attwood, 1982; Wanka, Hoffmann, & Ulbricht, 1990). In another study, Mortensen and 

Pedersen suggested that, below LCST, the unimers occurs in equilibrium with micelles, 

which on temperature increase, shifted to micelles and cause an overall increase in the 

micelle volume fraction represented as (ɸm). As the micelle volume fraction attained a 

specific value with temperature increase, micelles converted into packed form and started 

gelation above LCST in other words (Mortensen & Pedersen, 1993). Moreover yang and ding 

groups suggested in their study that upon increase in temperature, the cross-linked pluronic 

micelles in aqueous solution can be physically gelled (Yang, Z et al., 2006 ). However these 

triblock copolymers (Pluronics) have some potential drawbacks which mainly includes the 

weak mechanical strength, high permeability and short residence time (~ 2 days) invivo 

which reflects their stability (Kabanov, Batrakova, & Alakhov, 2002; S. H. Lee, Lee, Baek, & 

Lim, 2004).  

In literature pluronic based multiblock copolymers linked with various other oligomers have 

been synthesized (H. J. Chung, Lee, & Park, 2008b). It was found that by linking with other 

components, the multi-block copolymers displayed altered LCST and CGC as compared to 

original pluronic aqueous solutions. Moreover the linked copolymers exhibit comparatively 

higher mechanical strength with resistance to rapid dissolution. For example 

thermoresponsive graft copolymer of polyacrylic acid (Polyacrylic acid-g-poloxamer) exhibit 

insitu sol-gel phase transition approximately at the same LCST at that of original poloxamer 

solution (Barreiro-Iglesias et al., 2005; H. J. Chung et al., 2008b). Moreover from the 

rheological study, it was also observed that their phase transition and gel strength also 

depends upon the concentration of polymer and pH variation. 

Pluronics have also been grafted with other pH sensitive segment and the grafted copolymer 

exhibit dual sensitivity. For instance, in one study, pluronic was grafted with poly (acrylic 

acid) i.e. PAA-g-Poloxamer and the newly developed grafted copolymer exhibit bioadhesive 

properties and thermogelation. It was also shown that the grafted copolymer displayed lower 

CGC in comparison to original poloxamer solution (Hoffman, Chen, …, & 1997, n.d.). A 

series of pluronic-127 based thermo and pH responsive penta block copolymers capped with 
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cationic polymers such as PDEAEMA-Pluronic-PDEAEMA have been synthesized and 

reported in the literature (Brian C. et al., 2003; Determan, Cox, & Mallapragada, 2007; 

Determan, Cox, Seifert, Thiyagarajan, & Mallapragada, 2005). It was found that pH variation 

successfully affect the drug release and sol-gel phase transition of the penta block 

copolymers. In another study, temperature and pH dual sensitive cross-linked hydrogels were 

synthesized from benzaldehyde capped pluronic and glycol chitosan. From their results they 

concluded that drug with variable solubility can be successfully encapsulated in these 

hydrogels and their release can be controlled by altering pH or temperature of the 

environment (Ding et al., 2010).  

2.6.7.1. Rate of degradation of poloxamers  

Since poloxamers exhibit non-biodegradability owing to their carbon-carbon backbone, so an 

important parameter of these tri-block copolymers to be used in biomedical applications is 

their insitu biodegradation. To address this problem, these micellar copolymers have been 

linked with degradable moieties notably carbonates or esters (K. Y. L. and & Mooney, 2001; 

Fu et al., 2010; Y. Wang et al., 2012). 

With the degradation of carbonate or eater moieties under physiologic environment, the 

poloxamers units also degraded into soluble micelles. Instead of some of the limitations, 

poloxamers series have widely been investigated for biomedical applications and tissue 

engineering (Yu Liu et al., 2007; Xuan et al., 2010). 

For successful controlled delivering of pharmaceutical agent, tunable degradation rate invitro 

and invivo is the principal motivation. The degradation rate can be generally controlled by 

various parameters such as type of degradable block, end group modification, copolymer 

composition, copolymer block length and environmental effect. By bringing changes in one 

or more of these components can affect the release rate and delivery profile of drug. Some 

studies also demonstrated that variable environmental conditions invitro and invivo (i.e. ions 

presence, constant body fluids flow and enzymatic effect etc) can bring changes in the 

degradation profile (Burkersroda, Schedl, & Göpferich, 2002).   

For example, in one study it was demonstrated that, the hydrophobic component block length 

(2310 and 2810 Da) and polymer concentration (20, 27 and 33 wt %) effect the invitro 

degradation profile of PEG-PLGA-PEG thermoresponsive copolymer gels. It was found that 

thermogels at higher concentration in water and with longer hydrophobic block exhibit 

slower degradation. While its invivo degradation profile exhibit rapid phase transition from 

sol-gel state at higher polymer concentration (33 wt%) after injectable administration through 



 

   25 
 

subcutaneous route in rats, which maintained a 3 dimensional gel shape for more than 1 

month (Jeong, Bae, & Kim, 2000). 

Poloxamers or triblock copolymers have various grades such as poloxamer 407 or Pluronic
® 

PF127, poloxamer P188 and poloxamer P87. These different grades of poloxamers mainly 

differ in their PEO/PPO ratios. Moreover all poloxamer grades show variable response to 

temperature change at different concentrations owing to their variable hydrophilic-

hydrophobic ratios. In the poloxamers series, poloxamer 407, which is also known as 

Pluronic
®
 PF127 have widely been studied owing to its non-toxicity and lower critical 

gelation concentration (CGC). In this thesis Pluronic
®
 PF127 have been selected and 

evaluated with respect to various parameters. A brief description of Pluronic® PF127 is given 

below. 

2.6.7.2. Pluronic
®
-127

 
(PF-127) 

Pluronic
®
-127 is triblock copolymer which belongs to poloxamers family. It consists of 

repeating monomer units of two types i.e. terminal hydrophilic components termed as 

polyethylene oxide (PEO) and a central hydrophobic block known as polypropylene oxide 

(PPO) (Khan, S et al., 2018). It has been shown in literature that PF-127 is biocompatible in 

nature with different cell types and non-irritant (Sosnik & Sefton, 2005; Yilin Cao et al., 

1998). Moreover PF-127 is FDA approved biomaterial as carrier for therapeutic agents, 

peptides and proteins (Bromberg, L 1998; Kabanov et al., 2002). In literature various studies 

has been reported utilizing PF127 as sustaining agent for the delivery of various active 

ingredients (C. Gong et al., n.d.). PF127 exhibit thermoreversible behavior to temperature 

variation. At 20 wt% or above of CGC, aqueous PF127 solution exist in liquid form at room 

temperature below its LCST and upon increase in temperature, it rapidly solidify and 

converts to gel form at body temperature. PF127 based aqueous solution is syringible and can 

easily be administered into the body via injectable route. Apart from its easy injectability, 

active drug substance can easily be encapsulated in PF127 based formulation by simple 

mixing without the application of any external stimulus like overheating etc. 

In addition PF127 based thermoresponsive formulations has advantage of being 

biocompatible with other biologic fluids (Hwang et al., 2013; Shachaf, Gonen-Wadmany, & 

Seliktar, 2010). After body administration, PF127 aqueous solution converted into semi-solid 

gel from immediately in response to body temperature. However dissolution of PF127 in 

body fluids depends upon the concentration of polymer used (Jeong, Kim, & Bae, 2012). In 

one study, Batrakova et al investigated that pluronic mainly cleared out of the body through 

renal route in unimers form (Batrakova et al., 2004). More recently sustained interleukin-1 



 

   26 
 

receptor antagonist (IL-1Ra) release from PF127 based gels has been observed in GK-rats 

models. After treatment for a month with PF127 based gels, it was investigated that the GK-

rats exhibit normal kidney function. Moreover other physiologic functions were normal as 

that of non-treated rats used as control. This showed the biocompatible nature of Pf127 based 

formulations for control protein delivery (Akash, Rehman, Sun, & Chen, 2013; Sajid Hamid 

Akash, Rehman, & Chen, n.d.).  

2.6.7.3. Thermoreversible nature of triblock PF127    

PF127 owing to its excellent characteristics has widely been investigated in biomedical field 

and tissue engineering. One of its important characteristic include thermoreversible gelation 

which mainly depends upon the PEO/PPO ratio and polymer concentration (Baum, 

Kustikova, Modlich, Li, & Fehse, 2006). PF127 exhibit sol phase (free flowing liquid) at 

room temperature (at or below 25
o
C) and rapidly converts into semisolid gel phase at body 

temperature (37
o
C). Moreover critical gelation concentration (CGC) also affect the phase 

transition of PF127 copolymer. When its concentration reached above CGC, PF127 displayed 

phase transition from sol-gel-sol at LCST (Kabanov, Zhu, & Alakhov, 2005; Sung et al., 

2003). Depending upon its concentration, PF127 remained in gel form between two transition 

temperatures. In gelation process, PF127 showed temperature dependent structural changes 

owing to the presence of hydrophobic central PPO blocks (Cho et al., 2000; Mishra, Webster, 

& Davis, 2004). Upon increase in temperature the hydrophobic interactions dominate over 

hydrophilic forces forcing the water molecules to leave the network. As a result the PPO 

central blocks become more hydrophobic and start aggregation which in turn termed as 

thermogelation. This self-aggregation property of PF127 with temperature increase mainly 

control the release of encapsulated drug and proteins and provide sustained delivery (Moreno 

et al., 2014b).  

2.6.7.4. Additives effect on thermal gelation of PF127 

Based on experimental requirement, PF127 usually show phase transition at high CGC i.e. 

20wt% or above. However it has been shown that by grafting PF127 with any other polymer, 

affect the LCST value and in turn the thermal gelation. However it mainly depends upon the 

nature of the additive polymer whether it‘s hydrophilic or hydrophobic (L. Bromberg, 

Alakhov, & Hatton, 2006; Jeong et al., 2012; Moreno et al., 2014b). Moreover by linking 

PF127 with any other polymer such chitosan, alginates, hyaluronic acid and acrylic acid etc, 

the concentration of PF127 reduces significantly than its original value which is usually 

required to attain CGC for temperature dependent sol-gel phase transition (L. Bromberg et 

al., 2006; D.-D. Guo et al., 2009; H. S. Yoo, 2007).  
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2.6.8. N-Vinylcaprolactam  

N-Vinylcaprolactam, NVCL, is a non-ionic, water soluble, thermoresponsive monomer with 

amphiphilic nature and belongs to poly-N-vinylamide polymer group. NVCL consists of 

hydrophilic components i.e. carboxylic and amide groups (lactam ring) in its side chain and 

hydrophobic segment i.e. vinyl group connected with hydrophilic amide group. Figure 

indicates the chemical structure of NVCL.  

The crystal structure of NVCL monomer was reported by Tishchenko et al. The crystals are 

triclinic of cell parameters: a = 8.170(4) A°, b = 8.094(4) A°, c = 6.799(4) A°, α= 99.92(1)
0
, 

β= 88.89(1)
0
, γ = 115.30(1)

0
 (Tishchenko, Zhukhlistova, & Kirsh, 1997). NVCL possess 

seven membered ring structure with six carbon atoms and rigid amide group. The overall 

structure display ―chair‖ conformation in which amide group is connected to double bond. 

The conformation type structure of NVCL was also reported by Kirsch et al by quantum-

chemical technique. Figure 2.1(A) shows NVCL structure determined by quantum-chemical 

method, while Figure 2.1(B) refers to chair conformation of monomer (Kirsh, Yanul, & 

Kalninsh, 1999). 

Kirsch et al confirmed through X-ray analysis that NVCL crystals has a chair conformation in 

which two monomer units are packed over each other. In general it looks like as two chairs 

has been place ―seat-on-seat‖ with their backs in opposite directions (Kirsh et al., 1999).  

NVCL is an amphiphilic compound with solubility in water and organic solvent. It has both 

polar and non-polar solubility however in aqueous solution, it has some poor solubility. 

Solution polymerization of N-Vinylcaprolactam take place in organic solvents such as 

hexane, benzene, isopropanol and isobutanol in the presence of free radicals initiator 

(Lozinsky et al., 2000).  
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Fig. 2.1. Chemical strcuture of NVCL by quantum-chemical technique (A) Chair 

conformation of NVCL (B). Chemical structure of PNVCL (C) Adopted with permission 

from 219.  

2.6.8.1. Poly (N-Vinylcaprolactam) 

Poly (N-Vinylcaprolactam), PNVCL, is a thermoresponsive, biocompatible, non-toxic, water 

soluble, non-ionic and non-adhesive polymer which belongs to poly-N-vinylamide polymers 

group. Figure 2.1(C) indicates the chemical structure of poly (N-Vinylcaprolactam).  

PNVCL in aqueous medium exhibit lower critical solution temperature (LCST) and phase 

transition at approximately 32
o
C. In the physiologic temperature range (32

o
C-37

o
C), PNVCL 

phase separate or collapse in water make it usable in biomedical field. The LCST of PNVCL 

occur at the same temperature as that of PNIPAAm. (Kirsh et al., 1999). Some other 

(A) (B) 

(C) 
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examples of the polymers with LCST include, poly (methyl vinyl ether), N-alkylated poly 

(acrylamides), Poly (N-isopropylacrylamide), methylcellulose and poloxamers or pluronics. 

Both thermoresponsive polymers, PNVCL and PNIPAAM exhibit LCST in the same 

physiologic temperature range, however their phase transition thermodynamics and gelation 

mechanism are significantly different. PNVCL has hydrophilic and hydrophobic functional 

groups which mainly take part in their phase transition. The hydrophilic groups in PNVCL 

ring include carboxylic and cyclic amide while the carbon-carbon backbone chain is 

hydrophobic in nature. The amide group in PNVCL is connected directly to the carbon-

carbon hydrophobic backbone chain. However hydrolysis of PNVCL will not lead to the 

production of small amide compound which is the ultimate requirement of applications in 

biomedical field. On the other hand PNIPAAM hydrolysis produce small toxic amide group 

which is not required in medicine. Therefore as compared to PNIPAAM, PNVCL is more 

biocompatible in nature owing to its strong stable nature against hydrolysis (A. C. W. L. and 

& Wu, 1999; Makhaeva, Tenhu, & Khokhlov, 2000). However the main limitation of 

PNVCL is its non-biodegradability and can absorb water due to the presence of hydrophilic 

groups present in its structure (Makhaeva et al., 2000).  

2.6.8.2. Thermosensitivity of PNVCL 

Phase separation of water soluble polymers with temperature increase from solution refers to 

Thermosensitivity of polymers. Thermoresponsive polymers precipitate with heating while in 

cold water, they undergoes dissolution. The temperature at which phase separation in solution 

occur and the polymer become insoluble and precipitate refers to lower critical solution 

temperature (LCST) (Vihola, n.d.).  

Amphiphilic thermoresponsive polymers soluble in water undergo self-organizing with 

temperature increase. These polymers contain hydrophilic and hydrophobic segments in their 

structure (Dubovik, Makhaeva, Grinberg, & Khokhlov, 2005). Their self-assembling 

capability resulted from inter and intramolecular hydrophobic attractive forces. Micellization, 

coil-globule transition, liquid–solid phase separation and gelation corresponds to some of 

examples of self-assembling of thermoresponsive solutions (Dubovik et al., 2005). At low 

temperature, water molecules interact with the hydrophilic segments of polymer through 

hydrogen bonding and keep the polymer in dissolved form. When temperature in increased, 

the hydrogen bonding between water molecules and hydrophilic moieties become weaken. As 

a result water molecules detached from polymer chains and in turn the hydrophobic 

interactions become dominate leading to collapsing of polymer chains and aggregation (Y. 
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Qiu & Park, 2001). The polymer phase separate in water solution and their conformation 

changes from coil to globule state as shown in Figure 2.2 (A, B) (Dubovik et al., 2005).   

However this phase transition of polymers is reversible and transform back into liquid state 

below LCST. The LCST of polymer depends on several factors which mainly includes 

concentration and molecular weight of polymer and solution composition (Markvicheva et 

al., 1991). With the increase in polymer concentration and chain length, it was observed that 

the LCST of PNVCL decreases accordingly (Chilkoti, Dreher, Meyer, & Raucher, 2002; 

Howard G. Schild & Tirrell, 1990). The LCST of PNVCL also depends upon the nature of 

additive compound, whether its hydrophilic or hydrophobic. Generally the LCST of PNVCL 

decreases with the addition of hydrophobic compound. On the other hand it has been shown 

that hydrophilic compounds increase the LCST of the PNVCL. This is because at higher 

concentration, the hydrophilic moieties in the network chain increases which in turn increase 

the interaction with water molecules. This in turn require higher temperature to make the 

interaction weaker between water molecules and polymer chain which leads to increased 

LCST of PNVCL (Vihola, n.d.). It has been reported that with salts addition, the LCST of 

PNIPAAM and PNVCL decreases accordingly (Chilkoti et al., 2002; Howard G. Schild & 

Tirrell, 1990; Shtanko, Lequieu, Goethals, & Du Prez, 2003). In another study, it has been 

reported that addition of anionic surfactants prevent the phase transition of PNVCL in 

aqueous solution. These surfactants at high concentration bind to the PNVCL through 

hydrophobic interactive forces and increase the phase transition temperature of PNVCL 

(Shtanko et al., 2003).  

The thermoresponsive property of PNVCL was observed in 1957 by Shostakovski et al. They 

found that PNVCL has LCST around 32
o
C. The first hydrogel of PNVCL has been reported 

in 1996 despite of its long history (Makhaeva et al., 2000). Makhaeva et al reported PNVCL 

based cross-linked systems of variable size and properties (Makhaeva et al., 2000). Lau 

reported that molecular weight of polymer affect the LCST and phase transition of PNVCL 

(A. C. W. L. and & Wu, 1999). Tager et al reported that PNVCL has molecular weight of 

Mw = 5x10
5 

g/mol and has LCST in physiologic temperature range of 32
o
C-34

o
C (Tager, 

Safronov, Berezyuk, & Galaev, 1994). Meeussen et al reported phase transition of PNVCL 

having variable molecular weight and their corresponding LCST values (Meeussen et al., 

2000).  

Verbrugghe et al synthesized PNVCL-g-PEO copolymers and reported that their 

thermosensitivity depends upon certain polymer concentration (Verbrugghe et al., 2003). 



 

   31 
 

Makhaeva et al observed effect of pH and surfactant concentration on swelling profile of 

PNVCL and methacrylic acid (MAA) copolymer (Makhaeva et al., 2000). 

 

 

Fig. 2.2. Response of thermoresponsive polymers to temperature variation in aqueous 

solution (A, B). Adopted with permission from Meeussen et al.  

2.7. Insitu formed depot parenteral formulations 

In the treatment of many diseases, injectable formulation for controlled drug release has been 

explored for many years. However more specifically insitu formed injectable parenteral 

hydrogels have gained wide attention owing to their ease of application and use (ChangYang 

Gong, Shi, Dong, et al., 2009; ChangYang Gong, Shi, Wu, et al., 2009; X. Wei et al., 2009).  

However the main concern encountered in case of parenteral administration is the 

management of pain and biocompatibility. Mostly drugs administered through parenteral 

route refer to those class which have short half-life and which are administered frequently. So 

such drugs incorporated in insitu depot formulations avoid the frequent administration and 

increase the patient compliance. Moreover the insitu formed parenteral depot formulation 

prolongs the half-life of such drugs by sustaining their release from days to weeks or even 

(A) 

(B) 
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months (Kempe & Mäder, 2012). Moreover insitu formed depot formulation minimize the 

blood drug fluctuation by controlling the release of drug and avoid the risks of side effects 

associated with conventional parenteral drug administration. Moreover in case of localized 

drug delivery, this depot system will provide the drug to be deposited locally in the vicinity 

of the tumor or other infection and will provide sustained drug release locally which in turn 

reduces the systemic toxicity. In addition drug delivered through particles such as 

microparticles, nanospheres (Gref et al., 1994; Torchilin, 2006), liposomes (Gref et al., 1994; 

Torchilin, 2005), nanocapsules and nanoparticles etc have the added disadvantage of syringe 

clogging, particle accumulation at application site, and provision of incomplete dose. So 

these large disadvantages associated with these particulate systems can be subsided by 

administering through injectable depot formulation with small needle which can provide 

rapid, easy and painless administration even at low cast (Giri et al., 2013). 

2.7.1. Preclinical insitu depot formulation consideration  

In the design of insitu forming depot injectable formulations, the utmost priority is the safety 

and biocompatibility of the material used. Biocompatible polymers which exhibit 

thermosensitivity and sol-gel phase transition are more significant in the design of insitu 

formed depot formulations in biomedical fields (Badi & Lutz, 2009). Some of the insitu 

formed formulations which are available commercially indicate their biocompatibility and are 

considered safe dosage form. Table 2.3 refers to some of the commercially available long 

acting implants and injectable formulations. In the synthesis of insitu formed depot 

formulations, the excipients used should be evaluated through various factors and their 

biocompatible and safe nature should be confirmed through conducting various tests such as 

acute toxicology studies, genetic toxicology studies, hemolysis studies, carcinogenicity and 

ADME studies (Wright, Sekar, van Osdol, Su, & Miksztal, 2012). Moreover tests should be 

conducted for sterility and pyrogens detection and dissolution test should be performed for 

routine analysis of the release profile. 
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Table 2.3: Some commercially available long acting injections and implants 

   Brand name Drug Dosage 

form  

Duration Route of 

administration 

Uses 

Somatuline 

Depot® 

Lanreotide Injection 3 months Subcutaneous Acromegaly 

Vivitrol® 

 

Naltrexone Injection 1 month Intramuscular Alcohol 

dependence 

Lupron Depot® Leuprolide 

acetate 

Injection 3 months Intramuscular Central 

precocious 

puberty 

DepoDur® Morphine 

sulfate 

Injection 48 h Epidural Postoperative 

pain relief 

SUPPRELIN® 

LA 

Histrelin acetate Implant 1 year Subcutaneous 

implantation 

Central 

precocious 

puberty 

OZURDEX® Dexamethasone Implant 6 months Intravitreal 

implantation 

Macular 

edema 

Trelstar® Depot Triptorelin 

pamoate 

Injection  1–3 

months 

Intramuscular Prostate 

cancer 

RISPERDAL® 

CONSTA® 

Risperidone Injection  2 weeks Intramuscular Schizophrenia 

and bipolar I 

disorder 

 

2.7.2. Insitu forming injectable hydrogels 

Conventional drug delivery systems used as multiple dosing strategies has many limitations 

in treating a disease. These limitations mainly include variable plasma drug concentration, 

potential toxic effect due to high plasma concentration and low therapy owing to lower drug 

plasma concentration. Poor patient compliance is another major drawback associated with 

conventional and multiple dosing therapy specifically in those cases which require daily base 

injections for longer time. In order to achieve effective treatment, maintenance of effective 

plasma drug concentration for long term therapy is desirable (Xu et al., 2017). Researchers 

are twisting their focus towards various novel drug formulations which can provide site 

specific and controlled release of drug. Recently scientists are striving hard for developing 

insitu forming depot gelling systems for prolonged localized and systemic delivery. These 

insitu forming systems were tested as controlled delivery carriers for drugs, genes, tissue 

engineering and cell encapsulation (Janković, Pelipenko, Škarabot, Muševič, & Kristl, 2013). 
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These insitu forming systems corresponds to formulations which exist as low-viscous fluids 

and administered into the body through injectable route which undergoes gelling or 

solidifying. Moreover these insitu gelling systems are considered ―user friendly‖ 

formulations for diagnostic and therapeutic applications (Matanović, Kristl, & Grabnar, 

2014).  

In literature, various thermoresponsive formulations used as drug delivery carriers were 

reported and generally classified into; micelles, interpenetrating network, nanoformulations, 

insitu forming gels and polymerosomes etc. Among other formulations, Insitu formed gelling 

depot systems are the most studied formulations, which corresponds to thermoresponsive 

insoluble matrices synthesized from block homo/copolymers that can absorb biologic fluids 

(Klouda & Mikos, 2008). 

In the design of insitu formed gelling systems, temperature responsive polymers which 

exhibit temperature dependent phase transition property have been used. These polymers 

mainly belong to natural and synthetic sources with lower and upper critical solution 

temperatures. Since huge work is carried out on thermoresponsive polymers in biomedical 

applications, but some problems with their response to temperature at application site has also 

been reported. However focus is given on the synthesis of new temperature responsive 

polymers with good degradability and biocompatibility (Hennink & van Nostrum, 2012; Roy, 

Brooks, & Sumerlin, 2013). Some of the well-known thermoresponsive polymers (such as 

Poly (N-isopropylacrylamide), Poloxamers/Pluronics, Poly (N-vinylcaprolactam), acrylamide 

which have widely been utilized in medicine are discussed in details above.  

2.7.3. Desirable properties of thermoresponsive injectable hydrogels 

Table 2.4 indicates some of the desirable properties of injectable insitu forming depot 

hydrogels. The ideal insitu forming hydrogel refers to system which exist in free-flowing 

solution form and on injection convert into gel form insitu at body temperature. Since 

thermoresponsive polymers are composed of hydrophilic-hydrophobic ratios, so a small 

temperature variation cause disturbance in this ratio and in turn affect the hydrophilic and 

hydrophobic interactions between water molecules and functional moieties in polymer chain. 

Thermoresponsive polymers exhibit lower critical solution temperature (LCST) which refers 

to temperature at which phase separation occur in aqueous solution. Below this LCST the 

polymers exist in dissolved form, while above LCST upon heating, the polymer precipitate 

out and become insoluble (Bajpai et al., 2008). Generally the desirable properties of 

injectable thermoresponsive hydrogels mainly include exact LCST, syringibility, polymer 

concentration, rheological behavior and stability. It is important to mention that the 
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concentration of polymer highly affect gelation temperature, gelation time, viscosity and 

rheology of thermoresponsive injectable hydrogels (L. E. Bromberg & Ron, 1998). As shown 

in figure 2.3(a), the phase transition temperature (LCST) decreased due to dominant 

hydrophobic polymer interactions with increase in polymer concentration. In addition the 

storage modulus (G‘) value, which represent the stability and setting of gel has also been 

affected with increased concentration of polymer as indicated in figure 2.3(b). As shown in 

figure 2.3(b), in the start of experiment G‘ value was low, however with temperature 

increase, a drastic increase in the storage modulus was observed which indicates the gelation 

of formulation. After setting of gel, the storage modulus becomes temperature independent. 

In addition, the storage modulus (G‘) and LCST were also found to be affected by polymer 

concentration (Ricci, Lunardi, Nanclares, & Marchetti, 2005). Moreover the 

thermosensitivity of injectable hydrogels can also be measured by various instrumental 

analysis, such as differential scanning calorimetry, thermogravimetric analysis and 

spectrometry.  

Table 2.4: Some of the important desirable properties of insitu formed injectable 

thermoresponsive polymers 

 

Thermoresponsive 

Polymers 

Gelation 

concentration (wt %) 

Gelation 

temperature 

(
o
C) 

Gelation 

mechanism  

                                           

Poly(N-

isopropylacrylamide)  

15-20 32–37 Hydrophobic 

interactions           

PEO/PPO/PEO copolymers 

(Poloxamers) 

>18 28-32 Micelle packing 

and hydrophobic 

interactions                                    

Poly (vinylcaprolactam) >10 30-32 Hydrophobic 

interactions                           
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Fig. 2.3. Phase transition of thermoresponsive aqueous solution in response to polymer 

concentration and temperature change (a). Effect of increasing temperature on changes in 

elastic modulus (G' (Pa) representing the gel state of Poloxamers 407 (b). Adopted with 

permission from Ricci et al. 

2.7.4. Mechanism of gelation  

The thermal gelation of thermoresponsive polymers in aqueous solution are believed to be 

induced by various forces and processes. These polymers mainly undergoes through 

mechanism such as hydrophobic interactions, micelles packing, coil-to-helix transition and 

physical entanglements (Klouda & Mikos, 2008). Thermoresponsive homo and copolymers 

consists of hydrophilic and hydrophobic blocks. The main theme behind thermal gelation is 

the dominant effect of hydrophobic groups i.e. ethyl, propyl, methyl groups above LCST in 

polymer chain (Y. Qiu & Park, 2001). Thermal gelation occur through various mechanism, 

such as polymer-water interaction, water-water interactions and polymer-polymer 

interactions (Klouda & Mikos, 2008). As mentioned that the phase transition of 

thermoresponsive polymers occur at LCST. At LCST, the polymer chains collapse or 

aggregated because of the liberation of water molecules from chains and the hydrophobic 

interactions become dominated.  

On thermodynamic bases, the dissolution of polymer in aqueous solution in response to 

temperature change is affected mainly by free energy mixing. As the temperature of the 

environment changes, negative free energy created, which affect the water-polymer 

interactions. This in turn facilitate the interactions between polymer-polymer and between 

water molecules.  This negative free energy (ΔG) of interactions corresponds to high entropy 

term (ΔS) which in turn is connected with increase in enthalpy term (ΔH). The 

thermodynamic equation define the free energy as follows; 
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ΔG = ΔH-TΔS 

The entropy term (TΔS) increased as result of governing interactions between water 

molecules. Similarly ΔG refers to polymer chain interactions. So as the temperature of the 

environment changes, the hydrogen bonding between water molecules and hydrophobic 

interactions also changes which in turn determine the sol-gel phase transition (Klouda & 

Mikos, 2008; Ruel-Gariépy et al., 2004).   

Subsequently, thermoresponsive amphiphilic copolymers also show thermal gelation through 

self-assembling in solution via micelle packing. Depending upon concentration, the 

thermoresponsive copolymers undergoes micelle formation in an aqueous environment at 

variable temperatures. The thermoresponsive behavior of these micelles can be modified by 

varying copolymer concentration or composition (Lai, Hong, Ku, Lai, & Chu, 2014). 

Moreover most of the lipophilic drugs have been delivered through these amphiphilic 

micelles as these are constructed of hydrophilic and hydrophobic moieties (S. Khan et al., 

2018). As these micelles size range between 20 and 100 nm, so these are not easily detected 

as antigens by reticuloendothelial system and their renal clearance is avoided. As a result 

these amphiphilic block copolymers composed of micelles provide controlled drug delivery. 

It is worth notable that phase transition to gel form of these thermoresponsive polymers occur 

through physical interactions and reversible phase change from gel-sol state can be obtained 

after the gelling stimulus removal (S. Khan et al., 2018; Matanović et al., 2014).  

2.7.5. Biocompatibility and degradability of thermoresponsive injectable hydrogels 

Two important characteristics of insitu forming thermoresponsive hydrogels include their 

insitu compatibility with body cells or tissues and degradability. Since these 

thermoresponsive hydrogels possess hydrophilic surfaces and in turn lesser interfacial free 

energy. As a result the adherence of these surfaces towards proteins and cells is reduced. The 

desirable characteristics and biocompatible nature of injectable insitu formed hydrogels 

depends not only on preparation method but also on the components used in their preparation 

(Roy et al., 2013). In literature various crosslinking approaches have been utilized for their 

synthesis such as physical and chemical methods. However physical cross-linked gels have 

widely been studied since no crosslinking agents are used in their preparation. However for 

insitu formed injectable hydrogels, biocompatibility is a key to be considered as these 

hydrogels directly come in contact with cells and tissues which should be non-toxic and elicit 

any immune response upon administration (K. M. Park et al., 2009). So injectable hydrogels 

should be non-toxic, non-carcinogenic and should not elicit any inflammatory response. In 

literature some of the injectable hydrogels have been reported to cause toxicity, immune 
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response and allergic reactions, which shows that injectable hydrogel system require 

biocompatibility and non-toxicity (Alijotas-Reig, Fernández-Figueras, & Puig, 2013b, 

2013a). Another important factor for injectable system is hydrogel porosity which 

corresponds to highly connected pores. Depending upon the application, these pores may be 

of micro or nano size. These pores facilitate the movement of nutrients and medium as well 

as the better uptake of therapeutic agent (Alijotas-Reig et al., 2013a; Kretlow & Klouda, 

2007). Moreover suitable mechanical strength at body temperature is also a key requirement 

for injectable hydrogel to provide controlled drug delivery. After administration into the 

body, the hydrogel need to maintain its shape in the mechanically dynamic environment of 

the body and be able to withstand the mechanical deformation (Gulotta & Rodeo, 2007; 

Slaughter, B et al., 2009). Moreover injectable hydrogels for tissue engineering applications 

should be able of vascularization where it obtained the nutrients and fluids and support the 

cell growth (Stevens et al., 2005). Insitu degradability which shows the timely polymeric 

breakdown into byproducts is another important aspect to be considered for insitu formed 

injectable hydrogels. Since theses insitu injectable hydrogels are formed via various bonds, 

which undergoes hydrolysis under physiologic conditions (Hatefi & Amsden, 2002). The 

polymeric matrices degraded into harmless byproducts which may be drainage through renal 

route via filtration process. Thermoresponsive micelle-forming copolymers after degradation 

can be excreted via kidney, however it depends upon their molecular weight (~40,000) 

(Nakayama et al., 2006). However degradation of insitu formed injectable hydrogels depends 

upon their compositions and materials used in their synthesis.  

Another important parameter that need to be considered for injectable hydrogels which are to 

be used for regenerative medicines and tissue engineering applications is gelation kinetics 

(Gonçalves et al., 2010; Ning et al., 2015). Viscosity of the polymeric solution before 

injection is the main factor which affects the gelation kinetics. The viscosity of the polymeric 

solution should be low enough to assist homogeneous drug dispersion before undergoing 

gelation. So viscosity is another key factor which need to be considered for insitu formed 

injectable hydrogels with respect to their syringibility (Hashimoto, Yoshida, Toyoda, & 

Takaoka, 2007). Some other factors which require consideration include, type of solvents 

used for polymer dissolution, nature of crosslinking agent, stimulus intensity for gelation and 

concentration of the components used. 

2.7.6. Release mechanism from injectable hydrogels  

In the development of new delivery system for active pharmaceuticals, determination of 

transporting medium in the gelling matrix is key to be consider. If thermoresponsive solution 



 

   39 
 

is injected into the body and which on phase transition convert from solution to gel form, 

prolonged controlled release can be obtained. Generally drug release from injectable 

hydrogels occur through various mechanism such as, swelling-controlled, erosion-controlled, 

diffusion-controlled and chemically-controlled (Hamidi, Azadi, & Rafiei, 2008). Drug 

diffusion from hydrogel matrix mainly depends upon the mesh size of gel matrix and radical 

size of drug particles. The mesh size reported for injectable hydrogels in swollen state lye in 

the range of 5-100 nm. On the other hand, if drug particle size is larger than mesh size of 

hydrogel matrix, release occur through swelling or erosion controlled mechanism (Kristl, 

Pečar, Šmid‐Korbar, & Schara, 1991). However the drug release may occur either through 

surface or bulk erosion in erosion-controlled mechanism.  

Drug release from micellar block copolymers with hydrophobic core and hydrophilic outer 

territory occur through another interesting mechanism. Drug molecules are encapsulated 

either in the hydrophilic orbitals or hydrophobic core depending on their solubility. These 

micellar polymers exhibit dramatic on-off switching drug release in response to temperature 

induced structural changes. These polymers possess specific lower critical solution 

temperature (LCST) values, which govern their swollen and shrinkage states. Below this 

LCST value, the hydrophilic outer shells exist in swollen state owing to increased interactions 

with water molecules, and release of encapsulated drug is governed by diffusion-controlled 

mechanism. At above LCST, drug release also occur through diffusion-controlled mechanism 

mostly from hydrophobic core, however the micellar copolymer exist in 

aggregated/shrinkage state and the release from gel matrix is comparatively slow (Nakayama 

et al., 2006). Figure 2.4 refers to gelation kinetics and insitu crosslinking approaches.  
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Fig. 2.4. The gelation kinetics, gelation mechanism and crosslinking approaches of injectable 

hydrogels insitu. Adopted with permission from Nakayama et al., 2006.  

2.8. Designing of insitu formed injectable hydrogels  

In literature injectable insitu formed thermoresponsive hydrogels has been designed through 

various techniques. These techniques include supramolecular injectable hydrogels through 

physically cross-linking and chemically grafted injectable hydrogels.  

2.8.1. Injectable hydrogels based on supramolecular chemistry 

A Nobel Laureate Jean- Marie Lehn 25 years ago defined that supramolecular chemistry 

refers to chemistry describes the intermolecular interactions between the two or more 

functional moieties in molecular assemblies. Supramolecular polymers are composed of 

repeating monomeric units in an organized way formed by non-covalent and reversible 

interactions (Lehn, 1990). Supramolecular assemblies can be generated through various 

intermolecular interactions such as hydrogen bonding, van der Waals forces, metal–ligand 

complexation, π- π interactions, hydrophobic interactions and electrostatic effects. Moreover 
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in the design of molecular assemblies, supramolecular concept such as molecular recognition, 

folding, molecular self-assembly, molecular architectures, host-guest chemistry and dynamic 

covalent chemistry. Through supramolecular chemistry using simpler modular units, high 

complex structures can be prepared (Folmer, BJB et al., 2000; Lehn, 2002) Through self-

assembly it‘s possible to generate intricate structures from modular structures. The self-

assembly of biomacromolecules into variable architectures can be driven through these non-

covalent interactive forces. The existence of these non-covalent interactive forces in polymer 

structures greatly affects the properties of molecular assemblies. Through self-assembly 

supramolecular phenomena, hydrogel structures which correspond to tertiary network 

structure developed from primary molecular (Appel, del Barrio, Loh, Scherman, et al., 2012; 

Loh et al., 2012). Using the intrinsic properties of supramolecular polymers, these can be 

modulated into novel self-assembled supramolecular structures such as micelles, hydrogels, 

vesicles etc.  

2.8.2. Changing polymer design via supramolecular interactions 

Molecular self-assembly is a unique process and played an essential role in the maintenance, 

emergence and improvement of life. Supramolecular chemistry offers on demand modulation 

of polymer conformation owing to the presence of reversible intermolecular interactive 

forces. Supramolecular chemistry offers a convenient and simple methodology to formulate 

block and graft copolymers through polymer self-assembly via interactive forces in aqueous 

solution. (Bigot et al., 2010). Volet and amiel et al reported micellar formation/deformation 

through supramolecular host-guest interactions based on cyclodextrins as host and poly (2-

oxazoline) as guest molecule (Gisèle Volet, Vidalay Chanthavong, Véronique Wintgens, & 

Amiel, 2005). In another study, preparation of thermoresponsive diblock copolymers based 

on PNIPAAm thermoresponsive domain and TTF-terminated PEG was reported through 

host-guest supramolecular interactions. The formation of diblock copolymer was confirmed 

through 
1
H NMR spectroscopy and other analytic techniques (Sambe et al., 2014). In the 

above examples it was concluded that host and guest interactions incorporation into the 

polymer chains can lead to the formation of self-assembled structures (J. Li et al., 2006; 

Schmidt, Hetzer, Ritter, & Barner-Kowollik, 2012). In another study, multiresponsive block 

copolymers based on cyclodextrins (CD) and PNIPAAm through host-guest complexations. 

Similarly in another example self-assembled copolymer between PNIPAAm and poly (2-

(diethylamino) ethyl methacrylate) (AD-PDEA) was also reported in the literature. It was 

observed that the two copolymers formed schizophrenic self-assembly and exhibit 

hydrophobic and hydrophobic properties in response to variable stimulus such as pH, 
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temperature and ionic strength (H. Liu, Zhang, Hu, Li, & Liu, 2009). Yuan et al. reported the 

thiolene Michael addition complexation of PNIPAAm to poly(caprolactone) (PCL) (B. Liu et 

al., 2014). In a very recent study Khan et al reported the synthesis of injectable hydrogel for 

controlled curcumin delivery in which B-cyclodextrin was used a host molecule for ethylene 

glycol and difunctional Pluronic-127 through supramolecular inclusion complexation. The 

thermoreversibility of the block macromolecule was analyzed through visual observation, 

rheological analysis and optical transmittance (S. Khan et al., 2018). Huang et al reported the 

phase switching in response to temperature or stimuli of amphiphilic copolymer composed of 

polystyrene and methoxy-tri (ethylene glycol) through host–guest complexes (Ogoshi, Shiga, 

& Yamagishi, 2012). Similarly complex polymeric structures and dendrimers can be obtained 

by modulating polymer design via incorporating supramolecular moieties. Moreover the self-

assembled/disassembled properties of complex polymer architectures can be modulated by 

incorporating guest‘s moieties or other stimuli enabling this supramolecular system suitable 

for applications in drug/gene delivery. 

2.8.3. Supramolecular chemistry in modulating polymer response to stimuli 

Various natural and synthetic polymers show response to different internal and external 

stimuli owing the presence of specific functional groups in their chemical structures. 

However the response of these polymers to various stimuli can be modulated through 

supramolecular chemistry by combining with the host molecules. Such as the phase transition 

of thermoresponsive polymer can be finely modulated by combining with the supramolecular 

host molecule. Similarly any additional stimuli can be induced through host-guest phenomena 

which make the system sensitive to multistimuli. Cyclodextrins (CDs) which is an 

amphiphilic host molecule composed of outer hydrophilic shells and hydrophobic core can 

make complexes with guest hydrophobic moieties preset in the thermosensitive polymer 

architecture which alternatively modulate the phase transition temperature of the complex 

formed. In literature various examples have been reported of CDs based complex forming 

with other thermoresponsive polymers such as Pluronics-127 (S. Khan et al., 2018), 

PNIPAAm-vinylcyclopropane (Ritter, Cheng, & Tabatabai, 2012) etc. The phase transition 

temperature (Tsol-gel) was found to be affected by either the excess addition of host CDs 

molecules or the thermoresponsive polymers. Similarly the Tsol-gel of 1,5-

dialkoxynaphthalene-terminated PNIPAAm solution was modulated CBPQT
4+

 addition, 

which facilitates the complex formation through host-guest phenomena owing to the presence 

of electron rich dialkoxynaphtalene unit (Bigot et al., 2009). In another study Khan et al 

reported the complex formation between CDs and PF-127 though host-guest interactions. 
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They reported that the excess addition of PF127 greatly affects the phase transition and a 

decreased in Tsol-gel was observed (S. Khan et al., 2018). These studies indicated that 

modulation in the Tsol-gel can be achieved via supramolecular interactions by incorporating 

high amounts of guest molecules across the copolymer chain.  

2.8.4. Multi-responsive supramolecular injectable hydrogels 

Supramolecular multi-responsive delivery systems can be synthesized by introducing other 

stimuli responsive guests or hosts in the polymer backbone which modulate the response of 

host macromolecule. For example in one study, a host-guest complex macromolecule 

composed of WP6 and the SAINT molecule with multifunctional responsiveness to pH, Ca
+2

 

and temperature (Rodell et al., 2015). The supramolecular complex showed pH response 

owing to the protonation of WP6. Moreover the macromolecule exhibit temperature 

responsiveness above 36
o
C and formed giant vesicles. It was suggested that these 

multiresponsive complexes can be used for the encapsulation of hydrophobic anticancer 

drugs such as doxorubicin. Similarly Zhang L et al reported injectable hydrogel based on 

carboxymethylchitosan-graft-poly(N-isopropylacrylamide)-glycidyl methacrylate for 

controlled 5-FU delivery through UV crosslinking. The injectable hydrogel showed dual-

response to pH and temperature. Authors found that the pH and temperature has significant 

on swelling and drug release behavior (Zhang, L et al., 2014). Similarly in another study,  

thermoresponsive copolymer based on NIPAAm and functional styrene was reported (G. Yu 

et al., 2015). In this study the authors observed that the Tsol-gel of copolymer complex 

formed through host-guest interactions was affected by the pH change of the medium. In 

another study, multiresponsive supramolecular complex was reported based on 

diaminonaphthalene end-functionalized PNIPAAm and CBPQT4
+
. The complex was formed 

through host-guest interactions between CBPQT4
+
 and diaminonaphthalene groups and the 

Tsol-gel was noted in the range of 29
o
C to 34

o
C. However it was found that upon pH change 

below 4.5 on HCl addition leading to disassembly of the complex owing to the 

aminonaphtalene group‘s protonation.  

2.9. Interactive forces in supramolecular injectable hydrogels 

2.9.1. Hydrogen bonding  

Hydrogen forces played a vital role in the design of self-assembled supramolecular hydrogels 

used in biomedical applications. Hydrogen binding assist the formation of supramolecular 

hydrogels with various desirable properties such as universal mode of attraction, facile 

synthesis and environment sensitive.  In this section we have discussed some of the examples 

utilizing hydrogen bonding in the formation of self-assembled structures. It is generally 
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believed that proteins and peptides self-assembled through hydrogen bonding. In the 

formation of supramolecular hydrogels, peptides are usually used as hydrogelators owing to 

their biocompatibility and naturally occurrence in the human body making these hydrogels 

suitable for drug delivery applications. In one study, Morris et al synthesized pH responsive 

self-assembled structure in water using naphthalene functionalized dipeptide hydrogelators 

(Morris et al., 2013). Similarly in other study, Bardelang et al reported the formation of 

responsive photo-luminescent dipeptide gels through hydrogen bonding (Bardelang et al., 

2008). Quantum dots (QDs) have also been utilized as drug delivery carriers and nowadays 

are widely explored. In one study, QDs-gel nanoformulations has been reported by 

introducing QDs into supramolecular hydrogels by applying ultrasound waves (Ye & Loh, 

2013).  

2.9.2. Host–guest complexation 

Complex formation through host-guest interactions is an interesting phenomenon in which 

the host refers to molecular structure which resembles ring shape. The host molecule contains 

an outer layer and an important core or central cavity, where it can host other threads of 

polymer. The threads polymer which corresponds to the guest molecule remained in the 

central cavity of host due to host-guest interactions. In literature mostly supramolecular 

hydrogels are reported with cyclodextrins (CDs) and cucurbit[n]urils (CB) in which they 

were used as host molecules (Jiao et al., 2012; Lan, Loh, Geng, Walsh, & Scherman, 2012). 

For example Lin et al reported the synthesis of supramolecular hydrogel based on cucurbit 

[8]uril (Q[8]) and N-(4- diethylaminobenzyl)chitosan (Lin, Li, & Li, 2013). The gel exhibit 

temperature dependent sol-gel transitions and disruption of the assembled structure indicating 

the presence of temporary host-guest interactions. Moreover the authors also observed the 

effect of pH on assembling and disassembling of supramolecular structure and found that at 

pH values, disassembly of the structure occur owing to high electrostatic repulsions. In 

another study, Khan et al reported the formation of supramolecular injectable hydrogel based 

on CDs and ethylene glycol (EG) with difunctional Pluronic-127 through host-guest 

interactions. In this study the authors reported the effect of hydrogel components on the Tsol-

gel, swelling and release profile. Authors observed that with increasing CDs and EG contents, 

Tsol-gel increased owing to the high hydrophilic gel nature, while on the other hand on 

increasing PF127 contents, Tsol-gel decreased owing to the dominant hydrophobic gel 

nature. Authors utilized these supramolecular hydrogels for controlled curcumin delivery 

through injectable route (S. Khan et al., 2018; Lin et al., 2013).  
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2.9.3. Metal-ligand complex formation 

The utilization of supramolecular hydrogels as drug delivery carriers can be increased by 

introducing metal ions in the gel network. These metal ions with many desirable properties 

such as magnetic, redox, optical and electronic can increase the stability of the complex 

formed and can modulate the physical and chemical properties of the supramolecular 

hydrogels. Moreover metal ions incorporation can assist the formation of supramolecular 

structures with 2D and 3D order. For example, Zhang et al synthesized a hydrogelator and 

introduced ruthenium-(II)tris(bipyridine) as metal complex. The authors reported that the 

ruthenium-(II)tris(bipyridine) undergoes redox change and induces the phase transition of 

self-assembly into solution form (Y. Zhang et al., 2013). In another study, Peng et al 

observed that poly-(acrylic acid) aqueous solutions undergoes reversible phase transitions 

from sol-gel/gel-sol triggered by redox reactions (F. Peng, Li, Liu, Wu, & Tong, 2008). 

Authors observed that the PAA hydrogel undergoes in dissolve state when ferric ions reduces 

from Fe(III) ions to Fe(II) ions upon exposure to light irradiation. Moreover they also 

reported that PAA hydrogel can be recovered when ferric ions oxidizes from Fe(II) ions to 

Fe(III) ions.  

2.10. Designing covalently cross-linked injectable insitu formed hydrogels 

Another approach for synthesizing insitu formed hydrogels is based on covalent bond 

formation after administration through injectable route.  

2.10.1. Chemistry of crosslinking  

In literature mostly the insitu formed hydrogels reported are synthesized via condensation or 

substitution reactions between polymers with variable nucleophilic and electrophilic 

functional groups. Ideally the crosslinking occur between the polymer functional groups and 

the functional moieties present in biological tissues orthogonally. Owing to the presence of 

diverse functional groups in the body, formation of injectable hydrogels and true 

orthogonality is a very difficult to achieve. Moreover for most of the reported injectable 

hydrogels in literature still need potential response from functional groups of biological 

proteins (Patenaude & Hoare, 2012). This positive response of biological tissue to pair with 

the polymer functional groups refers to “kinetic orthogonality‖. This term indicates that 

insitu forming gelation occur faster through insitu crosslinking chemistries than any other 

functional groups present with tissues containing functional groups (Sivakumaran, Maitland, 

& Hoare, 2011).  
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In the design of injectable covalently cross-linked hydrogels, both natural and synthetic 

polymer with variable functional groups chemistries can serve as useful backbones. Natural 

polymers owing to their desirable properties such as biocompatibility, non-toxicity, cell 

adhesion and biodegradability have make the use of these polymers important (Seo et al., 

2013).  However their biological functions depend mainly upon on their pre-defined 

chemistries. However most of the reported hydrogels in literature are composed with 

synthetic polymers and offer advantages and control over physicochemical characteristics of 

the hydrogels. However for use of synthetic polymers in injectable hydrogels, pre-

polymerization of monomers is mandatory into functional polymer probably through 

controlled radical polymerization method (Ercole, Thissen, Tsang, Evans, & Forsythe, 2012). 

For injectable hydrogel design, synthetic water soluble polymers with critical gelation 

temperature (CGT) are of great interest used in biomedical field. These polymers i.e. poly 

(vinyl caprolactone) (PVCL) (Imaz & Forcada, 2010), poly (N-isopropylacrylamide) 

(PNIPAM) (H.G. Schild, 1992) or poly (oligoethylene glycol methacrylate) (POEGMA) 

(Imaz & Forcada, 2010) exist in dissolved state below CGT and undergoes conformational 

changes into aggregated and collapse state when the temperature is above CGT. This 

temperature change can induce greater changes in gel network such as swelling and pulsatile 

drug release drug delivery applications (Patenaude & Hoare, 2012). 

2.10.2. Interaction of polymeric injectable depot with body tissues 

Since a hydrogel macromolecule is composed of many components such as polymer, 

monomer, cross linker and initiators, so for injectable hydrogel formulation it is mandatory 

that the hydrogel precursor and the degradation product should not mimic the innate and 

adaptive immune response upon administration to have potential clinical applications. 

Occurrence of inflammation upon invivo hydrogel administration may lead to antigen body 

response, granulation tissue formation and finally walling off the insitu formed hydrogel 

depot from nearby tissue owing to the formation of fibrous capsule (Patenaude & Hoare, 

2012). This walling off phenomena can affect the use of injectable hydrogels in drug delivery 

applications, cell adhesion and tissue engineering and many other applications. Owing to the 

hydrophilic and swollen nature of hydrogels, they are less proven to cause opsonization as 

compared to other particulate foreign particles (Anderson, 2001). However the disadvantage 

encountered with injectable hydrogels is the presence of residual functional material followed 

gelation which may adsorb proteins or can cause grafting reactions with surrounding tissues 

or cells. So in order to minimize the residual functional groups number after gelation, the 
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stoichiometry of the reactants in the polymer mixture need to be manipulated. Moreover if a 

reactant has high reactive functional groups and has the potential to cause an immune 

response, than in this case a reactants mixture with less deleterious functional groups can be 

utilized to observe the tissue response.  

2.10.3. Clearance of injectable hydrogel precursors 

For potential biomedical applications, the insitu formed depot hydrogels should be degraded 

into non-toxic precursors and should be cleared from the body at intended rate. The 

utilization of natural polymers such as gelatin, elastin, chitosan, alginates and hyaluronic acid 

etc in designing injectable hydrogels are highly expedited as the hydrogel can be metabolized 

and degraded at well-defined rate into non-toxic polymeric debris after invivo administration. 

On the other hand, polymers from synthetic sources with carbon-carbon backbone such as 

PEG, poly (vinylpyrrolidone) (PVP), PNIPAM, poly (hydroxyethyl methacrylate) are 

difficult to undergo degradation through natural process. For products with these polymers its 

necessary to be of low molecular weight so could be cleared through renal process from the 

body. In order to follow kidney clearance, the macromolecules molecular weight should lie in 

the range of ~20 × 10
3
 to 58 × 10

3
 g mol

−1
 which corresponds with the albumin excretion 

limit (Tao et al., 2013). However the usefulness of injectable hydrogels as drug delivery 

carrier solely depends upon the insitu rate of degradation which in turn depends upon the 

design criteria (Pasut & Veronese, 2007). For example, if a hydrogel show fast insitu 

degradation, it may result in burst release of encapsulated drug. While sustained drug release 

can be obtained through slow insitu degradation for prolonged time period. In some cases 

clearance from body for insitu formed hydrogels is not mandatory such as in case of dermal 

fillers which require non-degradable network. 

2.11. Chemistries involved in covalently grafted injectable depot hydrogels 

In the design of permanant injectable hydrogels, various crosslinking chemistries has been 

involved in covalent bond formation. Some of the chemistries involved in covalently grafted 

injectable hydrogels are discussed in the below section.  

2.11.1. Michael type addition  

In the synthesis of injectable hydrogels Mitchel type of addition has widely been investigated 

which refers to the 1, 4 addition of nucleophile the unsaturated carbonyl aldehyde or ketone 

compound at β position. This reaction involves the spontaneous enolate ion formation after 

nucleophilic attack under physiologic conditions (B. D. Mather, Viswanathan, Miller, & 

Long, 2006). This attack of nucleophile at β position basically covert the acceptor compound 

into an intermediate refers to enolate ion which finally converts into an aldehyde or ketone 
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through tautomerism. Nucleophiles which undergoes Michael type addition mainly includes 

cyanide ions, halide ions, amines, thiols and alcohols. However keeping in view the toxicity 

profile of cyanides and halides in the body, thiols, amines and alcohols are suitable 

candidates for insitu crosslinking through Mitchel type chemistry. Moreover primary and 

secondary amines have also been utilized as nucleophiles (Liang et al., 2011). However this 

Michael type addition has mostly been exhibit by hydrogel which were synthesized at 

elevated temperature under basic environment and could not use for injectable insitu formed 

hydrogels.  

On another note, in the design of injectable hydrogels via Michael type addition for drug 

delivery (DuBose, Cutshall, & Metters, 2005) and tissue engineering application (Jinah Kim 

et al., 2008), electrophiles notably α-β unsaturated compounds such as acrylates has been 

used (S. Q. Liu et al., 2010). Insitu gelation of hydrogels through Michael-type chemistry 

occur over few to ten minutes under physiologic pH and temperature that in some 

applications is undesirable owing to slow insitu gelation. The insitu gelation can be speed up 

by provision of basic environment, however biocompatibility can be encountered in case of 

some applications such as cell encapsulation (Dong et al., 2016).  

2.11.2. Insitu thermogelation based on Hydrazone bond chemistry 

When a nucleophile containing nitrogen such as from hydrazine group attacks the carbonyl 

compound i.e. ketone or an aldehyde, results in the formation of Hydrazone bond 

representing Schiff base along with the liberation of water molecule.  However in literature in 

most of the cases structurally-similar hydrazides were used as nucleophilic groups owing to 

their less toxic nature instead of hydrazines which are reported to have high toxicity. It is 

generally believed that hydrazone bond is generally more stable hydrolytically as compared 

to conventional Schiff base bond formed between primary amines and carbonyl compounds 

(Garver, Gronert, & Bierbaum, 2011).  This type of chemistry typically involve the reaction 

of hydrazide group with a carbonyl compound such as with an aldehyde. Since gelation time 

is very critical for injectable hydrogels and it is noted that gelation through hydrazone bond 

chemistry after administration occur vary quickly within seconds. Moreover the hydrazone 

bond is labile to hydrolytic activity and facilitate the degradation of insitu hydrogels over 

time. In addition the degradation of gels is also dependent on pH of surrounding medium and 

crosslinking density (Lee KY et al., 1999). It is also reported that hydrogels formed through 

hydrazone chemistry showed sufficient mechanical strength as compared to gels prepared 

through other chemistries. For example Krishna et al reported elastin based injectable 

hydrogels with aldehyde exhibiting higher mechanical strength of 1 MPa and faster gelation 
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within seconds (Krishna, Martinez, Caves, & Chaikof, 2012). Hydrogels based on hydrazone 

bond chemistry have found wide biologic applications in literature.  

2.11.3. Insitu thermogelation based on Oxime formation 

Oxime bond formation is another crosslinking chemistry exhibited by insitu formed 

thermoresponsive gels after administration. This type of bonding occur under physiologic 

conditions, when an aldehyde or ketone reacts with hydroxylamine. Moreover as compared to 

Schiff base and hydrazone cross-linking strategies, this type of crosslinking exhibit greater 

hydrolytic stability and often require an acid catalyst to proceed (Grover & Maynard, 2010; 

Kalia & Raines, 2008). Owing to their property, this oxide bonds formation seems suitable 

candidates in low pH areas of the body such as ischemic tissue and subcutaneous space where 

hydrogel formation can occur. In the design of injectable hydrogels, oxime bond chemistry is 

considered a new approach (Ossipov, Piskounova, Varghese, & Hilborn, 2010). For example, 

Grover and co-workers reported the synthesis of PEG hydrogel by crosslinking eight-arm 

aminooxy PEG (AO-PEG) using glutaraldehyde as crosslinking agent (Grover & Maynard, 

2010). Authors reported that glutaraldehyde is safe with no potential toxicity while testing on 

mesenchymal stem cells. Moreover they also observed that the gelation at the physiological 

pH occurred within 20 min, while at relatively mild acidic environment (pH=6), gelation 

occurred within 5 min which again support the oxide bond formation as it quickly occur in 

acidic environment. Since in most of the biologic applications, rapid insitu gelation kinetics is 

preferable for injectable hydrogels, however in some cases a tunable or slower gelation 

kinetic rate is needed for injectable hydrogels. Figure 2.5 refers to oxime cross linked 

injectable insitu formed hydrogels for catheter applications. 
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Fig. 2.5. Oxime crosslinked injectable insitu formed hydrogels for catheter applications. 

Reproduced with permission from (Grover, N et al., 2010).  

2.12. pH/temperature dual responsive insitu formed injectable hydrogels 

In comparison to simple thermoresponsive insitu formed injectable hydrogels, physiological 

pH/thermo dual responsive injectable hydrogels have great potential and advantages. The 

gelations of such hydrogels are not only controlled by temperature response but also change 

with the change on the surface charge of the functional moieties in the gel network. Moreover 

the release of encapsulated therapeutics from pH/thermo dual responsive hydrogels can be 

modify by changing the copolymer composition or chemical structure. A sulfamethazine-

based pH and thermo responsive pentablock copolymers injectable hydrogel was synthesized 

for controlled drug delivery applications (D. H. Kim et al., 2015; Shim et al., 2007, 2006). 

Authors showed that this copolymer aqueous solution exhibit pH and temperature dependent 

phase transition from sol-gel state. It was noticed that at higher pH values i.e. ~8, the 

copolymer was found in dissolved state, while at physiologic conditions, a stable gel was 
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observed. The high solubility of this copolymer at higher pH values was attributed to the 

sulfonamide ionization. In addition when the pH was decreased, sulfonamide undergoes 

deionization which in turn leads to increased hydrophobic interactions between sulfonamide 

and PCLA blocks resulting in viscoelastic gels. Authors loaded these injectable hydrogels 

with paclitaxel and used for invivo analysis in Sprague-Dawley rats through subcutaneous 

administration and found that the gels remained intact and degraded in six weeks which 

indicates the biocompatibility of injectable hydrogels (Shim et al., 2006).  In another study, 

novel sulfamethazine based injectable hydrogels has been reported which showed pH 

responsiveness and used for hepatocellular carcinoma therapy (Shim et al., 2007). The 

PCLA-PUSSM based copolymers existed in solution state at pH 8.5, however by decreasing 

pH to 7.4 at 37
o
C, gelation occurred at these physiologic conditions. Doxorubicin (DOX) was 

loaded in these hydrogels and the release was controlled for one month. Authors injected 

these DOX loaded copolymer solution intra-arterially into rabbits bearing hepatic tumor 

using microcatheter which become gel at physiologic conditions. Tumor growth inhibition 

was observed owing to the controlled release of DOX from depot hydrogels. Similarly in 

another study, pH and temperature responsive hydrogels were reported based on PEG-poly 

(sulfamethazine carbonate urethane) and utilized these gels for controlled delivery of 

lysozyme (Phan, Thambi, Gil, & Lee, 2017).  This PEG-PSMCU based copolymer existed in 

solution soluble state at higher pH, which becomes insoluble and precipitated out under 

physiologic conditions. Upon subcutaneous administration the copolymer solution underwent 

rapid gelation which remained intact and degraded over a month. The degradation of the gel 

under physiologic conditions is supposed to be due to the presence of carbonate functional 

groups. Moreover the controlled lysozyme from depot hydrogels was supposed to occur due 

to the hydrophobic interactions and ionic interactions between cationic lysozyme and anionic 

copolymer functional groups. In another study, pH and temperature responsive injectable 

hydrogel based on PEG-PCL with PAE, 1,6-hexane diacrylate and piperazine was prepared 

through Michael addition reaction (J. S. Yoo et al., 2006). The copolymer showed pH and 

temperature responsiveness corresponds to the ionization of PAE blocks. The copolymer 

exhibit phase conversion from sol-gel stat at physiologic conditions. Moreover it was rapidly 

degraded upon exposure to harsh environmental conditions which was suggested because of 

imbalance between hydrophilic and hydrophobic groups. In another investigation, pH- and 

temperature responsive pentablock copolymer based on PAE-PCL-PEG-PCL-PAE for 

controlled insulin release (Huynh, Kang, Li, Kim, & Lee, 2011). The pentablock copolymer 

showed phase transition from solution to gelation state under physiologic conditions and the 
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gelation was tuned by changing the hydrophobic ratios of PCL/PAE and also PEG length. 

Insulin loading in pentablock copolymer was achieved through hydrophobic and ionic 

interactions. Moreover insulin release from pentablock copolymer occurs through PAE 

blocks degradation and the release of insulin from depot hydrogel were noted for 30 days. 

However the clearance of this pentablock copolymer needed longer time to be eliminated 

from the body. In another investigation, an alternate strategy has been adopted and 

synthesized PAE copolymers without incorporation of any hydrophobic units. For example, 

copolymers based on PAE-PEG-PAE was made soluble at low pH values, however with 

increasing pH and temperature covert into gel form (Huynh, Nguyen, Huynh, & Lee, 2011). 

The developed hydrogels were biocompatible in nature and were used for controlled release 

of lidocaine. In another study, a series of poly (amino urethane) based copolymers were 

developed with poly (amidoamine) and used for prolonged controlled delivery of therapeutics 

(Dayananda, He, & Lee, 2008; Dayananda, K et al., 2007; M. K. Nguyen et al., 2011) 

Authors noted that the formulations although showed pH and temperature dependent phase 

transition, however disadvantages associated with these copolymers is their slow degradation 

under physiologic conditions which in turn needed surgical removal. So as an alternate 

strategy researchers made efforts to twist their attentions towards the synthesis of poly (β-

amino ester urethane) (PAEU) copolymers. It was found that PAEU based copolymers in 

aqueous solution exhibit pH and thermoreversible phase transition from solution to gel state 

(Huynh, Kang, et al., 2011). In PAEU based copolymers strong ionic and hydrogen bonding 

occur and play a role in their sol-gel transition. The copolymer remained in soluble state at 

lower pH and temperature (20
o
C, pH=6.0) owing to the ionic interactions between ionized 

PAEU functional moieties. However when pH was increased to physiologic environmental 

pH, deionization occur and hydrophobic interactions dominate resulting in stable gel 

formation. Moreover the PAEU based copolymers exhibit invivo gelation and their 

degradation rate was controlled by changing PEG/PAEU ratio, concentration of the 

copolymer and molecular weight. Another study states the development of injectable pH and 

temperature responsive based on poly (ethylene glycol) with poly (amino carbonate urethane) 

for controlled hGH delivery (Phan, Thambi, Duong, & Lee, 2016). The PEG-PACU based 

copolymers exhibit sol state at low pH and temperature, which undergoes gelation at 

physiologic conditions. Moreover PEG-PACU based copolymers showed degradation over 

five weeks upon subcutaneous invivo administration without causing any inflammation. 

Another strategy for controlled delivery of therapeutics through injectable route is the 

development of hybrid hydrogels. For example, in one study, a hybrid pH and 
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thermoresponsive injectable hydrogel has been reported based on biodegradable PAEU 

copolymers which make a hybrid system by coupling to sulfhydryl functional moiety of 

human serum albumin. The hybrid copolymer exhibits a thermoreversible gelation within 

physiologic temperature range and showed invivo degradation over 6 weeks. The hybrid 

hydrogel was utilized for effective delivery of recombinant uricase enzyme (Uox).  Through 

hybrid hydrogels, the Uox circulation half-life was increased and were made stable. The pH 

and temperature dependent injectable formulations have been developed by using various 

anionic and cationic copolymers which can interact with therapeutic agents through anionic 

or cationic forces (Turabee, Thambi, Lym, & Lee, 2017).  Moreover amphoteric copolymers 

containing both cationic and anionic pH sensitive moieties have also been utilized in the 

design of injectable hydrogels. For example an amphoteric copolymer based injectable 

hydrogels was developed consisted of poly (urethane amino sulfamethazine) which exhibited 

phase transition from sol to gel state. Moreover invivo subcutaneous administration of the 

copolymer showed insitu gelation in SD rats at acidic (6.5) and basic (8.5) environments. In 

addition the amphoteric copolymer exhibit controlled release of hGH for three days and was 

observed that the release mainly depends upon the mesh size of gel network and the 

interactive forces between anionic and cationic moieties. Overall in the design of pH and 

temperature responsive injectable hydrogels, appropriate balance between 

hydrophilic/hydrophobic moieties, copolymer composition, cross linker concentration and 

copolymer molecular weight must be taken into account. 

2.13. Applications of insitu formed injectable hydrogels 

Insitu formed injectable hydrogels have diverse applications and been widely utilized owing 

to their good qualities and minor disadvantages. After body administration if an injectable 

hydrogel stay for longer time period, then it may lead to toxicity owing to the presence of 

monomers in its compositions or production of byproducts. This toxicity can be prevented by 

the use of either polymers from natural sources such as polysaccharides or by use of safe 

chemicals in modifying polymers. In literature many insitu formed injectable hydrogels have 

been reported for treating various diseases by providing sustained drug release. However 

none of all were effective and after conducting clinical trials only few were approved. In 

below section some of insitu formed injectable hydrogel formulations for successful delivery 

of various pharmaceuticals, genes and other therapeutics are discussed. 

2.13.1. Insitu formed injectable hydrogels for cancer chemotherapy  

It is generally known that treatment of cancer by conventional chemotherapeutic drugs offer 

systemic toxicity with reduced advantages. Injectable hydrogels containing encapsulated 
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chemotherapeutic drug on the other hand can provide localized sustained delivery of 

chemotherapeutic drug at tumor site and can increase the overall efficiency of the treatment 

by reducing the systemic toxicity. Usually for localized treatment of cancer disease the 

environmental conditions play an important role and the use of multi-responsive injectable 

hydrogels in such applications is of great importance.  For example, in a tumor region or 

inflamed area which is of acidic environment, pH responsive delivery system combined with 

temperature responsiveness can be used for localized release of chemotherapeutic agent or 

immunotherapy using environmental pH as triggering agent. Moreover systemic therapy of 

systemic tumor can also achieved by controlled release of chemotherapeutic drug via insitu 

formed injectable hydrogel depot acting as controlled reservoir (Bae, Y et al.,  2005). In 

recent research nanotechnology based injectable hydrogels has gained wide scientists interest 

in biomedical field and in literature for sustained delivery of chemotherapeutic agents, many 

nanocomposite based injectable hydrogels has been reported. For example a protein based 

polysaccharide injectable hydrogel composed of sericin and dextran was synthesized through 

hydrazone–aldehyde chemical bonding. The hydrogels were reported to have excellent 

injectability and successful carrier for doxorubicin with controlled degradability in mouse 

malignant melanoma model (J. Liu et al., 2016). Davoodi and co-workers reported a 

microparticulate system containing a hydrophilic cis-DDP drug and hydrophobic paclitaxel 

drug. Later on these particles with encapsulated drugs were incorporated into alginate based 

injectable polymeric solution and lead into the development of microcomposite injectable 

system (Davoodi, P et al., 2016). This hydrogel system was tested for the sustained release of 

an anticancer drug with more focus at the tumor site and with reduced toxicity. In another 

study, Xu et al reported injectable nanocomposite hydrogel based on N-isopropylacrylamide 

and methacrylated poly-β-cyclodextrin for synergistic cancer treatment based on 

chemophotothermal. Later authors incorporated gold nanorods with a prodrug i.e. 

adamantane-modified doxorubicin which showed long term therapy for more than a month 

with sustained release of Dox (Xu et al., 2017).  

2.13.2. Insitu formed injectable hydrogels for chemoimmunotherapy 

In order to boost up body immune system via vaccination, injectable insitu formed depot 

hydrogels can be utilized as successful novel immunoengineering tool against immune 

compromised or cancer disease. In order to treat these diseases injectable hydrogels 

containing growth factors or macrophages or loaded with any other biological molecules that 

can either attract dendritic cells or elicit immune reaction. Moreover injectable hydrogels can 

also be loaded with antigens that can initiate an immune reaction in the host molecule. This 
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immunotherapy via injectable hydrogels can increase the overall vaccines efficiency and will 

reduce the need for subsequent painful booster doses (Yarong Liu et al., 2014).  Hori and co-

workers reported dendritic cells loaded alginate microspheres incorporated in a self-

assembled injectable hydrogel (Hori, 2009). Upon injection the dendritic cells loaded in 

microspheres attract T-cells to the desired sites and elicit an immune response. In another 

study, microparticles composed of dextran vinylsulfone and PEG4H loaded with DNA-

siRNA, dendritic cells and chemo-attractants were incorporated in polymeric solution and 

developed an insitu forming croslinked injectable gel formulation. The hydrogel was tested 

for invivo immunotherapy experiments since dendritic cells has been attracted by the 

hydrogel and which could now use as priming center for immunotherapy based on their 

invitro experiment (Singh, A., et al 2009). Similarly zhang et al in situ-forming injectable 

thermoresponsive hydrogel based on chitosan and β-glycerophosphate (GP) containing 

Fe3O4 magnetic nanoparticles loaded with Bacillus Calmette–Guerin (BCG) infiltration. 

Authors observed that after applying magnetic field the BCG residence was extended loaded 

in magnetic hydrogel which elicited a Th1 immune response and increased the antitumor 

activity by increasing the localized immune activity (D. Zhang et al., 2013). In another 

example, thermoresponsive hydrogel based on chitosan was utilized for immunotherapy 

which provides sustained doxorubicin and vaccinia virus vaccine release after administration 

through intratumoral injection. This localized application showed successful antitumor effect 

and decrease the tumor growth by increasing the CD8+ T cells which are tumor specific (Han 

et al., 2008). The therapy was proven to be effective for 60 days. 

2.13.3. Insitu formed injectable hydrogels for treating diabetes 

Diabetes mellitus (DM) which is characterized by high blood glucose level represent a group 

of metabolic disorders and it can effectively be treated by taking effective insulin injection. 

DM can be classified into two types i.e. type 1 and type 11 DM. Type 1 DM occurred from 

autoimmune disorder of insulin secreting cells and in this case to maintain normal blood 

glucose level, insulin from external source is needed. While in case of type 11 DM, there is 

reduced insulin secretion and maintenance of normal blood glucose level is also a challenge 

which in some cases is achieved by subsequent insulin injection. So owing to variable insulin 

concentrations, hypo or hyperglycemic condition can occur. In order to encounter this 

problem, insulin monitoring system which needs to be self-regulatory is essential to develop. 

Developing such system is necessary in order to maintain normal blood glucose level invivo 

by controlling insulin release (Gu et al., 2013).  



 

   56 
 

Several studies has been reported in literature for regulation of insulin via injectable depot 

formulations. For example Gu.et al reported injectable nanoformulation loaded with insulin, 

catalase and glucose oxidase. The formulation was used for insulin release in hyperglycemic 

condition through acid labile polymer network. Authors reported that the insulin release was 

sustained for 10 days in hyperglycemic condition. Glucose oxidase which is loaded in 

nanoformulation detected the high blood glucose level which in cause the conversion of 

glucose into gluconic acid. This increase gluconic acid in turn cause change in the pH and 

release insulin of the system (Gu et al., 2013). Similarly another group reported insulin 

release via self-assembled carboxymethyl-hexanoyl chitosan nanoparticles which also contain 

lysozyme. Authors reported that after single injection of the nanoformulation, controlled 

insulin release occurred which maintained the glucose level for over 10 days (Chou et al., 

2016).  In addition another nanogel based self-regulated formulation was reported for insulin 

release. The nanogels were fabricated from dextran, poly (3-acrylamidophenylboronic acid) 

and poly (N-isopropylacrylamide). Authors observed that the prepared nanogels were in the 

size range of 150 nm and which were glucose sensitive and in comparison to free insulin 

showed better efficiency in controlling the blood glucose fluctuation (Wu, Z et al., 2012).   

2.13.4. Insitu formed injectable hydrogels for cell therapy 

Cell therapy refers to the treatment or prevention of any disease by administering of cells into 

the body where regenerative medicines corresponds to maintain the normal functions of the 

tissues, cells or organs through combined action of various factors such as growth factors, 

many small molecules and some specific cells. The main challenge in cell therapy is the long 

term maintenance of incorporated cells into the host. However cells loaded in a hydrogel 

system can greatly overcome this challenge, since it provide controlled transport of cellular 

nutrients and other useful growth factors through hydrogel matrix. In literature so many cells 

have been reported which can be used in treating various diseases such as, in the treatment of 

myocardial infarction (MI), cardiovascular stem cells has been used (Levit et al., 2013; 

Sidney et al., 2016).  Similarly for treating brain injury, neuronal stem cells have been 

utilized while in case of bone diseases, osteoinductive stem cells have been used. In the 

treatment of wound healing, injectable based hydrogel therapy have been used and reported 

in literature. Generally for cell therapy and in the treatment of tissue engineering, injectable 

hydrogels based on natural polymers owing to their good biocompatibility have been widely 

utilized. Several cells types such as fibroblasts, macrophages, endothelial cells, keratinocytes, 

epithelial cells, hepatocytes and microglial cells have been delivered through injectable based 

formulations composed mainly from natural polymers. Various types of cells have been 



 

   57 
 

delivered through injectable hydrogels made up from different materials in literature. For 

example, bovine chondrocyte cells have been loaded and delivered through chitosan-

Pluronics based injectable hydrogels (K. M. Park et al., 2009). Similarly PNIPAAm-collagen 

based injectable hydrogels were used for the delivery of retinal pigment cells (Fitzpatrick, S 

et al., 2010), while chitosan-glycerol phosphate based injectable hydrogels were utilized for 

delivery of adipose mesenchymal stem cells (Gao et al., 2012). Chen et al reported the 

preparation of chitosan-PNIPAAm based injectable formulation and utilized this formulation 

for tissue regeneration by loading mesenchymal stem cells (J.-P. Chen & Cheng, 2006). 

Similarly thiolatedhyaluronic acid (HA-SH) with dextran based injectable nanogels 

formulation has also been utilized for delivery of biomolecules and cells for cell therapy and 

tissue engineering applications (Bencherif, Washburn, & Matyjaszewski, 2009). In another 

study, neuronal stem cells loaded injectable insitu formed hydrogel was developed and used 

this system for neurological diseases treatment (Hao et al., 2017).  

2.13.5. Insitu formed injectable hydrogels for tissue engineering 

Insitu formed injectable hydrogels owing to their high water contents and porous network 

have also been used as novel strategy in tissue engineering applications. In tissue engineering 

applications, mostly injectable hydrogels made from natural carbohydrate polymers such as 

hyaluronic acid, alginates, chitosan and cellulose etc have been widely used. For example, a 

chitosan-glycerol phosphate (CGP)-starch based thermoresponsive injectable hydrogel was 

used for cartilage engineered regeneration loaded with adipose-derived stromal cells (Sá-

Lima, H et al., 2010).  In another study, Geng et al reported pre-osteoblasts loaded injectable 

hydrogels based on dextran/gelatin and used these as promising materials in bone tissue 

engineering applications (Geng et al., 2012). 

2.13.6. Insitu formed injectable hydrogels for gene therapy  

Another important application of insitu formed injectable hydrogels is the sustained, long 

term gene expression where these delivery systems are used as carrier for non-viral vectors. 

Krebs et al developed various hydrogel systems based on gelatin, calcium cross-linked 

alginate and photocrosslinked alginate and used this system for controlled delivery of siRNA. 

Authors showed that the encapsulated siRNA showed good GFP as well as protein expression 

in HEK293 cells. Moreover this injectable hydrogel can also be used as duel delivery model 

for both siRNA and cells (Krebs, Jeon, & Alsberg, 2009). Similarly Lee et al delivered 

plasmid DNA through injectable hydrogel based on Pluronic F127 with acrylated chitosan via 

photo crosslinking method. Authors found increased transgene expression after gelation at 

body temperature at injection site. Moreover it was also observed that chitosan contents 
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highly affect the plasmid DNA release from hydrogel (J. I. Lee, Kim, & Yoo, 2009). 

Similarly in gene therapy applications, some other techniques have also been used such as 

encapsulation of siRNA or DNA plasmid in microparticles or nanoparticles which were 

further incorporated or coated with the polymer layers such as alginates or lucono-delta-

lactone to synthesize a macromolecular system (Roberts, Ritter, & McShane, 2013). The 

encapsulated material inside these particles release in a more controlled fashion at the site of 

administration from the porous network of the hydrogel. Similarly Nimal et al reported 

nanotigecycline /chitosan based injectable hydrogel for treatment of staphylococcal wound 

infections. Firstly nanoparticles based on these materials were fabricated which were further 

incorporated into homogenous gel. The hydrogel system was also tested for as a carrier for 

antibiotics in order to treat other infections. 
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2.14. Fluorouracil (5-FU) 

2.14.1. Physicochemical properties 

Table 2.5: Physicochemical properties of 5-FU 

Molecular formula C4H3FN2O2 

Molecular weight 130.077223 

Synonyms Fluorouracil, 5-FU, 5-flouracil, Flouro uracil, FU 

IUPAC 5-Fluoro-1H-pyrimidine-2,4-dione 

Appearance Crystalline white powder 

Odor Odorless 

Density 1.53 g/cm
3
 

Melting point 282-283 
o
C 

Boiling point 190-200  
o
C /0.1mmHg 

Refractive Index 1.54 

Flash point 196.5 
o
C 

Bioligical half life 10-20 minuets 

pKa 8.0  

Partition coefficients (log p 

value) 

-0.089 

 λmax 265 nm 

 

2.14.2. Mechanism of action 

5-FU is uracil analogue, instead of hydrogen atom it contains fluorine atom at C-5 position. 

As uracil, 5-FU uses same facilitated transport mechanism to enter into cells rapidly. 

Intracellularly conversion of 5-FU take place into different metabolites such as, fluoro-

deoxyuridine monophosphate (FdUMP), fluoro-deoxyuridine triphosphate (FdUTP) and 

fluoro-uridine triphosphate (FUTP). The action of TS and synthesis of RNA is disturbed by 

these active metabolites. Di-hydro-pyrimidine dehydrogenase (DPD) is rate limiting enzyme 

in 5-FU catabolism; it converts 5-FU into di-hydro-fluorouracil (DHFU). In liver in which 

DPS is abundantly expressed catabolize greater than 80% of administered 5-FU (Longley, D 

et al., 2003).  

 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C4H3FN2O2&sort=mw&sort_dir=asc
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2.14.3. Pharmacokinetics of 5-FU 

Absorption 

Oral Administration 

After oral administration, 5-FU displayed significant difference in bioavailability (0 to 80%) 

observed in its pharmacokinetics studies. Therefore, for the last seven years, 5-FU was 

administered less frequently through oral route (Christophidis, N et al., 1979). Significant 

variation in pharmacokinetic parameters particularly Cmax and Tmax were observed in different 

patients and different study in same patients. The basic reason behind this uneven 

bioavailability is not completely understood. 5-FU has pKa value (8.1) and mostly absorbed 

in the upper GI tract (Naguib, F et al., 1985). 

Intravenous Bolus Administration 

5-FU is commonly administered and absorbed through intravenous bolus route which is noted 

in various pharmacokinetics studies. Recommended dose of 5-FU is 10-15 mg/kg every 

week, or daily for five days once a month (Diasio & Harris, 1989). 

Continuous Infusion  

5-FU can be administered as continuous infusion to lower the severity, toxicity and side 

effect instead of intravenous bolus. Through continuous infusion, high drug amount can also 

be administered and tolerated which made it more attractive. 5-FU infusion can be continued 

for two or more weeks by using battery-operated ambulatory micro-processor pumps (Lokich 

& Becker, 1983) 

Topical Administration 

5-FU can be administered topically in skin diseases particularly premalignant and malignant 

tumor. 5-FU is available as 1 % or 5% cream or solution and can be mainly administered by 

directly applying on skin as twice daily dose for 2 to 3 weeks. Moreover in basal cell 

carcinoma (Diasio & Harris, 1989) and premalignant lesion actinic keratosis. This therapy 

has been reflected very effective. However in systemic circulation, minimum absorption of 

drug has been observed after topical 5-FU administration.  

Hepatic Arterial Infusion 

Regional infusion has many advantages in comparison to systemic chemotherapy. 5-FU or its 

derivative infusion can be administered into liver via portal vein or hepatic artery which 

represents a pharmacologically attractive route. Subsequently metastatic tumors in liver are 

more sensitive to drug for example adenocarcinoma in GI tract. After hepatic administration, 

5-FU degraded and cleared rapidly, so therefore hepatic infusion has low systemic drug 
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concentration and estimated 60% of that observed in peripheral I/V infusion (Ensminger et 

al., 1978). 

Intra-peritoneal Administration 

Another strategy for regional drug remedy is intera-peritonial administration of high drug 

concentration to the precise peritoneal area at exact time interval. This strategy is also 

attractive as hepatic arterial administration for the cancer types which shows sensitivity to 5-

FU e.g., GI tumor and ovarian cancer (Myers et al., 1984). 5-FU pharmacokinetics after intra-

peritoneal administration has been described by several studies. In Gyves study, 5-FU was 

administered as intra-peritoneal continuous infusion for 5-days. This study shows the 

potential of 5-FU which maintained 2 to 3 log greater 5-FU concentration in the peritoneal 

cavity as compared to systemic circulation.     

Distribution 

In earlier studies in animals, 5-FU has been shown to distribute freely to all the body tissue 

mainly in bone marrow, kidney, liver, spleen and small intestine. Clinical study shown that 5-

FU distribute freely throughout the body such as; pleural effusions, cerebrospinal fluid, 

penetrating into ascites, and extracellular space. After the IV bolus administration the 

distribution volume has been assessed to be 0.1 to 0.4 L/kg (Fraile, R et al., 1980).  

Metabolism 

5-FU after administration is metabolized in human by the action of enzyme i.e. dihydro-

pyrimidine dehydrogenase (DPD) in liver and other tissue (Heggie, G et al., 1987). Primary 

catabolism of 5-FU occur in liver. Moreover clearance of 5-FU through hepatic route is 

significantly shorter than the observed total body clearance (Ensminger et al., 1978). This 

recommend that elimination of 5-FU from body may occur through combined hepatic tissue 

and urinary excretion.  

Routes of Elimination 

The prime elimination of 5-FU mainly occurred through liver catabolism but it is also 

eliminated in minute quantity through urinary excretion (Heggie et al., 1987). 

Pharmacokinetics study data in plasma and urine sample by HPLC have shown that after 

administering radio-labeled 5-FU, less than 10% of drug excreted intact. This study also 

reported that 5-FU in minute amount are eliminated in unchanged form via biliary route 

(Diasio & Harris, 1989). 
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2.15. Curcumin 

2.15.1. Physicochemical properties 

Table 2.6: Physicochemical properties of Curcumin 

 

 

 

 

 

 

 

 

 

Molecular formula C21H20O6 

Molecular weight 368.38 g/mol 

Synonyms Diferuloylmethane 

Turmeric Yellow 

Yellow, Turmeri 

IUPAC (1E,6E)-1,7-Bis(4-hydroxy-3-methoxyphenyl)hepta-

1,6-diene-3,5-dione 

Appearance Bright yellow-orange powder 

Odor aromatic 

Density 0.9348  g/cm
3
 

Melting point 183 °C 

Boiling point  591.4±50.0 °C 

Refractive Index 1.643 

Bioligical half life 6-7 hours 

pKa 7.8 

Partition coefficients (log p 

value) 

3.29 

 λmax 423, 427 nm 
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2.15.2. Mechanism of action 

The exact mechanism by which curcumin induces its anti-inflammatory effect is still to be 

studied. However it is believed that curcumin inhibits the main cell signaling pathways 

including Akt, NF-κB, AP-1, or JNK mainly responsible for the induction of apoptosis and 

inflammatory response (FORMAN, CHEN, & EVANS, 1996).  

Structure of curcumin 

 

 
 

2.15.3. Pharmacokinetics of curcumin  

Absorption 

Oral Administration 

It was reported in various studies from the literature that curcumin exhibit poor absorption 

after oral administration. In one study Ravindranath et al reported that after administration of 

curcumin (400 mg) through oral route, no amount was traced in heart blood after 24 h 

administration, while almost negligible amount was found in the portal blood (Ravindranath 

& Chandrasekhara, 1980). Similarly in another study Pan et al demonstrated that after 1g/kg 

administration of curcumin through oral route, only 0.22µg/ml was observed in plasma after 

1 h (Pan, Huang, & Lin, 1999) These studies indicated that curcumin has significant lower 

availability after oral administration.   

Intra-peritoneal administration 

It was observed from the studies in literature that after intra-peritoneal administration, 

curcumin showed comparatively higher plasma concentration. In one study, Pan et al 
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demonstrated that after administering curcumin of 0.1g/kg, 2.25µg/ml was observed after 15 

minutes, while excreted out within 1 h (Pan et al., 1999). 

Intravenous bolus administration 

Curcumin after IV bolus administration was found to absorb and showed maximum plasma 

concentration. In one study, Yang et al reported that after administering curcumin through IV 

route at concentration of 10 mg/kg in rats, about 0.36 ± 0.05µg/ml was observed in plasma 

(Yang, K et al., 2007).  

Distribution  

For biological activity the uptake and distribution of curcumin to body tissues is important. In 

a study it was noticed that curcumin was found in trace amount after oral administration and 

about 90% drug was found unchanged after 24 hours in stomach and small intestine 

(Ravindranath & Chandrasekhara, 1980). Similarly Pan et al reported that after intra-

peritoneal administration of 0.1 g/kg, intestine contained about 117 µg/g of drug after 1 h of 

administration. While liver, spleen and kidney showed moderate curcumin amount(Pan et al., 

1999).  

Metabolism  

In literature, it was reported that after administration curcumin exist in conjugated form at 

various tissue sites such as sulfation and glucuronidation. It was reported that curcumin 

metabolism mostly occur in liver. In a study conducted by Holder et al reported that majorly 

curcumin was present as glucuronides of tetrahydrocurcumin and hexahydrocurcumin in bile 

in rats (Holder, G et al.,1978). Similarly other studies have also reported its presence in liver 

in conjugated form.  

Elimination  

The biological activity of curcumin also depends upon the systemic excretion of drug from 

the body. In one study it was reported that after oral administration, curcumin is excreted in 

feces and small amount in urine. Similarly after I.P and IV administration, biliary excretion 

was found for curcumin (Holder, G et al., 1978).   
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3. Materials and Methods 

3.1. Materials 

3.1.1. Chemicals 

Table 3.1 represents the list of chemicals along with manufacturer that were used in current 

research work. 

Table 3.1: List of chemicals used in the study   

Serial # Chemicals Company Name 

1 5-Fluorouracil 
Pharmedic Laboratories 

(Lahore, Pakistan) 

2 Curcumin 
Daejung Chemical company 

(Korea) 

3 N-isopropylacrylamid Sigma-Aldrich, US 

4 Pluronic-127 Sigma-Aldrich, US 

5 N-vinylcaprolactam Sigma-Aldrich, US 

6 
Polyethylene glycol 

(PEG-4000) 
Sigma-Aldrich, US 

7 Sodium alginate Sigma-Aldrich, US 

8 2-acrylamido-2-methyl propane sulfonic acid Sigma-Aldrich, US 

9 Beta-cyclodextrin Sigma-Aldrich, US 

10 N-N-methylene-bis-acrylamide Sigma-Aldrich, US 

11 Carboxymethyl chitosan Sigma-Aldrich, US 

12 Ammonium per sulfate Merck Germany 

13 Potassium di-hydrogen phosphate Merck Germany 

14 Sodium hydroxide  Merck Germany 

15 Hydrochloric Acid Merck Germany 

16 HPLC grade Ethanol Merck Germany 

17 HPLC grade Methanol Merck Germany 

18 HPLC grade Acetonitrile Merck Germany 

 

3.1.2. Equipment 

Table 3.2 comprises list of different equipment which were used in experimental research 

work. 
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Table 3.2: Instruments/equipments used in the study 

Serial 

# 
Equipment Manufacturer 

1 Electrical Analytical Balance Shimadzu, Japan 

2 Magnetic Stirrer Velp Scientifice, Italy 

3 Sonicator Elma, Germany 

4 Centrifuge machine Model-4000 China 

5 Vortex Mixed MS2- Minishaker IKA 

6 Dissolution Apparatus Pharmatest type PT-DT 7, Germany 

7 UV-Visible Spectrophotometer Shimadzu, Japan 

8 FTIR Spectrophotometer 

 

FTIR Accutrac FT/IR-4100 Series (Jasco, 

Essex, UK) 
 

9 

Thermo Gravimetric Analyzer 

 

Differential Scanning Calorimeter 

(Model: DTG 500, Shimazdu Corporation, 

Japan). 
 

Q100 DSC thermal apparatus Japan 

 

10 Scanning Electron Microscope  
 

JEOL Analytical Scanning Electron 

Microscope (JSM-6490A, Tokyo, Japan) 

11 X-ray Diffractometer  Bruker D8 Discover (Germany) 

12 Heating/Drying Oven Memmert, Germany 

13 HPLC Agilent Technologies, 1200 Series 

14 Measuring Flask Pyrex, France 

15 AR-2000 rheometer TA instrument, USA 

16 Nuclear magnetic spectrometer 
NMR (400 plus spectrometer, Bruker Ltd., 

UK) 

17 Digital water bath  (IKA, ETS-D5, Staufen, Germany) 
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3.2. Methods 

3.2.1. Self-assembled Supramolecular Thermoreversible β-Cyclodextrin/Ethylene glycol 

Injectable hydrogels with difunctional Pluronic
®

127 synthesis 

Blank and curcumin loaded supramolecular hydrogels were prepared by cold method 

reported earlier (Miao, T et al., 2015; Nasir et al., 2012) with slight modifications according 

to the feed composition ratios indicated in Table 3.3. Briefly, β-cyclodextrin (β-CD) at 

various concentrations was first dissolved in distilled water at room temperature with 

continuous stirring at 350 rpm. The solution was then sterilized by passing through filtration 

assembly using micro filter (0.45 micron) and stored at room temperature. To this solution 

ethylene glycol (EG) at various concentrations previously sterilized was added drop wise and 

mixed at 350 rpm for 1h for complete mixing. Pluronic
®
127 (PF127) with various 

concentrations was dissolved in cold distilled water (4
o
C) at 350 rpm with continuous stirring 

and sterilized by passing through a micron filter (0.45 micron). This solution was then stored 

in refrigerator till clear solution obtained. PF127 solution was then added drop wise to 

previously prepared β-CD/EG solution and mixed at 300 rpm for 1h at 20
o
C. For all the 

samples, the final copolymer solution after complete mixing by sonication for 5 min were 

incubated at room temperature for 72 h (3 days) to ensure the inclusion complexation. For the 

preparation of curcumin loaded supramolecular hydrogels, curcumin (10 mg/ml) was first 

dissolved in specific quantity of methanol and mixed with the already prepared (β-CD/EG) 

copolymer solution for 30 min to obtain Cur-β-CD/EG solution. After complete mixing, the 

Cur-β-CD/EG solution was then added drop wise to the already prepared cold PF127 solution 

and stirred for 45 min at 300 rpm to make host and guest interactions and ensure evaporation 

of methanol. The final mixture (Cur-β-CD/EG-PF127) with the Tsol-gel between 30-37
o
C at 

digital water bath were selected to be used as drug delivery depot system for curcumin. 
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Table 3.3:  Feed composition ratios of β-Cyclodextrin/Ethylene glycol/Pluronic-127 (Cur-β-

CD/EG-PF127) based thermoreversible injectable hydrogels   

  

 

 

 

 

 

 

Sample 

Codes 

PF-127 

(g) 

β-CD 

(g) 

Ethylene 

Glycol 

(g) 

Tsol-gel 

 (
o
C)  

Gelation 

Time 

(Tg) 
(Minutes) 

Curcumin 

(mg) 

 

H2O 

(g) 

PF-1 1.80 0       0 34 ± 0.30      ~8 0 QS to 10 g 

PF-2 2.00 0       0 32 ± 0.70      ~5 0 QS to 10 g 

PFCD-1 1.80 0.500 1 36 ± 0.90 ~11 100 QS to 10 g 

PFCD-2 1.80 0.750 1 36 ± 0.40 ~9 100 QS to 10 g 

PFCD-3 1.80 1 1 36± 0.10 ~8 100 QS to 10 g 

PFCD-4 2.00 1 1 35± 0.70 ~6 100 QS to 10 g 

PFCD-5 2.50 1 1 34± 0.90 ~5 100 QS to 10 g 

PFCD-6 3.00 1 1 34 ± 0.10 ~3 100 QS to 10 g 

PFCD-7 2.50 0.750 1 34 ± 0.10 ~6 100 QS to 10 g 

PFCD-8 2.50 0.750 1.25 35± 0.10 ~6 100 QS to 10 g 

PFCD-9 2.50 0.750 1.50 36± 0.40 ~6.5 100 QS to 10 g 

PFCD-10 2.50 0.750 1.20 37± 0.10 ~6.5 120 QS to 10 g 

PFCD-11 2.50 0.750 1.20 36± 0.90 ~6 150 QS to 10 g 

PFCD-12 2.50 0.750 1.20 36± 0.50 ~5 170 QS to 10 g 
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3.2.2. Fabrication, rheological analysis and invitro characterization of insitu chemically 

crosslinkable Poly (PF127-grafted-Carboxymethyl chitosan) thermogels as controlled 

and prolonged drug depot for localized and systemic delivery 

A series of chemically grafted Poly (PF127-grafted-CMCS) thermogel samples were 

prepared using a combined method of cold and insitu grafting technique (McKenzie et al., 

2015, 2016; S. Yu et al., 2017). Table 3.4 indicates the feed composition ratio of thermogel 

samples. Briefly, a weight amount of PF-127 according to feed composition ratio reported in 

Table 3.4 was first dissolved in cold distilled water at 400 rpm with continuous stirring. The 

PF-127 solution was then kept in refrigerator at 4
o
C to obtain a clear transparent solution for 

24 h for further processing. Carboxymethyl chitosan (CMCS) was dissolved in distilled water 

at room temperature at 300 rpm for 30 minutes with continuous stirring according to the ratio 

composition shown in Table 3.4. The CMCS solution was then passed through filtration 

assembly for sterilization using micron filter (0.45 micron) and was stored at room 

temperature till further use. The CMCS solution was then added drop wise into previously 

prepared PF-127 solution and was stirred for 1 h to ensure the complete copolymer mixing. 

Then ammonium persulphate which was previously sterilized by autoclaving (120
o
C, 15 psi) 

was added drop wise to the copolymer mixture. Finally glutaraldehyde (GA) in various ratio 

was added to the copolymer solution and was kept on stirring for 30 minutes under nitrogen 

bubbling and temperature controlled aseptic conditions. The final copolymer solution was 

passed through micron filter for sterilization and stored in previously sterilized glass tubes 

until further use. Fig 3.1 refers to proposed crosslinking mechanism of chemically grafted 

Poly (PF127-g-CMCS) thermogels.  

Preparation of 5-FU loaded thermogels 

5-FU loaded thermogels were prepared by adding a calculated amount of 5-FU (10 mg/ml) in 

final copolymer solution following filtration and dissolved under continuous stirring. After 

uniform mixing, transparent solution was poured into pre-labeled sterile glass tubes and 

stored till further use. The thermogel samples with the phase transition temperature between 

30 and 37
o
C at digital water bath were selected to be used as drug delivery depot system for 

5-FU. 
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Fig. 3.1 Schematic representation of glutaraldehyde crosslinked poly (CMCS-g-PF127) 

thermogels 
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Table 3.4: Feed composition ratios of chemically grafted (PF127-g-CMCS) thermogels 

Sample 

Codes 

PF-127 

(g) 

CMCS 

(g) 

GA 

(g) 

APS 

(g) 

Tsol-gel 

(
o
C) 

Gelation 

Time (Tg) 

(minutes ) 

5-FU 

(mg) 

H2O  

(g) 

PFCMC-1 1.80 0.150 0.020 0.015 36 ± 0.10 ~6 100 QS to 10 g 

PFCMC-2 1.80 0.200 0.020 0.015 36 ± 0.90 ~7 100 QS to 10 g 

PFCMC-3 1.80 0.250 0.020 0.015 37 ± 0.20 ~9 100 QS to 10 g 

PFCMC-4 2.00            
0.250 

0.020 0.015 36 ± 0.70 ~6  100 QS to 10 g 

PFCMC-5 2.25 
0.250 

0.020 0.015 34 ± 0.90 ~5 100 QS to 10 g 

PFCMC-6 2.50 
0.250 

0.020 0.015 32 ± 0.80 ~4  100 QS to 10 g 

PFCMC-7 2.00 0.150 0.025 0.015 35 ± 0.50 ~4.5 115 QS to 10 g 

PFCMC-8 2.00 0.150 0.030 0.015 36 ± 0.30 ~5 130 QS to 10 g 
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3.2.3. Preparation of pH/thermo dual responsive Poly (CMCS-g-NIPAAm) insitu gel 

formulations 

The chemically crosslinked insitu formed Poly (CMCS-g-NIPAAm) depot gel formulations 

were prepared via free radical polymerization technique (Shihui Y et al., 2017, Nasir F., 

2012). Briefly, an appropriate amount of CMCS was first dissolved at room temperature in 

distilled water with continuous magnetic stirring at 300 RPM for 30 minutes according to the 

feed ratio composition given in Table 3.5. The polymeric solution was then filtered using 

micro filter (0.45) and was stored at room temperature till further use. NIPAAm with 

different weight ratio was dissolved in cold distilled water and sterilized by filtration (0.45). 

The NIPAAm solution was then stored in refrigerator at 4
o
C for 24 h to obtain a transparent 

solution. With continuous stirring, a weighed amount of ammonium persulphate, previously 

sterilized by autoclaving (120
o
C, 15 psi) was added to NIPAAm solution to create free 

radicals. NIPAAm solution was then added drop wise to CMCS solution at room 

temperature. Then varying amounts of glutaraldehyde previously sterilized by autoclaving 

(120
o
C, 15 psi) was added to copolymer solution and the final mixture was continuously 

PFCMC-9 2.00 0.150 0.035 0.015 37 ± 0.10 ~6 145 QS to 10 g 
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stirred under nitrogen bubbling and temperature controlled aseptic conditions for 2 h. The 

final copolymer solution was then stored in previously sterilized glass tubes until further use. 

Fig 3.2 indicates the proposed chemical crosslinking of pH/thermo dual responsive Poly 

(CMCS-g-NIPAAm) insitu gel formulations.  
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Fig 3.2 Proposed chemical crosslinking of pH/thermo dual responsive Poly (CMCS-g-

NIPAAm) insitu gel formulations 
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Table 3.5: Feed composition ratio, gelation temperatures and time of pH/thermo dual 

responsive Poly (CMCS-g-NIPAAm) depot gel formulations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 

Codes 

PNIPAAm 

(g) 

CMCS 

(g) 

APS 

(g) 

GA (g) Tsol-gel 

(
o
C)  

Gelation 

Time (GT) 

H2O 

(g) 

IPCMCS-1 1 0.150 0.010 0.020 35 ± 0.50 ∼16 mints QS to 10 g 

IPCMCS-2 1 0.200 0.010 0.020  36 ± 0.47 ∼18 mints QS to 10 g 

IPCMCS-3 1 0.250 0.010 0.020 36± 0.90 ∼20 mints QS to 10 g 

IPCMCS-4 2.0 0.200 0.010 0.020 33 ± 0.20 ∼14 mints QS to 10 g 

IPCMCS-5 2.5 0.200 0.010 0.020 31 ± 0.05 ∼12 mints QS to 10 g 

IPCMCS-6 3.0 0.200 0.010 0.020 30 ± 0.70 ∼8 mints QS to 10 g 

IPCMCS-7 2.5 0.200 0.010 0.025 33 ± 0.70 ∼12 mints QS to 10 g 

IPCMCS-8 2.5 0.200 0.010 0.030 33 ± 0.70 ∼10 mints QS to 10 g 
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3.2.4. Synthesis of novel chemically grafted injectable Poly (N-Vinylcaprolactam-graft-

Sodium Alginate) based thermoresponsive insitu forming depot hydrogels.  

Thermoresponsive chemically grafted Poly (N-Vinylcaprolactam-graft-Sodium Alginate) i.e. 

Poly (NVCL-g-NaAlg) insitu gels with various ratios of polymer, monomer, drug and cross 

linker were prepared via a combination of cold and free radical polymerization method as 

shown in Table 3.6. Brief procedure is describe below; 

For the preparation of Poly (NVCL-g-NaAlg) insitu gels, a weighed amount of 

thermosensitive monomer N-(Vinylcaprolactam) was first dispersed in calculated quantity of 

cold distilled water with continuous stirring at 300 RPM for 1 h according to the feed ratio 

composition given in Table 3.6. The monomer dispersion was then stored in refrigerator at 

4
o
C for 24 h to obtain a clear solution. In second step, an appropriate amount of NaAlg was 

dissolved with continuous stirring at 300 RPM for 30 minutes in distilled water at room 

temperature. The previously prepared solution was then added drop wise to NaAlg solution 

with continuous stirring. A weighed amount of ammonium persulphate (NH4)2S2O8 (1.5 % 

W/W) was added to the copolymer solution to initiate the solution polymerization and the 

dispersion was kept at stirring till complete mixing. N, N-methylenebisacrylamide (MBA) 

with different weight % was dissolved in specific amount of distilled water and after 

complete dissolution was added drop wise to the already prepared copolymer solution. The 

final mixture was continuously stirred under nitrogen bubbling for 1h. 5-FU (10 mg/ml) was 

added to the solution after filtration (0.45 micron) and dissolved with continuous stirring for 

30 minutes. The final copolymer mixture was then evaluated for their physicochemical 

properties i.e. Tsol-gel, rheology measurement, clarity of the formulations, invitro drug 

release, cytotoxic studies and characterization tools (Swamy BY et al., 2013). Fig 3.3 

indicates the formation of chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels.  

 

 

 

 

 

 

 



 

   78 
 

Table 3.6: Feed composition of chemically grafted thermoresponsive Poly (NVCL-g-NaAlg) 

insitu depot hydrogels 

 

Formulation 

Codes 

NVCL 

(g) 

NaAlg 

(g) 

MBA 

(g) 

APS 

(g) 

Tsol-gel 

(
o
C) 

Gelation 

Time (Tg) 

(Minute’s) 

5-FU 

(mg) 

Distilled 

Water 

(g) 

VCAlg-1 1 0.100 0.075 0.150 35± 0.50 9 - QS to 10 g 

VCAlg-2 1 0.100 0.100 0.150 35± 0.60 8  100 QS to 10 g 

VCAlg-3 1 0.100 0.125 0.150  35 ± 0.40 7.5  100 QS to 10 g 

VCAlg-4 1 0.100 0.150 0.150  35 ± 0.50 6.5 100 QS to 10 g 

VCAlg-5 1 0.125 0.100 0.150 35 ± 0.90 8  100 QS to 10 g 

VCAlg-6 1 0.150 0.100 0.150 36 ± 0.20 9  100 QS to 10 g 

VCAlg-7 1 0.175 0.100 0.150 36 ± 0.70 8.5  100 QS to 10 g 

VCAlg-8 1.50 0.150 0.100 0.150 34 ± 0.70 6  100 QS to 10 g 

VCAlg-9 2 0.150 0.100 0.150 33 ± 0.10 5  100 QS to 10 g 

VCAlg-10 2.50 0.150 0.100 0.150 31 ± 0.90 5  100 QS to 10 g 
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Fig. 3.3 Reaction scheme of chemically grafted Poly (NVCL-g-NaAlg) thermoresponsive 

insitu depot hydrogels 
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3.2.5 Synthesis of Insitu formed chemically grafted thermogels based on Poly (2-

acrylamido-2-methylpropane sulfonic acid) with difunctional Pluronic
®
127 as 

controlled and prolonged 5-Fluorouracil depot. Invitro, invivo and preliminary safety 

evaluation 

Self-assembled (Pluronic
®
127) PF127 in situ gel formulations 

Cold method was adopted for the preparation of self-assembled PF127 in situ hydrogels. 

Briefly, for the preparation of self-assembled in situ hydrogels, a weighed amount of 

thermoresponsive polymer (PF127) was dispersed in cold distilled water alone with 

continuous stirring at 300 RPM according to the feed ratios as shown in Table 3.7. The 

polymer dispersion was then stored in refrigerator at 4
o
C for 24 h to obtain a clear polymer 

solution (Nasir F et al., 2012). The final solution was then sterilized by passing through a 

filter paper and evaluated for Tsol-gel, rheological measurement and clarity of the 

formulations. 

Preparation of chemically grafted thermoresponsive Poly (PF127-g-AMPS) insitu gels 

Mechanically stable chemically grafted thermoresponsive Poly (PF127-g-AMPS) insitu gels 

were synthesized in various ratios of polymer, monomer, drug and cross linker as shown in 

Table 3.7 via a combination of cold and free radical polymerization method. The procedure is 

briefly described here; 

For the preparation of Poly (PF127-g-AMPS) insitu gels, a weighed amount of poloxamer 

(PF127) was first dispersed in cold distilled water with continuous stirring at 300 RPM for 1 

h according to the feed ratio composition given in Table 3.7. The polymer solution was then 

stored in refrigerator at 4
o
C for 24 h to obtain a clear polymeric solution. In second step, an 

appropriate amount of AMPS was dissolved with continuous stirring at 300 RPM for 30 

minutes in distilled water at room temperature. With continuous stirring, a weighed amount 

of ammonium persulphate was added to AMPS solution to generate free radicals. After 

proper mixing, the AMPS-initiator solution was then added drop wise to previously prepared 

PF127 solution and was kept at stirring for 1 h to obtain the copolymer solution. N, N-

methylenebisacrylamide (MBA) was dissolved in specific amount of distilled water and after 

complete dissolution was added drop wise to the already prepared copolymer solution. The 

final mixture was continuously stirred under nitrogen bubbling for 1h. The final copolymer 

mixture was then sterilized by passing through filter paper and then further evaluated for their 

physicochemical properties i.e. Tsol-gel, rheology measurement, clarity of the formulations, 

invitro drug release, cytotoxic studies and characterization tools (Shihui Y et al., 2017). 
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Preparation of 5-FU loaded thermoresponsive Poly (PF127-g-AMPS) gels 

For the preparation of 5-FU loaded insitu gels, 5-FU (10 mg/ml) was added to the solution 

after filtration and dissolved with continuous stirring. After proper mixing, transparent 

solution was formed, which was poured into pre-labeled test tubes. The copolymer solutions 

with the Tsol-gel between 30 and 37
o
C at digital water bath were selected to be used as drug 

delivery depot system for 5-FU. 

Table 3.7: Formulation sheet of chemically grafted Poly (PF127-graft-AMPS) 

thermoresponsive injectable hydrogels 

  

 

 

Sample 

Codes 

PF-127 

(g) 

AMPS 

(g) 

MBA 

(g) 

APS 

(g) 

Tsol-gel 

 (
o
C)  

Gelation 

Time (Tg) 

(Minutes) 

5-FU 

(mg) 

 

H2O 

(g) 

PF-1 1 - - - 32-37 No 

gelation 

- QS to 10 g 

PF-2 1.5 - - - 35± 0.20 5  - QS to 10 g 

PF-3 2 - - -  34 ± 0.90 3 - QS to 10 g 

PFAM-1 1.50 0.25 0.125 0.150 35 ± 0.90 4  100 QS to 10 g 

PFAM-2 1.50 0.50 0.125 0.150 36 ± 0.30 4.5  100 QS to 10 g 

PFAM-3 1.50 1 0.125 0.150 36 ± 0.80 6 100 QS to 10 g 

PFAM-4 1.75 1 0.125 0.150 35 ± 0.40 4  100 QS to 10 g 

PFAM-5 2.00 1 0.125 0.150 34 ± 0.80 3.5  100 QS to 10 g 

PFAM-6 2.25 1 0.125 0.150  32 ± 0.20 3 100 QS to 10 g 

PFAM-7 2.25 1 0.150 0.150  32 ± 0.10 3  100 QS to 10 g 

PFAM-8 2.25 1 0.175 0.150 32 ± 0.70 3  100 QS to 10 g 

PFAM-9 2.25 1 0.200 0.150 32 ± 0.80 2.5  100 QS to 10 g 

PFAM-10 2.25 1 0.225 0.150 31 ± 0.20 2  100 QS to 10 g 



 

   82 
 

 

 

Fig. 3.4 Presumptive structure of thermoresponsive Poly (PF127-g-AMPS) injectable gels 
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3.3. Solid state characterization of thermoresponsive hydrogels  

3.3.1. Attenuated total reflectance-FTIR spectroscopic analysis   

To determine the possible interactions, the samples were analyzed using ATR-Fourier 

transformed infrared (FTIR) spectroscopy. Briefly the FT-IR spectra of pure materials and 

hydrogel samples were recorded using FTIR Accutrac FT/IR-4100 Series (Jasco, Essex, UK) 

equipped with MIRacle
TM

 software. All the samples were analyzed at room temperature from 

4000 to 600 cm
-1

, with a resolution of 8.0 cm
-1

 (Fang JY et al., 2008, Khan S et al., 2019). 

For FTIR spectroscopic analysis of self-assembled physical gels, freeze dried samples were 

subjected to analysis. While for chemically grafted thermogels, the dried hydrogel discs were 

powdered and used for FTIR spectroscopic analysis.   

3.3.2. 
1
H Nuclear magnetic resonance (NMR) spectroscopic analysis 

To confirm the monomer, polymer and grafted copolymer structure, samples were subjected 

to 
1
H-NMR (400 plus spectrometer, Bruker Ltd., UK) analysis using deuterium oxide (D2O) 

(as a solvent) and tetramethylsilane (TMS) as internal standard at a frequency of 400 MHz. 

The chemical shifts were represented in parts per million downfield (ppm) (Pentlavalli et al., 

2017, Khan S et al., 2019). 

3.3.3. Thermogravimetric analysis (TGA) 

The thermal properties of selected samples were measured by Thermogravimetric analyzer 

(Model: DTG 500, Shimazdu Corporation, Japan). Decomposition thermograms of TGA 

were recorded from 25
o
C to 300

o
C at hating rate of 10

o
C/min under nitrogen gas flow rate of 

30 ml min
-1

 (Khan S et al., 2018, Khan S et al., 2019).  

3.3.4. Differential scanning calorimetry (DSC) 

TA Instruments Q100 DSC thermal apparatus was used to analyze the thermal stability and 

behavior of pure materials and copolymer hydrogel samples under continuous nitrogen 

purging. Selected samples in quantity of 5 mg were sealed in an aluminum holder and heated 

in the temperature range of 20-300
o
C. The heating rate was maintained at 20

o
C/min. The heat 

flow (DSC curve) was recorded simultaneously as a function of temperature (Khan S et al., 

2018, Khan S et al., 2019).  

3.3.5. X- Ray diffraction (XRD) analysis 

X-ray diffraction patterns were recorded, in reflection, with Bruker D8 Discover (Germany) 

instrument, at 25
o
C temperature, using the nickel filtered Cu K α radiation (λ= 1.54050

o
A) 

and operating at 40 KV and 35 mA, step scan 0.1
o 

of 2θ and 1s of counting time. The range of 

diffraction angle was 10
o
-70

o 
at 2θ (Simões et al., 2012; Zu & Han, 2009, Khan S et al., 

2019).  
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3.3.6. Scanning electron microscopy (SEM) 

Structural morphologies of prepared hydrogel samples were evaluated using scanning 

electron microscopy (SEM). Analysis of samples were performed using JEOL Analytical 

Scanning Electron Microscope (JSM-6490A, Tokyo, Japan). Dried hydrogel discs were 

powdered to an optimum particle size and mounted on an aluminum stub with double 

adhesive tape. Gold sputter was used for coating gold on the stubs. Coating was performed 

under argon atmosphere. Surface morphology and cross section of hydrogel samples were 

analyzed by taking photomicrographs (Shamma, RN et al., 2017, Khan S et al., 2019). An 

accelerating voltage of 15 KV, chamber pressure of 0.6 mm Hg and variable magnification 

having working distance of 10–25 mm, was used to scan the samples. 

3.4. Invitro analysis of thermoresponsive injectable hydrogels 

3.4.1. Preparation of calibration curve 

Standard calibration curve of 5-Flourouracil (5-FU) 

The calibration curve of 5-FU was prepared using UV-Visible spectrophotometer (UV-1601 

Shimadzu). The calibration curve was prepared in the concentration range of 5 µg/ml, 10 

µg/ml, 20 µg/ml, 30 µg/ml, 40 µg/ml, 50 µg/ml, 60 µg/ml, 70 µg/ml, 80 µg/ml, 90 µg/ml and 

100 µg/ml. The calibration curve was used to calculate the amount of drug release in release 

medium during invitro drug release analysis at wavelength maxima (λmax) at 265 nm.  

 

3.4.2. Clarity of the insitu gel formulations 

The clarity of the insitu thermosensitive polymeric solutions and formed gel was observed 

visually at various temperature values i.e. 4
o
C, 25

o
C and 37

o
C (Khan, S et al., 2018,).  
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3.4.3. Phase transition temperature of the formulations (Tsol-gel) 

Tube inversion method was used for the determination of the phase transition temperature 

(Tsol-gel) of all the formulations (Nasir F et al., 2013, Khan S et al., 2018, Khan S et al., 

2019). From each formulation reported, 5 ml solution was transferred to test tube with a 

diameter of 1.0 cm sealed with parafilm. The test tube was placed in digital water bath (IKA, 

ETS-D5, Staufen, Germany) maintained at 20
o
C. Each time, the hydrogel sample was slowly 

heated at a rate of 1.0°C/min, from 20°C to the temperature at which the meniscus would no 

longer move on tilting through 90
◦
. The gelation time of hydrogel samples was determined 

using the same method at 32°C. Briefly, the hydrogel solution (5 ml) was added to a test-tube 

(10 ml), placed in a digital water bath at 32°C and time measurements initiated. The sample 

flowability was observed every 10 s by tilting the tubes. The time at which flowing of the 

samples stopped was taken as the gelation time and the values were recorded.  

3.4.4. Rheological determination 

The viscoelastic properties of prepared hydrogel formulations were measured using AR-2000 

rheometer (TA instrument, USA) fitted with 40 mm diameter parallel plate with a working 

gap of 1000 µm. The rheological properties were monitored by conducting the time sweep 

measurements at 30
o
C at a constant oscillatory frequency of 1 rad/s. Temperature sweep 

experiments were conducted by changing the temperature of circulating water bath connected 

with the rheometer over 25-40
o
C at a heating rate of 2°C per min. The dependence of 

viscosity, storage modulus (G′) and loss modulus (G′′) on temperature was evaluated at 

frequency of 1 rad/s and shear rate of 0.1 Pa in oscillation mode. The viscosity of the 

formulations as a function of the increasing shearing rate (0.1-10 s
-1

) was also monitored in 

flow model.  

Frequency sweep test was conducted to investigate the stability of the gel formlations at 

LCST (30°C). The stability of the formulations was evluated by observing the change in 

storage modulus (G′) and loss modulus (G′′) as a function of strain and frequency. The 

frequency sweep test for stability determination was conducted in the frequency range of 

0.01-50 Hz under controlled strain of 1% (Moreira, H et al., 2014, Khan S et al., 2019).  

3.4.5. Optical transmittance and temperature induced changes 

The change in transmittances of prepared hydrogel samples were monitored at variable 

temperatures using UV-Visible spectrophotometer (UV-1601 Shimadzu Corporation, Kyoto, 

Japan) at 450 nm. The transmittances for all the samples were measured using 10 mm ×10 

mm× 40mm disposable cuvettes at digital water bath. The bath temperature was varied from 
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25
o
C to 45

o
C and every test sample was maintained at that temperature for 5 mints before 

analysis for transmittance (B. Wang et al., 2016, Khan S et al., 2019). 

3.4.6. Swelling study 

3.4.6.1. Swelling study of self-assembled hydrogels 

The swelling behavior of blank self-assembled physically cross-linked hydrogels was 

analyzed in distilled water, USP phosphate buffer solution of pH 7.4 (PBS, 5 mM) and pH 

1.2 (0.1 M HCl buffer) at variable temperature programs in sealed containers. The swelling 

behavior of the thermoreversible physically cross-linked complexes was analyzed above their 

LCST (35
o
C and 40

o
C). Samples of the complex formed with a specific wet mass were 

dipped in beaker containing 50 ml of the swelling media and placed in a fan oven at the 

desired temperature. The beaker was sealed with a parafilm while in the oven to prevent 

evaporation. Periodically at specific intervals of time, the swelling media was removed by 

pouring the solution through a Buchner funnel. The sample surface was blotted with a soft 

tissue paper and the wet weight of the hydrogel sample was determined using analytical 

balance (Shimadzu, model ATY224). The samples were then submerged again in fresh 

swelling media and placed back in oven (Geever, LM et al., 2006a, Khan S et al., 2019). The 

% swelling of the samples was calculated using the following formula; 

Swelling Ratio % (SR) 
d

ds

W

WW 
 × 100                                (3.1) 

Where Ws and Wd indicates the weight of hydrogel samples in swollen and initial wet mass 

of gel sample respectively 

3.4.6.2. Swelling study of chemically grafted thermoresponsive hydrogels 

The swelling profile of chemically grafted thermoresponsive depot hydrogels was analyzed in 

USP phosphate buffer solutions (PBS, 5 mM) of different pH values (7.4 and 1.2) and at 

different temperature programs (25
o
C, 37

o
C) in sealed containers. At regular and specific 

time intervals, the swollen hydrogels discs were removed from the buffer solution, wiped 

with a soft tissue paper before being weighed and returned back to the solution until 

equilibrium was maintained. The ionic strength of the buffer solution was maintained by the 

addition of appropriate amount of NaCl. The swelling ratio was determined by the following 

equation (Qu et al., 2015, Khan S et al., 2019); 

Swelling Ratio (SR) 
d

ds

W

WW 
                                                           (3.2) 
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Where Ws and Wd indicates the weight of hydrogel samples in swollen and dry state 

respectively. 

3.4.6.3. Swelling–deswelling–reswelling tests 

Chemically grafted thermoresponsive depot hydrogels were subjected to oscillatory swelling-

deswelling-reswelling cycles in PBS of pH 7.4 and temperature near around the phase 

transition temperature. For swelling ratio (SR) measurements, the hydrogel discs were 

immersed in solutions for 2 h at 25
o
C and pH 7.4, and then placed afterwards in solution for 2 

h at 37
o
C and then again immersed in solution for 2 h at 25

o
C. This cycle of swelling 

experiment was continuously run. Each time, the weight of the swollen disc was noted prior 

to each immersion. The swelling ratio (SR) was calculated by the following equation (Qu Y 

et al., 2015, Khan S et al., 2019). 

d

ds

W

WW
SR


                                                                                                                     (3.3) 

Where Ws and Wd refers to the weight of hydrogel samples in swollen and dry state 

respectively. 

3.4.7. Determination of percent crosslinking of chemically grafted thermoresponsive 

hydrogels  

For the determination of percent crosslinking, the dried hydrogel discs were placed in 

distilled water (50 ml) at room temperature and stirred for 24 h to dissolve the uncrosslinked 

portions in the gel network. After 24 h, the hydrogel discs were taken out and thoroughly 

washed with distilled water and acetone to further remove the untrapped remaining portion. 

The swollen disc was then dried at 37
o
C until constant weight was obtained. Percent 

crosslinking was calculated by the following equation (Jankaew, R et al., 2015, Khan S et al., 

2019); 

Percent Crosslinking 100
1

2 
W

W
                                                        (3.4) 

Where W1 and W2 indicates the weights of dried discs before and after experiment. The 

observed values indicate the average of at least three different measurements. 

3.4.8. Grafting efficiency determination 

The quantity of the grafted copolymer was estimated by the method reported earlier by Zhang 

L et al (Zhang, L., 2014). The efficiency and percentage of grafting were calculated by 
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calculating the difference of weight before and after grafting reactions by the following 

procedure; 

Grafting efficiency % (GE) 100



m

pg

W

WW
                              (3.5) 

Where Wg, Wp, Wm are the weights of purified grafted copolymer, polymer and monomer 

respectively.  

3.4.9. Drug contents determination from self-assembled and chemically grafted 

thermoresponsive hydrogels 

For drug contents determination from self-assembled hydrogels samples, aqueous solutions 

(10 g) of copolymer final solutions containing 100 mg of drug were gelled in an oven at 35
o
C 

in 25 ml glass vial. After gelation, the glass vial was incorporated 10 ml of phosphate buffer 

solution (5 mM) as extracted solvent. The glass vial was sealed with parafilm in order to 

prevent the evaporation in oven and was kept for till required. The supernatant was then 

collected from glass vial after every 24 h. The drug contents in the supernatant was 

determined by UV spectrophotometry at designated wave length (λmax = 265 and 421 nm). All 

of the samples were analyzed in triplicate (Fang, JY.,2008; Nasir, F et al., 2012, Khan S et 

al., 2019). 

The drug contents from loaded chemically grafted thermoresponsive gels were measured by 

extraction method. A 10 g of the drug loaded sample (100 mg/ml) was cut into discs of 7 mm 

in diameter. The amount of entrapped drug was calculated by extracting the loaded hydrogel 

samples using 25 ml of phosphate buffer solution (pH 7.4, 5 mM) as extracted solvent for 24 

h. The solution was filtered to remove the polymeric debris. Drug concentration in pooled 

extract was determined spectrophotometrically using UV-Visible spectrophotometer (UV-

1601 Shimadzu) at designated wave length (λmax = 265 and 421 nm) (Zhang, L et al., 2014; 

Khan, S et al.,2014, Khan S et al., 2019). All of the samples were analyzed in triplicate for 

drug contents determination. The drug loading percentage was calculated by using the 

following equation from self-assembled and chemically grafted formulations; 

Drug loading %=  
     

  
                                                    (3.6) 

Where WT is the total drug content in the gel and WS is the drug content in the supernatant.  

3.4.10. In vitro drug release study from self-assembled and chemically grafted 

thermoresponsive hydrogels 

The in vitro drug release from thermoreversible self-assembled hydrogels was determined 

using Franz diffusion cell system. The Franz diffusion cells are composed of two 
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compartments i.e. donor and accepter compartments, separated by a cellulose acetate 

membrane (cutoff 10,000 Da). From selected loaded preparation, polymer solution containing 

drug (10 mg/ml) was injected into the donor compartment showing 0.800 cm
2
 permeation 

area. The polymeric solutions were equilibrated till gelation above LCST i.e. 35
o
C and 40

o
C 

and placed with constant stirring (100 rpm) for a period of in vitro release study. Phosphate 

buffer solution (pH 7.4, 5 ml) and acidic buffer solution of pH=1.2 (0.1 M HCl) used as 

dissolution mediums were slowly added to the acceptor chamber. The dissolution medium 

was collected at predefined time intervals i.e. till formulation remained intact for the 

specified time period. The collected samples were replaced by fresh dissolution media (2 ml) 

to maintain the sink conditions. The collected samples were then analyzed 

spectrophotometrically using UV-Visible spectrophotometer (UV-1601 Shimadzu) at 

designated wave length (λmax = 265 and 421 nm) (Wang, W et al., 2016a, Khan S et al., 2019).    

The invitro drug release experiments from chemically grafted thermoresponsive hydrogels 

were carried out in glass vessels using USP dissolution apparatus-II (Pharmatest type PT-DT 

7, Germany) in USP phosphate buffer solution (PBS, 5 mM) of variable pH values (1.2, 2.1 

and 7.4) respectively and as a function of various solution temperatures (25
o
C, 37

o
C). The 

drug loaded discs were placed in glass containers containing dissolution medium of desired 

pH and at designated temperature. At regular periods of time interval, 5 ml sample was 

withdrawn from the container and analyzed for release as a function of time using UV-

Visible spectrophotometer (UV-1601 Shimadzu) at designated wave length (λmax = 265 and 

421 nm). The withdrawn sample was replaced by fresh medium to maintain sink conditions 

(Guo BL et al., 2007; Khan S et al., 2014, Khan S et al., 2019).   

The cumulative drug release was calculated by using following equation from self-assembled 

and chemically grafted formulations; 

% Drug Release  
           

  
                                            (3.7) 

Where: 5 refers to the volume of release medium, ml; Cn and Cn-1 indicates the 

concentrations of drug (mg/L) in the releasing medium after n and n-1 withdrawing steps 

respectively; 2 indicates the volume of supernatant withdrawn for analysis (ml); n is the 

number of withdrawing steps of releasing medium; m0 refers to the amount of drug (mg) 

loaded in gel samples.  

3.4.11. Solvent diffusion coefficient 

Release of the drug from chemically grafted hydrogels generally follows diffusion 

mechanism. Diffusion coefficient (D) represents the amount of substance passes through a 
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unit area in unit time across the concentration gradient. For the determination of diffusion 

coefficient of the hydrogels, dried discs were soaked in buffer medium in which the 

hydrogels showed higher swelling. Diffusion coefficient of the hydrated gels was calculated 

by gradually drying the swollen gels at room temperature till constant weight. Diffusion 

coefficients of the chemically grafted insitu depot gels were calculated by the following 

equation (Khan, S et al., 2014, Khan S et al., 2019). 

                                                                                (3.8) 

Where 𝐷 refers to the diffusion coefficient of the hydrogels, 𝑄eq refers to the equilibrium 

swelling degree of the insitu depot gel, 𝜃 is the slope of the linear part of the swelling curves, 

and ℎ refers to the initial thickness of gel disc in dry state.  

3.4.12. Networking parameters of chemically grafted hydrogels  

3.4.12.1. Molecular weight between cross-links (Mc) 

Molecular weight between crosslinks refers to the crosslinking degree of the developed 

hydrogel network. Flory-Rehner theory was used for determining the average molecular 

weight (𝑀𝑐) values of chemically grafted hydrogels. Average molecular weight (𝑀𝑐) values 

were calculated by using the following equation (Khan, S et al., 2013, Khan S et al., 2019). 

                                                        (3.9)  

Where dp is the density of hydrogel while V2,s (ml/mol) represent the volume fraction of the 

hydrogel in the equilibrium state and χ indicates the Flory–Huggins solvent interaction 

parameter.  

3.4.12.2. Volume fraction of polymers 

Polymers volume fraction (v2,s) of the swollen depot hydrogel sample refers to the amount of 

solvent that a hydrogel sample may entrap in its porous structure. Following equation was 

used for the determination of polymer volume fraction; 

                                                       (3.10) 

Where dh and ds indicates the densities (g/ml) of the gel sample and solvent respectively. Ma 

and Mb refers to the masses (g) of the gel sample in swollen and dry state respectively. V2,s 
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(ml/mol) represent the volume fraction of the hydrogel in the equilibrium state (Khan, S et 

al., 2014, Khan S et al., 2019).  

3.4.12.3. Solvent interaction parameters (χ) 

To look into the compatibility of the polymers in chemically grafted depot gels with the 

surrounding fluids, solvent interaction parameters were measured. For the determination of 

solvent interaction parameter, Flory-Huggins theory was used. Following equation was used 

to calculate the solvent interaction parameter values. 

                                            (3.11) 

Where V2,s (ml/mol) refers to the volume fraction of gel sample in swollen equilibrium state 

and χ indicates the Flory–Huggins solvent interaction parameters (Khan, S et al., 2014, Khan 

S et al., 2019). 

3.4.13. Drug release kinetics 

The data obtained from in vitro experiments was fitted to various mathematical models to 

assess the drug release kinetics (Larrañeta, E et al., 2018; Jalil, A et al., 2017, Khan S et al., 

2019) . 

Zero order kinetic model 

Qt = Q0 + K0 t                                                                                          (3.12) 

Where Qt is the amount of drug dissolved in time t, Q0 is the initial amount of drug in the 

solution and K0 is zero order release constant. 

First order kinetic model 

ln Mt = -k1t + lnMo                                                                                  (3.13) 

Mo is the initial amount of drug (5-FU or Curcumin) and Mt is the remaining amount of drug 

(5-FU or Curcumin) at time t and k1 is the first order rate constant. 

Higuchi model 

The model relates cumulative drug release versus square root of time as shown in Eq. (3.14). 

M = kH t
1/ 2 

                                                                                               (3.14)  

Where M is the amount of 5-FU released at time t and KH is the Higuchi rate equation 

Korsmeyer–Peppas model 

This model relates exponentially the drug release to the elapsed time. The equation is given 

as Eq. (3.15). 

Ln (Mt/M∞) = ln kp + n ln t                                                                       (3.15) 
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(Mt/M∞) is the fraction of drug released at time t and n is the slope which determines the type 

of diffusion from the polymer matrix. 

3.4.14. Invitro degradation of chemically grafted hydrogels 

Weight loss method was adopted to investigate the invitro degradation of chemically grafted 

hydrogels. Initially each hydrogel sample (5 ml) was weighed (W0) and placed in glass vials 

(10 ml) containing (5 ml) 0.1M PBS (pH= 7.4). The glass vials were allowed to incubate at 

40 rpm in a shaking incubator at 37°C over an extended period, with continues PBS 

replacement. At specified time intervals, hydrogels samples were quickly frozen at −80°C, 

then lyophilized and weighed again (Wt). The weight loss ratio was determined using the 

following equation (Pentlavalli S., 2017, Khan S et al., 2019);  

Weight Loss (%) =   
     

  
                                                          (3.16) 

Where W0 and Wt refers to sample weights before and after degradation, respectively. 

3.4.15. Cell lines and cell culture  

3.4.15.1. Cell culture conditions 

Human cervical (HeLa cells), Breast (MCF-7) cancer cell lines, mouse fibroblast (L929) and 

Vero cell lines (African green monkey kidney cell lines) were cultured in minimum essential 

medium (MEM) containing RPMI-1640 supplemented with l-glutamine (2 mM), penicillin 

(100 U mL
−1

) and streptomycin (100 µg mL
−1

) accompanied with 10% fetal bovine serum 

(FBS). The cells were stored in incubator supplied with 5% CO2 at a constant temperature of 

37
o
C. After attaining 90% confluency, the cells were detached from the flask with Trypsin-

EDTA and the cell suspension was centrifuged at 3000 rpm for 3 minutes and then 

resuspended in the growth medium for further experiments. 

3.4.15.2. Cells growth inhibition study  

Methyl thiazolyl tetrazolium (MTT) assay was performed to evaluate the cells growth 

inhibition assessment of blank and drug loaded gel samples. The cells previously cultured 

were seeded in 96 well plate treated with a range of 100 µl of pure drug solution, copolymer 

solutions (containing the same drug concentrations) and blank copolymer solutions followed 

by incubation for 24 h at 37±1
o
C. The drug-loaded hydrogels were formed by incubating the 

plates at 37°C at which point the polymer solution transitioned from a liquid to a gel state. 

Cells (untreated wells) incubated in culture medium alone devoid of the formulations served 

as a negative control for cell viability and the wells treated with Triton X100 and free drug 

solution were used as positive control respectively. The absorbance‘s of the solution were 
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measured on a Bio-Rad 680 microplate reader at 490 nm. Cell viability (%) was calculated 

according to the following equation (Shah HS et al., 2014, Khan S et al., 2019): 

Cell Viability % 100
control

sample

A

A
                                                                  (3.17) 

Where A sample and A control are the absorbance‘s of the sample and control wells, respectively. 

The measurements were performed in triplicate. 

3.5. Invivo analysis of thermoresponsive injectable hydrogels 

3.5.1. Pharmacokinetic study in rabbits after subcutaneous administration 

3.5.1.1. High performance liquid chromatographic (HPLC) method development of 5-

FU 

A simple, accurate, sensitive and reproducible HPLC method developed previously by 

Minhas et al (Minhas MU et al., 2015) was used for 5-FU analysis in rabbit‘s plasma. In-vivo 

analysis of the 5-FU in selected thermoresponsive depot gel formulation was conducted by 

using the developed HPLC method. Before making analysis, the method was re-validated 

maintaing the same conditions used by Minhas et al. The quantification of 5-FU in plasma 

samples were carried out using HPLC system coupled with BDS hypersil C18 stainless steel 

column (5 µm, 4.6 mm × 250 mm) and detection wavelength of 265 nm. The mobile phase 

was composed of filtered double distilled water adjusted to pH 3.2 with orthophosphoric acid 

and acetonitrile (70:30) injected and eluted at flow rate of 1 ml/min. Calibration curve was 

prepared within concentration range of (0.5-100 µg/ml).    

3.5.1.2. Selection of injectable hydrogel formulation for invivo evaluation in rabbits 

In current research project, following injectable hydrogel formulations were developed: 

1. Self-assembled Supramolecular Thermoreversible β-Cyclodextrin/Ethylene glycol 

Injectable hydrogels with difunctional Pluronic
®
127 

2. Chemically grafted Poly (PF127-grafted-Carboxymethyl chitosan) thermogel as 

controlled and prolonged 5-FU depot 

3. pH/thermo dual responsive chemically grafted Poly (Carboxymethyl chitosan-grafted-

N-isopropylacrylamide) insitu gel formulations 

4. Chemically grafted injectable Poly (N-Vinylcaprolactam-grafted-Sodium Alginate) 

based thermoresponsive insitu forming depot hydrogels 

5. Chemically grafted thermogels based on Poly (2-acrylamido-2-methylpropane 

sulfonic acid) with difunctional Pluronic
®
127 
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Based on invitro performance, one injectable hydrogel formulation was selected from the 

formulations listed above for invivo evaluation in albino rabbits. From above list, chemically 

grafted thermogels based on Poly (2-acrylamido-2-methylpropane sulfonic acid) with 

difunctional Pluronic
®
127 was selected for further invivo analysis. The formulation was 

selected based on their excellent invitro properties including injectability, phase transition 

within physiologic temperature range, good mechanical strength determined through 

rheological analysis, excellent drug loading and release properties and good biocompatibility 

tested against normal cell lines.  

3.5.2. Animal handling  

Healthy albino rabbits (2.0 to 2.5 kg) were used as animal models and obtained from the 

animal section of Pharmacology Research Laboratory, Faculty of Pharmacy and Alternative 

Medicine, the Islamia University of Bahawalpur Pakistan. The study protocols has been 

reviewed and approved by Pharmacy Research Ethics Committee (PREC). Rabbits were kept 

at well maintained room conditions (25 ± 1
o
C) individually in wooden boxes and fed with a 

commercial laboratory rabbit diet and freely permitted to water before the start of study.  

3.5.3. Drug administration and sampling  

A total of 12 rabbits randomly divided into two groups (group A and group B) each having 6 

rabbits were placed in wooden boxes. All rabbits were tagged properly for identification 

during handling of drug administration and sampling process. Before dosing, all the rabbits 

were restricted from food and were kept fasted for 12 h, but given free access to water. The 

study was conducted on the basis of parallel study design. In first phase of the study, free 

drug solution (5-FU, 20 mg/2ml) was injected subcutaneously to group A (control group). In 

second phase, group B was injected 5-FU loaded selected thermoresponsive gel formulations 

(2 ml containing 20 mg) through subcutaneous route. Before 5 min of injecting the 

formulation and at regular time intervals, blood samples (500 µl) were collected from 

marginal ear vein of each rabbit in heparinized tubes. The plasma was separated by 

centrifugation at 1600×g for 10 min and then stored at -80
o
C till analysis in ultra-low freezer 

(Sanyo, Japan). 

3.5.4. 5-FU plasma concentration quantification and pharmacokinetic profiling   

5-FU concentration in rabbit‘s plasma was determined after subcutaneous administration of 

free 5-FU solution and drug loaded thermoresponsive gel formulations via already prepared 

calibration curve using HPLC system. Estimation of 5-FU in rabbits plasma from both 

receiving groups were determined using Microsoft
®
 Office Excel 2013 program. Different 

pharmacokinetic parameters like maximum plasma concentration (Cmax), time for maximum 
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plasma concentration (Tmax), clearance (Cl), volume of distribution (Vd), elimination half-life 

(t1/2) and area under the curve (AUC0-t) etc were calculated through scientific application 

package Kinetica
®
 version 5.1 (Thermo Electron Corporation).  

3.6. Statistical analysis 

Data are presented as percentage or mean ± standard deviation (SD). The difference of 

parameters are statistically tested for significance by one-way analysis of variance (ANOVA) 

using Graph Pad InStat (GraphPad Software, Inc., La Jolla, CA, USA) or Origin (v6.0; 

Microcal™ Software, Inc., Northampton, MA, USA) programs. Statistically significant 

values were defined as P < 0.05. 
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4.1. Self-assembled Supramolecular (SS) Thermoreversible β-Cyclodextrin/Ethylene 

glycol Injectable hydrogels with difunctional Pluronic
®
127  

4.1.1. Summary 

This study aimed to design a novel thermoreversible compact self-assembled host 

macromolecule based on β-cyclodextrin and low molecular weight ethylene glycol with a 

difunctional guest molecule i.e. poly (ethylene oxide)-poly (propylene oxide)-poly (ethylene 

oxide) tri-block co-polymer (Pluronic
®
 127) through host-guest inclusion complexation in 

aqueous media using cold method. The injectable thermoreversible self-assembled 

supramolecular hydrogel was developed to encapsulate hydrophobic curcumin as anti-

malignant agent and for controlled delivery to systemic circulation after in vivo application 

through subcutaneous route. As reversible supramolecular assembly, the thermoresponsive 

gels showed a unique structure-related reversible gel to sol transition above and below LCST 

determined via tube titling method. The rheological measurements of the supramolecular 

hydrogels showed a viscoelastic structure. Optical transmittance of supramolecular assembly 

also confirmed the thermoreversible sol-gel transitions. The strong potential of 

supramolecular assembly as injectable controlled delivery was assessed using curcumin as 

model active pharmaceutical ingredient for in vitro release experiments. The release 

experiments conducted in various dissolution mediums and at different temperature programs 

showed maximum curcumin release in phosphate buffer solution (7.4) at 35
o
C. MTT assay 

was used to assess the safety and efficacy of self-assembled supramolecular injectable 

hydrogels. In vitro cytotoxicity study showed that blank supramolecular gels are non-toxic to 

the L929 cells. While curcumin released from supramolecular injectable hydrogels (Cur-β-

CD/EG-PF127) has the ability to show pharmacological activity and kill the cancer cells. 

Furthermore the formation of channel type inclusion complex was studied through Fourier 

transformed infra-red spectroscopy (FTIR), X-ray diffraction (XRD), thermogravimetric 

analysis (TGA), differential scanning calorimetric (DSC) and scanning electron microscopic 

analysis (SEM). 
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4.1.2. Characterization of SSD hydrogels  

4.1.2.1. Fourier Transformed Infra-Red (FTIR) Spectroscopy  

In the Fig.4.1a the FTIR spectra shows the peak at 1752 cm¹־ is due to stretching of the 

carboxylic acid in PF127. A peak at 2990 cm¹־ is related to C-H stretching. While the peaks 

at 3575 cm¹־ show the stretching of OH group of carboxylic acid. A broad peak in the range 

of 2000 and 2500 cm
-1

suggested to be due to the C-C stretching in PF127. In the FTIR 

spectra of β-CD shown in Fig.4.1b the medium peaks at 1030-1070 cm¹־, due to stretching 

vibration of C-O-C and C-O-H bands. A weak band at 1453 cm¹־ is due to the C-N stretching 

of bands. The broader peak in the range of 3220 and 3570 cm is due to the H bonds of O-H 

bands. The FTIR spectra of bare β-CD/EG-PF127 sample shown in Fig.4.1c indicates two 

peaks at 1560-1630 cm¹־ are related to carboxylate C=O stretching.  The peaks at 1460-1375 

cm¹־ are due to stretching of CH2 and OH group respectively. The broader peak in the range 

of 3220 and 3570 cm
-1

 refers to the hydrogen bonds from O-H bands of β-CD and EG. The 

FTIR spectra of curcumin loaded hydrogel sample shown in Fig.4.1d showed no additional 

peaks that refers to the compatibility of curcumin in the inclusion complex. The FTIR 

analysis has proved that the hydrogels network was not a physical mixture and showed the 

successful penetration of PF127, EG and curcumin in to the hydrophobic cavities of β-CD. 

 

Fig. 4.1. FTIR spectra of a) PF127 b) β-CD c) β-CD/EG-PF127 inclusion complex 

(unloaded) d) β-CD/EG-PF127 inclusion complex (Loaded) 
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4.1.2.2. Thermogravimetric (TG) analysis 

TGA analysis is considered a powerful analytic technique to define structure of 

supramolecular assembly between host and guest molecules in inclusion complexes. The 

thermal analysis of pure polymer and freeze dried hydrogel samples were measured by TG 

analysis as shown in Fig.4.2. TGA showed that the pure β-CD has a decomposition 

temperature (Td = 240
o
C) around 240

o
C, while pure PF127 has decomposition temperature 

(Td = 399
o
C) around 399

o
C. However a distinct two step degradation was observed for 

supramolecular inclusion complex (β-CD/EG-PF127) hydrogels as shown in Fig.4.2. The 

onset of the first weight loss is correlated to the degradation of β-CD for which the 

decomposition temperature was observed around 255
o
C. This mainly indicates the successful 

incorporation of β-CD. The second weight loss was observed at decomposition temperature 

(Td) around 402
o
C, which mainly correlates to the incorporation of PF127 in the 

supramolecular assembly. These results revealed that incorporation of polymers inside the β-

CD cavity has improved the thermal stability of the β-CD and also confirm the successful 

formation of inclusion complexation.  

 

Fig. 4.2. TGA analysis of pure β-CD, pure PF127 and bare SSD β-CD/EG-PF127 hydrogels 

4.1.2.3. DSC analysis 

In order to detect the possible change in the thermal properties of freeze dried β-CD/EG-

PF127 hydrogel samples in comparison to pure materials, the solid binary systems were 

subjected to DSC analysis. With the incorporation of guest molecules into to the hydrophobic 

cavities of  β-CD and PF127, a shift in boiling, melting and sublimation point generally occur 
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to different temperature or disappears over temperature range. Fig.4.3 indicates the DSC 

analysis of pure materials and binary freeze dried drug loaded and unloaded mixtures. 

In the DSC curve of β-CD shown in Fig.4.3 an endothermic peak observed at 52°C 

corresponds to water loss and another deep broad peak appeared at 101°C denotes the glass 

transitional temperature (Tg) of the polymer which corresponds to the fusion process of this 

crystalline molecule. The DSC curve of pure PF127 showed a broad endothermic peak 

around 58
o
C that corresponds enthalpy of its micelles.  The DSC curve of binary system 

(freeze dried hydrogel) indicates the appearance of sharp endothermic peak around 55
o
C and 

corresponds to the fusion of gel materials and formation of physical mixture. In the DSC cure 

of curcumin loaded sample, it is evident that there is no significant difference in the curves 

which indicates that the drug has maintained its original state in the physical mixture and not 

affected by blending with the β-CD and PF127. This disappearance of the separate peaks 

between the drug and binary physical mixture indicate the successful formation of inclusion 

complex in solid state. Moreover the change in the peak positions between the pure separate 

materials and binary mixture indicate the successful incorporation of EG in to the 

hydrophobic cores of the β-CD and PF127 that in turn led to the change in thermal properties.  
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Fig. 4.3. DSC spectra‘s of pure materials and freeze dried unloaded and loaded SSD β-

CD/EG-PF127 hydrogel samples. 

4.1.2.4. X-ray diffraction (XRD) analysis 

To characterize the structure of supramolecular gel samples formed by inclusion 

complexation of β-CD and EG with PF127, X-ray diffraction was carried out. The X-ray 

diffraction of pure PF127 showed main reflection at 22.77 and 27.58 respectively. In the X-

ray diffraction spectra of physical mixture, peaks were observed at 11.83 and 18.22 

respectively. Moreover some peaks were also observed at 24.39 and 28.14, which strongly 

support the reflection from PF127. The X-ray diffraction spectra of freeze dried SSD β-

CD/EG-PF127 hydrogels produced various peaks with two prominent peaks at about 22.1 

and 23.94 suggested to be due to the blending of β-CD and EG  with PF127. The appearance 

of peaks suggests that crystalline structure has formed through inclusion complexation by 

PPO chains of PF127 that penetrated into continuous channels of β-CD cavities. Fig. 4.4a-e 

indicates the XRD spectra of physical mixture, unloaded freeze dried, curcumin loaded SSD 

β-CD/EG-PF127 hydrogels, pure curcumin and pure PF127.  

 

 

Fig. 4.4. XRD spectra of physical mixture (A) freeze dried SSD β-CD/EG-PF127 hydrogels 

unloaded sample (B) Loaded sample (C) Curcumin (D) Pure PF127 (E)  

 

(A) 

(B) 

(C) 

(D) 

(E) 
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4.1.2.5. Scanning electron microscopy (SEM)  

The surface and cross-sectional morphology of the SSD β-CD/EG-PF127 hydrogels analyzed 

by scanning electron microscopy at various resolutions are shown in the Fig.4.5. The surface 

morphology of SSD blank and curcumin loaded samples are shown in Fig. 4.5a, b. The cross-

sectional morphological analysis of the SSD β-CD/EG-PF127 hydrogels indicates porous 

network structure shown in Fig. 4.5c. These large holes present in the structure and wavy 

surfaces are assumed to act as channels for diffusion of the solvent containing drug and 

release of the drug out of the gel network structure. Fig. 4.5d represent the physical 

appearance and its decomposition at equilibrium swollen state. 

  

  

Fig. 4.5. SEM micrographs of SSD β-CD/EG-PF127 hydrogels. Surface morphology of 

unloaded sample (A) Surface morphology of curcumin loaded sample (B) Cross-sectional 

morphology of curcumin loaded sample (C). Physical appearance of the swollen SSD β-

CD/EG-PF127 hydrogels (D) 

(C) (D) 

(A) (B) 
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4.1.3. Clarity of the SSD hydrogels 

The clarity of the β-CD/EG-PF127 in situ polymeric solutions and developed SSD hydrogels 

were observed visually. All the polymeric solutions were observed clear at all gelation 

temperatures. The developed gels were also found clear and transparent at all temperatures 

i.e. 4
o
C, 25

o
C, 32

o
C and 37

o
C indicating the solubility of all the added substances. Table 4.1 

indicates the clarity of the copolymer solutions and developed hydrogels. 

4.1.4. Sol-gel-Sol phase transition 

For the determination of phase transition of SSD β-CD/EG-PF127 hydrogels, tube 

titling/inversion method was used. In phase transition, gelation temperature and gelation time 

are the two key parameters for in situ forming of hydrogels. As shown in Table 3.3, the 

gelation time and temperature varied with the change in concentration of PF127, β-CD and 

EG. It was observed from the results in Table 3.3 that with the increasing β-CD contents 

(PFCD-1 to PFCD-3) in the feed composition of hydrogels, gelation time and temperature 

decreases. This is because PF127 is a tri block copolymers (PEO–PPO–PEO) containing PPO 

central hydrophobic part.  With the addition of β-CD contents, the hydrophobic interactions 

between the hydrophobic groups increase because of the inner lipophilic cavity of the β-CD. 

This intern leads to quicker aggregation and micellar (gel) formation. Table 3.3 also indicates 

the effect of PF127 concentration (PFCD-4 to PFCD-6) on gelation time and temperature. It 

was investigated that with the increase of PF127 concentration in the feed composition, 

gelation time and temperature decreases. PF127 is a series of PEO–PPO–PEO tri-block 

copolymers, in which PPO center blocks form the core of Pluronic micelles while the 

relatively hydrophilic poly (ethylene oxide) (PEO) blocks forming the micelle shells. With 

the increase of PF127 concentration, the hydrophobic groups (PPO blocks) which are 

involved in intermolecular entanglements increases creating a transient 3D polymer network. 

Moreover as the temperature is increased above LCST>32
o
C, the number of Pluronic 

micelles also increases that leads to the formation of thermoreversible hydrogels via 

intermicellar associations between PPO segments among the micelles. Moreover it was also 

investigated that the increase of ethylene glycol (EG) ratio (PFCD-7 to PFCD-9) in the feed 

composition, inversely affect the gelation time and temperature i.e. increases. This is because 

EG owing to its quite hydrophilic nature may reduce the hydrophobic interactions between 

the hydrophobic groups of β-CD and PF127 and increase its entanglements with the water 

molecules. This intern leads to increased gelation time and temperature. Effect of increasing 

curcumin contents (PFCD-10 to PFCD-12) in the feed composition was also investigated and 

the results on gelation time and temperature are shown in Table 3.3. It was observed that with 
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increasing curcumin contents, the gelation time and temperature decreases. This decrease in 

gelation time and temperature with increasing curcumin contents is suggested to be due to the 

increased hydrophobic interactions and quicker micellar formation above the LCST of the 

formulation. Fig.4.6 indicates the sol-gel transition of curcumin loaded thermoreversible 

supramolecular injectable depot gel formulations (Cur-β-CD/EG-PF127) above LCST. 

 

                                                                                         

<LCST, Sol form                                                                         >LCST, Gel form    

           

                      

                                                                                        >LCST, Gel form 

 

Fig. 4.6. Sol-gel transition of curcumin loaded thermoreversible supramolecular injectable 

depot gel formulations (Cur-β-CD/EG-PF127) above LCST. 
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4.1.5. Rheological determination 

4.1.5.1. Time sweep test 

The clinical applications of the injectable hydrogels depends upon the mechanical properties 

of the formulations that effect their sryingibility, mixing capacity of the active 

pharmaceuticals and release characteristics of the loaded drugs The physical integrity and 

formation of the inclusion complexation of supramolecular hydrogel was observed by 

measuring the dynamic rheology with time. The detailed rheological process was studied by 

gaining an insight to viscosity, storage modulus (G′) and loss modulus (G′′) with time 

evolution at 30
o
C. The gelation kinetics was studied using oscillatory rheometer by 

conducting the temperature and time sweep experiments. The storage modulus (G′) and loss 

modulus (G′′) were measured by simple mixing the PF127, EG and β-CD and subjecting to 

oscillatory rheometer. Fig. 4.7 shows the change in storage modulus (G′) and loss modulus 

(G′′) of the aqueous copolymer solutions as function of reaction time. It is generally known 

that G′ provides the information about the elastic nature of the material while G′′ refers to the 

viscous nature of the material. It was observed from the rheological profile of the copolymer 

samples that G′′ was initially greater in the start for all samples. However with time elution 

the buildup rate of the samples increases with G′ becomes equal to G′′ at specific point 

referring to the crossover point (where G′=G′′) of the samples. This crossover point of the 

hydrogel sample represents the sol-gel transition due to the formation of physical crosslinks 

by inclusion complexation of the hydrogel components. Above this point (G′>G′′) the elastic 

nature of the samples dominate which refers to the gel state of the samples.  

Effect of PF127 contents on rheological behavior of gels 

To investigate the effect of PF127 on rheological profile of the hydrogels, samples with 

different feed composition ratios of PF127 were prepared and their rheological properties 

were monitored. It was observed that with increasing PF127 contents (PFCD-4 and PFCD-5) 

the gelation point (G′=G′′) for these samples occur occasionally rapidly and was observed at 

121 seconds and 114 seconds for PFCD-4 and PFCD-5 respectively as shown in Fig. 4.7. 

This early occurrence of the crossover point with increasing PF127 contents was suggested to 

be due the quicker micellar formation and aggregation of PPO blocks of PF127.  

Effect of EG contents on rheological behavior of gels 

In order to observe the effect of EG contents on rheological profile of the hydrogels, two 

samples (PFCD-7 and PFCD-8) with different EG contents in the feed composition ratios 

were prepared and subjected to dynamic rheology experiments. It was observed that with 
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increasing EG contents, the gelation point for these samples increases and the crossover point 

was observed at 132 seconds and 145 seconds respectively as shown in Fig. 4.7. EG is 

hydrophilic in nature and increasing its ratio in the feed composition of the samples increased 

the hydrophilicity of the hydrogel network. This alternatively reduced the hydrophobic 

interactions of the gel components that leads to increase in gelation point.  

4.1.5.2. Continuous ramp test  

Viscosity as function of increasing shear rate was observed by conducting the continuous 

ramp test using AR rheometer 2000. It was observed that hydrogel sample showed a 

progressive decrease in viscosity with increasing shear rate from 0-10 1/s. This indicates that 

developed supramolecular hydrogel has thixotropic property and with increasing shear rate, 

dissociation of the physical entanglements occur between PF127, EG and β-CD. This 

alternatively results in lower crosslink density and gel disruption.  Fig. 4.8a indicates the 

change in viscosity along with increasing shear rate.  

4.1.5.3. Temperature sweep test 

The variation of viscosity with temperature was observed during an extended temperature 

range (20-45
o
C) by temperature ramp test. It was investigated that with increasing 

temperature, the viscosity of the copolymer gel solutions changed that refers to increase in 

the elastic or storage modulus (G‘). This increase in the G‘ modulus in turn refers to the 

formation of inclusion complex and supramolecular hydrogel. Below LCST the copolymers 

in solution exist as unimers, however with the increase of temperature, they aggregate into 

micelles. This micellization occur due to the dehydration of hydrophobic PPO blocks, which 

represents the very first step in the gelling process. Moreover, with increasing PF127 

concentration in the feed composition of supramolecular hydrogels (PFCD-1, PFCD-5 and 

PFCD-6), a sharp change in the viscosity was observed. This abrupt increase in viscosity is 

suggested to be due to the higher hydrophobic interactions and quicker micelles formation 

and aggregation induced by temperature change. Fig. 4.8b displayed the change in viscosity 

over an extended temperature range.  
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Fig. 4.7. Evaluation of Storage (G‘) and Loss Moduli (G‖) with time of SSD β-CD/EG-

PF127 hydrogels by conducting oscillatory time sweep experiments at 30
o
C over a period of 

300 seconds. (Strain= 1% and Frequency= 1Hz). Each point represent the mean ± standard 

deviation (SD) of n=3 individual experiments.  
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4.1.6. Transparency assessment  

Temperature dependent transparency assessments of SSD β-CD/EG-PF127 hydrogels at 

different concentrations were observed using UV-Visible spectrophotometer (UV-1601 

Shimadzu) at 450 nm in digital water bath. The formulations were kept in disposable cuvettes 

initially and the temperature effect was investigated by placing the cuvettes in digital water 

by varying the bath temperature (25-45
o
C). Fig. 4.8c indicates the change in optical 

transmittance as function of increasing temperature. It was observed that below the LCST of 

formulations, the copolymeric solutions were homogeneous and transparent. However with 

the increase of temperature, a sharp change in solution transparencies was observed and 

become turbid above the LCST (32
o
C). Moreover it was also observed from the optical 

experiments that with increasing β-CD, EG and PF127 contents in the feed composition of 

the formulations, the change in transparencies also occur rapidly and further increased the 

inhomogeneity of the formulations. 

  

  

0

0.05

0.1

0.15

0.2

0.25

0.3

0 5 10

V
is

co
si

ty
 (

P
s.

s)
 

Shear Rate 1/s 

(A) 

PFCD-6 

0

500

1000

1500

2000

2500

3000

15 25 35 45

V
is

co
si

ty
 (

P
a

.s
) 

Temperature oC 

18% PF127

25% PF127

30% PF127

(B) 

0

20

40

60

80

100

15 20 25 30 35 40 45

%
 T

ra
n

sm
it

ta
n

ce
 

Temperature oC 

PFCD-1

PFCD-6

PFCD-9

(C) 



 

   110 
 

Fig. 4.8. Viscosity as function of increasing shear rate (0.1-10 s
-1

) for 10 minutes at 25
o
C (A) 

Viscosity as function of increasing temperature over an extended range (20
o
C-45

o
C) of SSD 

hydrogels (B) Temperature dependence and effect of increasing polymeric contents on 

optical transmittances (450 nm) of SSD β-CD/EG-PF127 hydrogels (C) Each point represent 

the mean ± standard deviation (SD) of n=3 individual readings. 

4.1.7. Swelling tests of SSD β-CD/EG-PF127 hydrogels 

The swelling experiments for thermoreversible SSD β-CD/EG-PF127 hydrogels were 

conducted at two different temperatures (35
o
C and 40

o
C) which covers the range of LCST 

determined by cloud point measurement. Samples of the complex formed with a specific wet 

mass were dipped in a sealed glass beaker containing 50 ml of the specific swelling media 

and placed in a fan oven at the desired temperature. The swelling experiments for SSD β-

CD/EG-PF127 hydrogels were conducted in distilled water (DW), USP Phosphate buffer 

solution of pH=7.4 (PBS, 5 mM) and buffer solution of pH=1.2 (0.1 M HCl buffer). 

 In case of self-assembled hydrogels, dissolution is prevented by the physical entanglements 

between the polymer chains. So when the swollen sample absorbed a specific concentration 

of the solvent and reaches their critical value, chain dissociation begins to dominate and the 

sample eventually starts dissolution. Similar behavior was observed for SSD β-CD/EG-

PF127 complexes. The extent that a hydrogel can swell was determined by periodically 

removing the wet sample from the glass beaker, blotting the surface with a tissue paper and 

weighing the sample. 

4.1.7.1. pH sensitivity of SSD β-CD/EG-PF127 hydrogels 

Effect of pH of swelling media on swelling behavior of SSD β-CD/EG-PF127 hydrogels was 

observed in different buffered (pH=7.4 and 1.2) and non-buffered medias (distilled water, 

DW). The swelling experiments were conducted at 35
o
C. It was investigated from the 

swelling experiments that the β-CD/EG-PF127 hydrogels showed maximum swelling in USP 

phosphate buffer solution (pH=7.4) and DW. This is because SSD β-CD/EG-PF127 

hydrogels contain both components i.e. hydrophilic and hydrophobic in their complex 

structure. However due to the presence of large no of hydrophilic functional groups (–OH 

and CH2OH) from β-CD and EG, the network structure become quite hydrophilic. When the 

water molecules comes in contact with these hydrophilic groups, the network structure 

become quite hydrated due to the increased uptake of water molecules or swelling media. 

Alternatively in acidic buffer solution (pH-1.2), lowest swelling of β-CD/EG-PF127 

hydrogels was observed. This is believed to be due to the fact that in acidic solutions the 

functional units in gel structure remained in deionized state which leads to decrease swelling 
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of gels probably due to the elimination of similar repulsive forces. However in acidic 

solutions, a slight response to volume change (swelling) was observed for β-CD/EG-PF127 

hydrogels, which is suggested to be due to the hydrophilic nature of gel network that regulate 

the solvent diffusion and leads to swelling of the hydrogels. Fig. 4.9a shows the response of 

β-CD/EG-PF127 hydrogels to pH variation of the swelling media.  

4.1.7.2. Temperature sweep swelling experiments of SSD β-CD/EG-PF127 hydrogels 

In order to investigate the effect of temperature on swelling behavior of SSD β-CD/EG-

PF127 hydrogels, swelling experiments were conducted as function of two different 

temperatures (35
o
C and 40

o
C). It was observed from the swelling profile of hydrogels that 

swelling of the gel decrease as a function of increasing temperature. This is because at lower 

temperature (35
o
C), the hydrogel backbone remain in hydrated state due to the attachment of 

increased numbers of water molecules. However with the increase in solution temperature 

(40
o
C), the water molecules get detached from the hydrogel chain due to dehydration that 

results in decrease in swelling of the β-CD/EG-PF127 supramolecular hydrogels. Fig. 4.9b 

indicates the effect of temperature on volume change (swelling) of β-CD/EG-PF127 

supramolecular hydrogels.  
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Fig. 4.9. Response of SSD β-CD/EG-PF127 hydrogels to water uptake in different buffered 

and non-buffered media (DW) at constant temperature (A) Effect of different temperature 

programs on swelling behavior of SSD β-CD/EG-PF127 hydrogels in different swelling 

mediums (B). The data presented indicates the mean of n=3 individual experiments.  
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4.1.7.3. Effect of hydrogel components on swelling behavior of SSD β-CD/EG-PF127 

hydrogels 

Effect of β-cyclodextrin (β-CD) contents 

A series of samples (PFCD-1 to PFCD-3) with varying contents of β-CD were prepared and 

subjected to swelling experiments in order to investigate the effect of β-CD on swelling 

profile of SSD β-CD/EG-PF127 hydrogels. The concentrations of other hydrogel components 

were kept constant in these samples. It was observed that with increasing β-CD ratio in the 

feed composition of hydrogels, swelling of the gels increases in PBS (pH=7.4). This increase 

in swelling of hydrogels is suggested to be due to the increased hydrophilicity of hydrogel 

chain imparted by the ionization of large no of hydrophilic units (-OH and -CH2OH) in 

hydrogel structure. An increase in swelling with increasing β–CD ratio was also observed in 

acidic solutions (pH=1.2), however the overall swelling was not significant in acidic buffer 

solution. The swelling in acidic solution was suggested to be due to the hydrophilic nature of 

the gel network. Fig. 4.10a, b depicts the effect of β-CD ratio on swelling behavior of β-

CD/EG-PF127 supramolecular hydrogels. 
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Fig. 4.10. Dynamic swelling behavior of SSD β-CD/EG-PF127 hydrogels in different 

swelling mediums as function of time along with increasing concentrations of β-CD at fixed 

amount of EG and PF127 at 35
o
C (A) Effect of β-CD contents on swelling % of β-CD/EG-

PF127 hydrogels in buffered and non-buffered mediums at fixed temperature (B). Each point 

represent the mean of n=3 individual experiments.  
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Effect of ethylene glycol (EG) contents 

Effect of EG on swelling profile of SSD β-CD/EG-PF127 hydrogels was investigated by 

varying the feed composition ratio in selected samples (PFCD-7 to PFCD-9). The ratios of 

other hydrogel architecture components were kept constant in these samples. It was found 

that with increasing the ratio of EG in the feed composition of hydrogel samples, swelling of 

the gel increased in PBS (7.4). This increase in swelling is suggested to be due to the 

ionization of large no of hydroxyl functional groups (-OH) in hydrogel architecture that 

facilitate the water uptake and swelling. Some increase in swelling of hydrogel samples with 

increasing EG ratio was also observed in acidic solutions (pH=1.2), however the overall 

swelling was not significant in acidic buffer solution. Fig. 4.11a, b refers to the swelling 

profile of hydrogel samples as function of increasing EG ratio in the feed composition of 

SSD β-CD/EG-PF127 hydrogels at fixed temperature.  
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Fig. 4.11. Dynamic swelling behavior of SSD β-CD/EG-PF127 hydrogels in different 

swelling mediums as function of time along with increasing concentrations of EG keeping 

fixed amount of  β-CD and PF127 at 35
o
C (A) Effect of EG contents on swelling % of SSD 

β-CD/EG-PF127 hydrogels in different swelling mediums at fixed temperature (B). Each 

point represent the mean of n=3 individual experiments.  

4.1.8. Drug contents retrieved 

Gel samples containing 100 mg of curcumin were allowed to incubate in extracted medium 

above their LCST. All the samples were analyzed in triplicate for drug contents determination 

at 421 nm using UV-Visible spectrophotometer (UV-1601 Shimadzu, Japan) and the data 

(A) (B) 
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reported indicates the average ± standard deviation. Only the samples containing the labeled 

contents in the range of 100 ± 10% were considered accepted. Table 4.1 indicates the drug 

contents retrieved from the self-assembled hydrogel samples. 

Table 4.1: 

% Drug contents retrieved and clarity of the formulations 

Formulation Codes Clarity of Formulations Drug Contents % 

PFCD-1 +++++ 99 ± 0.42 

PFCD-2 +++++ 98 ± 0.90 

PFCD-3 +++++ 99 ± 0.63 

PFCD-4 +++++ 96 ± 0.45 

PFCD-5 +++++ 98 ± 0.71 

PFCD-6 ++++ 99 ± 0.11 

PFCD-7 +++++ 98 ± 0.57 

PFCD-8 +++++ 97 ± 0.29 

PFCD-9 +++++ 99 ± 0.82 

PFCD-10 +++++   99 ± 0.95 

PFCD-11 +++++ 99 ± 0.91 

PFCD-12 +++++ 99 ± 0.94 

Clarity: Good; +++++,, Fair; ++++ 

4.1.9. Invitro drug release  

To investigate the in vitro drug release profile of SSD β-CD/EG-PF127 hydrogels, curcumin 

was entrapped in formulations (Cur-β-CD/EG-PF127) during preparation. The release 

experiments were conducted in USP phosphate buffer solution of pH 7.4 (PBS, 5 mM) and 

buffer solution of pH 1.2 (0.1 M HCl) at two different temperatures (35
o
C and 40

o
C) using 

Franz diffusion cell system. Release of drug from SSD curcumin loaded i.e. Cur-β-CD/EG-

PF127 hydrogels was studied as a function of pH, temperature and varying hydrogel 

components. Generally a biphasic drug release pattern was observed for almost all the 

physically cross-linked supramolecular hydrogel samples consisting of initial burst release 

phase followed by sustained release mechanism. The initial burst release was observed within 

first hour of sampling that is suggested to be due to the presence of drug on the gel surface or 

in the voids on initial surface layers during gelation process. So as the gel surface come in 

contact with the dissolution media, the drug diffused out rapidly from the surface layers to the 

release medium.  
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Effect of pH and Temperature on drug release from SSD Cur-β-CD/EG-PF127 

hydrogels 

pH and temperature sensitivity of SSD Cur-β-CD/EG-PF127 hydrogels were investigated by 

conducting the release experiments in acidic (pH 1.2) and basic (pH 7.4) buffer solutions at 

two different temperatures (35
o
C and 40

o
C). It was observed from the release profile that 

self-assembled hydrogels showed maximum drug release in basic buffer solution (pH 7.4) at 

35
o
C. This is because, in basic medium the hydrogel backbone become hydrophilic due to the 

presence of large no of hydrophilic groups. The presence of these groups facilitate the solvent 

uptake, which results in pores opening and diffusion of the drug to release medium. Moreover 

at lower temperature (35
o
C), the hydrogel backbone remains in hydrated state which facilitate 

the diffusion of drug out of the gel matrix. This response of SSD Cur-β-CD/EG-PF127 

hydrogels to drug release in basic medium was supported by the swelling studies of hydrogels 

owing to their maximum swelling in basic medium and at lower temperature. It was also 

investigated from the drug release profile that self-assembled hydrogels showed a slight 

decrease in drug release with increasing medium temperature. This is because at higher 

temperature (40
o
C), the hydrophobic groups (PPO) from PF127 and β-CD started rapid 

aggregation which leads to thickening in the gel layer and hindering the release of drug.  

Alternatively in acidic solution (pH 1.2), the SSD Cur-β-CD/EG-PF127 hydrogels does not 

showed a significant response to drug release at both temperatures. This is because in acidic 

environment, most of the functional groups remain in deionized state, which results in 

reduced swelling and release of the drug. However a slight drug release was also observed in 

acidic environment, which is supposed to be due to the hydrophilic nature of the 

supramolecular hydrogels that allow the diffusion of solvent molecules and drug release in 

turn. Fig. 4.12 show the response rate of curcumin loaded SSD (Cur-β-CD/EG-PF127) 

hydrogels to drug release in dissolution media of variable pH and of different temperatures.  
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Fig.  4.12. Effect of pH and Temperature on pulsatile drug release of SSD β-CD/EG-PF127 

hydrogels as function of time. Each point represent the mean ± standard deviation (SD) of 

n=3 individual readings. 

Effect of β-CD concentration on drug release 

To investigate the effect of varying β-CD ratio in the feed composition of supramolecular 

hydrogels on drug release, a series of samples (PFCD-1 to PFCD-3) were prepared and 

subjected to drug release experiments. We found that at 35
o
C, with increasing β-CD ratio in 

the feed composition, drug release increased in both of the dissolution medium. However this 

release of the drug was more significant in basic medium (pH 7.4) as compared to acidic 

medium (pH 1.2), owing to the hydrophilic nature of hydrogels and highest swelling in basic 

solution. 

Alternatively in our experiment, we observed a new finding. It was found that at higher 

temperature (40
o
C), with increasing β-CD ratio in the feed composition of hydrogels, release 

of the drug decreases. This is suggested due to the fact that as β-CD contain hydrophobic 

groups in its structure, and with increasing its contents in the gel architecture the host-guest 

interaction between the hydrophobic groups of β-CD and PF127 increases. This in turn leads 

to quicker micellar formation and aggregation (thickening of gel layer) at higher temperature 

that hinders the release of encapsulated drug from the gel matrix. Fig. 4.13a, b, c and d shows 
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the effect of increasing β-CD concentration in the feed composition of hydrogels on drug 

release at variable temperatures in different dissolution medias.  
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Fig. 4.13. Effect of β-CD on pulsatile drug release of SSD β-CD/EG-PF127 hydrogels as 

function of time at different temperature programs in phosphate buffer solution=7.4 (A) in 

acidic solution=1.2 (B) Effect of β-CD on pulsatile drug release at fixed temperature in 

different dissolution medium (C) Effect of varying concentrations of β-CD (g/g) on percent 

drug release in different dissolution medium at fixed temperature. Each point represent the 

mean ± standard deviation (SD) of n=3 individual readings. 
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Effect of EG concentration on drug release 

In order to investigate the response of SSD Cur-β-CD/EG-PF127 hydrogels to drug release 

with increasing EG ratio in the feed composition, three samples (PFCD-7 to PFCD-9) with 

varying EG contents were prepared and subjected to drug release experiments. It was 

observed from the release profile that release of drug increases with increasing EG ratio in 

PBS (pH 7.4) at 35
o
C. This is because EG contain abundant of hydroxyl (–OH) groups in its 

structure and with increasing its contents in the feed composition, the no of –OH functional 

groups increases. So at pH=7.4, the ionization of –OH groups increased the inter chain 

movements that cause the chain repulsion (pores opening) and diffusion of drug molecules. 

Moreover at higher temperature (40
o
C), a slight decrease in drug release was observed owing 

to the aggregated state of the hydrogel.  

Alternatively in acidic medium, no significant drug release was found at both temperatures, 

however the observed drug release was suggested to be due to the hydrophilic nature of 

supramolecular hydrogel samples that permit the diffusion of solvent molecules and drug 

release in turn (Bajpai AK et al., 2002). Fig. 4.14a, b, c and d shows the effect of increasing 

EG concentration in the feed composition ratio of hydrogels on drug release at variable 

temperatures in different dissolution mediums.  
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Fig. 4.14. Effect of EG on pulsatile drug release of SSD β-CD/EG-PF127 hydrogels as 

function of time at different temperature programs in phosphate buffer solution=7.4 (A) in 

acidic solution=1.2 (B) Effect of EG on pulsatile drug release at fixed temperature in 

different dissolution medium (C) Effect of variable EG concentrations (g/g) on percent drug 

release in different dissolution medium at fixed temperature. Each point represent the mean ± 

standard deviation (SD) of n=3 individual readings. 

Effect of PF127 concentration on drug release 

Three samples (PFCD-4 to PFCD-6) with varying PF127 concentration were prepared and 

subjected to drug release study. Fig. 4.15a, b, c and d shows the effect of PF127 

concentration on drug release at variable temperatures in different dissolution medias. It was 



 

   120 
 

observed that drug release decreases with increasing PF127 ratio in the feed composition of 

hydrogels at both temperatures and in both dissolution medias. This is because PF127 contain 

both hydrophilic and hydrophobic groups in its structure and with increasing its concentration 

the micellar formation increases due to highest interaction between the hydrophobic groups. 

This in turn thickens the gel layer that retard the release of the drug of the gel matrix. 

Moreover it was also observed that with increasing temperature of the dissolution media, 

release of the drug further decreases. Generally PF127 molecules are surrounded by a 

hydration layer. With the increase in temperature, the hydrogen bonding between the water 

molecules and hydrophilic chains broke. This in turn leads to chain dissolution and increased 

hydrophobic interactions between poly oxypropylene domains and other hydrophobic groups 

that lead to chain tangles and gel formation. This chain tangles was more prominent at higher 

PF127 concentration that leads to increased gel strength and lower drug release. Similar 

observation were also reported by Derakhshandeh et al in their work for drug release with 

increasing PF127 contents (Derakhshandeh K., et al 2010).  

4.1.10. Release kinetics of drug  

In order to predict the drug release kinetics and release mechanism of the drug, the data 

obtained from the invitro release experiments at various pH values were fitted to different 

mathematical models i.e. Zero order, First order, Higuchi, Korsmeyer–Pappas. A selecting 

criterion for the most suitable model was based on the best goodness of fit predicted by 

considering the values of regression coefficient (r) close to 1. 

Table 4.2 shows the values of the release constant and regression coefficient (R
2
) obtained 

from the mathematical models. It was observed from the results that all the samples (PFCD-1 

to PFCD-6) follows first order with regression coefficient (R
2
) values close to 1 at both pH 

values and 35
o
C. This shows that release of the drug out of depot network occurred through 

pore diffusion and depends upon the concentration of drug at the application site in the depot. 

Release mechanism was observed by applying the Korsmeyer–Pappas model by obtaining the 

values of release exponent ―n‖ for all samples as shown in Table 4.2. It was observed from 

the data that all the samples followed non-fickian diffusion with the ―n‖ values more than 0.5 

except samples (PFCD-1 and PFCD-3) which showed fickian diffusion at pH 1.2 and 7.4 

respectively. This indicates that swelling and relaxation of polymer are involved in drug 

release mechanism.   
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Fig. 4.15. Effect of PF127 on pulsatile drug release of SSD β-CD/EG-PF127 hydrogels as 

function of time at different temperature programs in phosphate buffer solution pH=7.4 (A) in 

acidic solution=1.2 (B) Effect of PF127 on pulsatile drug release at fixed temperature in 

different dissolution medium (C) Effect of PF127 (g/g) on percent drug release in different 

dissolution medium at fixed temperature. Each point represent the mean ± standard deviation 

(SD) of n=3 individual readings.  
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Table 4.2: Drug release kinetics at 35
o
C of SSD β-CD/EG-PF127 hydrogels 

Sample 

Codes 

     pH Zero order 

kinetics 

First order 

kinetics 

Higuchi Model Korsmeyer–

Peppas Model 

  Ko (h¹־) R
2
 K1(h¹־) R

2
 K2 (h¹־)         R

2
 n R

2
 

PFCD-1 1.2 1.705 0.990 0.020 0.993 8.148         0.976  0.629 0.991 

 7.4 2.665 0.970 0.039 0.994 12.97         0.994 0.515 0.994 

PFCD-2      1.2 1.655 0.994 0.022 0.995 7.786          0.953 0.491 0.978 

 7.4 3.016 0.976 0.047 0.992 14.53          0.980 0.561 0.970 

PFCD-3 1.2 1.736 0.980 0.021 0.989 8.347          0.979 0.532 0.985 

 7.4 3.390 0.962 0.059 0.992 16.53          0.989 0.483 0.985 

PFCD-4 1.2 1.742 0.979 0.022 0.988 8.389          0.981 0.520 0.986 

 7.4 3.401 0.967 0.058 0.993 16.51          0.986 0.531 0.987 

PFCD-5 1.2 1.735 0.979 0.023 0.988 8.350          0.979 0.541 0.985 

 7.4 3.269 0.986 0.052 0.994 15.66          0.977 0.572 0.988 

PFCD-6 1.2 1.734 0.980 0.021 0.988 8.334          0.978 0.567             0.985 

 7.4 2.696 0.961 0.038 0.981 13.11          0.982 0.582 0.988 

 

4.1.11. Cytotoxicity evaluation invitro 

MTT assay was used to evaluate the safety and efficacy of SSD thermoreversible Cur-β-

CD/EG-PF127 hydrogels for biomedical applications. The cytocompatibility and cytotoxicity 

of blank SSD hydrogel samples (β-CD/EG-PF127) and curcumin loaded samples (Cur-β-

CD/EG-PF127) were evaluated against previously cultured L929 (Mouse fibroblast cell line), 

Human Cervical cancer cell lines (Hela cells) and Breast cancer cell lines (MCF-7) 

respectively. 

4.1.11.1. Invitro cytocompatibility study 

The safety of bare (unloaded) SSD thermoreversible β-CD/EG-PF127 hydrogels for 

biomedical applications were evaluated against L929 (Mouse fibroblast cell line) cell lines by 

MTT assay. The cells were previously cultured at a density of 10
4
 cells/well. The safety 

profile of unloaded SSD β-CD/EG-PF127 hydrogels were evaluated by applying samples 

with two different concentration (PFCD-1 and PFCD-6) of hydrogel contents. The untreated 

cells (cells devoid of the formulations) were used as negative control, while cells treated with 

Triton-X 100 were taken as positive control. The cells were incubated for 24 h with 

formulations and other negative and positive controls in 96 well plate. Fig. 4.16a shows the in 
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vitro cytocompatibility sketch of bare SSD β-CD/EG-PF127 hydrogels against L929 cell 

lines. It is clear from the results in Fig. 4.16a that compared to the negative control (untreated 

cells), the bare SSD thermoreversible β-CD/EG-PF127 hydrogel samples (PFCD-1 and 

PFCD-6) showed good safety (cytocompatibility) against L929 cell lines at different 

concentrations. However cells treated with Triton-X 100 as positive control killed the cells 

which indicates the toxic nature of the compound. It was concluded from these results that 

unloaded SSD thermoreversible β-CD/EG-PF127 hydrogels are safe and can be used as drug 

delivery depots for the controlled delivery of pharmaceuticals. 

4.1.11.2. Invitro cytotoxicity study 

In order to evaluate the efficacy of curcumin loaded SSD thermoreversible β-CD/EG-PF127 

hydrogels, Human cervical (HeLa) and Breast cancer cell lines (MCF-7) were subjected to 

MTT assay. The cells were previously cultured in 96 well plate at a density of 10
4
 cells/well. 

The untreated cells and free curcumin solution were used as negative and positive controls 

respectively. Cells were first seeded in cell culture plate then free curcumin solution and 

curcumin containing hydrogel solution (100 µl) was injected into the wells as per 

concentrations defined (1, 5, 10, 20, 40, 60, 80, 100 μg/ml). The cells viability was 

investigated after terminating the assay at 24 h via calorimetric determination using ELISA 

reader. It was found that free curcumin solution in wide concentration range showed a higher 

toxicity and drastically deceased the viability of cells after 24 h incubation. Free curcumin 

solution showed toxicity to cells at all concentrations (low and higher concentrations).  

Inhibition of HeLa and Breast cancer cell lines by curcumin entrapped in SSD 

thermoreversible β-CD/EG-PF127 hydrogel samples at same defined concentrations were 

also observed through MTT assay. It was found that hydrogel containing entrapped curcumin 

caused controlled inhibition of cells with highest inhibition at maximum concentrations. Fig. 

4.16b, c indicates the in vitro cytotoxicity sketch of curcumin loaded SSD thermoreversible 

β-CD/EG-PF127 hydrogels against HeLa and Breast (MCF-7) cancer cell lines respectively. 

4.1.11.3. IC50 values evaluation 

The IC50 values were calculated for free curcumin solution and curcumin loaded in SSD 

thermoresponsive gels (PFCD-1 and PFCD-6) against HeLa and Human breast 

adenocarcinoma (MCF-7) cancer cell lines from dose–response curves as shown in Table 4.3. 

The IC50 values for free curcumin solution towards HeLa and MCF-7 were found to be 

48±0.41 µg/ml and 50±0.33 µg/ml respectively, while that for PFCD-1 against HeLa cells 

was found around 30±0.69 µg/ml and 40±0.04 µg/ml against MCF-7 cells. Similarly for 

PFCD-6, the IC50 values were found to be 31±0.11µg/ml against HeLa cells and 40±0.08 
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µg/ml against MCF-7 cells. It was concluded from the results that curcumin loaded in β-

CD/EG-PF127 thermoreversible in situ depot hydrogels produced better cytotoxic activity 

than free curcumin solution. Our results also confirmed that loaded β-CD/EG-PF127 

thermoreversible in situ depot showed a lower IC50 value as compared to free curcumin 

solution which refers to the better uptake and anticancer activity of in situ depot hydrogels 

against both the cancer cell lines.  
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Fig. 4.16.  Invitro cytocompatibility sketch of bare SSD β-CD/EG-PF127 hydrogels against 

L929 cell lines (A) Invitro cytotoxicity of curcumin loaded SSD (Cur-β-CD/EG-PF127) 

hydrogels against HeLa cancer cell lines (B) Invitro cytotoxicity of curcumin loaded SSD 
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(Cur-β-CD/EG-PF127) hydrogels against MCF-7 cancer cell lines (C) Data reported indicates 

the mean ± standard deviation of (n=3) independent experiments. Comparison of control and 

experimental groups for statistical significance was performed with one-way ANOVA. The 

data was found statistically significant with ***p-value of < 0.001. 

Table 4.3: 

The IC50 values and % inhibition of pure curcumin solution and curcumin loaded in in situ 

SSD thermoreversible hydrogels against HeLa and Breast (MCF-7) cancer cell lines and 

mouse fibroblast (L929) cell lines 

 

a 
IC50, Concentration of curcumin (or equivalent) (µg/ml) required to inhibit the cellular 

growth by 50% after 24 h of drug exposure, as determined by the MTT assay. Data reported 

are the percentages or mean ± standard deviation (n=3). 

 

 

 

 

 

 

 

 

Sample  

Codes 

Codes 

a
IC50 (µg/ml) against  

HeLa Cells 

a
IC50 (µg/ml) against      % Cell inhibition in L929  

MCF-7 Cells
 %                        Cells 

 S on Vero Cells
±

 

Triton X 100 

 

       - 

       - 

 -          89 ± 0.33 

                                     

Curcumin 48±0.41  50±0.33  - 

PFCD-1 30±0.69 40±0.04          7 ± 0.75 

PFCD-6 31±0.11 40±0.08          8 ± 0.31 
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4.2. Chemically grafted Poly (PF127-grafted-Carboxymethyl chitosan) thermogel as 

controlled and prolonged 5-FU depot 

4.2.1. Summary  

5-Fluorouracil is widely used against many types of solid cancer in clinics. However due to 

its limitations such as short half-life, poor oral absorption and rapidly clearance by 

dihydropyramidine dehydrogenase has limited its applications. In current study, new insitu 

chemically grafted thermogels for prolonged drug release are formed based on Poloxamer 

407 (PF127) and carboxymethyl chitosan using glutaraldehyde as crosslinking agent. The 

phase transition from sol-gel state at body temperature was confirmed by tube titling, 

rheological analysis and optical transmittance determinations. Swelling and drug release 

experiments conducted at various pH and temperature demonstrated that developed 

formulations are thermoresponsive with maximum swelling and release below CGT i.e. (pH 

7.4, 25
o
C). Cells growth inhibition study confirmed the biocompatibility of thermogels 

against L929 cell lines. MTT assay confirmed that 5-FU loaded thermogels has the potential 

to cause cells death against HeLa and MCF-7 cancer lines. The IC50 values calculated for 

pure 5-FU solution (27±0.81 µg/ml for HeLa and 24±0.58 µg/ml for MCF-7) were found 

higher in comparison to 5-FU loaded thermogels; against HeLa (17±0.39 µg/ml) and MCF-7 

(14±0.67 µg/ml). FTIR confirmed the new structure formation and chemical grafting between 

PF127 and CMCS. TG and DSC analysis proved the phase transition around physiologic 

temperature range,, while SEM analysis displayed the presence of connected pores in the 

cross-section of thermogels facilitating the uptake of solvents and drug particles. Altogether 

results concluded that developed chemically grafted thermogels can be used invivo for 

prolonged drug release after subcutaneous administration.  
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4.2.2. Characterization of thermogels 

4.2.2.1. FTIR spectroscopic analysis 

The chemical grafting and structural analysis of pure materials and chemically grafted Poly 

(PF127-g-CMCS) thermogel sample was assessed through FTIR analysis. Fig.4.17 shows the 

FTIR spectra‘s of pure PF127, CMCS, 5-FU and chemically grafted Poly (PF127-g-CMCS) 

thermogel sample (PFCMC-5). In the FTIR spectrum of pure PF127, the peak at 1689 cm¹־ is 

attributed to carboxylic acid stretching in PF127. A peak appeared at 2993 cm¹־ is assigned to 

C-H stretching. While the broader peak appeared at 1183 cm¹־ corresponds to the symmetric 

-OH group stretching of carboxylic acid. A peak observed in the range of 1997 and 2480 cm
-1 

attributed to the C-C stretching. In the FTIR spectrum of CMCS, the sharp band appeared in 

the range of ∼1580-1610 cm
−1

 corresponds to carboxylate groups. A strong broad absorption 

peak in the range of 3590–3270 cm
−1

 corresponds to the stretching vibration of –OH. The 

peak appeared at 1401 cm
−1 

is attributed to stretching vibration of the COO
–
 group. 

Compared with the FTIR spectra‘s of pure materials, in the FTIR spectrum of gel sample 

(PFCMC-5) shown in Fig.4.17, the intensity of peak around 2000-2500 cm
-1 

became reduced. 

Moreover the peaks intensities in 760 to 1904 cm
-1

 also reduced corresponding to the 

chemical grafting between CMCS and PF127 using glutaraldehyde. The FTIR analysis 

suggests the successful grafting of Poly (PF127-g-CMCS) thermogels using glutaraldehyde 

as cross linker.  

4.2.2.2. TG analysis  

TG analysis of the pure materials (PF127 and CMCS) and chemically grafted Poly (PF127-g-

CMCS) thermogel sample (PFCMC-5) was carried out from 25-300
o
C under N2 atmosphere. 

Fig. 4.18A shows the thermograms of pure materials and gel samples.  In case of PF127, the 

peak degradation was noticed at decomposition temperature (Td) of 139
o
C. This weight loss 

is suggested because of the evaporation of absorbed moistures. In TG curve of pure CMCS, 

the degradation maxima was noticed (Tmax= 250
o
C) at 250

o
C, while it ended at 321

o
C. On the 

other hand the TG analysis of chemically grafted gel sample (PFCMC-5) displayed an initial 

degradation at temperature (Td) of 49
o
C followed by complete weight loss at 215

o
C 

displaying two stage degradation. The first stage degradation corresponds to PF127 chain 

degradation and the second stage was assumed to be due to CMCS chain degradation. 

4.2.2.3. DSC analysis 

The thermal properties of pure materials (PF127 and CMCS) and chemically grafted Poly 

(PF127-g-CMCS) thermogel sample were investigated by subjecting samples to DSC 

analysis under N2 atmosphere by heating in the temperature range of 22
o
C to 300

o
C. In the 
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DSC curve of pure PF127, a broad endothermic peak was observed at 46
o
C that corresponds 

to enthalpy of pluronic micelles and indicates its melting temperature (Tm). The DSC spectra 

of pure CMCS indicated endothermic peaks at 41
o
C and 80

o
C. The DSC spectra of CMCS 

also displayed exothermic peaks at 79
o
C and attained peak position of 279

o
C, with 

exothermic maxima at 499
o
C. Compared with the DSC curve of pure materials, chemically 

grafted thermogel sample (PFCMC), a smaller endothermic peak was noticed in the range of 

51
o
C-98

o
C corresponds to the presence of PF127. Additionally some small endothermic 

peaks were also noticed between 247
o
C to 289

o
C which refers to the presence of CMCS in 

gel network. This change in melting temperature indicates the formation of graft copolymer. 

Fig.4.18B indicates the DSC spectra‘s of pure materials and gel sample.  

 

 

Fig. 4.17. FTIR spectroscopic analysis of pure materials and chemically grafted Poly (PF127-

g-CMCS) thermogel sample (PFCMC-5) 
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Fig. 4.18. TG (A) and DSC (B) analysis of pure materials and chemically grafted Poly 

(PF127-g-CMCS) thermogel sample 

4.2.2.4. Scanning electron microscopic (SEM) analysis 

The cross-sectional morphologies of chemically grafted Poly (PF127-g-CMCS) thermogel 

samples are shown in Fig.4.19 at various resolutions using SEM analysis. It was found that 

SEM micrographs contain highly interconnected pores in the gel network. These pores are 

suggested to facilitate the diffusion containing drug particles in and out of the gel network.  
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Fig.4.19. SEM analysis of chemically grafted Poly (PF127-g-CMCS) thermogel samples. 

Cross-sectional morphology × 200 magnification (A) Cross-sectional morphology × 300 

magnification (B) Cross-sectional morphology × 400 magnification (C) Cross-sectional 

morphology × 500 magnification (D). 

4.2.3. Clarity of thermogels 

Visual observations were made to investigate the clarity of the co-polymeric solutions and 

developed thermogels reported in Table 3.4. All the co-polymeric solutions were observed 

clear at all gelation temperatures. The thermogels were also found transparent at all 

temperatures i.e. 4
o
C, 25

o
C and 37

o
C which in turn indicates the solubility of all the added 

substances. 

4.2.4. Phase transition and gelation mechanism  

The key factors need to be considered in case of insitu formed thermogels are the gelation 

temperature (Tsol-gel) and gelation time (Tg). Tube inversion method was used to observe the 

(A) (B) 

(C) (D) 
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phase transition of chemically grafted Poly (PF127-g-CMCS) thermogels. As reported in 

Table 3.4, the gelation temperature and gelation time show great tunability with the changing 

ratio of PF127, CMCS and cross linker. As shown in Table 3.4, that Tsol-gel and Tg increases 

with the increase of CMCS concentration (PFCMC-1 to PFCMC-3) in gel network. This is 

because of the fact that CMCS is hydrophilic polymer and by increasing its concentration, the 

number of the hydrophilic groups increased that lead to reduced hydrophobic interactions and 

alternatively lead to the increased Tsol-gel and Tg. It was observed that by increasing the 

concentration of PF127 (PFCMC-4 to PFCMC-6), Tsol-gel and Tg decreases as displayed in 

Table 3.4. This is suggested because PF127 is a series of PEO–PPO–PEO tri-block 

copolymers consisting of hydrophobic PPO block and PEO hydrophilic components. The 

PPO occupied in center form the core of Pluronic micelles while the hydrophilic PEO blocks 

forming the micelle shells. With the increase of polymer concentration, the PPO blocks which 

are involved in intermolecular hydrophobic interactions creating aggregation and gel 

formation above critical gelation temperature. Table 3.4 also indicates the effect of increasing 

5-FU contents on Tsol-gel and Tg. It was observed that with increasing 5-FU contents 

(PFCMC-7 to PFCMC-9), the Tg and Tsol-gel increases. This is because with increasing 5-FU 

contents, the hydrophilicity of the network increases which in turn cause an increase in Tg 

and Tsol-gel. Fig.4.20 refers to the phase transition of chemically grafted Poly (PF127-g-

CMCS) thermogels.  

 

                Sol state, <CGT, sol-gel trnsition                                           Gel state, >CGT 

Fig.4.20. Phase transition of chemically grafted Poly (PF127-g-CMCS) thermogels from sol-

gel state within physiologic temperature range (32-37
o
C). 
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4.2.5. Rheological analysis 

The rheological profile of chemically grafted Poly (PF127-g-CMCS) thermogels was studied 

by conducting a range of tests using AR2000 rheometer. These tests were performed to assess 

the gelation at body temperature and mechanical properties of injectable hydrogels.  

4.2.5.1. Time sweep test 

The buildup rate of thermogels with time was investigated by monitoring their storage 

modulus (G′) and loss modulus (G′′) using AR2000 rheometer. The experiment was run for 

300 seconds. It is generally known that G′ refers to the elastic nature of the material while G′′ 

corresponds to the viscous nature of the material. It was found that G′′ was initially greater 

for all the samples which corresponds to the sol state of the samples. However setting of the 

gel samples was observed with time where G′ becomes equal to G′′ at specific point 

indicating the crossover point (where G′=G′′). This crossover point indicates the phase 

transition from sol-gel state. The point where G′> G′′ indicates the dominant elastic state of 

the samples suggesting the gel state of the samples. Fig. 4.21A, B refers to the evaluation of 

G′ and G′′ of the thermogel samples as function of reaction time.   

4.2.5.2.Temperature sweep test 

Temperature sweep test was conducted to monitor the behavior of thermogels by gaining an 

insight to the values of elastic modulus (G′) and viscous modulus (G′′) over an extended 

temperature range. The temperature of 40 mm stainless steel plate was varied with circulating 

water bath attached to AR2000 rheometer. It was found that PF127 which provides a 

thermoresponsive block did not exhibit phase transition at lower concentration (10%) with 

CMCS within the acceptable temperature range (32-37
o
C). It was observed that initially 

viscous modulus (G‖) values were dominating indicated the sol state of the samples. 

However with temperature increase, an increase in elastic modulus (G′) values was observed 

indicating the phase transition from sol-gel state at specific temperature point. This is 

suggested because, below CGT, the copolymers remained in relaxed state and exist as 

unimers in solution. However with increase in temperature, dehydration of hydrophobic 

groups occur and the unimers aggregate to form micelles in gel structure. Fig. 4.21C refers to 

the evaluation of G′ and G′′ along with temperature for thermogels 

4.2.5.3. Frequency sweep test 

Frequency sweep test was conducted to investigate the mechanical stability of formulations at 

body temperature in terms of change of elastic modulus (G′) and viscous modulus (G′′) 

values with frequency variation. It was observed that G‘ was higher than G‖ referring to the 

stable gel state at body temperature. It was concluded that chemically grafted Poly (PF127-g-
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CMCS) thermogels can provide prolong drug release owing to their stable structure at 

physiologic conditions. Fig. 4.21D refers to the evaluation of change in G′ and G′′ as function 

of variable frequency of Poly (PF127-g-CMCS) thermogel samples.  

4.2.5.4. Continuous ramp test 

The thixotropic behavior of chemically grafted Poly (PF127-g-CMCS) thermogels was 

observed in flow mode as function of increasing shear rate from 0-10 1/s for 10 minutes by 

conducting continuous ramp test using. It was found that all samples at various 

concentrations showed a decrease in viscosity with increasing shear rate at room temperature 

(< CGT). This indicates the shear thinning property with increasing forces probably 

suggested because of the dissociation of chemical crosslinks in gel network. Fig. 4.21E 

evaluates the change in thermogels viscosity at variable concentrations as a function of 

increasing shear rate.    

4.2.6. Optical transparency assessment  

The tunablility of chemically grafted Poly (PF127-g-CMCS) thermogels at in response to 

temperature change was evaluated by observing the change in optical transmittances. The 

optical transmittance of Poly (PF127-g-CMCS) thermogels at variable polymer 

concentrations to temperature change was observed using UV-Visible spectrophotometer 

(UV-1601 Shimadzu) at 450 nm using digital water bath. Initially the formulations were 

transferred to disposable cuvettes and at designated temperature, the cuvettes were placed in 

digital water bath. The optical transmittances were observed at different temperatures below 

and above the CGT of thermogels. It was observed that initially at lower temperature, the 

copolymer formulations were transparent and homogeneous below CGT. However a sharp 

change in optical transparencies was observed for all formulations with temperature increase 

and become almost turbid above the LCST (32
o
C). From optical experiments, the CGT of the 

formulations was confirmed within physiologic temperature range. Fig. 4.22A refers to effect 

of temperature on optical transmittances of chemically grafted thermogel samples.  

4.2.7. Invitro degradation study 

Release of encapsulated drug from the delivery system occurred through various mechanism 

including insitu degradation. The invitro degradation profile of chemically grafted Poly 

(PF127-g-CMCS) thermogels with variable contents ratios demonstrated controlled 

degradation rate at 37
o
C as shown in Fig. 4.22B. The maximum weight loss (%) was 

demonstrated for thermogels with higher contents ratio (PFCMC-9) in their feed 

compositions with respect to time. Surface degradation was observed for chemically grafted 

Poly (PF127-g-CMCS) thermogels which is suggested because of random chains cutting. 
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This type of degradation mechanism indicates long term drug delivery owing to the increased 

mechanical strength of system.  

  

   

 
Fig.4.21. Oscillatory sweep and corresponding time data of chemically grafted Poly (PF127-

g-CMCS) thermogels at 30
o
C over a period of 300 seconds under controlled experimental 
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conditions i.e. (Strain= 1% and Frequency= 1Hz) (A, B). Evaluation of storage modulus (G′) 

and loss modulus (G′′) over an extended temperature range (25
o
C to 40

o
C) as function of 

increasing temperature for thermogel samples (C) Evaluation of loss (G′′) and storage moduli 

(G′) as function of increasing frequency under controlled strain of 1% (D) Change in 

viscosity as function of increasing shear rate (0.1-10 s
-1

) for 10 minutes at 25
o
C (F). All the 

experiments were conducted (n=3) in triplicates. 

4.2.8. Percent crosslinking determinations  

Chemically grafted Poly (PF127-g-CMCS) thermogels were prepared by insitu grafting 

technique using glutaraldehyde as crosslinking agent. With the increase in contents (CMCS, 

PF127 and glutaraldehyde) in feed composition of gel samples, percent crosslinking 

increased. This increase is supposed because of provision of more functional groups in the 

reaction mixture during reaction polymerization. Because of the presence of ionized 

functional moieties, crosslinking reactions between the groups increases that lead to higher 

crosslinking yield and lead to dense hydrogel structure. Fig. 4.22C refers to the effect of 

reactants on percent crosslinking of chemically grafted thermogels.  
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Fig. 4.22. Temperature dependent variation in optical transmittance of chemically grafted 

Poly (PF127-g-CMCS) thermogels (A) Invitro degradation profile of Poly (PF127-g-CMCS) 

thermogels at 37
o
C (B) Effect of processing parameters on percent crosslinking of Poly 

(PF127-g- CMCS) thermogels (C). All experiments were conducted in triplicates (n=3).  

4.2.9. Swelling test 

In order to investigate the sensitive nature of chemically grafted Poly (PF127-g-CMCS) 

thermogels, swelling experiments were conducted providing variable sink conditions. Effect 

of pH and temperature was conducted in USP phosphate buffer solutions of variable pH and 

at different temperature programs.  
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Effect of pH on swelling behavior  

The response rate of Poly (PF127-g-CMCS) thermogels to pH variation was investigated by 

monitoring the swelling kinetics in USP Phosphate buffer solution of pH 7.4 (PBS, 5 mM) 

and pH 1.2 (0.1 M HCl buffer) at constant temperature (25
o
C). It was observed from the 

swelling profile that Poly (PF127-g- CMCS) thermogels exhibited swelling behavior at both 

pH values, however maximum swelling was noticed at pH 7.4. Since CMCS is hydrophilic 

amphoteric polymer with amino (-NH2) and carboxylate groups (COO−) groups. At lower pH 

values, the amino (-NH2) groups exist in slightly ionized state causing the repulsion between 

ionized groups and in turn swelling of gels. Additionally PF127 also contain abundant of 

hydrophilic PEO groups facilitating the water uptake swelling at lower pH value. On the 

other hand, at higher pH (7.4) the carboxylate groups (COO−) groups exist in strongly 

ionized state creating the strong repulsive forces leading to increased swelling. Fig. 4.23A 

refers to the effect of pH on swelling kinetics of Poly (PF127-g-CMCS) thermogels at 

constant temperature i.e. 25
o
C.  

Temperature sweep swelling experiments 

The thermosensitivity of chemically grafted Poly (PF127-g-CMCS) thermogels was studied 

at two different temperatures (25
o
C and 37

o
C) in different swelling medias. It was noticed 

from the swelling profile that thermogels exhibited highest and faster swelling <CGT at 25
o
C 

in both buffer solutions. This is suggested because, at lower temperature the copolymer chain 

exist in relaxed state and ionized hydrophilic groups (PEO, –COOH) form a strong 

intermolecular entanglements with the surrounding water molecules. This in turn cause 

increased water uptake and highest swelling ratio. On the other hand at 37
o
C i.e. >CG 

decrease in swelling ratio was observed at both pH values. This is suggested because, at 

higher temperature, the hydrophobic interactions dominated and the ionized functional 

groups (PEO, –COOH) start aggregation causing the bound water molecules released from 

the polymer chain. Similar trends with temperature effect was observed by Clara, I et al 

(Clara I et al., 2016). Fig.4.23B refers to effect of temperature on swelling kinetics of Poly 

(PF127-g- CMCS) thermogels.  

Swelling-deswelling-reswelling cycle 

Temperature dependent swelling reversibility of Poly (PF127-g-CMCS) thermogels was 

assessed by conducting oscillatory heating and cooling cycles. The oscillatory swelling 

experiments were conducted in PBS (pH 7.4) in two fan ovens set at different temperatures. 

The reversible swelling response to temperature effect was observed after each cycle at 2 h 

interval between 25
o
C and 37

o
C. Initially blank dried thermogel discs were placed in PBS 7.4 
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(5 mM) at 25
o
C and were transferred to another glass container in other oven set at 37

o
C after 

2 h interval. The swelling ratios were noted accordingly before each transfer. It was noticed 

that thermogels showed reversible response to solvent uptake at 25
o
C and 37

o
C respectively 

that confirms the good reversible behavior of the thermogels. These swelling-deswelling-

rewselling cycles was repeated several time and the data indicated in Fig.4.23C do not show 

the equilibrium swelling ratio. However this clearly demonstrates the temperature dependent 

reversible swelling behavior.  

 

 

 
Fig.4.23.  The response rate of Poly (PF127-g-CMCS) thermogels to pH variation at constant 

temperature (25
o
C) (A) Effect of temperature on swelling kinetics of (PF127-g-CMCS) 

thermogels (B) Swelling-deswelling-reswelling kinetics of chemically grafted Poly (PF127-g-

CMCS) thermogels (C). The data presented indicates the mean of n=3 individual 

experiments. 
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4.2.10. Drug contents retrieved  

The amount of encapsulated drug retrieved was calculated using the extraction method. 

Briefly all the selected samples of Poly (PF127-g-CMCS) thermogels containing 100 mg of 

5-FU were soaked in PBS, pH 7.4 (5 mM) at 25
o
C for predetermined time interval. The 

samples were screened in triplicate for drug contents determination at 265 nm using UV-

Visible spectrophotometer (UV-1601 Shimadzu, Japan). It was noticed that samples with 

increasing CMCS and PF-127 contents exhibited higher drug loading owing to their highest 

swelling and more hydrophilic gel structure. On the other hand samples with increasing 

glutaraldehyde contents demonstrated decrease in drug loading. This decrease in drug loading 

is suggested because of increased cross-linked density and compact thermogel structure. 

Table 4.4 shows the amount of drug extracted from selected thermogel samples.  

Table 4.4: Clarity of the formulations and drug contents retrieved  

Formulation Codes Clarity of Formulations Drug Contents % 

PFCMC-1 +++++ 94 ± 0.68 

PFCMC-2 +++++ 95 ± 0.77 

PFCMC-3 +++++ 98 ± 0.42 

PFCMC-4 +++++ 92 ± 0.55 

PFCMC-5 +++++ 91 ± 0.61 

PFCMC-6 ++++ 93 ± 0.49 

PFCMC-7 ++++                  94 ± 0.91 

PFCMC-8 ++++                  89 ± 0.37 

PFCMC-9 ++++                  83 ± 0.83 

Clarity: Good; +++++,, Fair; ++++ 

4.2.11. Invitro drug release study 

Effect of various parameters i.e. pH, temperature of the dissolution media, polymeric contents 

and cross linker on invitro drug release was investigated to monitor the response rate of Poly 

(PF127-g-CMCS) thermogels. Invitro release tests were conducted in various dissolution 

medias i.e. PBS, pH 7.4 (5 mM), pH 1.2 (0.1 M HCl). 

Effect of pH on drug release 

Effect of pH on drug release from Poly (PF127-g-CMCS) thermogels was observed in PBS, 

pH 7.4 (5 mM), pH 1.2 (0.1 M HCl) at constant temperature (25
o
C). The pH of the medium is 

an important factor that greatly affect the release of entrapped drug from insitu formed depot 
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thermogels. Moreover pH of the buffer solution greatly affects the ionization of functional 

groups which in turn depends upon the pKa values of the gel components. It was noticed 

from release profile that Poly (PF127-g-CMCS) thermogels showed maximum drug release 

in PBS 7.4. This is suggested because at higher pH the functional groups (PEO, –COOH) 

remained in strong ionization state which cause increased water uptake and in turn release of 

entrapped drug. This response to drug release of Poly (PF127-g-CMCS) thermogels at higher 

pH was supported by the swelling studies owing to their maximum swelling in basic medium.  

Alternatively in acidic solution (1.2), drug release was also noticed from Poly (PF127-g-

CMCS) thermogels owing to the presence of amino (NH2) functional groups in gel network 

as supported by swelling experiment. At lower pH, the amino groups remained in ionized 

state which cause the repulsion and expansion of network structure. However significant drug 

release was observed at higher pH which is suggested because of more hydrophilic nature of 

Poly (PF127-g-CMCS) thermogels which facilitate water uptake and release of entrapped 

drug. Fig.4.24A indicates the response rate of Poly (PF127-g-CMCS) thermogels to drug 

release in buffer solutions of variable pH values at 25
o
C.  

Temperature dependent drug release 

The response rate of Poly (PF127-g-CMCS) thermogels to drug release as function of 

temperature change was observed by conducting release experiments at two different 

temperatures (25
o
C and 37

o
C) and in different dissolution mediums. It was observed from 

release profile displayed in Fig.4.24B that with increasing temperature, drug release 

decreases at both pH. This is because at lower temperature (25
o
C) the gel network remained 

in hydrated and relaxed state due to increased water molecules interaction with functional 

groups present in gel network. This in turn facilitates the water uptake and drug release. On 

the other hand, at higher temperature (37
o
C), the hydrophobic interactions of PPO groups 

from PF127 dominate and the gel network remained in aggregated state. This aggregated gel 

state hinders the release of encapsulated drug from the network. This reduction in drug 

release was observed at both pH values.  

Effect of CMCS contents on drug release 

Selected samples were screened in order to investigate the effect of variable CMCS contents 

on drug release from Poly (PF127-g-CMCS) thermogels. Release experiments were 

conducted in PBS, pH 7.4 (5 mM) and pH 1.2 (0.1 M HCl) at constant temperature (25
o
C). It 

was noticed that with increasing CMCS contents, an increase in drug release was observed at 

both pH with significant release at pH 7.4. This is because with increasing CMCS contents, 

the no of functional groups (-NH2, -COOH) in the gel network increased. At lower pH (1.2) 
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the release from the thermogels is suggested because of presence of ionized amino groups, 

which cause the repulsion and drug release in turn. On the other hand at higher pH with 

increasing CMCS contents, the no of ionized hydrophilic carboxylate groups (–COOH) 

increases accordingly, which results in increased water uptake and drug diffusion in return. 

Fig. 4.24C-E refers to the effect of variable CMCS contents on 5-FU release as a function of 

time and contents at variable pH and constant temperature respectively.  

Effect of PF127 contents on drug release 

A series of thermogel samples with varying PF127 contents (PFCMC-4 to PFCMC-6) were 

developed and investigated their effect on invitro drug release from Poly (PF127-g-CMCS) 

thermogels. The release profile was investigated in PBS, pH 7.4 (5 mM) at constant 

temperature (25
o
C). It was noticed that drug release decreased with increasing PF127 ratio in 

the gels feed composition. PF127 contain both hydrophobic (PPO) and hydrophilic (PEO) 

groups in its structure and with increasing its contents, the no of PPO groups also increased. 

This in turn leads to quicker aggregation and micellar formation due to highest hydrophobic 

interaction. This phenomena cause thickening of the gel layer that hinder the drug release 

from thermogels. Fig.4.25A, B demonstrates the effect of increasing PF127 contents in feed 

composition on 5-FU release with respect to time and contents respectively.  

Effect of cross linker contents on drug release 

Crosslinking agent causes the chemical grafting between the functional groups and utilizes 

most of the groups in these crosslinking reactions. To evaluate the effect of glutaraldehyde on 

drug release a series of samples (PFCMC-7 to PFCMC-9) were prepared and subjected to 

release study. The release experiments were carried out in PBS, pH 7.4 (5 mM) at constant 

temperature (25
o
C). It was noticed that with increasing glutaraldehyde contents, drug release 

decreases accordingly. This is because at higher glutaraldehyde concentration, the gel 

structure become more rigid and compact due to higher crosslinking reactions. This 

phenomena in turn hinders the release of encapsulated drug from the gel network. Fig.4.25C, 

D demonstrates the effect of variable glutaraldehyde contents on 5-FU release from Poly 

(PF127-g-CMCS) thermogels at constant pH and temperature. 
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Fig. 4.24. Effect of pH on cumulative 5-FU release from Poly (PF127-g-CMCS) thermogels 

at constant temperature (25
o
C) (A) Effect of temperature on cumulative 5-FU release from 
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Poly (PF127-g-CMCS) thermogels (B) Response rate of Poly (PF127-g-CMCS) thermogels 

to cumulative 5-FU release as function of increasing CMCS contents at pH 7.4, T 25
o
C with 

respect to time (C) Response rate of Poly (PF127-g-CMCS) thermogels to cumulative 5-FU 

release as function of increasing CMCS contents at pH 1.2, T 25
o
C with respect to time (D) 

Cumulative 5-FU release from Poly (PF127-g-CMCS) thermogels in response to increasing 

CMCS contents in the feed composition. The data indicates the mean ± SD of (n=3) 

individual experiments. 

4.2.12. Flory-Huggins parameters of chemically grafted Poly (PF127-g-CMCS) 

thermogels 

4.2.12.1. Diffusion coefficient (D) 

Diffusion coefficient (D) refers to penetration of solvent or solute into preexisting voids in 

the porous network of chemically grafted Poly (PF127-g-CMCS) thermogels. For selected 

thermogel samples, D was calculated in PBS 7.4 at 25
o
C. It was noticed that D values 

decreases with increasing CMCS contents in the feed composition. Since the gel network of 

Poly (PF127-g-CMCS) thermogels contain high no of hydrophilic groups which cause 

increased water uptake and swelling. On the other hand with increasing glutaraldehyde 

contents in the feed composition, an increase in D values was noticed accordingly. This is 

suggested because of compact gel structure at higher cross linker contents and lower 

diffusion of solvent molecules. Table 4.5 indicate the values of diffusion coefficient and other 

Flory Huggins networking parameters.  

4.2.12.2. Solvent interaction parameters (χ) 

Solvent interaction parameters were calculated to check the compatibility of gel components 

with surrounding fluids. The χ were calculated in PBS 7.4 at 25
o
C. Generally χ has inverse 

relationship with volume uptake capacity of the gels. It was supposed that grater χ values 

refers to weaker interaction between components in gels and surrounding fluids. It was 

noticed that with increasing CMCS contents (PFCMC-1 to PFCMC-3), χ values decreased 

accordingly. This phenomena explain the hydrophilicity of chemically grafted Poly (PF127-

g-CMCS) thermogels and higher interaction between polymers in gels with surrounding 

fluids. Table 4.5 indicates the χ values with increasing CMCS in the feed composition of 

thermogels.  

 

 

 

 



 

   145 
 

 

 

 

 

 
 

Fig.4.25. Response rate of Poly (PF127-g-CMCS) thermogels to cumulative 5-FU release as 

function of increasing PF127 contents at pH 7.4, T 25
o
C with respect to time (A) Cumulative 

5-FU release with respect to increasing PF127 contents in the feed composition (B) Effect of 

glutaraldehyde on cumulative 5-FU release from Poly (PF127-g-CMCS) thermogels at pH 

7.4, T 25
o
C with respect to time (C) Cumulative 5-FU release with respect to increasing 

glutaraldehyde contents in the feed composition (D)  

4.2.12.3. Polymer volume fraction 

Polymer volume fraction (V2,s) is another factor that affect the water uptake capacity of 

chemically grafted Poly (PF127-g-CMCS) thermogels. It was noticed from the results in 

Table 4.5 that with increasing CMCS contents, V2,s decreases accordingly. This shows the 

hydrophilic gel nature and highest water holding capacity of Poly (PF127-g-CMCS) 

thermogels. It was also noticed that V2,s increases with increasing glutaraldehyde contents 

(A) (B) 

(C) (D) 
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referring to the compact gel structure and lower water holding capacity as shown in Table 

4.5.  

Table 4.5: Diffusion coefficient (D) and networking parameters of thermogels 

 

 

4.2.13. Release kinetics of drug 

The drug release kinetics and mechanism from chemically grafted Poly (PF127-g-CMCS) 

thermogels was predicted by fitting the invitro release data obtained to various mathematical 

models i.e. Zero order, First order, Higuchi, Korsmeyer–Pappas. The selecting criterion for 

the most suitable model was based by considering the values of regression coefficient (r) 

close to 1. Table 4.6 refers release exponent (n), release constant (k) and regression 

coefficient (R
2
) values obtained. It was noticed that all the selected thermogel samples 

indicated in Table 4.6 follow zero order kinetics with regression coefficient (R
2
) values close 

to 1. This release kinetics indicate that drug release occurred through pore diffusion 

mechanism and not dependent upon the concentration of drug at the application site. 

Korsmeyer–Pappas model was used to predict release mechanism. It was observed from the 

values of release exponent ―n‖ values that all the samples followed non-fickian diffusion with 

the ―n‖ values more than 0.5 shown in Table 4.6. This phenomena indicates that drug release 

occurred through swelling and relaxation and degradation of gels.  

 

 

 

 

Samples code V2,s χ D 

10ˉ
6
 (cm²/sec) 

PFCMC-1 0.01593 0.6458 0.1391 

PFCMC-2 0.01348 0.5498 0.1056 

PFCMC-3 0.01125 0.4782 0.0753 

PFCMC-7 0.01094 - 0.1425 

PFCMC-8 0.01482 - 0.1626 

PFCMC-9 0.01959 - 0.1987 
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Table 4.6: Drug release kinetics 

Sample 

Codes 

     pH Zero order 

kinetics 

First order 

kinetics 

Higuchi Model Korsmeyer–

Peppas Model 

  Ko (h¹־) R
2
 K1(h¹־) R

2
 K2 (h¹־)         R

2
 n R

2
 

PFCMC-1 1.2 1.567 0.997 0.013 0.998 4.893          0.987  0.593 0.997 

 7.4 2.734 0.992 0.049 0.990 13.64          0.981 0.692 0.980 

PFCMC-2      1.2 1.421 0.997 0.048 0.995 5.766          0.967 0.543 0.973 

 7.4 3.532 0.998 0.059 0.980 18.33          0.962 0.668 0.989 

PFCMC-3 1.2 1.598 0.998 0.020 0.998 5.894          0.979 0.592 0.985 

 7.4 4.323 0.994 0.079 0.989 19.78          0.975 0.632 0.994 

 

4.2.14. Cells growth inhibition study 

The cells growth inhibition study of blank and drug loaded chemically grafted Poly (PF127-

g-CMCS) thermogels was evaluated by MTT assay against previously cultured L929 cell 

lines, HeLa cancer cells and MCF-7 cancer cell lines respectively for biomedical 

applications. The cell growth inhibition of thermogels was defined as the relative viability 

(%) which correlates with amount of viable cells compared with cell control.  

4.2.14.1. Invitro cytocompatibilty study 

The safe nature of blank chemically grafted Poly (PF127-g-CMCS) thermogels was evaluated 

against L929 cell lines. The previously cultured cells were seeded at density of 10
4
 cells/well. 

The cell growth inhibition of developed blank formulations were evaluated by applying 

thermogels at different contents concentrations (PFCMC-3 and PFCMC-9) against L929 cell 

lines. The untreated cells were used as negative control, while Triton-X 100 treated cells were 

taken as positive control. The 96 well plate containing cells were placed for incubation for 24 

h with formulations and other negative and positive controls at 37
o
C. Fig.4.26A corresponds 

to the biocompatibility of thermogel samples. Results concluded that blank gel samples 

showed good cytocompatibility (~90%) at all concentrations in comparison with negative 

control against L929 cell lines. However Triton X 100 inhibited the cells growth and showed 

toxic nature. These results indicate the safe nature of chemically grafted Poly (PF127-g-

CMCS) thermogels at all concentrations and can be used as controlled drug delivery depot for 

localized and systemic drug delivery after invivo administration.  
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4.2.14.2. Invitro cytotoxicity study 

The cytotoxic potential of 5-FU loaded chemically grafted Poly (PF127-g-CMCS) thermogels 

was evaluated by standard MTT assay in comparison with free 5-FU solution against 

previously cultured HeLa and MCF-7 cells respectively. The untreated cells and free 5-FU 

solution were used as negative and positive controls respectively. Previously cultured cells 

were applied free pure 5-FU solution and 5-FU loaded thermogel formulations (100 µl) at 

same defined concentrations (1, 5, 10, 20, 40, 60, 80, 100 μg/mL). The plates were then 

incubated for 24 h at 37
o
C. The cell viability was investigated using ELISA reader after 24 h 

incubation. It was noticed from results that free pure 5-FU solution showed higher toxicity 

towards both cancer cell lines and drastically deceased the viability of cells after 24 h 

incubation at all concentrations. It was also concluded that 5-FU loaded thermogels showed 

controlled cytotoxic potential as compared to free 5-FU solution with highest inhibition at 

maximum concentrations. Fig.4.26B, C indicates the cytotoxic potential of 5-FU loaded 

chemically grafted Poly (PF127-g-CMCS) thermogels against HeLa and MCF-7 cancer cell 

lines.  

4.2.14.3. IC50 values evaluation 

The IC50 values were calculated for free 5-FU solution and 5-FU loaded thermogels 

(PFCMC-2 and PFCMC-7) against HeLa and MCF-7 cancer cell lines from dose–response 

curves. For pure free 5-FU solution, the IC50 values towards HeLa and MCF-7 cells were 

found to be 27±0.81 µg/ml and 24±0.58 µg/ml respectively. While for PFCMC-2 against 

HeLa cells, IC50 was found to be 17±0.39 µg/ml and 14±0.67 µg/ml against MCF-7 cells. 

Similarly for PFCMC-7, the IC50 values towards HeLa and MCF-7 cells were found to be 

19±0.46 µg/ml and 16±0.56 µg/ml respectively. These lower IC50 values of 5-FU loaded 

thermogels indicate the controlled killing and better uptake ability of cancer cells. Table 4.7 

indicates the IC50 values calculated for free 5-FU solution and 5-FU loaded chemically 

grafted Poly (PF127-g-CMCS) thermogels. 
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Fig.4.26. Invitro cells growth inhibition sketch of blank chemically grafted Poly (PF127-g-

CMCS) thermogels against L929 cell lines (A) Invitro cytotoxic potential of 5-FU loaded 
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chemically grafted Poly (PF127-g-CMCS) thermogels against HeLa cancer cell lines (B) 

Cytotoxicity evaluation of 5-FU loaded chemically grafted Poly (PF127-g-CMCS) 

thermogels MCF-7 cancer cell lines (C) Data reported indicates the mean ± standard 

deviation of (n=3) independent experiments. Comparison of control and experimental groups 

for statistical significance was performed with one-way ANOVA. The data was found 

statistically significant with **p-value of < 0.001.   

Table 4.7: 

The IC50 values and % inhibition of pure 5-FU solution and 5-FU loaded in Poly (PF127-g-

CMCS) thermogels against HeLa and MCF-7 cancer cell lines and L929 cell lines. 

a 
IC50, Concentration of 5-FU (or equivalent) (µg/ml) required to inhibit the cellular growth 

by 50% after 24 h of drug exposure, as determined by the MTT assay. Data reported are the 

percentages or mean ± standard deviation (n=3). 

 

 

 

 

 

 

 

 

 

 

Sample  

Codes 

Codes 

a
IC50 (µg/ml) 

against  

HeLa Cells 

a
IC50 (µg/ml) against    % Cell inhibition in L929 cell                 

MCF-7 Cells
 %                    

    lines
 

 S on Vero Cells
±

 

Triton X100 - 

      

 -                86 ± 0.77 

5-FU 27±0.81 24±0.58       - 

PFCMC-2 17±0.39 14±0.67                 9 ± 0.84 

PFCMC-7 19±0.46 16±0.56                 8 ± 0.76 



 

   151 
 

4.3. Preparation of pH/thermo dual responsive Poly (CMCS-g-NIPAAm) insitu gel 

formulations 

4.3.1. Summary  

In current study, cytocompatible insitu cross linkable pH/thermo dual responsive injectable 

hydrogels were prepared based on Poly (N-isopropylacrylamide) and Carboxymethyl 

chitosan i.e. Poly (CMCS-g-NIPAAm). The prepared formulations were aimed to be used as 

drug depot of 5-FU after subcutaneous administration invivo. The phase transition from sol-

gel state under physiologic temperature range was analyzed and confirmed by tube titling and 

optical transmittance measurements. The viscoelastic properties of gel formulations were 

confirmed by rheology determination via time sweep, temperature and continuous ramp test. 

Oscillatory swelling cycles confirmed temperature effect and structural changes. pH and 

temperature sensitivity of dual responsive gels was analyzed at different pH and temperature 

programs. Invitro drug release profile displayed that developed formulations has highest 

release in acidic pH at 25
o
C. The safety of blank gel formulations was evaluated against L929 

cell lines via MTT assay and confirmed cytocompatibility with no detectable toxicity. Invitro 

cytotoxic potential of drug loaded gels against HeLa and MCF-7 cancer cell lines confirmed 

that 5-FU has controlled cytotoxic potential in depot form in comparison to free 5-FU 

solution. The IC50 values for free 5-FU (21±05 µg/ml and 18±66 µg/ml) was found higher in 

comparison to loaded form. The copolymer structure formation was confirmed by NMR and 

FTIR spectroscopic analysis. TG and DSC analysis proved the thermal stability and phase 

transition temperatures of pure and copolymer samples. While SEM analysis showed the 

porous nature of insitu formed hydrogels. It was concluded from the results that the 

developed formulations has pH/temperature sensitivity with potential of systemic and 

intratumoral controlled drug delivery properties.  
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4.3.2. Characterization of gels 

4.3.2.1. FT-IR spectroscopic analysis 

The FTIR spectra‘s of pure NIPAAm, CMCS, 5-FU and chemically grafted Poly (CMCS-g-

NIPAAm) gel sample are shown in Fig. 4.27. As shown in Fig. 4.27 (a), an absorbance band 

at 1599 cm
_1

 was assigned to the N–H stretching and carbonyl amide of NIPAAm, while the 

sharp bands appear in the range of ∼1409 cm
-1

, ∼1467 cm
-1

 are assigned to the characteristic 

isopropyl band in NIPAAm. Fig. 4.27 (b) shows the FTIR spectra of CMCS. In the FTIR 

spectra of CMCS, the sharp band in the range of ∼1591-1608 cm
−1

 attributed to carboxylate 

groups (Guo BL et al.,2007 ). Fig. 4.27 (c) shows the FTIR spectra of pure 5-FU. In the FTIR 

spectra of Poly (CMCS-g-NIPAAm) spectra shown in Fig. 4.27 (d) the band appeared at 

∼1599 cm
_1 

was assigned to amide group in NIPAAm and the band at ∼2897 cm
-1

 was 

attributed to -CH(CH3)2 groups. The appearance of peaks in copolymer sample demonstrated 

that NIPAAm was successfully grafted onto the main chain of CMCS and crosslinking with 

glutaraldehyde has been confirmed. Moreover a drop in peaks was also observed in 

copolymer sample, which reflect the evidence of interactions between the functional moieties 

in crosslinking reactions.  
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Fig. 4.27. FTIR spectra‘s of pure (A) Pure NIPAAm (B) Pure CMCS (C) 5-FU (D) 

Chemically grafted Poly (CMCS-g-NIPAAm) copolymer hydrogel sample 

4.3.2.2. NMR spectroscopic analysis 

The successful grafting of NIPAAm and CMCS was analyzed through NMR spectroscopic 

analysis. Fig. 4.28 indicates the NMR spectrums of pure NIPAAm, CMCS and chemically 

grafted Poly (CMCS-g-NIPAAm) gel sample.  

In the 
1
H NMR spectrum of NIPAAm shown in Fig. 4.28 (a), the signal appeared at 2.61 ppm 

was arrtibuted to CH3 group while the signal at 3.68 ppm corresponds to N-CH- group. The 

signal appeared at 5.39 ppm and cluster of signals at 6.73 ppm were attributed to double 

bonds of (CH2=CH-) representing no of proton positions. Moreover the signals appeared in 

the range of 7.13 to 7.99 ppm were attributed to NH- groups. All the peaks observed are in 

good agreement with the reported values (Li Y et al., 2015). The 
1
H NMR spectrum of the 

CMCS shown in Fig. 4.28 (b) is somewhat complex and indicates as additional signals 
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appeared in the range of 3.15 ppm to 3.48 assigned to the introduction of carboxymethylation 

to the parent chitosan (Antoniraj MG et al., 2016). In the 
1
H NMR spectrum of Poly (CMCS-

g-NIPAAm) gel sample shown in Fig. 4.28 (c), the proton position were slightly shifted and 

appeared at 3.77 and 4.56 corresponds to the hydrogen atoms of C2 in the glucosamine ring. 

There also occur a shift in the proton position bonded to C1 to 6.88 ppm and 7.21 ppm. 

Moreover the occurance of signal at 1.22 showd the presence of proton position (hydrogen 

atoms) of methyl (CH3) from acetamido group. This result indicates the successful grafting 

reactions between PNIPAAm and CMCS. The 
1
H NMR spectrum also indicates the 

disappearance of some signals in the range of 7.22 to 8.0 ppm. These signals has been 

observed in the 
1
H NMR spectrum of PNIPAAm which were assigned to NH- groups. Their 

disapperance also indicates the grafting reactons between PNIPAAm and CMCS.  
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Fig. 4.28. 
1
H NMR spectrums of (A) pure NIPAAm (B) pure CMCS (C) chemically grafted 

Poly (CMCS-g-PNIPAAm) copolymer hydrogel sample 

4.3.2.3. Thermogravimetric (TG) analysis 

TG analysis was used to investigate the thermal stabilities of the NIPAAm, CMCS and 

chemically grafted Poly (CMCS-g-NIPAAm) gel sample presented in Fig. 4.29 using under 

N2 atmosphere.  

In TG thermogram of pure NIPAAm, the degradation peak was observed at 180
o
C with later 

increased to 228
o
C and ends at 413

o
C. In TG thermogram of pure CMCS, the maximum rate 

degradation temperature (Tmax= 250
o
C) was observed at 250

o
C, while it ends at 321

o
C. The 

TG spectra of the chemically grafted Poly (CMCS-g-NIPAAm) gel sample (IPCMCS-2) 

showed two stage thermal degradation. The first decomposition peak was noticed at 232
o
C 

and the second degradation peak was observed at 476
o
C.  The first degradation peak was 

attributed to chitosan chain degradation while second decomposition stage was assigned to 

NIPAAm chain decomposition. This thermal degradation indicate the grafting of NIPAAm 

on CMCS backbone chain.  

 

 

Fig.  4.29. TG analysis of pure NIPAAm, pure CMCS and chemically grafted Poly (CMCS-

g-NIPAAm) gel sample (IPCMCS-2) 

4.3.2.4. Differential scanning calorimetric (DSC) analysis  

The DSC spectra‘s of pure NIPAAm, pure CMCS and chemically grafted Poly (CMCS-g-

NIPAAm) gel sample are shown in Fig. 4.30.  

In the DSC curve of pure NIPAAm, initial endothermic peak was observed at 30
o
C and ends 

at peak position of 90
o
C. This endothermic transition of the pure NIPAAm is close to LCST 
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of NIPAAm (32
o
C). This phase transition with temperature change lies within the body 

temperature range. In the DSC thermograms of pure NIPAAm, various exothermic peaks 

were observed in the range of 170
o
C-700

o
C which corresponds to NIPAAm decomposition at 

high temperature.   

In the DSC spectra of pure CMCS endothermic peaks were noticed at 44
o
C and 83

o
C. The 

DSC spectra of CMCS also showed exothermic peaks at 81
o
C and reach to peak position of 

284
o
C, with exothermic maxima at 497

o
C. The DSC curve of chemically grafted Poly 

(CMCS-g-NIPAAm) gel sample (IPCMCS-2) is shown in Fig. 4.30. In case of IPCMCS-2, 

the endothermic peak appears at 30
o
C that is exactly similar to the transition temperature of 

pure NIPAAm. The peak position of the copolymer hydrogel also ends at 90
o
C. No 

significant difference has been observed in transition temperatures (onset and Peak) for the 

formulations with respect to pure NIPAAm. The DSC spectrum of IPCMCS-2 shows various 

exothermic peaks and the exothermic maxima at 800
o
C that indicates the thermal stability of 

the IPCMCS-2 copolymer hydrogel at high temperature. 

 

 

 

Fig. 4.30. DSC analysis of pure NIPAAm, pure CMCS and chemically grafted Poly (CMCS-

g-NIPAAm) gel sample (IPCMCS-2) 

4.3.2.5. Scanning electron microscopic (SEM) analysis 

The cross-sectional morphologies of chemically grafted Poly (CMCS-g-NIPAAm) gel 

sample are shown in Fig. 4.31 at various resolutions using SEM analysis. It was found that 

the SEM micrographs indicate the presence of pores in the gel network. These pores are 

believed to transport the drug particles in and out of the gel network.  
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Fig. 4.31. Scanning electron microscopic analysis and cross-sectional morphologies of 

chemically grafted Poly (CMCS-g-NIPAAm) gel samples at various magnification.  

4.3.3. Clarity of formulations 

A series of pH/thermo dual responsive chemically grafted Poly (CMCS-g-NIPAAm) gel 

samples reported in Table 3.5 were prepared and their clarity was observed visually. It was 

found that all the copolymer solutions and their formed gels were clear and transparent at all 

the temperatures i.e. 4
o
C, 25

o
C and 37

o
C, which in turn shows the solubility of all the added 

substances. Table 4.8 refers to the clarity of developed gel formulations.  

4.3.4. Phase transition determination (Tsol-gel) 

In order to confirm the phase transition from sol-gel state of insitu formed injectable 

hydrogels, two parameters are important to consider i.e. gelation temperature (Tsol-gel) and 

time (Tg). The phase transition of chemically grafted Poly (CMCS-g-NIPAAm) gel samples 

(A) (B) 

(C) (D) 
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was determined through tube titling method and gelation temperature and time of optimized 

formulations are reported in Table 3.5. It was observed that the gelation temperature and time 

of the developed formulations were affected by concentration of NIPAAm and CMCS. It was 

found that by increasing the concentration of NIPAAm in the feed composition of samples, 

Tsol-gel and Tg decreased accordingly. This is because NIPAAm is thermoresponsive monomer 

and by increasing its concentration, hydrophobic interactions between the reactive species in 

the gel network increased. As a result the reaction between the functional moieties occur 

quickly which in turn leads to reduce gelation time. In addition, gelation temperature also 

found to be decrease with increasing NIPAAm contents in the gel composition. This is 

because of higher hydrophobic effect caused due to the presence of isopropyl contents in the 

feed composition of network. On the other effect of increased CMCS contents on Tsol-gel and 

Tg was also observed and results are reported in Table 3.5. It was observed that Tsol-gel and Tg 

increased with increasing CMCS contents. This is because, CMCS is a hydrophilic polymer 

and with increasing its contests in the feed composition, the interaction between carboxyl 

groups and water molecules increased. As a result higher temperature is required to cause 

evaporation of water molecules off gel network and which in turn leads to higher increased 

Tsol-gel. Moreover with increasing CMCS contents, an increased in Tg was found. This is 

suggested because of increased hydrophilicity of the gel network owing to the presence of 

higher hydrophilic carboxyl groups. This result in reduced hydrophobic interactions between 

the functional moieties and required higher time for reaction to take place. In addition effect 

of crosslinking agent concentration on Tsol-gel and Tg was also observed. It was observed that 

variable crosslinking agent concentration has no significant effect on gelation temperature, 

however a slight decrease in Tg was observed. This decrease in Tg was observed due to 

occurrence of quicker crosslinking reactions between functional moieties which in turn leads 

to reduce Tg. Fig. 4.32 indicates the physical appearance of phase transition from sol-gel state 

with physiologic temperature range of chemically grafted Poly (CMCS-g-NIPAAm) gel 

samples.  
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At 25
o
C                                                                 At 37

o
C 

                                                                                           

 

Fig. 4.32. Phase transition of pH/thermo dual responsive chemically grafted Poly (CMCS-g-

NIPAAm) depot gel sample from sol (25
o
C) to gel (37

o
C) state under physiologic 

temperature range  

Table 4.8: Clarity and amount of 5-FU loaded (g/g) of pH/thermo dual responsive chemically 

grafted Poly (CMCS-g-NIPAAm) depot gel samples 

Sample 

Codes 

Clarity Amount of 5-FU loaded (g/g) 

IPCMCS-1 +++++ 0.089 

IPCMCS-2 +++++ 0.081 

IPCMCS-3 +++++ - 

IPCMCS-4 +++++ - 

IPCMCS-5 +++++ - 

IPCMCS-6 ++++ 0.077 

IPCMCS-7 ++++ 0.069 

IPCMCS-8 ++++ 0.062 

Note: Clarity: Good; +++++, Fair; ++++ 

4.3.5. Rheological analysis 

The suitability of insitu formed injectable hydrogels as drug delivery depot greatly depends 

upon their syringibility, the release ability, mechanical strength and mixing capacity of 

pharmaceutical agent. The insitu gelation of thermoresponsive formulation within 

physiologic temperature range (32-37
o
C) was confirmed by conducting a range of rheological 

tests.  
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4.3.5.1. Time sweep test 

The viscoelastic nature of Poly (CMCS-g-NIPAAm) depot gel samples was evaluated by 

monitoring the setting of gel with time elution via gaining an insight into their viscosity, 

storage modulus (G′) and loss modulus (G′′) at 30
o
C. For detailed gelation kinetics 

measurement, time sweep experiment in oscillatory mode was performed using AR2000 

rheometer. The oscillatory data vs corresponding time points are presented in Fig. 4.33(a, b). 

For phase transition of insitu formed hydrogels from sol to gel state, crossover point is 

considered a key point, at which the storage (elastic) modulus (G′) and loss (viscous) 

modulus (G′′) cross occur. From experimental data, it was observed that in the start of 

experiment G′′ value was higher which indicates the sol phase of the formulation. With time 

elution the setting of the gel occurs with time and the elastic modulus (G′) dominate the 

viscous modulus (G′′) with crossover point around 4 minutes. This crossover point at which 

G′= G′′ corresponds to the phase transition from sol-gel state with time. Beyond this point the 

G′ remains in dominant state and represent the gel state of the sample. In addition, the 

crossover point indicates a real 3D structure of the insitu formed hydrogel.  

Moreover effect of CMCS contents on dynamic rheology of insitu formed hydrogel was also 

evaluated through time sweep tests. It was found that as the contents of CMCS increased in 

the feed composition of sample, the crossover point also increased and was observed around 

5 minutes as indicated in Fig. 4.33(b). Since CMCS is hydrophilic in nature and with 

increasing its contents in the feed composition, hydrophilicity of network increased which in 

turn reduced the hydrophobic interactions. As a result sol-gel phase transition take longer 

time and lead to increased crossover or gelation point.  

4.3.5.2. Temperature sweep experiments 

The phase transition of Poly (CMCS-g-NIPAAm) depot gel samples was also confirmed over 

an extended temperature range by conducting temperature sweep test. This test defines 

viscosities vs temperature profiles as a function of increasing plate temperature attached to 

circulating water bath. It was found that with increasing temperature, a gradual increase in 

viscosity was observed representing the sol-gel transition within physiologic temperature 

range (32-37
o
C). In addition, a sharp increase in viscosity was observed with increase of 

polymeric contents in the copolymer feed composition over temperature change. Fig. 4.33(c) 

indicates the change in sample viscosity with temperature change over an extended range.  

4.3.5.3. Continuous ramp test  

AR2000 rheometer was used to investigate the thixotropic behavior of Poly (CMCS-g-

NIPAAm) depot gel samples by conducting continuous ramp test. In this test change in 
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viscosity was monitored with increasing shear rate between 0.1-10 s
-1 

in flow mode for 10 

min. It was found that with increasing shear rate, a decrease in viscosity of the tested samples 

was observed. This decrease in viscosity with increasing shear force is suggested because of 

breakage of chemical links between the groups. This phenomena indicates the shear thinning 

property of Poly (CMCS-g-NIPAAm) gel formulations. Fig. 4.33(d) refers to effect of 

increasing shear rate on viscosity of chemically grafted formulations.  

 

 

 

Fig. 4.33. Oscillatory time sweep data of Poly (CMCS-g-NIPAAm) gel by monitoring 

storage (G‘) and Loss moduli (G‖) at 30
o
C over 300 seconds under experimental conditions 

of Strain= 1% and Frequency= 1Hz (A, B). Temperature sweep test representing temperature 

effect on viscosity profile of pH/thermo gel formulation over extended temperature range 

(10
o
C-40

o
C) (C) Shear thinning effect of increasing shear rate (0.1-10 s

-1
)  on viscosity of gel 

formulations (D). Data reported indicate the average ± standard deviation of n=3.  
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4.3.6. Optical transparency assessment 

The phase transition of Poly (CMCS-g-NIPAAm) gel formulations with increasing 

temperature was also observed by measuring the optical transmittance at 450 nm using UV-

Visible spectrophotometer (UV-1601 Shimadzu). The selected samples were placed in 

disposable cuvettes and subjected to optical transmittance measurement over a temperature 

range (20–45
o
C) below and above the LCST. It was observed that initially all the copolymer 

solution samples were clear and transparent below LCST, however with increase of 

temperature, change in the optical transmittance was observed with complete opaqueness at 

higher temperature. Additionally the change in transparency was observed around above 

32
o
C which in turn indicates the sol-gel transition near around physiologic temperature. 

Moreover it was also found that by changing ratio of polymeric contents (CMCS, NIPAAm) 

in the feed composition ratio, opaqueness of the solution occur rapidly and make the 

formulations inhomogeneous. Fig. 4.34(a) indicates the change in optical transmittances of 

thermoresponsive Poly (CMCS-g-NIPAAm) samples with temperature change.  

4.3.7. Swelling experiments  

pH sensitivity of Poly (CMCS-g-NIPAAm) gel formulations 

The swelling behavior of a hydrogel plays an important role in its practical applications. In 

order to investigate the effect of pH of the swelling media on swelling behavior, selected 

samples of the pH/thermo dual responsive hydrogels were subjected to dynamic swelling 

experiments. The swelling behavior of the hydrogels was studied in distilled water (DW), 

phosphate buffer solutions (PBS, 5 mM) of pH=7.4 and buffer solution of pH 2.1 at different 

temperature programs (25
o
C and 37

o
C). Fig. 4.34(b, c) indicates the response of distilled 

water (DW) to Poly (CMCS-g-NIPAAm) depot gels at variable temperature programs. 

CMCS is an amphoteric macromolecule containing both carboxyl and large no of amino 

groups and due to the presence of these groups, it is quite hydrophilic in nature. In the 

swelling process of hydrogels, electrostatic interaction and volume of hydrogel play an 

important role that affect the degree of swelling. The change in volume of the hydrogel 

occurs due to the presences of concentration gradient across the gel network. The bigger the 

concentration gradient, the greater will be the volume change. It was observed that in DW, 

more of the water molecules diffuse inside the gel network due to the hydrophilic nature of 

hydrogel network. This diffusion of water molecules leads to swelling of hydrogel in DW. 

In PBS (pH 7.4) there occur an electrostatic repulsion between the carboxylate groups 

(COO−) in CMCS chain. This repulsion between the similar charges in the network structure 

creates chains expansion that leads to the swelling of hydrogel network at higher pH. In 
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acidic buffer solutions (pH=2.1), the ionization of the NH2 groups of CMCS takes place. The 

increased no of NH2 groups in the network become protonated and changed to (-NH3 
+
) 

groups below the Pka value of the CMCS. The hydrogel network feels an electrostatic 

repulsion between the protonated amino groups, which leads to the chains expansions and 

swelling of hydrogel network. However a slight difference in response to volume change 

(swelling ratio) was observed for hydrogels in DW and in PBS (pH=7.4), while a significant 

swelling behavior was observed in acidic solutions.  The response of the Poly (CMCS-g-

NIPAAm) hydrogel to swelling mediums of variable pH and temperature is shown in Fig. 

4.34(b, c).  

Effect of CMCS contents on swelling behavior of gels 

Effect of increasing CMCS contents in the feed composition on swelling profile of Poly 

(CMCS-g-NIPAAm) gel formulations was monitored in variable swelling media. The 

contents ratio of other components was kept constant in these samples. It was observed that 

swelling of the gels increased with increasing CMCS contents in both mediums but this 

increase was more prominent in acidic buffer solution (pH, 2.1). This is because with 

increasing CMCS contents, no of protonated amino groups (-NH2) also increased in acidic 

solution, which cause higher electrostatic repulsion and expansion or swelling of the network. 

On the other in PBS (7.4), swelling of the gels was noted but this swelling was not significant 

as compared to swelling in acidic solution. The swelling of gels at PBS (7.4) is suggested 

probably due to the presence of carboxyl groups (-COOH) in gel network. Fig. 4.34(b, c) 

indicates the swelling response of Poly (CMCS-g-NIPAAm) gel formulations to variable 

CMCS contents in different swelling mediums.  

Oscillatory swelling-deswelling-reswelling cycles 

The significant requirement of thermoresponsive hydrogels in pharmaceutical applications is 

to investigate their response to minor variation in external temperature. Since 

thermoresponsive hydrogels show variable response to temperature change, so temperature 

dependent swelling reversibility was observed by conducting oscillatory swelling tests on 

selected samples. The oscillatory swelling cycles were monitored in buffer solution of pH 

(2.1). The reversible temperature response was monitored between 25
o
C and 37

o
C and the 

time interval between each cycle was set at 2 h. Initially the bare hydrogel disk was placed at 

25
o
C in buffer solutions and after 2 h interval, it was shifted to buffer solution at 37

o
C. It was 

found that with temperature change, reversible absorption and desorption of water molecules 

takes place which indicates the oscillatory reversible nature of hydrogels. This process of 

reversible swelling-deswelling was repeated continuously several times. The experimental 
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data obtained during 2 h swelling cycle was not equilibrium swelling ratio (ESR), but this 

data indicates the temperature dependent reversible process of pH/thermo dual responsive 

Poly (CMCS-g-NIPAAm) gel formulations. The results from the experiment indicate that the 

CMCS may act as channeling source for water molecules to diffuse in and out of the hydrogel 

network. Fig. 4.34(d) indicates the reversible temperature dependent swelling cycles of Poly 

(CMCS-g-NIPAAm) gel formulations.  

Effect of temperature on swelling behavior of gels 

Effect of temperature on swelling behavior of pH/thermo dual responsive Poly (CMCS-g-

NIPAAm) gel formulations was observed as function of variable temperature programs at 

pH=2.1. Fig. 4.34(e) indicates the response of gel formulations to temperature variation of 

swelling media. It was observed that with increasing temperature of the swelling media, 

swelling of the gel formulations decreased. Since PNIPAAm is a thermoresponsive polymer 

which contain hydrophobic isopropyl units in its structure. At lower temperature below 

LCST, water molecules remain in contact with the network chain and penetrate inside owing 

to the presence of hydrophilic units i.e. (–CONH–). This phenomena leads to increased water 

uptake and result in higher swelling of the gel network below the LCST of the formulation. 

On the other hand at higher above LCST, collapse of network chain occur leading to 

formation of aggregated state due to increased hydrophobic interactions. At higher 

temperature the water molecules start to detach from the network chain due to the breakage 

of chemical bonds which hold the water molecules in bound state. As a result the bound 

water molecules leave the gel network with the formation of aggregated state and reduced 

swelling.  

Effect of crosslinking agent concentration on swelling behavior of gels 

A series of samples were prepared with varying crosslinking agent concentration to 

investigate its effect on swelling behavior of Poly (CMCS-g-NIPAAm) gel formulations and 

results are presented in Fig. 4.34(f). The experiments were conducted in acidic buffer solution 

at 25
o
C below LCST. It was found that swelling of the gels decreased with increasing 

crosslinking agent concentration in the feed composition of gels. This decrease is suggested 

due to the growing crosslinking density and formation of compact gel structure. Moreover 

due to greater crosslinking reaction, lesser no of functional groups exist to make interactions 

with water molecules and cause swelling or expansion of gels.  
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Fig. 4.34. Temperature dependent optical transmittances of Poly (CMCS-g-NIPAAm) gel 

formulations (A) Effect of pH and increasing CMCS contents on swelling behavior of Poly 

(CMCS-g-NIPAAm) gel formulations at variable temperatures (B, C) The reversible swelling 

cycles of pH/thermo dual responsive Poly (CMCS-g-NIPAAm) gel formulations to 

temperature variation of the swelling media (D) Effect of temperature on equilibrium 
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swelling ratio (ESR) of pH/thermo dual responsive gel formulations at different temperature 

programs (E) Effect of variable crosslinking agent concentration on ESR of gel formulations 

in acidic solution at variable temperatures (F). All the experiments were performed in 

triplicates (n=3).  

4.3.8. Measurement of loaded drug contents 

The previously drug loaded gel disks were soaked in distilled water and incubate for 24 h in 

order to extract the loaded contents at 25
o
C. The drug contents were determined 

spetrophotometrically using UV-Visible spectrophotometer (UV-1601 Shimadzu). Table 4.8 

indicates the amount of drug retrieved from gel disks. It was also observed that samples with 

increasing crosslinking agent concentration showed decrease in drug loading probably due to 

more compact hydrogel structure.  

4.3.9. Invitro drug release experiment 

The release experiments of pH/thermo dual responsive Poly (CMCS-g-NIPAAm) gel 

formulations were conducted in distilled water (DW), phosphate buffer solutions (PBS) of 

pH=7.4 and buffer solution of pH=2.1 and at different temperature programs (25
o
C and 

37
o
C). The experiments were conducted using USP dissolution apparatus-II (Pharmatest type 

PT-DT 7, Germany) on selected samples.  

Effect of temperature and pH on drug release  

Invitro drug release from pH/thermo dual responsive Poly (CMCS-g-NIPAAm) gel 

formulations was studied as function of two different temperatures. The drug release study 

was conducted in distilled water (DW), phosphate buffer solution (PBS) (pH=7.4, 5mM) and 

in acidic buffer solution of pH=2.1. It was observed from the drug release profile that 

IPCMCS-2 insitu gels showed drug release of 54 ± 2.71 % in DW at 25
o
C. The drug release 

from the IPCMCS-2 hydrogels at 25
o
C and pH 7.4 was found to be 67 ± 1.53 %. Since 

CMCS is an amphoteric macromolecule, so it shows a slight response to pH variation of the 

dissolution media. However at high temperature (37
o
C), the drug release from IPCMCS-2 

insitu hydrogels decreased, which is found to be 33 ± 1.99 % and 60 ± 0.28 % in DW and 

PBS (pH 7.4) respectively. This is because, PNIPAAm is in shrinking state above LCST 

which hinders the release of drug from the hydrogels. In acidic solution pH (2.1), the release 

of the drug was found somewhat greater at both temperatures and this might be due to faster 

swelling in acidic solution. However decrease in drug release was observed as a function of 

increasing temperature, which was found to be 75 ± 0.60 % at 25
o
C and 66 ± 1.06 % at 37

o
C. 

This indicates the temperature shrinking behavior throughout the experiment (Antoniraj MG., 
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et al 2016). Fig. 4.35(a) illustrates the cumulative % 5-FU release of IPCMCS-2 in DW at 

variable temperature programs as a function of time. 

Release of the drug from insitu hydrogels was also found to be dependent on pH of the buffer 

solutions. As CMCS is an amphoteric macromolecules, which show sensitivity at both pH 

values. It was observed that, at higher pH values (7.4), release of 5-FU was due to presence 

of protonated carboxylate groups (COO−), which causes repulsion between the chains that 

leads to swelling and drug release. CMCS also contain amine groups in its side chains. At 

lower pH (2.1), the amine groups (NH2) get protonated. These protonated amino groups cause 

electrostatic repulsion between the polymer chains, which leads to the release of drug from 

the hydrogel network. Fig. 4.35(b) indicates the response of IPCMCS-2 hydrogel to drug 

release in PBS of pH=7.4 at different temperature programs as a function of time.  

Effect of crosslinking agent concentration on drug release 

In order to evaluate the effect of crosslinking agent on drug release, some already prepared 

drug loaded gel disks were subjected release experiments. The release study was conducted in 

acidic solution (pH, 2.1), DW and PBS (pH, 7.4) at 25
o
C. It was observed from the release 

profile of gels, that drug release decrease with increasing crosslinking agent concentration in 

the feed composition of gels. This decrease in drug release is because of higher cross-linked 

density, compact gel structure and reduced pore size. This reduce pore size cause slow 

diffusion and overall release of the loaded drug contents. Similar observations were made by 

Khan et al (Khan S et al., 2014). Fig. 4.35(c) indicates the effect of increasing crosslinking 

agent concentration on equilibrium swelling ratio (ESR) of pH/ thermo dual responsive Poly 

(CMCS-g-NIPAAm) gel formulations.  
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Fig. 4.35. Effect of increasing CMCS contents and temperature effect on drug release profile 

of pH/thermo dual responsive Poly (CMCS-g-NIPAAm) gel formulations in DW (A) Effect 

of pH and temperature on drug release profile of gel formulations at different temperature 

programs (B) Effect of increasing crosslinking agent concentration on cumulative release 

profile of pH/thermo dual responsive Poly (CMCS-g-NIPAAm) gel formulations in variable 

release mediums at constant temperature (C).The data indicates the mean ± standard 

deviation of n=3 individual readings. Cumulative % 5-FU release to pH and temperature 

variation was analyzed statistically with one way ANOVA. The data was found statistically 

significant with *p-value of < 0.1.  
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Table 4.9: Drug release kinetics 

Sample 

Codes 

     pH Zero order kinetics First order 

kinetics 

Higuchi Model Korsmeyer–Peppas 

Model 

  Ko (h¹־) R
2
 K1(h¹־) R

2
 K2 (h¹־)         R

2
 n R

2
 

 IPCMCS-1 2.1 4.110 0.989 0.054 0.981 16.77          0.965 0.783 0.990 

 7.4 4.943 0.983 0.059 0.978 16.03          0.972 0.759 0.978 

IPCMCS-2 2.1 4.539 0.993 0.068 0.988 18.33          0.977   0.745 0.981 

 7.4 4.348 0.995 0.062 0.994 17.55          0.888 0.827 0.986 

IPCMCS-6 2.1 4.782 0.994 0.051 0.983 16.98          0.971 0.833 0.990 

 7.4 3.043 0.992 0.043 0.983 14.01          0.948 0.859 0.979 

IPCMCS-7 2.1 3.434 0.988 0.041 0.989 14.10          0.967 0.802 0.991 

 7.4 3.123 0.998 0.029 0.984 12.11          0.968 0.853 0.994 

 

4.3.10. Toxicity evaluation of gel formulations 

The invitro cytocompatibility and cytotoxicity of pH/thermo dual responsive Poly (CMCS-g-

NIPAAm) gel formulations was evaluated against previously cultured L929 (mouse fibroblast 

cells), Breast (MCF-7) and HeLa (Human cervical) cancer cells using MTT assay.  

4.3.10.1. Invitro cytocompatibility assessment  

It was observed from the cytocompatibility profile shown in Fig. 4.36(a) that unloaded gel 

samples displayed good compatibility with cells with above 90% cell viability in comparison 

to negative control. However cells treated with positive control showed toxicity and killed the 

cells. Results concluded that blank gel formulations are safe with no potential toxicity and 

can be used as controlled drug depot.  

4.3.10.2. Invitro cytotoxicity study 

For cytotoxicity evaluation, drug loaded chemically grafted pH/thermo dual responsive Poly 

(CMCS-g-NIPAAm) gel formulations were tested against MCF-7 and HeLa cancer cells. 

Untreated cells and cells treated with pure 5-FU solution and Triton X100 were used as 

negative and positive controls respectively. Previously cultured cells were seeded in culture 

plate and were applied with pure 5-FU solution and 5-FU loaded copolymer solution (100 µl) 

as per defined concentration (1, 5, 10, 20, 40, 60, 80, 100 μg/ml). The cell viability was 

determined after assay termination at 24 h via calorimetric determination using ELISA 

reader. Fig. 4.36(b, c) indicates the cytotoxic potential of drug loaded hydrogel formulation. 

It was observed from cytotoxicity sketch, that free 5-FU solution showed higher toxic 

potential as compared to encapsulated drug which indicated controlled toxicity.  
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4.3.10.3. IC50 values determination 

IC50 for free drug solution and drug loaded copolymer gels were calculated from dose–

response curves against MCF-7 and HeLa cancer cells. The IC50 for free drug solution against 

MCF-7 and HeLa cells calculated to be 18.66 µg/ml and 21.05 µg/ml. in addition, for 

IPCMCS-3, the IC50 was found to be 9.37 µg/ml against MCF-7 cells and 11.44 µg/ml 

against HeLa cells. Similarly for IPCMCS-6, the IC50 was found around 10.53 µg/ml and 8.59 

µg/ml against MCF-7 and HeLa cancer cells respectively. It was concluded that lower IC50 

for drug loaded gel formulation suggests their better uptake and controlled anticancer 

potential against both cancer cells in comparison to free drug solution. Table 4.10 indicates 

the IC50 value determined for free drug and drug loaded gel formulations.  
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Fig. 4.36. Invitro cytocompatibility assessment of blank chemically grafted pH/thermo dual 

responsive Poly (CMCS-g-NIPAAm) gel formulations against L929 cell lines (A) Invitro 

cytotoxic potential of 5-FU loaded Poly (CMCS-g-NIPAAm) gel formulations against HeLa 

cell lines (B) Invitro cytotoxic sketch of 5-FU loaded Poly (CMCS-g-NIPAAm) gel 
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formulations against MCF-7 cancer cell lines (C) The presented data indicates the mean ± 

standard deviation of (n=3) independent experiments. Data was statistically analyzed with 

one-way ANOVA between control and experimental groups. The data was found significant 

statistically with **p-value of < 0.01.  

Table 4.10: The IC50 values and % inhibition of pure 5-FU solution and 5-FU loaded in 

pH/thermo dual responsive Poly (CMCS-g-NIPAAm) gel formulations 

a 
IC50, Concentration of 5-FU (or equivalent) (µg/mL) required to inhibit the cellular growth 

by 50% after 24 h of drug exposure, as determined by the MTT assay. Data reported are the 

percentages or mean ± standard deviation (n=3). 

 

 

 

 

 

 

 

 

 

 

 

 

Sample  

Codes 

Codes 

a
IC50 (µg/ml) 

against  

HeLa Cells 

a
IC50 (µg/ml) against    % Cell inhibition in L929 

 MCF-7 Cells
 %                            

 S on Vero Cells
±

 

Triton X100 - 

      

 -                83 ± 0.59 

5-FU 21±05 18±66       - 

IPCMCS-3 11±44 9±37                8 ± 0.78 

IPCMCS-6 8±59  10±53                  10 ± 0.47 
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4.4. Chemically grafted injectable Poly (N-Vinylcaprolactam-graft-Sodium Alginate) 

based thermoresponsive insitu forming depot hydrogels 

4.4.1. Summary 

In this study, sterile novel insitu forming chemically grafted thermoresponsive gels were 

developed in aqueous solution based on thermoresponsive monomer i.e. N-vinylcaprolactam 

(NVCL), sodium alginate (NaAlg) ammonium persulphate (APS) and N, N-

methylenebisacrylamide (MBA). The insitu chemically crosslinkable thermoresponsive gels 

i.e. Poly (NVCL-g-NaAlg) were developed via a combination of cold and free radical 

polymerization method. The tunable gelation temperature of chemically grafted formulations 

was evaluated by tube titling method and rheological analysis. The temperature induced 

changes by optical transmittance measurement and rheological analysis showed that all 

developed formulations has thermoresponsive rate and phase transition around 33
o
C. The 

response rate of chemically grafted formulations and the swelling-deswelling-reswelling 

behavior was evaluated at different temperatures and swelling mediums. The potential of 

chemically grafted formulations as controlled depot for drug delivery was evaluated by 

encapsulating 5-Flourouracil (5-FU) as model drug. Effect of temperature, co-network 

components, cross-linker and dissolution media pH on invitro 5-FU release from chemically 

grafted formulations was evaluated at variable temperature programs in different release 

medias. The release profile showed that thermoresponsive chemically grafted Poly (NVCL-g-

NaAlg) depot gels offered controlled 5-FU release at 25
o
C and pH (7.4) owing to their 

relaxed state. Porosity and mesh network size (crosslink density) showed clear effect on 

swelling kinetics and drug release behavior calculated through networking parameters (D, 

Mc, V2S and χ). The invitro degradation profile demonstrated that chemically grafted Poly 

(NVCL-g-NaAlg) depot gels has controlled degradation rate. MTT assay confirmed that the 

developed thermoresponsive formulations are safe with no significant toxicity against Vero 

cell lines. Invitro cytotoxic study showed that 5-FU loaded formulations has controlled 

cytotoxic potential against HeLa and MCF-7 cancer cell lines (IC50=39.91 µg/ml and 46.82 

µg/ml respectively) as compared to free 5-FU solution (IC50=50.52 µg/ml and 53.58 µg/ml 

respectively). The structure formation of chemically grafted Poly (NVCL-g-NaAlg) depot 

gels was evaluated and confirmed by Fourier transformed infra-red spectroscopy (FTIR) and 

Nuclear magnetic resonance (NMR) spectroscopy. Differential scanning calorimetry (DSC) 

and thermogravimetric analysis (TGA) confirmed the thermal stability of the chemically 

grafted Poly (NVCL-g-NaAlg) depot gels. While scanning electron microscopy (SEM) was 

used to evaluate the morphology and porous nature of gel formulations. Altogether results 
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indicated that developed chemically grafted formulations are safe and can be utilized as 

controlled drug delivery depot insitu. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

   175 
 

4.4.2. Characterization of gels 

4.4.2.1. FTIR analysis 

The structural changes of sodium alginate, N-vinylcaprolactam and successful grafting of 

sodium alginate and N-vinylcaprolactam were confirmed by FTIR analysis.  

Fig.4.37 shows the FTIR spectra of pure 5-FU, pure N-vinylcaprolactam (NVCL), pure 

sodium alginate (NaAlg), and chemically grafted Poly (NVCL-g-NaAlg) hydrogel (VCAlg). 

In the FTIR spectra of pure VCL, the characteristic carbonyl peak assigned to C=O stretching 

(amide I band) was observed at 1639 cm
−1

. The peak for the C=C was found at 1661 cm
−1

. 

The peaks in the range of 2931 cm
−1

 and 2863 cm
−1

 were assigned and correspond to the 

aliphatic C-H stretching. The characteristic -CH2- peak was observed at 1445 cm
−1

. The 

characteristic vinyl peaks (=CH and =CH2) were observed at 2992 cm
−1

 and 999 cm
−1

. The 

C-N stretching vibration peak was observed at 1482 cm
−1

. Furthermore, the characteristic 

broad peak at 3292 cm
−1

 is assigned to N-H stretching vibration respectively.  

The FTIR of pure NaAlg showed a broad peak at 3315 cm
-1

 assigned to the -OH stretching 

groups. The peak at 2393 cm
-1

 s assigned –C-H stretching vibration. The peak at 1794.82 cm
-

1
 indicate the -C=O stretching vibrations due to the presence of –COOCH3 group. The peaks 

at 1549 cm
-1

 and 1387 cm
-1

 could be attributed to –CH2 scissoring and –OH bending 

vibrations respectively. The peak at 1170 cm
-1

 suggested the presence of –CH-OH groups. 

The peak at 1017 cm
-1

 is assigned to –CH-O-CH- stretching. 

In the FTIR spectra of VCAlg, the amide bands in the range of 1618 cm
-1

 and 1639 cm
-1

 get 

split due to the possible chemical interaction between VCL and NaAlg. The  characteristic 

broad C=O peak is observed between 1744 cm
-1

 and 2225 cm
-1

 is likely to be created by the 

formation of new hydrogen bonds between amide groups  from VCL and carboxyl O–H 

groups of NaAlg. The occurrence of  high-frequency shift of C=O in the range of 2539 cm
-1

 

and 2871 cm
-1

 suggested to be due to the destruction of H-bonds between NaAlg carboxyl 

groups, which corresponds to the involvement of carboxyl groups in H-bonding. The 

disappearance of the broad band of NaAlg in the FTIR spectra of VCAlg in the region of 

3000-3600 cm
-1

 confirms the chemical reaction and formation of new bonding between 

amide and carboxyl groups.  
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Fig.4.37. FTIR spectra‘s of pure 5-FU, pure NVCL, pure NaAlg and bare chemically grafted 

Poly (NVCL-g-NaAlg) insitu depot gel sample (VCAlg) 

4.4.2.2. NMR spectroscopic analysis 

To investigate the successful grafting between NVCL and NaAlg, pure monomer (NVCL), 

polymer (NaAlg) and the chemically grafted Poly (NVCL-g-NaAlg) gel samples were 

prepared in deuterium oxide (D2O) and analyzed by NMR spectroscopy. In the 
1
H-NMR 

spectrum of NVCL Fig.4.38 (A) the peaks appeared in the range of 1.49-1.92 ppm 

corresponds to the protons (H) for methylene group (-CH2- of caprolactam ring). The signals 

appeared at 2.29 and 3.51 ppm corresponds to the protons of methylene group (CH2) close to 

(N) and C=O of caprolactam ring respectively. The signal appeared at 7.17 ppm corresponds 

to the proton of –CH= group, while signals appeared at 4.21 and 4.30 ppm are assigned to the 

two protons of the allyl group (CH2=) in the 
1
H NMR spectrum of NVCL shown in Fig.4.38 

(A). The 
1
H-NMR spectrum of pure NaAlg shown in Fig.4.38 (B) indicates the characteristic 

peaks in the range of 3.23-4.03 ppm which corresponds to proton positions of saccharide 

units in NaAlg. Moreover the appearance of characteristic peak at 4.16 ppm refers to the 
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hydroxyl proton peak of NaAlg. The 
1
H-NMR spectrum of chemically grafted Poly (NVCL-

g-NaAlg) gel sample shown in Fig.4.38 (C) indicates the evidence of demonstrating proton 

peaks from NaAlg (a) and from NVCL (b-e) which refers to the successful grafting and 

incorporation of NVCL on NaAlg backbone. As shown in the 
1
H-NMR spectrum of Poly 

(NVCL-g-NaAlg) sample, the shifted peak at 4.67 ppm corresponds to the hydroxyl proton 

peak of NaAlg. Similarly the appearance of new peaks in the range of 1.45-2.46 ppm 

corresponds to the proton (H) positions for methylene group (-CH2- of caprolactam ring) 

while characteristic peaks in the range of 3.08-3.71 ppm refers to the methylene groups (CH2) 

close to C=O and (N)  of caprolactam ring respectively. The appearance of characteristic new 

peaks in the 
1
H-NMR spectrum of Poly (NVCL-g-NaAlg) gel sample and the shifting of 

peaks refers to the successful chemical interaction and grafting between the NVCL and 

NaAlg moieties.  

4.4.2.3. TG analysis 

The thermal stability of the pure NVCL, pure NaAlg and chemically grafted Poly (NVCL-g-

NaAlg) insitu depot hydrogels was characterized by TG analysis from 20-300
o
C under N2 

atmosphere as illustrated in Fig.4.39. According to the thermogramms, NVCL has shown an 

initial abrupt weight loss at decomposition temperature (Td) around 110
o
C suggested because 

of the liberation of absorbed moisture. Another degradation peak was observed in the 

thermogram of NVCL at decomposition temperature (Td) around 190
o
C which indicates the 

complete weight loss and liberation of entrapped moisture. In the TG thermograms of pure 

NaAlg, initial weight loss starts at decomposition temperature between 60
o
C and 200

o
C 

associated with evaporation of the entrapped water followed by complete degradation. This 

complex process of degradation is suggested because of, dehydration of saccharide rings and 

breaking of C–O–C bonds in the chain of NaAlg. On the other hand, for chemically grafted 

Poly (NVCL-g-NaAlg) hydrogel sample (VCAlg), a smooth degradation was observed till 

200
o
C followed by abrupt weight loss. However a decrease in % weight loss was also 

observed for VCAlg as shown in Fig.4.39. This behavior of VCAlg with temperature change 

indicates the improvement in the stability of the copolymer and confirms the successful 

chemical grafting between NVCL and NaAlg.  
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Fig.4.38. 
1
H-NMR spectrum analysis of (A) Pure N-vinylcaprolactam (B) Sodium alginate 

(C) Poly (NVCL-g-NaAlg) sample (VCAlg-10) 

(A) 

(B) 

(C) 
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Fig.4.39. Thermogravimetric analysis of pure NVCL, pure NaAlg and bare chemically 

grafted Poly (NVCL-g-NaAlg) insitu depot gel sample (VCAlg) 

4.4.2.4. DSC analysis 

The DSC measurements of pure monomer, polymer and grafted hydrogel sample were 

carried out under N2 atmosphere by heating in the temperature range of 25
o
C to 300

o
C. 

The DSC thermograms of pure monomer (NVCL), pure polymer (NaAlg) and chemically 

grafted Poly (NVCL-g-NaAlg) hydrogel (VCAlg) are sown in Fig.4.40.The DSC curve of 

pure NaAlg displays a broad endothermic peak around 101
o
C that is attributed to the loss of 

moisture contents of polysaccharide. A sharp exothermic peak at 240
o
C was also observed in 

the DSC curve of NaAlg which is assigned to the thermal decomposition of NaAlg at higher 

temperature. In the DSC curve of pure monomer (N-vinylcaprolactam, NVCL), initial 

endothermic or melting peak was observed in the range of 32-37
o
C, which is suggested to be 

due to the hydration loss and hydrophobic interactions between carbon-carbon backbone 

chain of NVCL and in turn match the phase transition above its LCST (32
o
C. A second broad 

endothermic peak appeared in the range of 70
o
C to 100

o
C that indicates the decomposition of 

the thermoresponsive monomer at higher temperature. In the DSC curve of chemically 

grafted hydrogel sample (VCAlg), first a smaller endothermic peak was observed at 42
o
C that 

is assumed to indicate the presence of VCL, followed by a broader endothermic peak in the 

range of 240
o
C to 255

o
C. This increase in the temperature of peak indicate that structural 

(a) 

(a) 

(b) 

(b) 

(c) 

(c) 
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changes has occurred in DSC of graft copolymer hydrogel by the introduction of NVCL. This 

alternatively refers to the formation of graft copolymer between NVCL and NaAlg.  

 

 

 

Fig.4.40. DSC analysis of pure NVCL, pure NaAlg and bare chemically grafted Poly 

(NVCL-g-NaAlg) insitu depot gel sample (VCAlg) 

4.4.2.5. SEM analysis 

The surface and cross-sectional morphologies of chemically grafted thermoresponsive Poly 

(NVCL-g-NaAlg) insitu depot hydrogels are shown in Fig.4.41. The surface morphologies of 

chemically grafted thermoresponsive Poly (VCL-g-NaAlg) insitu depot hydrogels shown a 

smooth texture as indicated in Fig.4.41 (A, B) at various resolutions. The morphological 

analysis of the cross-section of hydrogel samples revealed a highly inter connected porous 

morphology as shown in Fig.4.41 (C, D, E and F) at low and high resolutions. These pores 

are hold responsible for the absorption of physiological solutions, water swellibilty and 

diffusion of solute (drug, 5-FU) in and out of the gel network. The porous nature of the 

hydrogel network is believed to highly affect the swelling ability, drug loading and release 

capacity. 
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Fig.4.41. SEM analysis of chemically grafted thermoresponsive Poly (NVCL-g-NaAlg) insitu 

depot hydrogels. Surface morphology × 100 magnification (A) Surface morphology × 200 

magnification (B) Cross-sectional morphology × 200 magnification (C) Cross-sectional 

morphology × 250 magnification (D) Cross-sectional morphology × 300 magnification (E) 

Cross-sectional morphology × 500 magnification (F) Cross-sectional morphology × 800 

magnification (G) Cross-sectional morphology × 1000 magnification (H) 

4.4.3. Clarity of the insitu depot formulations 

The clarity of the insitu polymeric solutions and developed hydrogels reported were visually 

observed. All the polymeric solutions were observed clear at all gelation temperatures. The 

synthesized gels were also found clear and transparent at all temperatures i.e. 4
o
C, 25

o
C and 

37
o
C indicating the solubility of all the added substances. Table 4.11 indicates the clarity of 

developed formulations at different temperatures. 

4.4.4. Phase diagram measurement and mechanism of gelation 

The key parameters for thermoresponsive insitu formed depot gels at physiologic temperature 

are the gelation temperature (Tsol-gel) and gelation time (Tg). Tube titling method was used for 

the determination of gelation time (Tg) and gelation temperature (Tsol-gel).  

The gelation temperatures and time for the chemically grafted Poly (NVCL-g-NaAlg) depot 

gels (VCAlg-1 to VCAlg-10) in the presence of crosslinking agent has also been reported in 

Table 3.6. In case of chemically grafted thermoresponsive gels, the gelation follows the same 

mechanism as physically cross-linked gels with slight modifications. The reactive hydroxyl 

groups from NaAlg that act as free radicals formed during the reaction then react with the 

double bond of the vinyl monomer in the presence of crosslinking agent that creates the 

(G) (H) 
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covalent bond formation between the monomer and NaAlg. It was found from the results that 

by increasing the concentration of (VCAlg-1 to VCAlg-4) crosslinking agent (0.75 mol % to 

1.5 mol %), keeping the monomer and polymer concentrations constant, gelation time 

reduces, while it has no significant effect on gelation temperature. This is because, the 

increasing concentration of crosslinking agent leads to faster reaction and consumption of 

functional groups in the reaction mixture. This leads to the covalent bond formation that 

results in increased cross-linked density and shorter gelation time. Moreover for samples with 

increasing concentration of NaAlg (VCAlg-5 to VCAlg-7), gelation time and temperature 

increases accordingly owing to more hydrophilic nature. For samples with increasing 

concentration of NVCL (VCAlg-8 to VCAlg-10), gelation temperature and time were found 

to be decreased, that also followed the results of physically cross-linked depot complexes. 

This is believed to be due to the increased hydrophobic interactions of carbon-carbon 

backbone chain of NVCL. Fig.4.42 indicates the phase transition of self-assembled and 

chemically grafted thermoresponsive formulations below and above LCST. 

4.4.5. Rheological analysis   

To ensure the usefulness of injectable hydrogels as drug delivery platforms, suitable 

mechanical strength and stability under physiological conditions are key factors to be 

considered. The rheological characteristics of an injectable hydrogel system directly affect 

the mixing capability of active pharmaceutical agent, its syringibility and the release profile 

of the loaded pharmaceutical agent. To measure the mechanical strength and confirm the 

gelation of the injectable hydrogel at body temperature, a range of tests were applied to 

evaluate the values of storage modulus (G′) and loss modulus (G′′) which defines the 

mechanical spectrum of the material.  

4.4.5.1. Time sweep test 

The setting of chemically grafted Poly (NVCL-g-NaAlg) insitu depot hydrogels with time 

elution was investigated by monitoring their viscosity, storage modulus (G′) and loss modulus 

(G′′) at 30
o
C. The detailed gelation process was studied using AR2000 rheometer in 

oscillatory mode conducting the time sweep experiments. For phase transition of insitu 

formed depot hydrogels, the crossover point is considered a critical point where the storage 

(elastic) modulus (G′) passes the loss (viscous) modulus (G′′) with time elution. From the 

time sweep data, it was observed that the loss (viscous) modulus (G′′) was greater initially for 

all the hydrogel samples which indicates the sol state of the samples. With time elution, the 

storage (elastic) modulus (G′) increased faster than the initial loss (viscous) modulus (G′′) 

with a gelation point for each gel sample referring to the sol-gel transition. This phase 
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transition point where G′> G′′ indicates the dominant elastic state of the samples refers to the 

gel state of the samples. To investigate the effect of crosslinking agent (MBA) contents, the 

gelation kinetics was observed by monitoring the viscosity, storage modulus (G′) and loss 

modulus (G′′) as function of time. Three samples (VCAlg-1, VCALg-2 and VCAlg-3) with 

varying MBA contents (0.75 mol %, 1 mol % and 1.25 mol %) were prepared and subjected 

to dynamic rheology experiments. As presented in Fig.4.43, it was observed that the storage 

(elastic) modulus (G′) increases with the increasing MBA contents in the feed composition of 

the gel samples. This higher storage modulus (G′) refers to the increased mechanical strength 

of the gel network.  Moreover the crossover points for these samples with increasing MBA 

contents were also observed to be decreased accordingly and found at 130 seconds, 110 

seconds and 102 seconds respectively. This increase in G′ might be suggested of increased 

cross-linked density that occur because of increased consumption of the functional groups 

during polymerization reactions. Fig.4.43 (A, B and C) indicates the oscillatory sweep tests 

and corresponding time data for chemically grafted depot gel formulations.  

                                                 

           <LCST, Sol form                                                                                           >LCST, Gel form                                                                      

Fig.4.42. Sol-gel transition of chemically grafted Poly (NVCL-g-NaAlg) depot gels within 

physiologic temperature range 

4.4.5.2. Temperature sweep test 

In temperature ramp test, the values of storage or elastic modulus (G′) and loss or viscous 

modulus (G′′) were evaluated over an extended temperature range as function of increasing 

temperature of circulating water bath attached to AR2000 rheometer. For chemically grafted 

Poly (NVCL-g-NaAlg) insitu depot hydrogels, temperature ramp test was conducted on 

selected samples ((VCAlg-1, VCAlg-8, VCAlg-9 and VCAlg-10 containing 10%, 15%, 20% 

and 25% of VCL respectively) in order to look into their rheological profile. For chemically 

grafted gels, higher G‖ values were observed in the start of the experiment, however with 
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increase in temperature, the hydrophobic interactions and aggregation of carbon-carbon 

backbone chain of NVCL dominated which lead to sol-gel conversion of the formulations. 

This increase in G‘ values induced by temperature change refers to the solid or gel state of 

the formulations. Fig.4.43 (D) shows the change of storage or elastic modulus (G′) and loss or 

viscous modulus (G′′) along with temperature for chemically grafted Poly (NVCL-g-NaAlg) 

insitu depot hydrogels. 

4.45.3. Frequency sweep test 

Frequency sweep test describes the mechanical spectrum of injectable depot gel formulations 

which is monitored by observing the change in G‘ and G‖ as function of frequency variation 

between 0.01-50 Hz under controlled strain of 1%. From frequency ramp test conducted for 

chemically grafted gel formulations, it was found that elastic modulus (G‘) was found higher 

than viscous modulus (G‖) which refers to the stable structure of the injectable hydrogel 

formulations above the LCST. Fig.4.43 (E) indicates the change of storage modulus (G′) and 

loss modulus (G′′) as function of variable frequency for chemically grafted gel formulations. 

4.4.5.4. Continuous ramp test 

The thixotropic property of chemically grafted Poly (NVCL-g-NaAlg) insitu depot hydrogels 

was investigated by conducting continuous ramp test using AR rheometer 2000. The 

measurements were made as function of increasing shear rate between 0.1-10 s
-1

 for 10 

minutes in flow mode. It was found that as function of increasing shear rate, all the 

formulations showed a progressive decrease in viscosity at room temperature. This indicates 

that gel formulations have shear thinning property which is suggested to be due to the 

disruption of chemical crosslinks along with increasing applied force between the groups. 

Fig.4.43 (F) indicates the change in viscosity along with increasing shear rate.  
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Fig.4.43. Oscillatory sweep tests and corresponding time data for thermoresponsive 

chemically grafted depot gel formulations (A, B, C). The experimental conditions were set as 

(Strain= 1% and Frequency= 1Hz). Change of storage modulus (G′) and loss modulus (G′′) 
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over an extended temperature range (25
o
C to 40

o
C) as function of increasing temperature for 

chemically grafted Poly (NVCL-g-NaAlg) depot gels (D). Frequency sweep test of 

thermoresponsive chemically grafted Poly (NVCL-g-NaAlg) depot gels under controlled 

strain of 1% (E). Effect of increasing shear rate (0.1-10 s
-1

) on viscosity of gel formulations 

for 10 minutes at 25
o
C. All the experiments were conducted in triplicates (n=3). 

4.4.6. Transparency assessment of formulations 

The monitoring of change in optical transparencies of the chemically grafted formulations is 

another parameter to confirm the phase transition at physiologic temperature. The optical 

transmittances were observed with changing the temperature of digital water bath and 

measuring the transmittances using UV-Visible spectrophotometer (UV-1601 Shimadzu) at 

450 nm. The measurements were made at variable temperatures below and above the LCST 

of the gel formulations. Fig.4.44 (A) shows the change in formulation transparencies as a 

function of increasing temperature. It was found that in the start of experiment, the copolymer 

solution was transparent, homogeneous, and colorless. However with temperature increase, 

their homogeneous nature changes rapidly as the temperature was increased gradually. It was 

found that with increasing temperature above the LCST, a sharp change in transparencies was 

observed for all the formulations which became quite opaque near 33
o
C. Moreover it was 

also observed from the optical experiments that with increasing NaAlg and MBA contents in 

the feed composition of the formulations, the change in transparencies also occur rapidly and 

further increased the inhomogeneity of the formulations. This rapid change is suggested 

because of the increasing cross-linked density of the gels. These measurements of the optical 

transmittances confirmed the LCST of the gels near around the body temperature.  

4.4.7. Percent crosslinking determinations  

N, N, methylene-bis-acrylamide (MBA) was used as crosslinking agent for the formulation of 

chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels. It was observed from the results 

that percent crosslinking increases with increasing contents of NaAlg, NVCL and 

crosslinking agent. This is because as highest concentration of the polymers provides more 

functional groups in the reaction mixture during reaction polymerization. Due to the presence 

of large no of functional groups, grafting reactions between the groups increases that in turn 

result in higher crosslinking yield and lead to dense hydrogel structure. Moreover increasing 

crosslinking agent concentration in the copolymer composition also lead to increased percent 

crosslinking of the formulations. This is because with the increase of crosslinking agent 

contents, most of the functional groups get consumed during the grafting reactions in the 

reaction mixture that alternatively lead to increased percent crosslinking. Fig.4.44 (B) 
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indicates the effect of processing variables on percent crosslinking of chemically grafted Poly 

(NVCL-g-NaAlg) insitu depot gels.  

4.4.8. Invitro degradation 

In release of a bioactive drug molecule or tissue engineering, controlled degradation profile 

of biomaterial or delivery device is a key factor. The invitro degradation profile demonstrated 

that chemically grafted Poly (NVCL-g-NaAlg) depot gels has controlled degradation rate at 

37
o
C as shown in Fig.4.44 (C).The maximum weight loss (%) was demonstrated by gel 

samples with higher polymeric contents (VCAlg-16) in their feed compositions for 

approximately 8 days. The degradation profile of chemically grafted Poly (NVCL-g-NaAlg) 

depot gels demonstrated the characteristics of surface degradation, which mainly occur due to 

the random chains cutting because of hydrolysis. Such degradation mechanism offers long 

term drug delivery in a controlled fashion while keeping the mechanical properties of the 

hydrogels.  
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Fig.4.44. Temperature dependence and effect of increasing polymeric and MBA contents on 

optical transmittances (450 nm) of thermoresponsive chemically grafted Poly (NVCL-g-

NaAlg) depot gels (A) Effect of polymeric and crosslinking agent concentrations on percent 

crosslinking of the chemically grafted Poly (NVCL-g-NaAlg) depot gels (B). Invitro 

degradation profile of chemically grafted Poly (NVCL-g-NaAlg) depot gels at 37
o
C (C). All 

the experiments were conducted in triplicates (n=3).  

4.4.9. Swelling experiments  

The swelling studies of chemically grafted Poly (NVCL-g-NaAlg) depot gels were conducted 

in various swelling medias (distilled water, USP Phosphate buffer solution of pH 7.4 (PBS, 5 

mM) and pH 1.2 (0.1 M HCl buffer) at variable temperature programs in sealed containers. 

All the experiments were conducted in triplicates (n=3). 

pH sensitivity of the chemically grafted Poly (NVCL-g-NaAlg) depot gels 

pH dependent equilibrium swelling ratio of chemically grafted Poly (NVCL-g-NaAlg) depot 

gels was determined by conducting the swelling experiments in various swelling medias 

(USP Phosphate buffer solution of pH 7.4) (PBS, 5mM) and pH 1.2 (0.1 M HCl buffer). The 

highest swelling ratio for the chemically grafted gels were observed in phosphate buffer 

solution of pH 7.4 (PBS, 5mM) at 25
o
C. This is because of the fact that in basic media the 

carboxylic (–COO) groups from NaAlg remains in ionized state that creates the chains 

repulsion and leads to swelling of the gel network.  

Moreover in acidic buffer solutions (pH 1.2, 0.1 M HCl buffer), the ionized functional groups 

shift to deionized state. This deionization of the groups eliminates the repulsive forces from 

the gel network, which leads to the decrease in swelling ratio. However in acidic solutions, 

the samples showed some extent of solvent uptake, which is believed to be due to the 

diffusion of the solvent into the hydrogel sample. Fig.4.45 (A) refers to the response of 

chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels to swelling media of variable pH 

values at constant temperature i.e. 25
o
C.  

Temperature sweep swelling experiments 

The response rate of the chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels was 

determined by looking at the swelling kinetics, which indicates the rate of swelling of 

hydrogel samples in response to certain temperature changes.  

Temperature-dependent equilibrium swelling ratio was measured during temperature sweep 

experiments carried out at two different temperatures (25
o
C and 37

o
C) in variable swelling 

medias. It was observed that the insitu depot gels exhibit faster and highest swelling ratio at 
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temperature lower than LCST of the hydrogel i.e. 25
o
C. This is because of the fact that below 

LCST, the hydrophilic groups (-CONH-) of the VCL and NaAlg in the gel structure form an 

intermolecular entanglements with the surrounding water molecules which leads to increased 

water uptake and swelling ratio. However with the increase of temperature above the LCST 

(37
o
C), the hydrogen bonds between water molecules and polymer network breaks. The water 

molecules changes from bound state to free state, which leads to elimination of the water 

molecules from the gel network and results in reduced swelling ratio. Similar phenomena for 

NVCL based beads were found by K. Madhusudana Rao et al (Madhusudana RK., et al 

2013). This response of the chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels to 

temperature change was exhibited in all swelling medias. Fig.4.45 (B) indicates the response 

rate of chemically grafted Poly (NVCL-g-NaAlg) insitu thermoresponsive depot gels to 

equilibrium swelling at variable pH and temperature programs.  

Effect of crosslinking agent (CA) concentration variation on ESR 

In order to evaluate the effect of CA concentration on ESR, three samples (VCAlg-1 to 

VCAlg-3) with varying CA concentration were prepared and subjected to swelling 

experiments. The swelling experiments were carried out at two different temperatures ((25
o
C 

and 37
o
C) in PBS (pH 7.4, 5 mM) and pH 1.2 (0.1 M HCl buffer). It was observed that by 

increasing the concentration of CA, ESR decreases accordingly. This is because, by 

increasing CA, the pore size of the gel network decrease and the hydrogel structure become 

more compact. This compact structure formation results in decrease solvent molecules 

mobility inside the gel network which leads to decrease in ESR. Moreover during 

polymerization reaction, most of the functional groups in the reaction mixture are consumed 

leaving behind low amount of free functional groups to bind with the solvent molecules. This 

alternatively leads to decrease solvent uptake and results in reduced ESR. This effect of 

increasing CA concentration was observed at both temperatures and swelling medias. Similar 

effects were observed by Khan et al (Khan S et al., 2014). Fig.4.45 (C ) indicates the effect of 

variable crosslinking agent concentrations (MBA) on equilibrium swelling ratio as function 

of time while Fig.4.45 (D) refers to the effect of MBA on equilibrium swelling ratio of 

chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels at different pH and temperature 

programs as function of variable contents. 
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Fig.4.45. The response of chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels to 

swelling media of variable pH values at constant temperature i.e. 25
o
C (A) response rate of 
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chemically grafted Poly (NVCL-g-NaAlg) insitu thermoresponsive depot gels to equilibrium 

swelling at variable pH and temperature programs (B) effect of variable crosslinking agent 

concentrations (MBA) on equilibrium swelling ratio as function of time (C) effect of MBA 

contents on equilibrium swelling ratio of chemically grafted Poly (NVCL-g-NaAlg) insitu 

depot gels at different pH and temperature programs (D). Heating and cooling cycles 

(swelling-deswelling-reswelling kinetics) of chemically grafted Poly (NVCL-g-NaAlg) depot 

gels (E).The data indicates the mean of (n=3) individual experiments. 

On-off Switching behavior  

In order to investigate the temperature dependent swelling reversibility, oscillatory swelling 

tests (heating and cooling cycles) were performed. The oscillatory swelling cycles were 

performed for chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels in phosphate 

buffer solution of pH 7.4 in two fan ovens set at different temperatures. Fig.4.45 (E) display 

the on-off switching behavior of chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels 

in PBS (pH=7.4). The time interval between each cycle was set at 2 h and the reversibility 

process of response rate to temperature change was checked between 25
o
C and 37

o
C. Initially 

the unloaded xerogel disc was placed in buffer solution (pH 7.4, 5 mM) at 25
o
C and after 2 h 

interval, it was transferred to buffer solution at 37
o
C. It was observed that with the change of 

temperature, the hydrogel samples reversibly absorb and desorb solvent molecules that 

confirm the good reversible behavior of the hydrogels. This process was repeated several 

times. Since the time interval between each cycle was 2 h, so the experimental data obtained 

and shown in Fig.4.45 (E) is not equilibrium swelling ratio (ESR), however this data clearly 

indicates the swelling and deswelling behavior of the hydrogels occur in 2h interval. 

4.4.10. Drug contents  

Selected chemically grafted gel samples containing 100 mg of 5-FU were incubate in 

extracted medium. All the samples were analyzed in triplicate for drug contents 

determination at 265 nm using UV-Visible spectrophotometer (UV-1601 Shimadzu, Japan). 

Table 2 indicates the drug contents recovered from the hydrogel samples. It was observed 

that with increasing crosslinking agent concentrations (VCAlg-1 to VCAlg-4), loading of 

drug contents decreased owing to the more compact hydrogel structure at higher crosslinking 

agent concentrations. Similarly an increased in drug loading contents was observed with 

increasing NaAlg contents (VCAlg-5 to VCAlg-7). This is suggested because of the more 

hydrophilic gel structure and higher swelling due to the presence of abundant hydrophilic 

groups. On the other hand, with increasing NVCL contents (VCAlg-8 to VCAlg-10), drug 
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loading was decreased owing to the thicken gel layer caused by more hydrophobic 

interactions.  

Table 4.11: % Crosslinking, % Drug contents extracted, % Grafting efficiency and Clarity of 

the formulations 

 

4.4.11. Invitro drug release experiments 

Drug release tests from chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels were 

performed in different release mediums and at variable temperature programs USP 

dissolution apparatus-II (Pharmatest type PT-DT 7, Germany).  

Drug release study from chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels 

For the analysis of drug release profile of chemically grafted Poly (NVCL-g-NaAlg) insitu 

depot gels, invitro release tests were conducted in various dissolution medias i.e. distilled 

water, PBS=pH 7.4 (5 mM) and pH=1.2 (0.1 M HCl). Invitro release experiments on selected 

samples were conducted to investigate the response rate of the insitu depot gels to various 

process parameters i.e. pH, temperature of the dissolution media, polymeric contents and 

degree of crosslinking. 

Effect of pH and Temperature of dissolution media on 5-FU release 

The pH of the surrounding medium is an important parameter that affect the release of 

encapsulated drug from depot gel matrix. The ionization of chemically grafted gels mainly 

depends upon the pH of the buffer solution as well as on the pKa values of the hydrogel 

components which accelerate the release of encapsulated drug. To investigate the effect of pH 

Formulation 

Codes 

Clarity of 

Formulations 

% Crosslinking Drug Contents % % Grafting 

efficiency 

VCAlg-1 +++++ 92.44 90 ± 0.38 - 

VCAlg-2 +++++ 95.69 87 ± 0.63 - 

VCAlg-3 +++++ 97.22 83 ± 0.22 - 

VCAlg-4 +++++ 99.84 80 ± 0.17 - 

VCAlg-5 +++++ 91.45 94 ± 0.12 205 

VCAlg-6 +++++ 93.72 95 ± 0.53 224 

VCAlg-7 +++++ 92.62           97 ± 0.18 237 

VCAlg-8 ++++ 95.61 93 ± 0.33 198 

VCAlg-9 ++++ 96.93 91 ± 0.79 209 

VCAlg-10 ++++ 97.45 89 ± 0.52 217 
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of dissolution medium on 5-FU release, release experiments were conducted in PBS, pH=7.4 

and pH=1.2 using USP dissolution apparatus-II (Pharmatest type PT-DT 7, Germany) at 

different temperatures. Cylindrical circular 5-FU loaded hydrogel discs (7×7 mm in 

dimensions) were immersed in respective dissolution media at specific temperature and the 

concentration of released drug was measured using UV-spectrophotometer. It was observed 

from the release profile that the hydrogel sample showed maximum drug release at pH=7.4. 

This is because, the carboxylate groups (–COO)
 
in the gel network get ionized in basic media 

and creates the electrostatic repulsion between the network chains. These repulsive forces 

lead to chains relaxations that result in pores opening. These pores act as channels for 

diffusion of solvent molecules and release of the encapsulated drug from the gel matrix.  

Alternatively, in acidic buffer solution (pH=1.2), release of the drug from insitu depot gels 

decreased. This is because of the fact that in acidic environment, the carboxylate groups (–

COO) become deionized leading to the elimination of repulsive forces from the gel network.  

This elimination of the forces results in decrease swelling and drug release. However some of 

the drug release occur in acidic media that might be suggested due to the concentration 

gradient of drug and release by the uptake of some solvent molecules. The response of the 

chemically grafted depot gels to pH change was observed at both of the temperatures. 

Fig.4.46 (A) indicates the response of chemically grafted thermoresponsive Poly (NVCL-g-

NaAlg) insitu depot gels to pH variation of buffer solutions in terms of cumulative 5-FU 

release. N. Sivagangi Reddy et al reported similar observations in their work with pH 

variation (Reddy NS et al., 2016). 

The mechanical properties as well as release behavior of thermoresponsive hydrogels 

changes with the change in temperature of the external environment. Thermoresponsive 

hydrogels (both negative and positive) have the ability to contract on heating or cooling 

above or below their LCST. This behavior of thermoresponsive hydrogels is suggested to be 

due to the increased hydrophobicity of polymer chains in hydrogel structure. 

Effect of temperature on 5-FU release of chemically grafted thermoresponsive Poly (NVCL-

g-NaAlg) insitu depot gels was investigated at two different temperatures (25
o
C and 37

o
C). 

The release experiments were conducted at pH=7.4, 5mM and pH=1.2, 0.1M HCl. It was 

observed from the release profile displayed in Fig.4.46 (A) that release of the drug from the 

chemically grafted gels deceases with the increase of temperature. It was observed that the 

rate and amount of drug release was notably greater at 25
o
C (swollen state) as compared to 

37
o
C (aggregated state). This is because, since the insitu depot gels contain NVCL in its side 

chains, so above the LCST (37
o
C), the hydrophobic interactions between the hydrophobic 
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groups increases and lead to the aggregation of groups in the network structure. Due to the 

aggregation, the solvent uptake tendency of the gels deceases that results in reduced solvent 

uptake and drug diffusion in and out of the gel matrix. 

In contrast, below LCST (25
o
C), the hydrogel network become highly hydrated due to the 

increased interaction of water molecules with the network chains and results in increased 

water uptake. As a result of the increased hydrophilicity of the depot hydrogels, the entrapped 

drug molecules quickly diffuse out of the gel matrix. This invitro release profile at different 

temperatures indicates that chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels has 

good response rate and can be controlled by changing the stimuli such as temperature. 

Similar temperature effect was observed by N. Sivagangi Reddy et al in their work (Reddy 

NS et al., 2016). 

Effect of NaAlg contents on 5-FU release 

In order to evaluate the effect of NaAlg contents on 5-FU release, three formulations 

(VCAlg-5 to VCAlg-7) with increasing NaAlg contents from 1.25 wt% to 1.75 wt% were 

synthesized. The release profile of these formulations was investigated at pH=7.4, 5 mM and 

pH=1.2, 0.1M HCl at two different temperature programs. It was observed from the invitro 

release profile that with increasing alginate contents in the feed composition of depot gels, 

release of the drug also increases. This is because, NaAlg has integrated carboxylic groups (–

COO)
 
in its structure and with increasing its contents, the no‘s of the carboxylic groups in the 

gel structure also increases. Due to the presence of large no of (–COO) groups, swelling and 

release of the drug also increases. As it was discussed previously in swelling studies that in 

buffer solution of pH=7.4, the carboxylic groups (–COO)
 
converted into ionized state (–COO

- 

), which results in chains repulsions due to electrostatic forces and opening of the network 

pores. These pores opening results in faster and maximum drug diffusion out of the gel 

matrix in basic buffer solution. This response of the depot gels with increasing NaAlg 

contents was observed at both temperatures. However temperature dominant effect was 

observed in these experiments also. Shuibo Hua et al observed similar results with alginate 

contents [Hua S et al., 2009]. Fig.4.46 (B and C) indicates effect of NaAlg contents in the 

feed composition ratio of chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels in PBS 

(pH=7.4) at different temperature programs as function of time respectively.  

Alternatively, in acidic buffer i.e. pH=1.2, 0.1M HCl, no significant drug release was 

observed due to the reduced ionization of the carboxylic groups (–COO) in acidic medium. 

However an increase in drug release was also observed with increasing alginate contents. 

This drug release is suggested because of the hydrophilic nature of the insitu depot gels due 
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to the presence of large no of carboxylic groups (–COO) in their side chains. Fig.4.46 (D, E) 

shows the effect of NaAlg contents on cumulative drug release in acidic buffer medium 

(pH=1.2) at 25
o
C as function of time and contents respectively. 

Effect of degree of crosslinking on 5-FU release 

The release of the drug from the chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels 

is governed by various physical and chemical parameters including those that have a direct 

connection with the release medium, release conditions (temperature and pH), preparation 

methods and composition of the insitu gels. One other effective approach to alter the release 

rate of the gels is to amend the crosslinking density of the hydrogel matrix by using various 

concentrations of the crosslinking agent.  

To study the effect of crosslinking agent concentration on drug release from the insitu depot 

gels, three samples (VCAlg-1 to VCAlg-3) with varying CA concentrations (1, 1.25 and 1.50 

wt %) were synthesized and subjected to drug release experiments. The release experiments 

were conducted in distilled water (DW) and PBS (pH=7.4) at fixed amount of drug and 

polymeric contents as function of two different temperatures. Fig.4.47 (A, B and C) indicates 

the % cumulative release vs time profile and effect of varying CA concentrations on drug 

release in buffer solutions of variable pH values and at different temperature programs. It was 

observed from the release profile that insitu depot gels showed a faster and higher amount of 

drug release at lower concentration of CA. However with the increase of concentration, the 

cumulative release from the gels decreases and become slower. This is probably because of 

the fact that, at higher concentration of the CA, the hydrogel structure become more compact 

due to the contraction of the micro voids. As a result of this compaction, the hydrogel 

structure become more rigid and the free spaces in the network reduces that lead to lesser 

solvent penetration and diffusion of the drug out the gel matrix. The drug release studies were 

also supported by the swelling kinetics of the chemically grafted insitu depot gels prepared 

with varying concentrations of the crosslinking agent. Fig.4.47 (D) refers to the effect of 

MBA (CA) on cumulative 5-FU release as function of variable contents at various pH and 

temperature values. Similar observations with crosslinking agent were reported by Khan et al 

(Khan S et al., 2014). 

Effect of N-Vinylcaprolactam (NVCL) contents on drug release  

To study the effect of N-Vinylcaprolactam (NVCL) contents on 5-FU release, three 

formulations (VCAlg-8, VCAlg-9 and VCAlg-10) with varying concentrations (15, 20 and 25 

wt %) of Poly (N-Vinylcaprolactam) were synthesized. The release experiments were 



 

   197 
 

conducted in PBS (pH=7.4, 5mM) and acidic buffer (pH=1.2, 0.1M HCl) as a function of two 

different temperatures of dissolution media. 

It was observed from the release profile of the formulations that release of the drug slowed 

with the increasing N-Vinylcaprolactam (NVCL) contents in the gel compositions. This is 

because, NVCL has hydrophobic carbon-carbon backbone chain and with increasing its 

contents in the structure, the hydrophobic groups increases. This alternatively leads to highest 

hydrophobic interactions and results in aggregation of the network. This aggregation of the 

network structure then slow down the release of the drug. Fig.4.48 (A, B, C and D) indicates 

the % cumulative release vs time profile and effect of varying NVCL concentrations on drug 

release in buffer solutions of variable pH values and at different temperature programs.  
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Fig.4.46. The response rate of thermoresponsive chemically grafted Poly (NVCL-g-NaAlg) 

depot gels to invitro cumulative 5-FU release at variable pH and temperature programs (A). 

Effect of increasing NaAlg concentrations in feed composition ratio of thermoresponsive 

(A) (B) 

(E) 

(C) (D) 
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chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels on cumulative 5-FU release as 

function of time in PBS (pH=7.4) at 25
o
C (B) 37

o
C (C) in acidic buffer solution (pH=1.2) (D) 

Cumulative 5-FU release in buffer solutions of variable pH values at different temperature 

programs as function of variable NaAlg contents (E). The data indicates the mean ± SD of 

(n=3) individual experiments.   
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Fig.4.47. Effect of variable MBA contents in feed composition ratio of thermoresponsive 

chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels on cumulative 5-FU release as 

function of time in distilled water (DW) at 25
o
C (A) in PBS (pH=7.4) at 25

o
C (B) in PBS 

(pH=7.4) at 37
o
C (C) Cumulative 5-FU release in buffer solutions of variable pH values at 

different temperature programs as function of variable MBA contents (D). The data indicates 

the mean ± SD of (n=3) individual experiments. 
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Fig.4.48. Effect of variable NVCL contents in feed composition ratio of thermoresponsive 

chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels on cumulative 5-FU release as 

function of time in PBS (pH=7.4) at 25
o
C (A) in PBS (pH=7.4) at 37

o
C (B) in acidic buffer 

solution (pH=1.2) (C) Cumulative 5-FU release in buffer solutions of variable pH values at 

different temperature programs as function of variable NVCL contents (D). The data 

indicates the mean ± SD of (n=3) individual experiments. 
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4.4.12. Grafting efficiency of chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels 

Table 2 indicates the percent grafting efficiency (GE %) of chemically grafted Poly (NVCL-

g-NaAlg) insitu depot gels. It was found that with increasing NaAlg and NVCL contents in 

the feed composition ratio of gels, % GE increased. This increase in % GE with increasing 

contents is suggested because of the presence of abundant functional groups in the reaction 

mixture. With increasing contents, more macro free radicals are generated in the propagation 

step that take part in the synthesis reaction. Since APS act as initiator and with increasing 

NaAlg and NVCL contents, APS attack the saccharide unit of NaAlg which in leads to 

generation of more macro free radicals and active sites to react with the NVCL in the reaction 

mixture. This whole phenomena in turn leads to increased GE %.  

4.4.13. Networking parameters of chemically grafted Poly (NVCL-g-NaAlg) insitu depot 

gels 

4.4.13.1. Diffusion coefficient (D) 

Diffusion refers to the penetration of solvent or solute into the preexisting spaces in the 

porous network of the hydrogel sample. Diffusion coefficient of the chemically grafted 

thermoresponsive Poly (NVCL-g-NaAlg) insitu depot hydrogels were calculated in the 

phosphate buffer solution (pH=7.4) owing to their highest swelling. Table 4.12 indicates the 

values of diffusion coefficient (D) along with increasing concentrations of MBA, NaAlg and 

VCL. It was observed that diffusion coefficient (D) increases along with the increasing 

concentration of MBA (VCAlg-1, VCAlg-2, and VCAlg-3). This is because, with increasing 

MBA contents (crosslinking agent), swelling of the gel samples decreases owing to their 

compact structure. With the increase of NaAlg (VCAlg-5, VCAlg-6 and VCAlg-7) contents 

in the feed composition of hydrogels, values of D decreases respectively as shown in Table 

4.12. This is suggested because of the higher water uptake of the gels with increasing NaAlg 

contents owing to the hydrophilic network structure. Moreover it was also observed that with 

the increasing NVCL (VCAlg-8, VCAlg-9 and VCAlg-10) contents in the feed composition 

of hydrogels, D values were found increased accordingly. This may be suggested because of 

the hydrophobic nature of the NVCL which thickens the gel layer with increasing its contents 

and hinders the water uptake and swelling.  

4.4.13.2. Molecular weight between crosslinks (Mc) and solvent interaction parameters 

(χ) 

The Mc values of chemically grafted thermoresponsive Poly (NVCL-g-NaAlg) insitu depot 

hydrogels were calculated by using Flory–Rehner theory. Table 4.12 indicates the values of 

Mc with increasing concentration of MBA, VCL and NaAlg. A gradual decrease in the Mc 
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values was observed with increasing MBA (VCAlg-1, VCAlg-2, and VCAlg-3) and NVCL 

(VCAlg-8, VCAlg-9, and VCAlg-10) contents in the feed composition of gel samples. 

Moreover with increasing NaAlg contents, an increase in the Mc values was observed owing 

to the higher hydrophilic nature of gel sample as shown in Table 4.12.   

Solvent interaction parameters (χ) of chemically grafted thermoresponsive Poly (NVCL-g-

NaAlg) insitu depot hydrogels were calculated in buffer solution (pH=7.4) to investigate the 

compatibility of hydrogel components with solvent. The (χ) values have inverse relationship 

with volume fraction of the gels that it can retain in its structure. It was assumed that grater 

the values of (χ), weaker will be the forces of interaction between copolymers in gels and 

fluids. It was observed from the results in Table 4.12 that with increasing MBA (VCAlg-1, 

VCAlg-2, and VCAlg-3) contents, χ values increases. This is suggested because of the 

growing cross-linked density that reduces the network pore diffusion or interaction of the 

solvent with structural components. It was also observed that with increasing NaAlg (VCAlg-

5, VCAlg-6 and VCAlg-7) and NVCL (VCAlg-8, VCAlg-9, and VCAlg-10) contents, χ 

values decreases accordingly. This behavior of gels refers to their hydrophilic nature and 

compatibility of the structural components with surrounding fluids. Moreover NaAlg and 

NVCL are assumed to act as channeling agents in creating pores for the diffusion of solvent 

and solutes in the network structure.  

4.4.13.3. Polymer volume fraction 

Polymer volume fraction (V2,s) is one other parameter that refers to the water uptake 

capability of chemically grafted thermoresponsive Poly (NVCL-g-NaAlg) insitu depot 

hydrogels. It was observed from the results in Table 4.12, that polymer volume fraction (V2,s) 

of gel samples increases with the increasing concentration of NaAlg (VCAlg-5, VCAlg-6 and 

VCAlg-7) and NVCL (VCAlg-8, VCAlg-9, and VCAlg-10). This indicates the hydrophilicty 

of gel samples and their increased solvent uptake ability. Moreover it was also observed that 

polymer volume fraction decrease with increasing concentrations of MBA (VCAlg-1, 

VCAlg-2, and VCAlg-3) as shown in Table 4.12. This effect was suggested because of the 

compact network structure and highest cross-linked density that hinders the diffusion of 

solvent.  
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Table 4.12: Networking parameters of chemically grafted thermoresponsive Poly (VCL-g-

NaAlg) insitu depot hydrogels 

Formulation 

codes 
V2,s χ Mc D 

10ˉ
6
 (cm²/sec) 

VCAlg-1 0.0118 0.503 202426.3403 0.1356 

VCAlg-2 0.0106 0.511 67058.44203 0.1607 

VCAlg-3 0.0066 0.517 63810.35889 0.2289 

VCAlg-4 0.0093 0.524 77804.02505 0.5934 

VCAlg-5 0.0105 0.507 101281.2437 0.4194 

VCAlg-6 0.0109 0.501 126178.6996 0.2889 

VCAlg-8 0.0633 0.522 3592.223036 0.4159 

VCAlg-9 0.0919 0.533 1526.30497 0.7378 

VCAlg-10 0.1018 0.537 1230.467574 0.8156 

 

4.4.14. Drug release kinetics 

Drug release kinetics and release mechanism was predicted by fitting the invitro release data 

obtained in various dissolution medias and variable temperatures to various mathematical 

models i.e. Zero order, First order, Higuchi, Korsmeyer–Pappas. The selecting criterion for 

the most suitable model was based by considering the values of regression coefficient (r) 

close to 1. The release exponent (n), release constant (k) and regression coefficient (R
2
) 

obtained are listed in Table 4.13. It was observed from the results that samples (VCAlg-1, 

VCAlg-2 and VCAlg-3) followed first order release kinetics in distilled water and zero order 

release kinetics in buffer solution of pH=7.4 with their respective R
2
 values close to 1. This 

release kinetics of the gels is suggested because, the gels has highest swelling in phosphate 

buffer solution (7.4) and the release is suggested because of pore diffusion from gel network. 

For chemically grafted thermoresponsive Poly (NVCL-g-NaAlg) insitu depot hydrogels, the 

release exponent (n) values were obtained by applying Korsmeyer–Pappas equation to 

investigate the release mechanism. The ―n‖ values were found higher than 0.5 for all samples 

in different dissolution medias as shown in Table 4.13 except for sample (VCAlg-7) who 

showed ―n‖ values lower than 0.5. From release exponent value it can be concluded that non-
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fickian diffusion could be the possible release mechanism which refers to the slow 

equilibrium release from depot gels above the LCST. However for VCAlg-7, the release 

mechanism is suggested through fickian diffusion with ―n‖ value lower than 0.5 which also 

involve the gel degradation along with diffusion. 

Table 4.13: Drug release kinetics of chemically cross-linked thermoresponsive Poly (NVCL-

g-NaAlg) insitu depot hydrogels at 35
o
C 

Sample 

Codes 

     pH Zero order 

kinetics 

First order 

kinetics 

Higuchi Model Korsmeyer–

Peppas Model 

  Ko (h¹־) R
2
 K1(h¹־) R

2
 K2 (h¹־)         R

2
 n R

2
 

VCAlg-1 DW 3.840 0.994 0.0557 0.996 15.54         0.980   0.573 0.989 

 7.4 3.108 0.985 0.0425 0.995 12.69         0.990 0.508 0.993 

VCAlg-2      DW 3.673 0.990 0.0515 0.995 14.88         0.980 0.636 0.980 

 7.4 3.901 0.998 0.0541 0.986 15.54         0.955 0.701 0.988 

VCAlg-3 DW 3.025 0.979 0.0399 0.992 12.41         0.994 0.599 0.993 

 7.4 3.325 0.996 0.0438 0.988 13.26         0.954 0.687 0.980 

VCAlg-5 1.2 1.835 0.996 0.0213 0.998 7.395         0.974 0.591 0.983 

 7.4 3.855 0.995 0.0557 0.984 15.42         0.961 0.574 0.984 

VCAlg-6 1.2 1.700 0.966 0.0198 0.996 6.82           0.967 0.507 0.977 

 7.4 3.969 0.991 0.0586 0.974 15.89         0.958 0.592 0.988 

VCAlg-7 1.2 2.001 0.995 0.0241 0.992 8.081  0.963 0.482 0.973 

 7.4 4.375 0.996 0.0671 0.991 17.63         0.975 0.579 0.988 

VCAlg-8 1.2 1.694 0.994 0.0195 0.991 6.750 0.951 0.572 0.977 

 7.4 3.681 0.996 0.0515 0.989 14.78         0.968 0.606 0.988 

VCAlg-9 1.2 1.602 0.997 0.0182 0.996 6.419  0.965 0.593 0.985 

 7.4 3.350 0.998 0.0443 0.989 13.34         0.954 0.645 0.981 

DW=Distilled Water 

4.4.15. Cytotoxicity evaluation 

For the evaluation of cytocompatibility/cytotoxicity potential of the blank and drug loaded 

chemically grafted Poly (NVCL-g-NaAlg) insitu depot hydrogels, MTT assay was used 

which reflects the numbers of surviving cells. 

 4.4.15.1. Invitro cytocompatibility study of insitu depot hydrogels 

MTT assay was used to evaluate the cytocompatibility of chemically grafted Poly (NVCL-g-

NaAlg) insitu depot hydrogels against Vero cell lines. For cytocompatibility evaluation, two 

formulations of bare chemically cross-linked thermoresponsive Poly (NVCL-g-NaAlg) 
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hydrogels (VCAlg-6 and VCAlg-10) with different concentrations were used. Cells treated 

with Triton X 100 were used as positive control. Cells devoid of the formulations (untreated 

cells) were used as negative control. Fig.4.49 (A) shows the sketch of the cytocompatibility 

experiment. It is clear from the results in Fig.4.49 (A) that compared to the negative control 

(untreated cells), bare Poly (NVCL-g-NaAlg) insitu depot hydrogels (VCAlg-6 and VCAlg-

10) also showed above 90% cell viability for all concentrations. However cells treated with 

Triton-X 100 as positive control killed the cells which indicates the toxic nature of the 

compound. These results indicated that bare Poly (NVCL-g-NaAlg) insitu depot hydrogels 

were non-toxic to the Vero cell lines and can be used as insitu gel-forming controlled drug 

delivery depot system.  

4.4.15.2. Invitro anticancer activity of insitu depot hydrogels 

Human cervical (HeLa) and Human breast adenocarcinoma cancer cell line (MCF-7) were 

used to evaluate the anticancer potential of 5-FU solution and 5-FU loaded chemically 

grafted Poly (NVCL-g-NaAlg) hydrogels by standard MTT assay. The untreated cells were 

used as negative control while pure free 5-FU solution and Triton X100 was used as positive 

control in this experiment. Cells were first seeded in cell culture plate then free 5-FU solution 

(100 µl) and 5-FU containing hydrogel solution (100 µl) was injected into the wells as per 

concentration defined. The plates were then incubated for 24 h. The cell viability was 

investigated by colorimetric determination using ELISA reader and the assay was terminated 

after 24 h incubation. Fig.4.49 (B, C) shows the plot which refers to the cells viability of free 

5-FU solution and 5-FU loaded in Poly (NVCL-g-NaAlg) insitu depot hydrogels in wide 

concentration range (1, 5, 10, 20, 40, 60, 80, 100 μg/ml) against HeLa and Human breast 

adenocarcinoma cell lines. It was concluded from the results that 5-FU in solution form 

showed higher toxicity towards HeLa and MCF-7 cancer cell lines. It was also concluded that 

5-FU retained its toxicity against the cancer cells even after incorporating in Poly (NVCL-g-

NaAlg) insitu depot hydrogels (VCAlg-6 and VCAlg-10). It was observed that loaded depot 

hydrogels showed somewhat lesser toxicity which confirmed the sustained anticancer activity 

of the hydrogels. 

4.4.15.3. IC50 values evaluation 

The IC50 values were calculated for free 5-FU and 5-FU loaded in gels towards HeLa and 

Human breast adenocarcinoma cells (MCF-7) cancer cell lines from dose–response curves. 

The IC50 values for free 5-FU towards HeLa and MCF-7 were found to be 50.52 µg/ml and 

53.58 µg/ml respectively, while that for VCAlg-6 against HeLa cells was found around 39.91 

µg/ml and 46.82 µg/ml against Human breast adenocarcinoma cells. Similarly for VCAlg-10, 
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the IC50 values were found to be 49.60 µg/ml against HeLa cells and 26.70 µg/ml against 

Human breast adenocarcinoma cells. These results showed that 5-FU loaded in Poly (NVCL-

g-NaAlg) insitu depot hydrogels produced better cytotoxic activity than free 5-FU solution. 

Our results also confirmed that loaded Poly (NVCL-g-NaAlg) insitu depot hydrogels showed 

a lower IC50 value than free 5-FU against both the cancer cell lines, which refers to the better 

uptake and anticancer activity of insitu depot hydrogels.. Table 4.14 indicates the IC50 values 

calculated for free 5-FU solution and 5-FU loaded in Poly (NVCL-g-NaAlg) insitu depot 

hydrogels. 
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Fig.4.49. Invitro cytocompatibility sketch of bare thermoresponsive chemically grafted Poly 

(NVCL-g-NaAlg) insitu depot gels against Vero cell lines using MTT assay (A) Cytotoxicity 
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Sample  

Codes 

Codes 

a
IC50 (µg/ml) 

against  

HeLa Cells 

a
IC50 (µg/ml) against    % Cell inhibition in Vero 

MCF-7 Cells
 %                             Cells 

 S on Vero Cells
±

 

Triton X100 - 

      

 -                1 ± 0.33 

5-FU 50±0.52 53±0.58       - 

VCAlg-8 39±0.91 46±0.82                6 ± 0.22 

VCAlg-12 49±0.60 26±0.70                 9 ± 0.31 
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evaluation of chemically grafted Poly (NVCL-g-NaAlg) insitu depot gels against Human 

cervical (HeLa) cancer cell lines (B) Cytotoxicity evaluation of chemically grafted Poly 

(NVCL-g-NaAlg) insitu depot gels against Human breast adenocarcinoma cell line (MCF-7) 

(C) Data reported indicates the mean ± standard deviation of (n=3) independent experiments. 

Comparison of control and experimental groups for statistical significance was performed 

with one-way ANOVA. The data was found statistically significant with *p-value of < 0.01. 

Table 4.14: 

The IC50 values and % Inhibition of pure 5-FU solution and 5-FU loaded in thermoresponsive 

Poly (NVCL-g-NaAlg) insitu depot hydrogels against HeLa and Breast (MCF-7) cancer cell 

lines and Vero cell lines 

 

a 
IC50, Concentration of 5-FU (or equivalent) (µg/mL) required to inhibit the cellular growth 

by 50% after 24 h of drug exposure, as determined by the MTT assay. Data reported are the 

percentages or mean ± standard deviation (n=3). 

 

 

 

 

 

 

 

 

 

Sample  

Codes 

Codes 

a
IC50 (µg/ml) 

against  

HeLa Cells 

a
IC50 (µg/ml) against    % Cell inhibition in Vero 

MCF-7 Cells
 %                             Cells 

 S on Vero Cells
±

 

Triton X100 - 

      

 -                81 ± 0.33 

5-FU 50±0.52 53±0.58       - 

VCAlg-6 39±0.91 46±0.82                6 ± 0.22 

VCAlg-10 49±0.60 26±0.70                 9 ± 0.31 
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4.5. Insitu formed thermogels based on Poly (2-acrylamido-2-methylpropane sulfonic 

acid) with difunctional Pluronic
®
127 as controlled 5-Fluorouracil depot. Invitro, 

invivo and preliminary safety evaluation 

4.5.1. Summary  

Current study reports the development of novel thermoresponsive micellar polymer 

(Pluronic
®
127) based insitu chemically cross-linkable depot injectable hydrogels with 

polyelectrolyte hydrophilic monomer using cold and grafting polymerization technique. The 

injectable gels were aimed to be used as controlled 5-FU depot after subcutaneous 

administration invivo. The phase change from sol-gel state under physiologic range was 

confirmed through tube titling, rheological analysis and optical transmittance measurements. 

Temperature and pH sensitivity was evaluated in different buffered medias and at variable 

temperatures. Invitro degradation profile displayed controlled degradation at physiologic 

conditions. Invitro release profile showed maximum release at pH 7.4 and below CGT 

suggested because of relaxed gel state. MTT assay confirmed the safety and cytotoxic 

potential of blank and drug loaded gel formulations against L929, HeLa and MCF-7 cell 

lines. The invivo absorption and pharmacokinetics of 5-FU was evaluated in albino rabbits 

after subcutaneous administration. The plasma concentration for drug loaded depot gels was 

significantly greater (1569.304± 8.895 ng/ml for 144 h) in comparison to free 5-FU solution 

(2263.307±13.36 ng/ml, for 15 min). Invivo results concluded that the optimized formulations 

could be used as 5-FU depot for controlled delivery after subcutaneous administration for 

prolonged time. Acute toxicity study in rabbits was conducted in order to assess the safety of 

the chemically grafted formulations. The structural confirmations of new formulations were 

studied through proton nuclear magnetic resonance spectroscopy and Fourier transformed 

infra-red spectroscopic analysis. Differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA) confirmed the thermal stability. The morphology and 

porous structure of gel formulations was assessed by scanning electron microscopy.  
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4.5.2. Instrumental analysis 

4.5.2.1. FTIR spectroscopic analysis 

The chemical grafting and structural confirmation of Poly (PF127-g-AMPS) gels was 

assessed through FTIR analysis. Fig. 4.50 shows the FTIR spectra‘s of pure PF127, AMPS, 

5-FU, blank Poly (PF127-g-AMPS) gel sample (PFAM) and drug loaded sample (DPFAM). 

In the FTIR spectra of pure PF127 shown in Fig. 4.50, the peak at 1692 cm¹־ is assigned to 

stretching of the carboxylic acid in PF127. A peak appeared at 2981 cm¹־ is attributed to C-H 

stretching. While the deeper peak at 1175 cm¹־ show the symmetric stretching of -OH group 

of carboxylic acid. A peak in the range of 2000 and 2500 cm
-1

suggested to the C-C stretching 

in PF127.  In the FTIR spectra of pure AMPS, The band appeared at 1596 cm
-1

 is attributed 

to the C=O stretching vibration of amide group whose bending vibration appears at 1374 cm
-

1
. The band appeared at 1396 cm

-1
 is attributed to the C-N stretching and the asymmetric 

bending of the C-H in methyl groups. The bands appeared at 1119 and 1242 cm
-1

 are 

assigned to the asymmetric and symmetric stretching vibrations of the sulfonic (O=S=O) 

groups respectively and additionally C-S stretching observed at 752 cm
-1

. In the FTIR spectra 

of gel sample (PFAM) shown in Fig. 4.50, the intensity of peak in the 2000 and 2500 cm
-1 

is 

reduced. Moreover the peaks intensities in the range of 750 to 1800 cm
-1

 also reduced 

suggesting the chemical grafting reaction between AMPS and PF127. The broader peak in the 

range of 3110 and 3586 cm
-1

 attributed to C–H vibrations. The FTIR spectra of 5-FU loaded 

hydrogel sample shown in Fig. 4.50 showed no additional peaks that indicate the 

compatibility of 5-FU in copolymer network. The FTIR analysis confirmed the successful 

formation of Poly (PF127-g-AMPS) gels through chemical grafting between AMPS and 

PF127 by MBA as cross linker.  
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Fig. 4.50. FTIR spectroscopic analysis of pure materials, drug (5-FU), blank hydrogel sample 

(PFAM) and drug loaded hydrogel sample (DPFAM) 

4.5.2.2. NMR spectroscopic analysis 

To investigate the successful grafting between AMPS and PF127 and formation of new 

copolymer structure, pure monomer (AMPS), polymer (PF127) and chemically grafted Poly 

(PF127-g-AMPS) gel samples were prepared in deuterium oxide (D2O) and analyzed by 

NMR spectroscopy. In 
1
H NMR spectroscopic analysis of PF127 indicated in Fig. 4.51 (A), 

the peaks appeared at 1.17 ppm and 3.61–3.77 ppm were assigned to the methyl of PPO and 

the methylene of PPO and PEO. In 
1
H NMR spectroscopic analysis of pure AMPS shown in 

Fig. 4.51 (B), the signal appeared in range of 5.52-6.12 ppm are assigned to (–NH–) groups, 

while signals appeared at 4.70 ppm are attributed to (–CH2SO3H) groups. The signals 

appeared at 3.26 ppm corresponds to (–SO3H) groups, 2.70 ppm (–CH–CO) groups and 1.35 

ppm (–CH3) groups respectively. In proton NMR analysis of grafted copolymer sample 

(PFAM) shown in Fig. 4.51 (C), new peaks were observed at 1.03 ppm (–CH3-) groups, 1.40 

ppm (–CH2-) groups, 2.47 ppm (–CH–CO) groups, 3.39 to 3.57 ppm (proton in C2, C3, C4, 
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C5, and C6), 4.07 ppm (–CH2SO3H) groups respectively. These appearance and shift of new 

peaks in the 
1
H NMR spectrum of grafted sample indicate the successful chemical grafting 

and formation of new copolymer structure.  

4.5.2.3. TG analysis  

The thermal stability of the pure materials (PF127 and AMPS), unloaded chemically grafted 

thermoresponsive Poly (PF127-g-AMPS) gel sample (PFAM) and 5-FU loaded gel sample 

(DPFAM) was investigated by TG analysis from 25-300
o
C under N2 atmosphere. Fig. 4.52 

shows the thermograms of pure materials and gel samples.  For pure PF127, the peak 

degradation was observed at decomposition temperature (Td) of 148
o
C. This shows a 

complete weight loss suggested because of the elimination of absorbed moistures. In the TG 

thermograms of pure AMPS, an initial peak degradation was found around 160
o
C followed 

by complete degradation associated with evaporation of the entrapped water molecules. On 

the other hand the TG analysis of chemically grafted gel sample (PFAM) showed an initial 

weight loss at decomposition temperature (Td) of 51
o
C followed by weight loss a 220

o
C 

suggesting two stage degradation. The first stage degradation was assumed to be caused by 

PF127 chain degradation and the second stage was found to be AMPS chain degradation. The 

TG thermogram of 5-FU loaded gel sample (DPFAM) showed similar fashion degradation, 

however the sample showed complete degradation at 225
o
C which is suggested might be due 

to 5-FU presence in gel network.  
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Fig. 4.51. 
1
H-NMR spectrum analysis of (A) Pure PF127 (B) Pure AMPS (C) Poly (PF127-g-

AMPS) gel sample (PFAM-6) 

(A) 

(B) 

(C) 
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Fig. 4.52. TG analysis of pure materials and chemically grafted blank gel sample (PFAM) 

and drug loaded gel sample (DPFAM)  

4.5.2.4. DSC analysis 

The thermal behavior of thermoresponsive Poly (PF127-g-AMPS) gel sample (PFAM) in 

comparison to pure materials (PF127 and AMPS) was investigated by subjecting samples to 

DSC analysis. The DSC analysis were carried out under N2 atmosphere by heating in the 

temperature range of 20
o
C to 300

o
C. The DSC curve of pure PF127 showed a broad 

endothermic peak 46
o
C that corresponds to enthalpy of pluronic micelles and its melting 

temperature (Tm). The DSC curve of pure AMPS showed sharp endothermic peak at 201
o
C.  

The DSC curve of pure 5-FU exhibit n thermal signals which indicate their wide thermal 

stability. In the DSC curve of chemically grafted hydrogel sample (PFAM), a smaller 

endothermic peak was observed in the range of 53
o
C to 100

o
C indicating the presence of 

PF127. While some small endothermic peaks were also observed in the range of 250
o
C to 

290
o
C which indicate the presence of AMPS in gel network. Moreover the DSC curve of 5-

FU loaded sample (DPFAM) did not show any significant changes which in turn indicate the 

compatibility of 5-FU in gel network. This change in the melting temperatures (Tm) in DSC 

curve of gel sample indicate the formation of graft copolymer between PF127 and AMPS. 

(a) 

(a) 

(b) 

(b) 

(c) 

(c) 

(d) 

(d) 
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Fig. 4.53 indicates the DSC spectra‘s of pure materials, blank gel sample (PFAM) and drug 

loaded gel sample (DPFAM).  

 

Fig. 4.53. DSC spectra‘s of pure materials, blank gel sample (PFAM) and drug loaded gel 

sample (DPFAM).  

4.5.2.5. SEM analysis 

The surface and cross-sectional morphologies of thermoresponsive Poly (PF127-g-AMPS) 

gel sample were investigated using Jeol-3030. The samples were scanned at various 

resolutions. It was found that thermoresponsive Poly (PF127-g-AMPS) gel samples has 

porous structure which are assumed to facilitate the swelling and movement of fluid 

containing drug particles in and out of gel network. Fig.4.54 indicates the SEM micrographs 

at various resolutions.  
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Fig. 4.54. SEM analysis of chemically grafted thermoresponsive Poly (PF127-g-AMPS) gel 

samples. Cross-sectional morphology × 250 magnification (A) Cross-sectional morphology × 

500 magnification (B) Cross-sectional morphology × 800 magnification (C) Cross-sectional 

morphology × 800 magnification (D).  
 

 

 

 

 

 

 

 

 

 

 

4.5.3. Clarity of the insitu depot gels 

The clarity of the insitu polymeric solutions and developed hydrogels reported in Table 3.7 

were observed visually. All the polymeric solutions were observed clear at all gelation 

temperatures. The developed gels were also found clear and transparent at all temperatures 

i.e. 4
o
C, 25

o
C and 37

o
C indicating the solubility of all the added substances. 
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4.5.4. Gelation temperatures and gelation time 

The gelation temperature (Tsol-gel) and gelation time (Tg) are two key parameters for in-situ 

forming of depot hydrogels. As shown in Table 3.7, the gelation temperature and gelation 

time varies with the concentration of PF127 and AMPS and cross linker. It was investigated 

from the results in Table 3.7, that gelation temperature and time increases with the increase of 

AMPS concentration (PFAM-1 to PFAM-3) in gel network. This is because of the fact that 

AMPS is hydrophilic monomer and by increasing its concentration in the feed composition, 

the activity of the hydrophobic groups is reduced that lead to the reduced hydrophobic 

interactions and alternatively lead to the increased gelation temperature and time. Moreover 

5-FU, a hydrophilic chemotherapeutic agent, also leads to increase the hydrophilicity of the 

gel network and assist in increased gelation temperature and time. It was observed that by 

increasing the concentration of PF127 (PFAM-3 to PFAM-6), gelation temperature and time 

decreases as displayed in Table 3.7. PF127 is a series of PEO–PPO–PEO tri-block 

copolymers, in which PPO center blocks form the core of Pluronic micelles while the 

relatively hydrophilic poly (ethylene oxide) (PEO) blocks forming the micelle shells. With 

the increase of polymer concentration, the hydrophobic groups (PPO blocks) which acts as 

reversible breakable crosslinks in such associative polymers and are involved in intermolecular 

entanglements increases creating a transient 3D polymer network above a critical gelation 

temperature. Moreover as the temperature is increased above LCST>32
o
C, the number of 

Pluronic micelles also increases that leads to the formation of thermoreversible hydrogels via 

intermicellar associations between PEO segments among the micelles. It was observed that 

by increasing the crosslinking agent ratio (1.25%-2.25%), gelation time reduces while it has 

no significant effect on gelation temperature. This might be due to the fact that by increasing 

the concentration of crosslinking agent, the crosslinking reactions take place quickly between 

the functional groups of polymer, monomer and crosslinking agent that leads to increased 

cross-linked density and gelation. Fig. 4.55 refers to the sol-gel transition and presumptive 

structure of thermoresponsive Poly (PF127-g-AMPS) injectable gels within body temperature 

range.  
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Fig. 4.55. Sol-gel Phase transition of thermoresponsive Poly (PF127-g-AMPS) injectable gels 

under physiologic temperature range (32-37
o
C) 

4.5.5. Rheological analysis 

The syringibility and mechanical properties of developed formulations as drug delivery depot 

at body temperature was evaluated by looking into their rheological properties using AR2000 

rheometer.  

4.5.5.1. Time sweep test 

The viscoelastic properties of the chemically grafted Poly (PF127-g-AMPS) gel samples 

were investigated by gaining an insight to their viscosity, storage (G′) and loss moduli (G′′) 

with time elution at 30
o
C. The detailed gelation process was studied using AR2000 rheometer 

in oscillatory mode by conducting time sweep test. The experiments were run for 300 

seconds. In general, G′ provides the information about the elastic nature of the material while 

G′′ refers to the viscous nature of the material. For phase transition of injectable hydrogels, 

the crossover point is the critical point where the storage (elastic) modulus (G′) passes the 
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loss (viscous) modulus (G′′) with time elution. From time sweep test, it was found that 

viscous modulus (G′′) was greater in the start of experiment for all samples which in turn 

indicates the sol state of samples. However with time elution, the buildup rate of samples 

increased with G′ becomes equal to G′′ at precise point referring to the crossover point 

(where G′=G′′) of the samples. This specific crossover point indicates the phase transition of 

samples. Above this specific point, elastic nature (G′) dominates indicating the gel state of 

samples. Fig. 4.56 (A, B, C and D) indicates the change in storage (G′) and loss moduli (G′′) 

as function of reaction time.  

4.5.5.2. Temperature sweep test 

Temperature sweep test was conducted for evaluating the values of storage or elastic modulus 

(G′) and loss or viscous modulus (G′′) as function of increasing temperature over an extended 

temperature range (20-45
o
C) using AR2000 rheometer in oscillatory mode. For temperature 

control, the stainless steel plate of rheometer was attached to circulating bath system. It was 

found that at lower PF127 ratios (10%) in formulations, no phase transition was observed and 

viscous modulus (G′′) remained in dominating state over entire temperature range. However 

with increasing contents ratios in the feed composition of formulations, the elastic modulus 

(G′) starting dominating the loss modulus (G′′) above specific temperature point (>LCST). 

This increase in elastic modulus (G′) with temperature within acceptable range refers to the 

sol-gel conversion of formulations. The mechanism of gelation is best explained by the fact 

that below LCST, copolymer exist as unimers dominating the sol state. However with 

temperature increase, dehydration of hydrophobic (PPO) components in unimers occur 

leading to aggregation and micelles formation. Fig. 4.56 (E) indicates the variation of elastic 

modulus (G′) and viscous modulus (G′′) as function of increasing temperature for chemically 

grafted Poly (PF127-g-AMPS) thermoresponsive hydrogels. 

4.5.5.3. Frequency sweep test 

The mechanical spectrum of injectable hydrogels at body temperature are defined as change 

of elastic (G′) and viscous modulus (G′′) values in response to frequency variation. The 

change in G′ and G″ values were evaluated as a function of frequency variation between 

0.01-50 Hz under controlled strain of 1%. It was observed that, G‘ was found higher than G‖ 

referring to stable state of the injectable hydrogel at physiologic temperature. From frequency 

sweep test, it was concluded that Poly (PF127-g-AMPS) hydrogels can provide prolong 

release of encapsulated drug owing to stable gel structure at physiologic temperature. Fig. 

4.56 (F) indicates the variation of G′ and G′′ as function of increasing frequency for Poly 

(PF127-g-AMPS) gel formulations. 
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4.5.5.4. Continuous ramp test 

The thixotropic nature of Poly (PF127-g-AMPS) gel formulations was observed as function 

of increasing shear rate from 0-10 s
-1

 for 10 minutes in flow mode by conducting continuous 

ramp test using AR2000 rheometer. It was observed that all Poly (PF127-g-AMPS) gel 

formulations at various concentrations showed a progressive decrease in viscosity with 

increasing shear rate at room temperature (< CGT). This behavior of gel samples with 

increasing forces indicates the shear thinning property probably suggested because of the 

dissociation of chemical crosslinks in gel network.  Fig. 4.56 (G) indicates the change in 

viscosity of samples at different concentrations as a function of increasing shear rate. 
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Fig. 4.56. Oscillatory sweep tests and corresponding time data of chemically grafted gel 

formulations at 30
o
C over a period of 300 seconds. The experimental conditions were set as 

0

100

200

300

400

0 100 200 300

G
',

G
"

 (
P

a
) 

Time (Sec) 

PF-2 

G'

G''

0

100

200

300

400

0 100 200 300

G
',

G
"

 (
P

a
) 

Time (Sec) 

PFAM-4 
G'

G''

0

100

200

300

400

500

0 100 200 300

G
',

G
"

 (
P

a
) 

Time (Sec) 

PFAM-2 
G'

G''

0

100

200

300

400

0 100 200 300

G
',

G
"

 (
P

a
) 

Time (Sec) 

PFAM-5 
G'
G''

-5000

0

5000

10000

15000

20000

25000

30000

20 30 40 50

G
',

G
"

 (
P

a
) 

Temperature oC 

10% PF-1

15% PFAM-1

20% PFAM-5

22% PFAM-6

0

2000

4000

6000

8000

10000

-10 10 30 50

G
',

 G
"

 (
P

a
) 

Frequency (Hz) 

PFAM-5 
G' G''

0

1

2

3

4

5

6

0 5 10

V
is

co
si

ty
 (

P
a
.s

) 

Shear Rate 1/s 

PFAM-6 PFAM-3

(A) (B) 

(C) (D) 

(E) 
(F) 

(G) 



 

   224 
 

(Strain= 1% and Frequency= 1Hz). All the experiments were conducted (n=3) in triplicates 

(A, B, C and D). Evaluation of storage modulus (G′) and loss modulus (G′′) over an extended 

temperature range (25
o
C to 40

o
C) as function of increasing temperature for chemically 

grafted gel formulations (E) Evaluation of loss (G′′) and storage moduli (G′) as function of 

increasing frequency under controlled strain of 1% (F) Viscosity as function of increasing 

shear rate (0.1-10 s
-1

) for 10 minutes at 25
o
C (G). All the experiments were conducted (n=3) 

in triplicates.  

4.5.6. Transparency assessment of formulations  

The sol-gel transition of chemically grafted Poly (PF127-g-AMPS) formulations at 

physiologic temperature was evaluated by observing the change in optical transmittances. 

Temperature dependent optical transmittance assessments of Poly (PF127-g-AMPS) gel 

formulations at variable copolymer concentrations were observed using UV-Visible 

spectrophotometer (UV-1601 Shimadzu) at 450 nm in digital water bath. For transparency 

assessment, the samples were put initially in disposable cuvettes and the temperature 

influence was observed by keeping the cuvettes in digital water bath. The transmittance 

observations were conducted at variable temperatures below and above the CGT of the gel 

formulations. It was found that initially below CGT, the copolymer formulations were 

homogeneous, colorless and transparent. However with temperature increase, a sharp change 

in optical transparencies was observed for all formulations and become almost turbid above 

the CGT (32
o
C). These changes in the optical transmittances confirmed the CGT of the gel 

formulations at body temperature. Fig. 4.57 (A) indicates the changes in optical transmittance 

of gel formulations with temperature change.  

4.5.7. Invitro degradation study 

Sustained release of entrapped drug molecule from a delivery device is based on controlled 

degradation profile. To investigate the gel degradation, samples were subjected to invitro 

degradation study. Invitro degradation profile of formulation showed that chemically grafted 

Poly (PF127-g-AMPS) gel samples has controlled degradation rate containing variable 

polymeric contents at 37
o
C. Moreover it was observed that samples with higher copolymer 

ratios showed maximum weight loss owing to their increased grafting efficiency. Fig 4.57 (B) 

refers to the invitro degradation profile of chemically grafted Poly (PF127-g-AMPS) gel 

samples at 37
o
C.  
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4.5.8. Grafting efficiency determination 

Fig. 4.57 (C) indicates the GE% with increasing monomer, polymer and cross linker contents. 

It was observed that with increasing AMPS, PF127 and MBA contents in the feed 

composition of Poly (PF127-g-AMPS) gels, grafting efficiency increased. This is suggested 

because of the presence of high no of ionized functional groups in the reaction mixture that 

take part in synthetic reaction. Moreover ammonium persulfate (APS) as initiator cause 

increased production of free ionized radicals which are consumed in during the reaction step 

in reaction mixture.  

 

  

Fig. 4.57. Temperature induced changes in optical transmittance of thermoresponsive Poly 

(PF127-g-AMPS) gel formulations (A) Invitro degradation of Poly (PF127-g-AMPS) gels 

with time frame at 37
o
C (B) Effect of variable concentration of processing parameters on % 

GE of gels (C) Effect of processing parameters on percent crosslinking of Poly (PF127-g-

AMPS) gel formulations (D). All experiments were conducted in triplicates (n=3).  
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4.5.9. Swelling Studies 

The swelling behavior of chemically grafted Poly (PF127-g-AMPS) gels was observed in 

variable swelling mediums and at different temperature programs. Sample cylindrical circular 

discs (7×7 mm in dimensions) were taken from test tube and were subjected to swelling 

experiment. The weighed xerogel disc was placed in specific swelling media at designated 

temperature and the swelling ratio at various time intervals expressed as amount of solvent 

absorbed by the xerogel was calculated until equilibrium swelling ratio (ESR) was obtained. 

Effect of pH on swelling behavior  

Sensitivity of Poly (PF127-g-AMPS) gels to pH variation of swelling medium was 

investigated by observing the swelling kinetics in variable swelling medias (USP Phosphate 

buffer solution of pH 7.4) (PBS, 5 mM) and pH 1.2 (0.1 M HCl buffer) at constant 

temperature (25
o
C). It was found from the swelling profile that Poly (PF127-g-AMPS) gels 

exhibit swelling behavior at both pH values, however maximum swelling was observed at pH 

7.4. Since AMPS is hydrophilic monomer containing strong sulfonate (–SO3H) ionic groups 

in its structure. In solution of lower pH values, the sulfonate (–SO3H) groups are in slightly 

ionized state causing the swelling of gels. Moreover PF127 also contain hydrophilic PEO 

groups facilitating the gels swelling at both pH values. However as media pH increased, the 

sulfonate (–SO3H) groups strongly ionized creating the strong repulsive forces leading to 

enhanced swelling at higher pH values. Fig. 4.58 (A) refers to the response of Poly (PF127-g-

AMPS) gels to swelling media of variable pH values at constant temperature i.e. 25
o
C.  

Temperature sweep swelling experiments 

Temperature dependent swelling behavior of thermoresponsive Poly (PF127-g-AMPS) gels 

was studied as a function of two different temperature programs (25
o
C and 37

o
C) in variable 

swelling medias. From swelling profile, it was found that gel samples exhibit higher and 

faster swelling at 25
o
C i.e. <CGT of gels in both buffer solutions. Since PF127 provides 

thermosensitive block, which remained in relaxed state so the highest swelling below CGT is 

suggested because of the increased intermolecular entanglements of ionized hydrophilic 

groups (PEO, –SO3H) with surrounding water molecules. This phenomena leads to increased 

water uptake and highest swelling ratio. On the other hand at higher temperature i.e. >CGT 

(37
o
C), a decreased swelling ratio was observed at both pH values. This is because, at higher 

temperature, the ionized functional groups (PEO, –SO3H) start interacting with themselves 

rather than associating with surrounding water molecules. This phenomena in turn leads to 

polymer chains contraction and repelling of water molecules. Moreover at higher 
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temperature, the hydrophobic groups remained in aggregated state which hinders the 

diffusion of water molecules. Fig. 4.58 (B) shows the effect of temperature on swelling 

kinetics of Poly (PF127-g-AMPS) gels.  

Oscillatory heating and cooling cycles 

Temperature dependent swelling reversibility of Poly (PF127-g-AMPS) gels was confirmed 

by conducting oscillatory heating and cooling experiments. The oscillatory swelling cycles 

were performed in phosphate buffer solution of pH 7.4 in two fan ovens set at different 

temperatures. The time interval was set at 2 h between each cycle and the reversible response 

rate to temperature change was investigated between 25
o
C and 37

o
C. In the start of 

experiment, blank dried gel discs were place in PBS 7.4 (5 mM) at 25
o
C and after 2 h 

interval, it was transferred to buffer solution at 37
o
C. The swelling ratios were noted 

accordingly. It was found that gel samples showed reversible sorption and desorption of 

solvent molecules at 25
o
C and 37

o
C respectively that confirms the good reversible behavior 

of the gels. These heating and cooling cycles was repeated several time and the data reported 

in Fig. 4.58 (C) do not show the equilibrium swelling ratio. However this clearly indicates the 

temperature dependent reversible swelling behavior. 
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Fig. 4.58. Response rate of thermoresponsive chemically grafted of Poly (PF127-g-AMPS) 

gels to pH variation of swelling media at constant temperature (25
o
C) (A) Effect of pH and 

temperature on swelling kinetics of thermoresponsive chemically grafted of Poly (PF127-g-

AMPS) gels (B) Oscillatory swelling-deswelling-reswelling kinetics of chemically grafted of 

Poly (PF127-g-AMPS) gels (C) The data presented indicates the mean of n=3 individual 

experiments. 

Effect of AMPS contents on swelling behavior   

In order to evaluate the effect of AMPS contents on swelling kinetics of gels, a series of 

samples were prepared with varying AMPS contents (PFAM-1 to PFAM-3) and subjected to 

swelling experiments in PBS 7.4 at 25
o
C and 37

o
C. The concentration of PF127 and MBA 

were kept constant in these samples. It was found from the swelling kinetics that with 

increasing AMPS contents, an increased in swelling ratio was observed at both temperatures. 

This increase with increasing AMPS contents is suggested due to the presence of greater no 

(A) (B) 

(C) 
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of strong hydrophilic ionized sulfonate groups (–SO3H). The presence of these groups in the 

gel structure leads to increased interaction and uptake of water molecules. However 

temperature dominant effect was observed throughout the experiment. Fig. 4.59 (A, B) refers 

to the swelling behavior of gels with increasing AMPS ratio as a function of time and 

contents respectively.    

Effect of cross linker contents on swelling behavior  

A series of samples (PFAM-7, PFAM-8 and PFAM-9) with varying MBA contents were 

synthesized and subjected to swelling experiments in PBS 7.4 at 25
o
C and 37

o
C in order to 

evaluate the cross linker effect on swelling behavior. The ratios of PF127 and AMPS were 

kept constant in these samples. It was observed that swelling decreases accordingly, with 

increasing cross linker contents in the feed composition of gels. This decrease is suggested 

due to compact hydrogel structure because of high crosslink density and reduce pore size. As 

a result water diffusion into gel network decreases and leads to reduce swelling. This 

decrease in swelling with increasing MBA contents were observed at both temperatures, 

however temperature dominant effect was investigated throughout the experiment. Fig. 4.59 

(C) refers to the variable MBA contents effect on swelling behavior as function of time, while 

Fig. 4.59 (D) indicates equilibrium swelling ratio of Poly (PF127-g-AMPS) gels at different 

temperature programs as function of variable contents.  

4.5.10. Drug contents retrieved  

Extraction method was adopted for determinations of encapsulated drug. Briefly all the 

selected samples of Poly (PF127-g-AMPS) gels containing 100 mg of 5-FU were allowed to 

incubate in PBS, pH 7.4 (5 mM) at 25
o
C for predetermined time interval. All the samples 

were analyzed in triplicate for drug contents determination at 265 nm using UV-Visible 

spectrophotometer (UV-1601 Shimadzu, Japan). It was observed that samples with increasing 

AMPS contents showed higher drug loading owing to their highest swelling and more 

hydrophilic gel structure. It was also observed that samples with increasing MBA contents 

displayed decrease in drug loading. This is suggested because of higher cross linked density 

and compact gel network, which hinders the diffusion of drug containing solution. Table 4.14 

indicates the amount of drug retrieved from selected gel samples.  
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Fig. 4.59. Dynamic swelling behavior as function of time of Poly (PF127-g-AMPS) gels to 

variable AMPS contents in PBS pH=7.4 at different temperatures (A) Swelling response of 

Poly (PF127-g-AMPS) gels as function of variable AMPS contents at different temperatures 

(B) Dynamic swelling response of Poly (PF127-g-AMPS) gels as function of time to variable 

cross linker (MBA) contents (C) Effect of MBA contents on equilibrium swelling ratio of 

gels (D). The data presented indicates the mean of n=3 individual experiments.  
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Table 4.14: Clarity of the formulations and drug contents retrieved  

Formulation Codes Clarity of Formulations Drug Contents % 

PFAM-1 +++++ 82 ± 0.85 

PFAM-2 +++++ 91 ± 0.10 

PFAM-3 +++++ 93 ± 0.18 

PFAM-4 +++++ 88 ± 0.39 

PFAM-5 ++++ 86 ± 0.87 

PFAM-6 ++++ 82 ± 0.29 

PFAM-7 +++++ 88 ± 0.32 

PFAM-8 ++++ 83 ± 0.57 

PFAM-9 ++++ 80 ± 0.83 

PFAM-10 +++++   78 ± 0.34 

Clarity: Good; +++++,, Fair; ++++ 

4.5.11. Invitro drug release study 

Invitro drug release experiments on selected samples were conducted to investigate the 

response rate of Poly (PF127-g-AMPS) gels to various processing parameters i.e. pH, 

temperature of the dissolution media, polymeric contents and cross linker. Invitro release 

tests were conducted in various dissolution medias i.e. PBS, pH 7.4 (5 mM), pH 1.2 (0.1 M 

HCl).  

Effect of pH and Temperature on drug release 

The pH of the dissolution medium is an important parameter that accelerate the release of 

entrapped drug from depot gel. Effect of pH variation of dissolution medium on drug release 

from Poly (PF127-g-AMPS) gels was observed in PBS, pH 7.4 (5 mM), pH 1.2 (0.1 M HCl) 

at constant temperature (25
o
C). The ionization of functional groups mainly depends upon the 

pH of the buffer solution as well as on the pKa values of the gel components which facilitate 

the release of encapsulated drug. To investigate the effect of pH, 5-FU loaded cylindrical 

circular hydrogel discs (7×7 mm in dimensions) were immersed in respective buffer solution 

at constant temperature and the quantification of released drug was made using UV-

spectrophotometer. Since hydrogels show swelling dependent release of entrapped molecules, 

it was observed from release profile that Poly (PF127-g-AMPS) gels showed maximum 

release in PBS 7.4. This is suggested because of strong ionization of functional groups (PEO, 

–SO3H) at higher pH values which results in increased diffusion of water molecules and 
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release of entrapped drug. This response of gels to drug release at higher pH was supported 

by the swelling studies of hydrogels owing to their maximum swelling in basic medium and 

at lower temperature.  

Alternatively in acidic solution (1.2), since the functional groups (PEO, –SO3H) in gel 

network remained in slightly ionized state as supported by swelling experiment, so no 

significant drug release was observed. However some drug release at lower pH was also 

observed which is suggested because of hydrophilic nature of Poly (PF127-g-AMPS) gels 

which facilitate water uptake and release of entrapped drug. Fig. 4.60 (A) indicates the effect 

of pH on 5-FU release from Poly (PF127-g-AMPS) gels at 25
o
C.  

Temperature dependent release experiments of Poly (PF127-g-AMPS) gels were conducted at 

two different temperatures (25
o
C and 37

o
C) and in different dissolution mediums. It was 

observed from release profile displayed in Fig. 4.60 (B) that drug release decreases as 

function of increasing temperature at both pH. This is because at lower temperature (25
o
C) 

the gel network remained in hydrated state due to increased interaction of water molecules 

with the network functional groups. Moreover below CGT, hydrophilic nature of gels also 

facilitate the water uptake and drug release in turn. On the other hand, at higher temperature 

(37
o
C), gel network remained in aggregated state due to increased hydrophobic interactions 

of PPO groups from PF127 and alkyl groups from AMPS. Moreover the hydrophobic nature 

of entrapped 5-FU further increase the hydrophobicity of gel network which altogether 

hinders the drug release. This reduction in drug release was observed at both pH values.  

Effect of AMPS contents on drug release 

A series of samples (PFAM-1 to PFAM-3) were prepared and subjected to drug release 

experiments in order to investigate the effect of variable AMPS contents. Release 

experiments were conducted in PBS, pH 7.4 (5 mM) and pH 1.2 (0.1 M HCl) at constant 

temperature (25
o
C). It was observed that with increasing AMPS contents in the feed 

composition of gels, drug release increases. This is because with increasing AMPS contents, 

the no of ionized hydrophilic sulfonate groups (–SO3H) increases accordingly, which results 

in increased water uptake and drug diffusion in return. Alternatively in acidic solution pH 1.2 

(0.1 M HCl), an increase in drug release was also observed with increasing AMPS contents, 

however this release was not significant due to presence of slightly ionized functional groups 

in gel structure and the release is suggested because of hydrophilic nature of gels. Fig. 4.60 

(C-E) indicate the effect of variable AMPS concentrations on drug release as a function of 

time and contents at variable pH and temperature values respectively.  
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Effect of PF127 contents on drug release 

Varying PF127 contents effect on drug release was observed by developing series of samples 

(PFAM-4 to PFAM-6). The release experiments were carried out in PBS, pH 7.4 (5 mM) at 

constant temperature (25
o
C). Fig. 4.61 (A-C) indicate the effect of PF127 contents on drug 

release as a function of time and contents respectively. It was observed from release profile 

that with increasing PF127 ratio in the feed composition of samples, drug release decreases. 

This is because PF127 contain both hydrophobic and hydrophilic groups in its network and 

with increasing its contents in the feed ratio, the micellar formation and aggregation increases 

due to highest hydrophobic interaction. This in turn leads to thickening of the gel layer that 

retard the drug release. 

Effect of cross linker contents on drug release 

It is generally believed that changing the crosslinking density by varying cross linker contents 

greatly affect the release rate of encapsulated drug from gel matrix. Variable cross linker 

contents effect on drug release was investigated by developing a series of samples (PFAM-7 

to PFAM-9). Fig. 4.61 (D, E) indicates the effect of variable MBA contents on drug release 

from Poly (PF127-g-AMPS) gels. The release experiments were conducted in PBS, pH 7.4 (5 

mM) and pH 1.2 (0.1 M HCl) at constant temperature (25
o
C). It was observed that with 

increasing MBA contents, drug release decreases accordingly in buffer solutions of both pH. 

This decrease in drug release is suggested because of growing crosslinking density and 

compact gel structure at higher cross linker concentrations.  
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Fig. 4.60. Effect of pH on 5-FU release from Poly (PF127-g-AMPS) gels in buffer solutions 

of variable pH values at 25
o
C (A) Effect of temperature on cumulative 5-FU release from 

Poly (PF127-g-AMPS) gels (B) Effect of AMPS contents on cumulative 5-FU release from 

Poly (PF127-g-AMPS) gels as function of time in PBS 7.4 at 25
o
C (C) at pH 1.2 and 25

o
C 

(D) Cumulative 5-FU release from Poly (PF127-g-AMPS) gels as function of increasing 

AMPS contents (E). The data indicates the mean ± SD of (n=3) individual experiments.  

4.5.12. Drug release kinetics 

The drug release kinetics and mechanism from thermoresponsive Poly (PF127-g-AMPS) gels 

was predicted by fitting the invitro release data obtained in various dissolution medias at 

25
o
C to various mathematical models i.e. Zero order, First order, Higuchi, Korsmeyer–

Pappas. The selecting criterion for the most suitable model was based by considering the 

values of regression coefficient (r) close to 1. Table 4.15 indicate the values of release 

exponent (n), release constant (k) and regression coefficient (R
2
) obtained. It was found from 

the results that all the gel samples follow zero order with regression coefficient (R
2
) values 

close to 1 in dissolution media of both pH values 25
o
C as shown in Table 4.15. This indicate 

that pore diffusion phenomena is involved in drug release of gel depot network and 

independent upon the concentration of drug at the application site. Korsmeyer–Pappas model 

was used to predict the release mechanism from the values of release exponent ―n‖ for all 

samples as shown in Table 4.15. It was found from the data that all the samples followed 

non-fickian diffusion with the ―n‖ values more than 0.5. This phenomena indicates that 

swelling and relaxation of polymer and degradation of depot are involved in drug release 

mechanism.   
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Fig. 4.61. Effect of PF127 contents on cumulative 5-FU release as function of time from Poly 

(PF127-g-AMPS) gels in PBS 7.4 at 25
o
C (A) at pH 1.2 and 25

o
C (B) Cumulative 5-FU 

(A) (B) 

(C) (D) 

(E) 
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release from Poly (PF127-g-AMPS) gels as function of variable PF127 contents (C) Effect of 

variable MBA contents in feed composition ratio of chemically grafted Poly (PF127-g-

AMPS) gels on cumulative 5-FU release as function of time in PBS 7.4 at 25
o
C (D) 

Cumulative 5-FU release from Poly (PF127-g-AMPS) gels as function of increasing MBA 

contents (E). The data indicates the mean ± SD of (n=3) individual experiments.  

Table 4.16: Drug release kinetics 

Sample 

Codes 

     pH Zero order 

kinetics 

First order 

kinetics 

Higuchi Model Korsmeyer–

Peppas Model 

  Ko (h¹־) R
2
 K1(h¹־) R

2
 K2 (h¹־)         R

2
 n R

2
 

PFAM-1 1.2 1.256 0.997 0.019 0.994 5.345          0.987  0.593 0.992 

 7.4 2.987 0.996 0.049 0.990 14.03          0.986 0.694 0.982 

PFAM-2      1.2 1.301 0.998 0.072 0.992 5.093          0.978 0.561 0.975 

 7.4 4.523 0.996 0.056 0.989 16.92          0.963 0.673 0.981 

PFAM-3 1.2 1.097 0.998 0.023 0.993 6.872          0.979 0.589 0.988 

 7.4 5.145 0.996 0.091 0.982 19.06          0.951 0.609 0.991 

PFAM-4 1.2 1.329 0.998 0.019 0.992 5.678          0.983 0.567 0.990 

 7.4 3.567 0.992 0.049 0.978 13.99          0.976 0.579 0.995 

PFAM-5 1.2 1.098 0.996 0.015 0.991 4.768          0.978 0.582 0.988 

 7.4 3.456 0.997 0.039 0.980 12.03          0.951 1.131 0.996 

PFAM-6 1.2 1.373 0.994 0.016 0.992 4.783          0.958 0.562             0.981 

 7.4 3.456 0.992 0.039 0.982 11.56          0.934 0.661 0.978 

 

4.5.13. Cytotoxicity evaluation 

MTT assay was used to evaluate the biocompatibility of blank and efficacy of drug loaded 

thermoresponsive Poly (PF127-g-AMPS) gels against previously cultured L929 (Mouse 

fibroblast cell line), Breast cancer cell lines (MCF-7) and Human cervical cancer cell lines 

(HeLa cells) respectively for biomedical applications. The cell cytocompatibility/cytotoxicity 

of gels was defined as the relative viability (%) which correlates with no of viable cells 

compared with cell control.  

4.5.13.1. Invitro cytocompatibility study 

The compatibility of drug unloaded thermoresponsive Poly (PF127-g-AMPS) gels was 

evaluated against L929 (mouse fibroblast cell line) cell lines by MTT assay. Previously 
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cultured cells were seeded at density of 10
4
 cells/well. The compatibility of developed blank 

formulations were evaluated by applying gels with two different contents concentrations 

(PFAM-3 and PFAM-9) against L929 cell lines. The untreated cells (cells devoid of the 

formulations) were used as negative control, while cells treated with Triton-X 100 were taken 

as positive control. The cells were incubated for 24 h with formulations and other negative 

and positive controls in 96 well plate at 37
o
C. Fig. 4.62 (A) explain the biocompatible sketch 

of gel formulation. It is clear from the results that in comparison with negative control 

(untreated cells), blank gel samples showed good cytocompatibility (~90%) at all 

concentrations against L929 cell lines. However cells treated with Triton X 100 as positive 

control showed toxic nature and killed the cells. These results of blank gel formulations 

indicate the biocompatibility at all concentrations and can be utilized as controlled drug 

delivery depot for localized and systemic drug delivery.   

4.5.13.2. Invitro cytotoxicity study 

The cytotoxic potential of 5-FU loaded thermoresponsive Poly (PF127-g-AMPS) gels was 

evaluated by standard MTT assay in comparison with free 5-FU solution against previously 

cultured (10
4
 cells/well) Human cervical cancer cell lines (HeLa cells) and Breast cancer cell 

lines (MCF-7) respectively. The untreated cells and free 5-FU solution were used as negative 

and positive controls respectively. Previously cultured cells in 96 well plates were applied 

free pure 5-FU solution and 5-FU loaded gel formulations (100 µl) at same defined 

concentrations (1, 5, 10, 20, 40, 60, 80, 100 μg/ml) and then incubated for 24 h at 37
o
C. The 

cell viability was investigated by colorimetric determination using ELISA reader and the 

assay was terminated after 24 h incubation. It was observed from toxicity profile that free 

pure 5-FU solution showed higher toxicity towards both cancer cell lines and drastically 

deceased the viability of cells after 24 h incubation at all concentrations. The cytotoxic 

potential of 5-FU loaded gel formulations was also evaluated at same defined concentrations. 

It was concluded that 5-FU loaded formulations caused controlled killing of cells as 

compared to free 5-FU solution with highest inhibition at maximum concentrations. Fig. 4.62 

(B, C) indicates the cytotoxicity of 5-FU loaded thermoresponsive chemically grafted Poly 

(PF127-g-AMPS) gels against HeLa and breast (MCF-7) cancer cell lines respectively. 

4.5.13.3. IC50 values evaluation 

The IC50 values were calculated for free 5-FU solution and 5-FU loaded thermoresponsive 

gels (PFAM-3 and PFAM-9) against HeLa and Human breast (MCF-7) cancer cell lines from 

dose–response curves. For pure free 5-FU solution, the IC50 values towards HeLa and MCF-7 

cells were found to be 17±0.38 µg/ml and 20±0.41 µg/ml respectively. While for PFAM-3 
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against HeLa cells was found to be 13±0.21 µg/ml and 11±0.63 µg/ml against MCF-7 cells. 

Similarly for PFAM-9, the IC50 values towards HeLa and MCF-7 cells were found to be 

15±0.47 µg/ml and 13±0.72 µg/ml respectively. These lower IC50 values of 5-FU 

concentration loaded in gel samples indicate the better uptake ability of cancer cells and 

sustained manner of gel formulations. Table 4.17 indicates the IC50 values calculated for free 

5-FU solution and 5-FU loaded thermoresponsive Poly (PF127-g-AMPS) gels. 

Table 4.17: 

The IC50 values and % inhibition of pure 5-FU solution and 5-FU loaded in Poly (PF127-g-

AMPS) gels against HeLa and Breast (MCF-7) cancer cell lines and L929 cell lines. 

a 
IC50, Concentration of 5-FU (or equivalent) (µg/ml) required to inhibit the cellular growth 

by 50% after 24 h of drug exposure, as determined by the MTT assay. Data reported are the 

percentages or mean ± standard deviation (n=3). 

 

 

 

 

 

 

 

 

Sample  

Codes 

Codes 

a
IC50 (µg/ml) 

against  

HeLa Cells 

a
IC50 (µg/ml) against    % Cell inhibition in L929 cell                 

MCF-7 Cells
 %                    

    lines
 

 S on Vero Cells
±

 

Triton X100 - 

      

 -                83 ± 0.98 

5-FU 17±0.38 20±0.41       - 

PFAM-3 13±0.21 11±0.63                9 ± 0.22 

PFAM-9 15±0.47 13±0.72                7 ± 0.32 
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Fig. 4.62. Invitro cytocompatibility profile of blank Poly (PF127-g-AMPS) gels against L929 

cell lines (A) Cytotoxic potential of 5-FU loaded Poly (PF127-g-AMPS) gels against human 

cervical (HeLa) cancer cell lines (B) Cytotoxic potential of 5-FU loaded Poly (PF127-g-

AMPS) gels against breast adenocarcinoma cell line (MCF-7) (C) Data reported indicates the 

mean ± standard deviation of (n=3) independent experiments. Comparison of control and 

experimental groups for statistical significance was performed with one-way ANOVA. The 

data was found statistically significant with **p-value of < 0.001.   
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4.6. Invivo evaluation of selected thermoresponsive injectable depot hydrogels 

through subcutaneous route in albino rabbits  

4.6.1. Summary  

In this chapter thermoresponsive insitu formed injectable hydrogels were subjected to invivo 

evaluation in albino rabbits for depot formation and controlled bioavailability through 

subcutaneous route. The optimized injectable hydrogels selected based on short gelation time 

and gelation temperature within the physiologic temperature range was loaded with 5-FU 

prior to injection. The healthy albino rabbits were divided into two groups (group A and B) 

each having 6 rabbits and were administered free 5-FU solution and 5-FU loaded 

thermoresponsive hydrogel solution through subcutaneous route. The drug plasma 

concentration and pharmacokinetic parameters were calculated for both groups. It was 

concluded from the results that 5-FU bioavailability was significantly improved after 

administering in gel form through subcutaneous injectable route.  

4.6.2. Introduction 

In current research project, novel insitu formed self-assembled thermoreversible and 

chemically cross-linked thermoresponsive depot injectable hydrogels were developed for 

controlled delivery of anticancer drugs (5-Fluorouracil and Curcumin) through subcutaneous 

route. The insitu formed thermoresponsive gel formulations were developed by using a range 

of temperature sensitive polymers i.e. Poly (N-isopropylacrylamide), Poloxamers (Pluronic-

127) and Poly (N-vinylcaprolactam). The gel formulations were developed alone and in 

combinations with various other synthetic and natural polymers. Temperature, a versatile 

stimulus have been utilized to develop drug delivery carriers. In recent years, insitu formed 

thermoresponsive injectable hydrogels have gained great scientific interests as these can be 

used as carriers for loaded pharmaceuticals and can release the drug at body temperature.  

In this project, three different thermoresponsive polymers were used and five (5) different 

injectable formulations were developed using cold and free radical polymerization 

techniques. The gel formulations reported include self-assembled thermoreversible physically 

cross-linked and thermoresponsive chemically grafted based on different polymers. The 

developed injectable gel formulations were used to deliver anticancer agents through 

subcutaneous route in controlled fashion and alternatively to minimize the toxic effects 

associated with agents. The gel formulations developed were screened by conducting various 

studies and by varying different study parameters. Based on the results of different invitro 

experiments, one thermoresponsive injectable gel formulation was selected for invivo 

evaluation of formulations.   
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The invivo evaluation of insitu formed thermoresponsive gel formulations loaded with 5-FU 

was carried out in rabbits as experimental animals to measure pharmacokinetic (PK) 

parameters. The PK parameters were evaluated after subcutaneous administration of free 5-

FU solution and 5-FU loaded thermoresponsive solution.   

4.6.3. Experimental 

4.6.3.1. Selection of injectable hydrogel formulation for invivo evaluation in rabbits  

Current research project report the development of following insitu formed thermoreversible 

self-assembled and chemically grafted depot gel formulations for injectable controlled drug 

delivery.  

1. Self-assembled Supramolecular Thermoreversible β-Cyclodextrin/Ethylene glycol 

Injectable hydrogels with difunctional Pluronic
®
127 

2. Chemically grafted Poly (PF127-grafted-Carboxymethyl chitosan) thermogel as 

controlled and prolonged 5-FU depot 

3. pH/thermo dual responsive chemically grafted Poly (Carboxymethyl chitosan-grafted-

N-isopropylacrylamide) insitu gel formulations 

4. Chemically grafted injectable Poly (N-Vinylcaprolactam-grafted-Sodium Alginate) 

based thermoresponsive insitu forming depot hydrogels 

5. Chemically grafted thermogels based on Poly (2-acrylamido-2-methylpropane 

sulfonic acid) with difunctional Pluronic
®
127 

The above mentioned gel formulations were studied extensively and were subjected to 

following invitro experimental parameters.  

1. Physical appearance and clarity of formulations 

2. Phase transition measurement 

3. Rheological analysis 

4. Transparency assessment 

5. Invitro degradation 

6. Swelling study at variable pH and temperatures 

7. Invitro release experiments 

8. MTT assay 

9. Nuclear magnetic resonance spectroscopic analysis 

10.  Fourier transform infrared spectroscopic analysis 

11. Thermogravimetric analysis (TGA) 

12. Differential scanning calorimetry (DSC) 
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13. Scanning electron microscopy (SEM) 

Among the developed reported thermoresponsive gel formulations, Pluronic (PF127) based 

formulation i.e. chemically grafted thermoresponsive Poly (PF127-g-AMPS) gel formulations 

were selected for the biological evaluation of encapsulated 5-FU using albino rabbits as 

animal model. The selection criteria was made on the basis of their short time of preparation, 

easy and economical method of preparation, excellent sol-gel transition within biological 

temperature range, gelation mechanism, rheological analysis, good mechanical strength, 

transparency assessment, best swelling kinetics, higher drug loading, controlled prolonged 

drug release, biocompatibility and controlled cytotoxic potential.  

Chemically grafted thermoresponsive Poly (PF127-g-AMPS) gel formulations were 

developed for the controlled 5-FU delivery at body temperature through injectable route. This 

formulation was fabricated from Pluronic-127 (PF-127) and a hydrophilic monomer (2-

acrylamido-2-methylpropane sulfonic acid, AMPS). Pluronic 127 (PF-127) is a 

thermoresponsive polymer belongs to Poloxamers family and exhibit sol-gel transition at 

body temperature around (32
o
C). PF-127 has attained wide scientist‘s attention owing to its 

good biocompatibility and thermoresponsive properties and has been used as controlled drug 

delivery depots for various pharmaceuticals. On the other hand, AMPS is a polyelectrolyte 

and has excellent water uptake behavior owing to the presence of strong ionizable sulfonate 

groups. Based on excellent gelation within physiological temperature range and good invitro 

result profile, this PF-127 based thermoresponsive formulation has been selected for invivo 

analysis of 5-FU in albino rabbits.  

4.6.3.2. Pharmacokinetic study in rabbits after subcutaneous administration 

4.6.3.2.1. High performance liquid chromatographic (HPLC) method development of 5-

FU 

A simple, accurate, sensitive and reproducible HPLC method developed previously by 

Minhas et al (Minhas MU et al., 2015) was used for 5-FU analysis in rabbit‘s plasma. In-vivo 

analysis of the 5-FU in selected thermoresponsive depot gel formulation was conducted by 

using the developed HPLC method. Before making analysis, the method was re-validated 

maintaining the same conditions used by Minhas et al. The quantification of 5-FU in plasma 

samples were carried out using HPLC system coupled with BDS hypersil C18 stainless steel 

column (5 µm, 4.6 mm × 250 mm) and detection wavelength of 265 nm. The mobile phase 

was composed of filtered double distilled water adjusted to pH 3.2 with orthophosphoric acid 

and acetonitrile (70:30) injected and eluted at flow rate of 1 ml/min. Calibration curve was 
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prepared within concentration range of (0.5-100 µg/ml). Representative HPLC 

chromatograms of pure 5-FU solution, blank rabbit plasma and 5-FU spiked rabbit plasma are 

shown in Figs 4.63, 4.64 and 4.65 respectively.    

4.6.3.2.2. Animal handling  

Healthy albino rabbits (2.0 to 2.5 kg) were used as animal models and obtained from the 

animal section of Pharmacology Research Laboratory, Faculty of Pharmacy and Alternative 

Medicine, the Islamia University of Bahawalpur Pakistan. The study protocols has been 

reviewed and approved by Pharmacy Research Ethics Committee (PREC). Rabbits were kept 

at well maintained room conditions (25 ± 1
o
C) individually in wooden boxes and fed with a 

commercial laboratory rabbit diet and freely permitted to water before the start of study.  

4.6.3.2.3. Drug administration and sampling  

A total of 12 rabbits randomly divided into two groups (group A and group B) each having 6 

rabbits were placed in wooden boxes. All rabbits were tagged properly for identification 

during handling of drug administration and sampling process. Before dosing, all the rabbits 

were restricted from food and were kept fasted for 12 h, but given free access to water. The 

study was conducted on the basis of parallel study design. In first phase of the study, free 

drug solution (5-FU, 20 mg/2ml) was injected subcutaneously to group A (control group). In 

second phase, group B was injected 5-FU loaded selected thermoresponsive gel formulations 

(2 ml containing 20 mg) through subcutaneous route. Before 5 min of injecting the 

formulation and at regular time intervals, blood samples (500 µl) were collected from 

marginal ear vein of each rabbit in heparinized tubes. The plasma was separated by 

centrifugation at 1600×g for 10 min and then stored at -80
o
C till analysis in ultra-low freezer 

(Sanyo, Japan). 

4.6.3.2.4. 5-FU plasma concentration quantification and pharmacokinetic profiling   

5-FU concentration in rabbit‘s plasma was determined after subcutaneous administration of 

free 5-FU solution and drug loaded thermoresponsive gel formulations via already prepared 

calibration curve using HPLC system. Estimation of 5-FU in rabbits plasma from both 

receiving groups were determined using Microsoft
®
 Office Excel 2013 program. Different 

pharmacokinetic parameters like maximum plasma concentration (Cmax), time for maximum 

plasma concentration (Tmax), clearance (Cl), volume of distribution (Vd), elimination half-life 

(t1/2) and area under the curve (AUC0-t) etc were calculated through scientific application 

package Kinetica
®
 version 5.1 (Thermo Electron Corporation).  
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4.6.3. Results and discussion 

Pharmacokinetic profiling in rabbits  

5-FU was administered to two groups of rabbits (total, 24) in two different forms i.e. as free 

5-FU solution and loaded in insitu chemically grafted Poly (PF127-g-AMPS) 

thermoresponsive formulations in order to investigate the pharmacokinetic profiling invivo. 

The invivo analysis was done after subcutaneous injection of 5-FU (10 mg/ml) in free form 

(used as reference) and loaded in Poly (PF127-g-AMPS) thermoresponsive formulations 

(PFAM-6). The concentration of 5-FU was determined in rabbits plasma by collecting blood 

samples from both groups periodically after subcutaneous administration and analyzed using 

HPLC system. The plasma drug concentrations from each rabbits group was plotted as a 

function of time as shown in Fig. 4.66 (A, B). Plasma concentrations (mean ± standard 

deviation) obtained at various time intervals periodically are presented in Tables 4.18 and 

4.19 respectively. The pharmacokinetic parameters calculated after 5-FU injection in free and 

insitu loaded gel form at various time points are summarized in Table 4.20 respectively. 

Various pharmacokinetics parameters were compared statistically with the reference 

formulation using student‘s t-test with 95% (p<0.05) confidence interval.  The results of all 

pharmacokinetic parameters were found statistically significant at confidence interval with 

95% (p<0.05). Results displayed a clear difference in plasma concentrations and all 

pharmacokinetic parameters of 5-FU administered in free solution and loaded in 

thermoresponsive solution form through subcutaneous route. In current study the plasma drug 

concentration (Cmax) was significantly greater for 5-FU loaded in insitu gel form (PFAM-6) 

as compared to free 5-FU solution. The Cmax for PFAM-6 was 1569.304± 8.895 ng/ml within 

48 hours and for reference free 5-FU solution was found to be 2263.307±13.36 ng/ml 

absorbed within 15 minutes respectively. The higher Cmax for PFAM-6 with respect to time is 

suggested due to the slow release and absorption owing to the encapsulation of 5-FU in gel 

form insitu that remains intact and stay for the longer time at the absorption site releasing the 

encapsulated drug continuously at constant rate. The rate of absorption after subcutaneous 

administration of free 5-FU solution into the blood stream was rapid as depicted by low Tmax 

value, while for insitu gel form the Tmax was found significantly higher which in turn 

indicates the slow absorption of drug from insitu intact gel indicating controlled release 

behavior. The Tmax in case of free 5-FU solution was found to be 15 minutes, while for 

PFAM-6, it was extended to 48 hours. The AUCtot of 5-FU in pure solution form after 

injectable administration was calculated to be 26630.033±259.549 ng/mL*h and MRT values 

were found to be 14.187±0.094 min. While for PFAM-6 the AUCtot was found to be 
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123266.917±1018.788 ng/mL*h and MRT values were found to be 61.523±0.523 h. The p-

values were found statistically significant for all pharmacokinetic parameters. The higher 

values of all these parameters as compared to reference free 5-FU solution suggest the higher 

bioavailability of drug from insitu loaded gel form. The volume of distribution (Vd) and 

clearance (Cl) for PFAM-6 was significantly low as compared to free 5-FU reference solution 

which in turn indicates the steady state drug concentration released from gel. The elimination 

half life (t1/2) for PFAM-6 and for free reference 5-FU solution was found to be 

14.2057±0.945 hours and 9.600±0.000 minutes respectively. The greater t1/2 for PFAM-6 as 

compared to free solution suggests the slow elimination of drug from the body. 

The plasma drug concentration time-plots shown in Fig. 4.66 (B) indicated that the drug 

loaded insitu gel formulation (PFAM-6) effectively maintained the plasma 5-FU 

concentration for longer time duration after subcutaneous administration with no significant 

toxicity. On the other hand free 5-FU solution could not maintain the steady state 

concentration and rapidly eliminated from the body in comparison to gel formulation. It was 

concluded from the invivo analysis that insitu Poly (PF127-g-AMPS) thermoresponsive gel 

formulations can be administered invivo and act as controlled drug delivery depot insitu for 

longer time duration.  
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 Fig. 4.63. HPLC chromatogram of pure drug (5-FU) 

 

Fig.4.64. Representative HPLC chromatogram of blank rabbit plasma 
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Fig. 4.65. Representative HPLC chromatogram of 5-FU spiked rabbit plasma. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.66. Plasma drug concentration-time plots of 5-FU administered through subcutaneous 

route in free pure solution form (A) and loaded in depot gel form (B).  
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Table 4.18: Plasma concentrations in rabbit plasma for free 5-FU solution (10 mg/kg) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.19: Plasma concentrations in rabbit plasma for injectable hydrogel (10 mg/kg) 

 

Plasma Concentrations for 5-FU loaded Injectable hydrogel 

Time 

(Hrs.) 
Plasma Concentration (ng/ml) 

(Mean± SD) 

0.5 0±0.000 

1 46.92±6.304 

2 189.52±10.140 

4 387.95±9.271 

8 522.59±14.574 

12 736.90±10.849 

16 987.34±8.439 

24 1184.43±12.166 

36 1331.54±56.849 

48 1569.30±8.895 

72 1063.78±12.775 

96 859.97±8.011 

120 406.10±30.061 

144 82.84±12.886 

Plasma Concentrations of  free 5-FU Solution 

Time 

(min) 

Plasma Concentration  (ng/ml) 

(Mean± SD) 

0 0±0 

5 700±33.33 

10 1361±20.28 

15 2263±13.36 

20 1098±30.81 

25 195±11.92 
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Table 4.20: 

Pharmacokinetic parameters of pure free 5-FU solution and 5-FU loaded injectable hydrogels 

after subcutaneous administration to healthy rabbits of Group-A and Group-B respectively, 

(n=12) 

 

S. No. 
Pharmacokinetic 

Parameters 

Subcutaneous pure 5-FU 

solution 

(Mean± SD) 

5-FU loaded injectable 

hydrogel 

(Mean± SD) 

1.  Cmax (ng/ml) 2263.307±13.36 1569.304± 8.895 

2.  Tmax (min) 15.00±0.00 48.000± 0.000 (h) 

3.  AUCtot (ng/mL*h) 26630.033±259.549 123266.917±1018.788 

4.  AUMCtot (ng.h
2
/ml) 365928.167±3384.465 7.407±0.089 

5.  Kel (hr
-1

) 0.072±0.000 0.072±0.000 

6.  t1/2 (min) 9.600±0.000 14.2057±0.945 (h) 

7.  MRT (min) 14.187±0.094 61.523±0.523 

8.  Clearance (L/min) 0.7293±0.008 0.160032±0.002 

9.  Vd (L) 2.973±0.072 3.278745±0.201 

10.  Vss (L) 10.34±0.134 9.84559±0.077 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

   253 
 

 

 

 

 

 

Chapter 5 

Acute toxicity evaluation through 

subcutaneous route 

 

 

 

 

 

 

 

 

 

 

 

 



 

   254 
 

5. Acute toxicity study through subcutaneous route 

5.1. Summary  

The acute toxicity study of developed optimized thermoresponsive injectable hydrogels was 

evaluated in rabbits through subcutaneous route following Food and drug administration 

authority (FDA, 2005) and laboratory animal science association, 2009 guidelines. The study 

was approved by Pharmacy Research Ethics Committee (PREC), Faculty of Pharmacy and 

Alternative Medicine, The Islamia University of Bahawalpur. Rabbits were divided equally 

into three (3) groups; gel formulation group (n=8, 04 male and 04 female), positive control 

group (n=8, 04 male and 04 female) and negative control group (n=8, 04 male and 04 

female). Hydrogels group and positive control group were administered 5-FU loaded 

hydrogel solution and free 5-FU solution (4g/kg) through subcutaneous route, while negative 

groups was given normal saline. Rabbits from all groups were observed physically for 

fourteen days for various parameters and at specific time, blood samples and various organs 

parts from all the rabbits groups were collected for biochemical analysis and 

histopathological examinations.  

5.2. Invivo safety evaluation of thermoresponsive injectable hydrogels 

The selected thermoresponsive gel formulation for in-vivo study was evaluated for acute 

toxicity studies in rabbits. The study was conducted following Food and drug administration 

authority (FDA, 2005) and laboratory animal science association, 2009 guidelines. Owing to 

good cytocompatibility and biodegradability of thermoresponsive insitu Poly (PF127-g-

AMPS) gel formulation, no lethal dose (LD50) or median lethal dose has been determined. 

Therefore maximal tolerance dose (MTD) method has been adopted for toxicity evaluation of 

thermoresponsive gel formulations via subcutaneous route.  

Twenty four (24) rabbits with average body weight of 2.50 kg were properly housed in 

wooden box. The rabbits were divided equally into three (3) groups; gel formulation group 

(n=8, 04 male and 04 female), positive control group (n=8, 04 male and 04 female) and 

negative control group (n=8, 04 male and 04 female). All rabbits were kept in fasting state for 

12 h before dosing provided excess to free water. Hydrogel group was administered 1000 

mg/ml (total 4 ml, 2 g/kg) of 5-FU loaded formulation, while positive control group was 

given 1000 mg/ml (total 4 ml, 2 g/kg) pure free 5-FU solution through subcutaneous route 

respectively. The negative control group was treated with equal amount of normal saline. All 

rabbits were observed continuously for 14 days twice in a day. The rabbits were observed for 

general conditions (hair, feces, activity, behavior pattern, energy, clinical signs) mortality and 
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body weight. At 14
th

 day, all rabbits were sacrificed and gross histological examination was 

conducted to observe the major pathological changes.   

5.3. Histopathological examination  

After rabbit‘s scarification on 14
th

 day, the samples were collected from major organs like 

(liver, heart, spleen, kidney and lung) and preserved properly in 10% formalin buffered and 

embedded subsequently in paraffin. The samples were then stained for histopathological 

examination with haematoxylin-eosin (H & E). For toxicity investigation of insitu Poly 

(PF127-g-AMPS) gel formulations, light microscope was used for major histopathological 

changes. The blood collected from each rabbit was divided into two parts. One part was 

utilized for serum chemistry parameters (Alkaline phosphatase, albumin, total protein, 

alanine aminotransferase, aspartate transferase, glucose, cholesterol, amylase, creatinine, 

urea, phosphorous, bilirubin, potassium, magnesium and sodium) using Roche cobas C111 

and Roche cobas e 411 chemistry analyzers (Germany), while other part of blood was used 

for routine blood analyses (WBC, RBC, eosinophils, basophils count, Platelets, packed cell 

volume, mean cell volume and hemoglobin) using hematology analyzer (SYSMEX 100, 

Germany).  

5.4. Results and discussion 

Tolerability and safety evaluation of insitu Poly (PF127-g-AMPS) gels and free 5-FU 

solution through subcutaneous route  

General conditions 

During safety profiling throughout whole toxicity study, no toxic effect was observed in any 

rabbit group treated with formulation or positive and negative controls included in study. No 

death occurred neither any toxic response in whole 14-days observation period. The rabbits 

showed normal movement, energy, eye slits, behavior, teeth, hair, eyes and oral cavity. The 

rabbit‘s response to sound, light, breathing and other stimulus was normal. No ulceration or 

flare was found in the skin. They displayed no nose or mouth dryness, vomit or salivation, 

running nose, edema or eye secretions. Rabbit‘s feces were found normal in color, frequency 

with no pus, blood and mucus. Food consumption was found equal in all treated groups with 

no significant difference. Table 5.1 indicates the toxicity signs not observed in all treated 

groups.  

Maximal tolerance dose (MTD) 

Maximal tolerated dose refers to the dose at which the target object is observed continuously 

for toxicity, mortality or morbidity. So MTD indicates the highest dose tolerated by animals 

included for specific duration of study. Duration of dosing animals greatly affect MTD, 
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because in some cases consecutive higher doses might not be tolerated by animals for longer 

duration. So animals were administered range of dosing 100-2000 mg/kg body weight.  As no 

mortality or abnormal signs were found at higher tested dose, so MTD of 5-FU loaded in 

Poly (PF127-g-AMPS) gels was found 2000 mg/kg body weight through subcutaneous 

injection.  

Histopathological examination  

The samples collected from major organs of sacrificed rabbits on 14
th

 day was observed by 

light microscope for any pathological changes. It was observed that after 5-FU administration 

through subcutaneous injection in free and loaded in Poly (PF127-g-AMPS) gels, no 

significant pathological lesions were observed.   

Major organs 

Fig. 5.1 indicates the optical micrographs collected from major organs (liver, heart, spleen, 

kidney and lung) of rabbits groups treated with gel formulations, free 5-FU solution and 

normal saline respectively through subcutaneous injection. The optical micrographs of 

cardiac myocytes treated with free 5-FU solution and gel formulations were found clear and 

arranged in good order in comparison with rabbits group treated with normal saline. 

Moreover there was found no inflammatory exudate, necrosis or hemorrhage and any 

significant effect on pericardium, myocardium or endocardium of cardiac muscles. The 

microscopic images of liver shown in Fig. 5.1 showed no hepatocellar degeneration or 

necrosis. Moreover no macrophages, lymphocytes or neutrophils infiltration was observed on 

hepatic sinusoid. Spleen displayed normal spleen corpuscle with no gross pathologic changes 

in spleen sinus, white or red pulp. The morphology of lungs of both treated groups showed no 

bronchioles or alveolar epithelial denaturation. Moreover the cells surrounding bronchus 

showed no inflammatory infiltration. The airways cilia were found normal. The light 

microscopic images of rabbit‘s kidneys of both treated groups and group treated with normal 

saline displayed that nephron shape is normal with defined shape around glomerulus. 

Moreover there was found no necrosis, bleeding or degeneration in glomeruli and various 

other kidney tubes.  

Serum chemistry profiling and hematological investigation  

At 14
th

 day of study, complete blood count (CBC) and serum chemistry profiling was 

performed after subcutaneous administration of free 5-FU solution and loaded in gel 

formulations in comparison with negative control group. Serum chemistry profiling was 

performed to evaluate liver and kidney function, while CBC was performed to investigate any 

abnormality in blood count of treated groups in comparison with negative control group. 
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Tables 5.2 and 5.3 indicate the CBC and serum chemistry profiling of both the treated groups. 

It was found from the results that liver and kidney functions of both the treated groups are 

normal in comparison to control group. Moreover there was no significant effect and 

difference in CBC count of both treated groups and control group. Metabolite contents of 

both the treated groups were also found normal. It was concluded from the histopathological 

study, serum chemistry and hematological investigations that 5-FU loaded Poly (PF127-g-

AMPS) gel formulations are safe for invivo administration and will provide controlled 

delivery through subcutaneous route.  

Table 5.1:  

Toxicity signs not observed in insitu gel formulations (4g/kg) and free 5-FU treated groups. 

Motor activities 

 

 

Symptoms of autonomic                        

nervous system 

 

Symptoms of nervous 

system 

 

 

Mortality  

Restlessness, Hyperactivity and phonation 

 

 

Hypersalivation, hair discoloration, Excessive urination, 

eyeballs protrusion, and bristling up, dyspnea. 

 

Tail erection, Twitching, movement disorder, 

abnormal gesture 

 

 

Death 
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Fig. 5.1. Histopathological micrographs of different rabbit organs of control, pure free 5-FU 

treated and 5-FU loaded injectable gel groups after subcutaneous administration.  
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Table 5.2: Mean values ± SEM of rabbit serum levels of various parameters: Control, (n = 3 

Male, n = 3 female), IHS (Injectable hydrogel solution) (n = 3 Male, n =3 female) Pure 5-FU 

solution (n =3 Male, n =3 female) 

Parameter Male group 

(Control) 

Male treated 

group 

(IHS) 

Male treated 

group 

(pure 5-FU) 

Female 

group 

(Control) 

Female 

treated 

group 

(IHS) 

Female 

treated 

group 

(pure 5-

FU) 

Total Protein (g/L)  70.09 ± 0.69 67.38 ± 0.27  65.33 ± 1.19 72.04 ± 0.31 68.42 ± 0.32 66.34 ± 0.38 

Albumin (g/L) 53.5 ± 0.11 51.0 ± 0.58 48.4 ± 1.1 52.3 ± .93 51.9 ± 1.0 49.82 ± 1.1 

Globulin (g/L) 21.08 ± 0.22 19.77 ± 0.35 18.87 ± 0.45 18.46 ± 0.52 17.71 ± 0.89 15.9 ± 0.19 

ALP (U/L) 119 ± 0.19 115 ± 0.28 113 ± 0.54 131 ± 0.39 129 ± 0.67 126 ± 0.21 

AST (U/L) 62.91 ± 1.28 60.46 ± 1.19 58.78 ± 1.03 64.44 ± 0.43 63.65 ± 0.76 63.07 ± 1.23 

ALT (U/L) 83.77 ± 1.28 81.12 ± 1.19 78.67 ± 1.34 80.21 ± 0.49 78.98 ± 0.91 73.06 ± 1.32 

Amylase (U/L) 487 ± 3.74 484 ± 2.85 480 ± 4.88 512.4 ± 1.19 503 ± 1.56 494 ± 4.98 

Cholesterol (mmol/L) 105.3 ± 0.58 103 ± 0.67 101.4 ± 1.97 106.7 ± 0.38 105.0 ± 0.56 102 ± 0.67 

Glucose (mmol/L) 7.64 ± 0.11 5.34 ± 0.029 4.89 ± 0.027 7.34 ± 0.055 4.09 ± 0.019 4.58 ± 0.068 

Bilirubin (μmol/L) 11.08 ± 0.07 10.01 ± 0.02 9.12 ± 0.04 10.34 ± 0.07 10. ± 0.03 9.51 ± 0.04 

Creatinine (μmol/L) 158.3 ± 3.56 156.64 ± 2.63 151 ± 3.28 156.4 ± 2.42 148.5 ± 2.12 141 ± 4.32 

Urea (mmol/L) 153.9 ± 2.87 151.28 ± 2.18 149 ± 2.67 7.03 ± 0.19 6.28 ± 0.08 6.02 ± 0.03 

Magnesium (mmol/L) 0.90 ± 0.03 0.86 ± 0.02 0.77 ± 0.02 0.84 ± 0.04 0.79 ± 0.02 0.73 ± 0.02 

Phosphorous(mmol/L) 1.91 ± 0.04 1.86 ± 0.01 1.80 ± 0.03 2.19 ± 0.04 2.11 ± 0.02 2.08 ± 0.01 

Potassium (mmol/L) 6.56 ± 0.08 6.11 ± 0.02 6.03 ± 0.05 6.14 ± 0.03 5.99 ± 0.04 5.89 ± 0.06 

Sodium (mmol/L) 137.4 ± 0.56 134.34 ± 0.32 131.5 ± 0.71 142.5 ± 0.78 139 ± 0.41 134 ± 0.48 
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Table 5.3: Mean values ± SEM of rabbit blood count of cells and various other parameters: 

(Control, n =3 Male, n = 3 female, Injectable hydrogel solution, n =3 Male, n = 3 female, 

Pure free 5-FU solution n = 3 Male, n= 3 female) 

 

 

 

 

 

 

 

 

 

 

Parameter Male group 

(Control) 

Male 

treated 

group 

(IHS) 

Male 

treated 

group 

(pure 5-FU) 

Female 

group 

(Control) 

Female 

treated 

group 

(IHS) 

Female 

treated 

group 

(pure 5-FU) 

WBC × 10
9
/L 7.19 ± 0.07  8.02 ± 0.01 8.7 ± 0.01  7.24 ± 0.01 7.9 ± 0.009  7.1 ± 0.11 

Lymphocytes ×10
9
/L 2.47 ± 0.03  2.03 ± 0.02 1.99 ± 0.016  2.41 ± 0.02 2.15 ± 0.01  2.0 ± 0.01 

Eosinophils × 10
9
/L 0.02 ± 0.05  0.02 ± 0.02 0.011 ± 0.02 0.08 ± 0.02 0.08 ± 0.03  0.071 ± 0.05 

Basophils ×10
9
/L 0.27 ± 0.03  0.23 ± 0.04 0.23 ± 0.003  0.23 ± 0.06 0.21 ± 0.07  0.17 ± 0.003 

Neutrophils × 10
9
/L 4.39 ± 0.13  4.22 ± 0.11 4.19 ± 0.14  4.29 ± 0.01 4.21 ± 0.08 4.18 ± 0.004 

Platelets ×10
9
/L 341.8 ± 2.1  330.5 ± 1.3 321.15 ± 1.2  334.0 ± 0.2 312.3 ± 1.1 308.6 ± 0.42 

RBC× 10
12

/L 5.92 ± 0.01  5.87 ± 0.03 5.74 ± 0.014  5.29 ± 0.01 5.20 ± 0.07  5.14 ± 0.016 

Hemoglobin (g/L) 113.5 ± 2.1  112.4 ± 0.9 112.1 ± 1.06  101.1 ± 0.9 102.1 ± 0.8  101.4 ± 0.26 

Packed cell volume (L/L) 0.35 ± 0.01  0.34 ± 0.02 0.34 ± 0.002  0.34 ± 0.01 0.33 ± 0.04  0.34 ± 0.002 

Mean cell volume L/L 59.43 ± .09  56.49 ± .73 55.73 ± 1.2  62.5 ± 0.70 60.74 ± 0.7 59.3 ± 0.519 
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6.1. Conclusion  

In this study novel insitu formed thermoreversible self-assembled and chemically grafted 

thermoresponsive injectable hydrogels have been prepared through cold and insitu 

polymerization techniques. The developed formulations were evaluated in details invitro and 

invivo to predict their controlled release properties. Based on results, following conclusions 

are drawn; 

 A self-assembled supramolecular (SSD) thermoreversible β-Cyclodextrin/Ethylene 

glycol injectable hydrogels with difunctional Pluronic
®
127 was developed by cold 

method and used for the encapsulation of hydrophobic anticancer drug (Curcumin). 

The resultant thermoreversible hydrogels showed a tunable gelation time, 

temperature, mechanism, mechanical strength and thixotropic behavior along with the 

variable concentrations of the structural components. It was also concluded that 

temperature, pH and various concentrations of the gels components has significant 

effect on swelling behavior, invitro Curcumin release and drug release kinetics. MTT 

assay also confirmed the biocompatibility of gels as injectable matrices for invivo use.  

 

 Chemically grafted Poly (PF127-grafted-Carboxymethyl chitosan) thermoresponsive 

hydrogels were developed by insitu polymerization technique using glutaraldehyde as 

crosslinking agent. These injectable hydrogels were developed for the controlled 

delivery of 5-FU through subcutaneous route. The hydrogels showed sol-gel phase 

transition and tunable thermogelation within physiologic temperature range (32
o
C-

37
o
C) observed by tube titling, rheological analysis and optical transmittance 

measurements. Reversible heating and cooling cycles confirmed the temperature 

dependent structural changes of thermogels. Maximum swelling and drug release was 

noticed at higher pH (7.4) and lower temperature 25
o
C i.e. <CGT owing to the 

presence of ionized functional groups and relaxed gel state below CGT. Cells growth 

inhibition study concluded that the blank chemically grafted thermogels are 

biocompatible having no significant toxicity. 

 

 Cytocompatible insitu cross linkable pH/thermo dual responsive injectable hydrogels 

were prepared based on Poly (N-isopropylacrylamide) and Carboxymethyl chitosan 

i.e. Poly (CMCS-g-NIPAAm) via a combined cold and insitu polymerizations 

technique. The phase transition of developed optimized formulations was confirmed 
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through tube titling method, rheological analysis and optical transmittance 

measurement. Invitro drug release profile showed highest 5-FU release in acidic 

medium below LCST of the formulations in sustained fashion. It was concluded that 

the developed formulations can be used to target any local disease owing to their pH 

sensitive nature. Moreover the formulations can be used as controlled depot for 

systemic chemotherapy after subcutaneous administration.  

 

 Chemically grafted injectable Poly (N-Vinylcaprolactam-grafted-Sodium Alginate) 

based thermoresponsive insitu forming depot hydrogels were developed via a 

combination of cold and free radical polymerization method. Rheological analysis 

confirmed the viscoelastic properties and critical gelation temperature around 33
o
C, 

while optical transmittance showed the temperature induced changes of the developed 

formulations owing to the presence of thermoresponsive (NVCL) block. Invitro 5-FU 

release profile showed that release of 5-FU from insitu forming chemically grafted 

formulations was dependent upon the relaxation and aggregation of the gel network as 

function of changing medium temperature. Maximum 5-FU release was observed 

from chemically grafted Poly (NVCL-g-NaAlg) gel formulations in PBS (pH=7.4) at 

25
o
C owing to the presence of ionized carboxylic groups (COO

-
) in their structure and 

relaxed state. MTT assay confirmed the safe and biocompatible nature of developed 

hydrogels against tested against Vero cell lines.  

 

 Chemically grafted injectable thermogels based on Poly (2-acrylamido-2-

methylpropane sulfonic acid) with difunctional Pluronic
®
127 were prepared by using 

cold and grafting polymerization technique. The formulations were aimed to be used 

as 5-FU depot after subcutaneous administration. The tunable nature and phase 

transition of formulations to temperature variation was confirmed through rheological 

analysis, tube titling and optical transmittance experiments. Maximum swelling and 

drug release was noted in PBS 7.4 and below CGT of formulations indicated the 

dominant temperature effect. The safety of thermogels as insitu drug depot was 

confirmed through MTT assay against L929 cells, while the cytotoxic potential of 5-

FU loaded thermogels was confirmed through against HeLa and MCF-7 cancer cell 

lines. Invivo analysis of depot formation and controlled 5-FU delivery was conducted 

in albino rabbits by injecting pure free 5-FU solution and 5-FU loaded thermogels 

through subcutaneous route. The highest Cmax (1569.304± 8.895 ng/ml) was noted for 



 

   264 
 

thermogels with t1/2 (48 hours) in comparison to pure 5-FU solution (Cmax i.e. 

2263.307±13.36 ng/ml, t1/2 i.e. 15 minutes). 

 

Based on invitro and invivo evaluation, it was concluded that all the developed formulations 

exhibited phase transition within the body temperature range. Additionally owing to the 

presence of hydrophilic and hydrophobic moieties in gels structure, the formulations can be 

utilized as carrier for drugs with variable solubility. Moreover the formulations are safe with 

no detectable toxicity and can be used as drug delivery depot after invivo administration 

through subcutaneous route.  
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