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ABSTRACT 

The objectives of this investigation were to investigate the effect of interaction of 

protein and polymers with varying end groups on the overall release profile of model 

proteins (Lysozyme, Bromelain and Bovine Serum Albumin (BSA)).  

 Lactide and/or glycolide-based polymers (intrinsic viscosity 0.15 to 0.22 d/L) 

differing in end groups (carboxylic acid or ester), were dissolved in an organic solvent 

mixture of various ratios of benzyl benzoate and benzyl alcohol. Polymer solutions were 

tested for injectability through 22 gauge needle. The model proteins were incorporated 

into the polymer solution by sonicating at 40W for 20 seconds. When polymer-protein 

solution was injected in releasing media (phosphate buffered saline, pH 7.4), it 

instantaneously formed a gel depot. Samples were withdrawn from the releasing media at 

specific time points and analyzed for the protein content as well as its conformational 

stability and biological activity. Lysozyme and Bromelain content was determined at 280 

nm while BSA contents were determined at 277.8 nm by using a UV spectrophotometer. 

Conformational stability was determined by Fourier Transform Infra Red (FTIR) 

Spectroscopy and Differential Scanning Calorimeter (DSC). The peaks in the range of 

1620-1695nm in FTIR spectrum were indicative of secondary structures of the model 

proteins. Enthalpy and mid-point of thermal transition in DSC thermogram were used as 

thermodynamic parameters indicating conformational stability. Biological activity was 

determined by enzyme activity assay using Micrococcus Lysodeikticus as substrate for 

Lysozyme, Tyrosinase for albumin, and Z-L-Lys-ONp hydrochloride for Bromelain.  
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Polymer concentrations up to 25% (w/w) were found injectable through 22 gauze 

needle. Polymers bearing carboxylic acid end group were not soluble in 100% BB which 

were well correlated with hydrophilic-lipophilic profiles of polymers and the solvent 

systems. Release studies indicated a lower burst release (< 15%) from formulations 

containing polymer with carboxylic acid end group than those containing ester end group 

(burst release > 25%). Polymers with acid end groups showed a faster rate of release than 

those with ester end groups in the second phase of the observed biphasic pattern of 

release. The amount of burst release and over all release profiles were explained on the 

basis of influence of end groups on the rate of gelation of the phase-sensitive smart 

polymer-based delivery systems. The polymers with free carboxylic end groups showed 

faster rate of gelation as compared to the polymer with ester end groups. The DSC 

thermograms of the protein solutions showed decreased conformational stability 

compared to the DSC thermograms of the protein formulations with time. The Tm of 

Lysozyme solution on day 84 was 26.94±0.096ºC and that of the Lysozyme formulations 

was > 47 ºC. The Tm of Bromelain solution on day 84 was 45.00±0.023 ºC and that of 

the Bromelain formulations was > 59 ºC. The Tm of Albumin solution on day 49 was 

51.86±0.039 ºC and that of the Albumin formulations was > 54 ºC. This may be 

occurring due to the protective effect of the polymers on the protein formulations. FTIR 

data showed decrease in the area of secondary structures with time. The protein 

formulations however were found to have more stability as compared to the protein 

solutions. The corrected areas of secondary structures for Lysozyme solution on day 84 

was 0.001 and for the Lysozyme formulations was >0.014. The corrected areas of 

secondary structures for Bromelain solution on day 49 was 0.0015 and for the Bromelain 
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formulations was >0.042.  The corrected areas of secondary structures for Albumin 

solution on day 49 was 0.04 and for the Albumin formulations was >0.2. Biological 

activity data showed that the protein formulations lost their biological activity with 

passage of time, but the biological activity of the protein formulations was more than that 

of protein solutions on any given day. FTIR, DSC, and enzyme activity data indicated 

significantly greater (p<0.05) conformational stability and activity in comparison to those 

of control samples. 

It is concluded that the interaction of polymer end groups such as carboxylic acid 

with protein functional groups such as hydroxyl or amino can be used for reducing burst 

release and protecting conformational stability as well as biological activity of proteins 

incorporated in phase-sensitive smart polymer formulations.  
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1. INTRODUCTION 

 

Rapid development in biotechnology and recombinant DNA technology 

combined with advancement in pharmacology have improved understanding of role of 

regulatory peptides and proteins have enabled production of large number of therapeutic 

peptides and proteins (Shaji and Patole, 2008). Protein and peptide therapeutics include 

hormones, semi-synthetic vaccines, growth factors, enzymes, cytokines, monoclonal 

antibodies and soluble receptors. Due to various physiochemical and biological properties 

such as high molecular weight, short half lives, and intrinsically fragile nature of 

molecules, proteins and peptides are difficult to administer (Conti et al., 2000). 

The protein and peptide delivery in the system should be such that it overcomes 

the following obstacles. These include (i) controlled rate of release such that therapeutic 

level is maintained over desired period of time, (ii) conformational stability and 

biological activity should be  maintained throughout the release of the protein/peptide in 

the body (Bartus et al., 1998) and (iii) maintenance of stability during shipping and long 

term storage of the formulation (Jorgenson et al., 2006). 

For this purpose it is very important to have knowledge about the protein 

structure, its stability, mechanism of release, its degradation pattern and also various 

methods of analysis which can be used to study the stability of proteins. Proteins are 

biological macromolecules present in all biological organisms. Proteins are polymers of 

20 different amino acids also known as polypeptides. They are composed of elements 

namely carbon, oxygen, nitrogen, hydrogen and sulphur. Protein structure basically has 4
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different levels namely primary structure, secondary structure, tertiary structure and 

quaternary structure (Petsko and Ringe, 2004). 

1.1. Primary Structure 

A protein is consisted of sequence of different amino acids which is called its 

primary structure. Primary structure is held by covalent bonds, which provide rigidity. 

Carboxy terminal and amino terminal make up the two ends of amino acid chain. The 

structure and function of a protein depends on its sequence which is unique for every 

protein (Branden and Tooze, 1999). 

1.2. Secondary Structure 

Secondary structures are composed of patterns of hydrogen bonds between 

backbone amide and the carboxyl groups. Secondary structures are classified into α helix 

and β pleated sheets, depending on the hydrogen bonding between the amino acid 

residues (Darby and Creighton, 1993). 

The α helix- consist of main-chain N and O atoms that are bonded to each other 

via the hydrogen bonds. Fibrous structural proteins such as keratins are mainly made up 

of α helical structures. The β pleated sheets are composed of extended polypeptide chains 

lying in close proximity to each other. Stabilization of the β pleated sheets occurs due to 

hydrogen bonding between N-H group on the first chain and C=O group on the other 

chain. Proteins can contain regions of both α helix and β pleated sheets in the same 

polypeptide chain (Purves et al. 2006). 
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1.3. Tertiary Structure 

This is a three dimensional structure and is composed of secondary structures 

packed into compact globular units known as domains. These are basically made up of 

polypeptide chains bent and folded at specific angles. The interaction between the groups 

situated on amino acid side chains determines the formation of tertiary structures. These 

structures are stabilized by hydrogen bonding, disulfide bonding, and ionic interactions 

(Purves et al. 2006). 

1.4. Quaternary Structure 

Quaternary structures are composed of complex of polypeptide chains and tertiary 

protein structure known as subunits. These subunits may be connected to each other 

through disulfide bonds. All proteins do not exhibit quaternary structure. The quaternary 

structures are stabilized by ionic bonding, hydrogen bonding and Van der Waals 

interactions (Branden and Tooze, 1999). The Figure 1 depicts the 4 different levels of 

protein structure (Brooklyn College, 2006). 
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Figure 1: Primary, secondary, tertiary and quaternary structure of proteins 

(Brooklyn College, 2006) 



5 
 

2. Types of Protein Instabilities  

Proteins are susceptible to instability and degradation during formulation 

development. Proteins are most stable in native state than in the denatured state (Ivankov 

and Finkelstein, 2009). While performing biological functions, proteins undergo 

structural changes. Transitions occurring between tertiary and quaternary structures are 

called conformational changes. The secondary structure is important for maintaining the 

conformational stability and biological activity of proteins (Degim and Celebi, 2007). 

Various interactions between charged groups, hydrophobic interactions, and hydrogen 

bonds help in increasing stability of the native state (Whitford, 2005). Peptidyl–prolyl 

isomerization, disulphide bridges methylation, phosphorylation or glycosylation provide 

covalent contributions to protein stability. Non covalent factors that contribute to protein 

stability are hydrophobic effects, hydrogen bonds, Van der Waals forces, aromatic 

interactions and ion pairs/salt bridges. Effect of these intramolecular forces between the 

hydrophobic (a polar) protein residues causes release of water and hence causing an 

increase in entropy and leading to disruption of the protein stability. Hydrophobic 

polypeptide segments are buried in the interior of protein molecule, normally out of 

contact with water. Presence of hydrogen bonds between amino acid side chains also 

affects protein stability (Fiedler et al., 2010).  

Since proteins have a fragile three dimensional network, they are susceptible to 

various degradation pathways, which can be classified into chemical instability and 

physical instability. Chemical instability is caused due to changes in bond formation or 

cleavage, which in turn may occur via deamidation, racemization, beta elimination, 

oxidation, hydrolysis and disulfide exchange. Physical instability is due to changes in 
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three dimensional conformational integrity of protein as a result of precipitation, 

adsorption, aggregation and denaturation (Manning et al., 1989).  

2.1. Chemical Instability 

2.1.1. Deamidation 

In deamidation, hydrolysis of the side chain amide linkage of Gln or As residue 

occurs resulting in the formation of free carboxylic acid (Sadakane et al., 2010). Rate of 

deamidation is affected by the secondary, tertiary or the quaternary structure of peptides 

or proteins (Xie and Schowen 1999). Temperature, pH, ionic strength and presence of 

buffer ions in a solution also have an influence on the rate of deamidation. In a neutral pH 

solution, deamidation causes introduction of a negative charge hence resulting in 

isomerization, affecting the properties of peptides and proteins chemically and 

biologically. Deamidation of proteins in biological systems acts as a molecular timer of 

biological events and serves as a mechanism for postsynthetic production of unique 

proteins which are biologically important (Robinson, 2002). 

2.1.2. Racemization 

Racemization occurs in all amino acids except Gly as all amino acids are chiral at 

the carbon bearing a side chain. Racemization generally occurs via the removal of α-

methine hydrogen by base to form a carbanion ion. Rate of racemization is controlled by 

the stabilization of the carbanion ion. Racemization can result in formation of non-

metabolizable forms of amino acids or form peptide bonds that are accessible to 

proteolytic enzymes (Arany and Ohtani, 2010). 
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2.1.3. Βeta Elimination 

Beta-hydride elimination is a reaction where an alkyl group bonded to a metal 

centre is converted to a corresponding metal-bonded hydride. β elimination from the 

cystein residue causes destruction of the disulfide bonds resulting in inactivation of the 

proteins.  All proteins are found to undergo β elimination of disulfide at similar rate. 

Alkaline environments are found to increase the rate of degradation due to β elimination 

(Manning et al., 1989). 

2.1.4. Oxidation 

The side chains of Met, His, Cys, Trp and Tyr residues in proteins are sites that 

are most susceptible to oxidation. Met residues can be oxidized even by atmospheric 

oxygen. The thioether group of Met is a weak nucleophile and is not protonated at a low 

pH, hence it can be oxidized under acidic conditions (Cerrada-Gimenez et al., 2010). The 

rate of degradation due to oxidation is found to increase in presence of visible light; 

hence photo oxidation may be involved in formation of free radicals. pH is also found to 

affect the rate of oxidation. At a neutral pH, the oxidation of His residue occurs rapidly 

and at low pH its reaction is slow. Tyr is very active at a high pH but Trp and Met get 

oxidized below pH 4 (Lai and Topp, 1999). 

2.1.5. Hydrolysis 

Hydrolysis occurs by intramolecular catalysis of the N terminal and/or the C-

terminal peptide adjacent to Asp residue via the carboxyl group. Cleavage of the N 

terminal peptide bond causes inactivation of proteins. Irreversible thermo inactivation in 
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lysozyme and ribonuclease A was observed at pH 4 and temperature of 90-100°C as a 

result of peptide bond cleavage at Asp-X bonds (Estey et al., 2006). 

2.1.6. Disulfide exchange 

Interchanging of disulfide bonds in proteins causes incorrect pairing which causes 

an altered three dimensional structure and loss of catalytic activity. Thiol ions cause a 

neuclophilic attack on the sulfur ion of the disulfide incase of neutral and alkaline media. 

In acidic medium, exchange occurs via sulfenium cation which causes an electrophyllic 

displacement on the sulfur atom of the disulfide. Thiol scavengers such as p-

mercuribenzoate and copper ions can be used to prevent disulfide exchange as they 

catalyze the oxidation of thiols in air (Stratton et al., 2010). 

2.2. Physical Instability 

2.2.1. Aggregation 

Aggregation results in loss of native structure of the protein. It can occur due to 

presence of thermal, chemical, or physical stress or even absence of it, which can be 

irreversible. Aggregates mostly contain non native β sheet structures. Factors affecting 

aggregation are temperature, pH, salt concentration, cosolutes, preservatives and 

surfactants (Chi et al., 2003). 

2.2.2. Precipitation 

Precipitation is similar to aggregation but occurs at a macroscopic level. 

Precipitation can be caused due to presence of salts, addition of organic solvent or other 

additives, and change in pH of the protein solution (Chen et al., 2005). Insulin frosting is 
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a type of protein precipitation, where finely divided insulin precipitation occurs on the 

walls of the container. This occurs due to denaturation of insulin at the air-water interface 

(Evers et al., 2010). 

2.2.3. Adsorption  

Adsorption is basically related to the adhesion of the proteins to various surfaces. 

Adsorption to surfaces can alter the physicochemical properties of the drug component 

and cause degradation. Adsorbed proteins are believed to get irreversibly attached to 

surface in a monolayer arrangement (Krishnan et al., 2006). Insulin adsorbs on surface of 

containers, intravenous bags and delivery devices (Evers et al., 2010). 

2.2.4. Denaturation 

Denaturation is described as the disruption of secondary and tertiary structure of 

proteins. It can occur due to variety of factors such as temperature, pH, addition of 

organic solvents or other denaturants. Denaturation can be either reversible or 

irreversible. Elevated temperature causes unfolding of the proteins but lowering of 

temperature again reverses the effect, this phenomenon is called reversible denaturation. 

The Figure 2 shows protein denaturation (http://www.bio.miami.edu). In case of 

irreversible denaturation, the unfolding or misfolding occurs but the process is not 

reversible hence the protein does not regain its native state (Lai and Topp, 1999) .  

3. Quantification of Proteins 

3.1. UV-Visible Spectrophotometry 
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Proteins in solution absorb ultraviolet light between wavelength 280 and 200 nm. 

Proteins have presence of aromatic rings which cause absorbance at 280 nm while 

peptide bonds are primarily responsible for peaks at 200 nm. The secondary, tertiary, and 

quaternary structure of proteins affect the absorbance hence factors that have a effect on 

these structures also have an effect on the absorbance (Layne, 1957).  

Concentration of pure proteins of known absorbance coefficient can be found out 

using formula, Concentration (mg/ml) = Absorbance at 280/absorbance coefficient, 

where path length is 1cm concentration is mg/ml (Layne, 1957). 
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Figure 2: Protein Denaturation (http://www.bio.miami.edu) 
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3.1.1. Near UV Absorbance 

Quantification of Proteins is done using near UV absorbance (280nm). 

Absorption of radiation in the near UV region depends on the Tyr and Trp content and 

also on the amount of Phe and disulfide bonds. This method is convenient, takes less 

time, simple and sample is recoverable. However, it does have some disadvantages such 

as interference from other chromophores (Stoscheck, 1990). 

3.1.2. Far UV Absorbance 

Quantification of Proteins is done in far UV absorbance (about 190 nm). This 

method is mostly used in protein determination. Mostly measurements are made at 

205nm as most spectrophotometers give low output at a wavelength of 190nm and also to 

reduce the absorption by oxygen. The side chains that absorb at A205 are Trp, Phe, Tyr, 

His, Cys, Met and Arg.  This method is convenient, takes less time, simple and sensitive. 

However, the disadvantage of this method is that many buffers and components like 

pyridoxal groups absorb in this region (Aitken and Learnmonth, 1996). 

Factors affecting absorbance are pH, solvents used, concentration of the solution 

as too strong or too dilute solutions can affect the absorbance measurements. 

Temperature of the solution is also a important factor to be considered as too cold 

solutions can fog the cuvette and warm solutions can release bubbles and interfear with 

the readings (Creighton, 1997). 

3.2. Bicinchoninic Acid (BCA) Method 
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This method is used for protein estimation. It requires a single step and hence is 

quite simple to perform. MicroBCA method involves reduction of Cu
2+ 

to Cu
1+ 

in 

presence of Bicinchonic acid in alkaline medium. This results in chelation of Copper 

forming a blue colored complex. In case of quantification of proteins, peptides having 

more than three amino acids react with cupric ions forming colored complex in alkaline 

medium containing sodium potassium tartarate. On addition of BCA (sensitive 

colorimetry detection reagent) the cuprous cation reacts with BCA forming a purple 

colored reaction product. This purple product is formed due to chelation of two molecules 

of Cuprous ions
14

. In case of proteins, the purple color observed is due to presence of 

cysteine, tyrosine and tryptophan. Incubation temperature of proteins and reactive amino 

acids in protein determine the rate of MicroBCA color formation. Reading is taken at 

526nm.MicroBCA method involves addition of 1ml of each sample to 1ml of working 

reagent. Working reagent consist of MicroBCA
TM

 Reagent A (MA), MicroBCA
TM

 

Reagent B(MB) and MicroBCA
TM

  Reagent C(MC).The tubes are then covered and 

incubated at 60°C for one hour. The absorbance is then measured at 562nm after cooling 

tubes to room temperature. A standard plot of absorbance versus micrograms protein is 

first plotted. And then based on the absorbance of the unknown sample of proteins, the 

concentration is estimated. This method is sensitive to dilute proteins, and very little 

quantity of BSA is required (Stoscheck, 1990). 

This method is sensitive and can accurately detect down to 0.5µg/mL in a 

microplate format. It has high linearity. It is not affected by the concentrations of ionic 

and nonionic detergents. It is convenient and stable at room temperature. Too much 

heating can lead to darkening of the sample and performing the assay at room 
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temperature can make the procedure less sensitive hence care should be taken and 

samples should be incubated to a right temperature (Krieg et al., 2005). 

 

4. Determination of Conformational Stability of Proteins 

Various spectroscopic and other instrumental methods are used for determining 

three dimensional structures of proteins; some of which are discussed below 

4.1. Fluorescence Spectroscopy  

Fluorescence emission is seen when an electron returns from an excited state to a 

ground state. During excited stage energy is lost as a result energy of emitted light is less 

than that of absorbed light. Flourescence emission is very sensitive to changes in the 

environment of the chromophore. The lifetime of an excited state is long and can be 

influenced by different interactions which in turn affect the emission spectra. 

Flourescence is therefore a good method to investigate the conformational changes 

occurring in a protein (Schmid, 1997). Fluorescence of a protein is due to Phe, Trp and 

Tyr residues. Unfolding of proteins results in changes in fluorescence emission. Solvent 

conditions are responsibility for fluorescence of exposed amino acid of proteins. 

Fluorescence intensity depends on temperature as in it is found to decrease with increase 

in temperature. Denaturants like urea and GdmCl influence fluorescence. 

Spectrophotometers that operate in single beam mode are used for protein study (Jiskoot 

and Crommelin, 2005).  
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Fluoresence is extremely sensitive, so contamination of the equipments should be 

avoided. Buffers used should be such that they do not absorb in the excitation and the 

emission spectral region of the fluorophore. For proteins, wide range of emission slits and 

wavelengths are used as proteins have broad emission spectra
 
(Schuler, 2005). 

4.2. Circular Dichroism (CD) 

Structural asymmetry results in difference in the left handed polarized light versus 

the right handed polarized light. This is measured by Circular Dichroism Spectroscopy
 

(Darby and Creighton, 1993). CD bands of proteins occur in two regions, namely, far –

UV or amide region having range of 170-250 nm and are due to presence of peptides and 

the other is the near UV region having range of 250-300 nm and arising due to aromatic 

amino acid groups. Both spectral regions give different information about structure of 

protein. CD polarimeters are highly sensitive and form two polarized light components 

using high frequency photoelectric modulator. Data from CD can be recorded in two 

forms either as ellipticity and left handed circularly polarized light, ∆ AL-AR. Data is then 

converted to differential molar Circular Dichroism extinction coefficient ∆ε=εL-εR and 

molar ellipticity [Θ],where [Θ] is rotational in degrees of a 1 dmol/cm3 solution and path 

length of 1cm and ∆ε is the differential absorbance of 1mol/l solution in a 1cm cell 

(Bloemendal and Jiskoot, 2005).  

Thermal stability is assessed using CD by observing what changes occur in 

spectrum with elevation in temperature. CD is also used to find at what extent pH, sugars, 

salt and buffers affect thermal stability. Though under the above conditions unfolding is 

seen to be completely reversible however difference in thermal stability is still observed
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(Schmid, 1997). CD spectra are very sensitive to structural changes but it is difficult to 

obtain detained structural information. Hence CD spectra are more suited to study 

changes occurring in protein structure after unfolding (Darby and Creighton, 1993). 

4.3. Nuclear Magnetic Resonance Spectroscopy (NMR) 

NMR involves measurement of the absorbance of the ratio of frequency radiation, 

occurring when 
1
H,

13
C and 

15
N are placed under influence of strong magnetic field

 

(Wishart, 2005). The molecular weight limit for NMR is 20000 daltons. It is important to 

have atleast 2 dimensional spectra, so that resonances of different atoms occur on the 

diagonal and interaction between pairs of atoms can be observed as off-diagonal peaks at 

positions corresponding to the resonances of the 2 atoms. Increased resolution is better 

and can be obtained with three or four dimensional spectra, obtained from proteins 

labeled with 
13

C, 
15

N, or both (Darby and Creighton, 1993). 

NMR technique is mostly limited to small proteins. It allows obtaining 

information from the intrinsically unstructured proteins. Due to increase in the number of 

elements in each molecule, multidimensional experiments are done as one dimensional 

spectra becomes crowded with overlapping signals. NMR helps in protein structure 

elucidation, studying protein kinetics, protein function and interaction (Cavanagh et al., 

2007). 

4.4. Mass Spectroscopy 

  Is a technique that permits mass determination of intact proteins by measuring the 

mass to charge ratio of ions. It mainly consists of ion source, mass analyzer and detector. 

First production of ions is done from a sample and then separation of ions. Measurement 



17 
 

of number of ions is the third step followed by collection of data to produce a mass 

spectrum. Mass Spectroscopy is used for characterization of proteins. Matrix Assisted 

Laser Desorption Ionization (MALDI) and Electrospray ionization (ESI) methods are 

used for ionization of whole proteins. MALDI involves enzymatic degradation of 

proteins to smaller peptides and then these are inserted in mass analyzer. ESI involves 

ionization of intact proteins and then introducing them in mass analyzer for analysis
 

(Jensen et al., 1997). Mass Spectroscopy can be used to perform stability assay of protein 

samples and to study the rate of degradation, for quantitation of proteins and for 

macromolecular structure determination (Jin et al., 2008). 

This method is highly accurate and can be used for wide range of sample sizes. 

Tandem MS can be used to provide mass of fragments. Analysis using MS requires only 

few picomoles of a protein (Kirshenbaum et al., 2010). MS enables analysis of protein 

and peptide mixtures without prior separation (Romijn et al., 2005).  

4.5. X-ray Diffraction 

The principle of X-ray diffraction technique is that, the electrons present in an 

atom of a crystal cause scattering of an incident X-ray beam resulting in the production of 

a particular pattern of reflections which can be observed with an X-ray detector. Based on 

the diffraction data, information about the protein structure can be obtained. An important 

requirement for X-ray crystallography is that the protein molecules be organized in a 

proper crystal lattice. Preparation of these protein crystals requires skill and time (Darby 

and Creighton, 1993). Crystals act like amplifiers by causing increase in the amount of 

light scattered due to the multiple copies of molecules present. The smallest repeating 
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unit in a crystal is called the unit cell. Several precipitating agents such as salts and 

organic solvents, most commonly ammonium sulfate or polyethylene glycol, under 

usually precise conditions of pH, temperature and protein concentration are used for 

formation of crystals. All the electron density map data obtained from X ray diffraction is 

averaged and diffraction measurements are made (Parker, 2003).  

The main problem associated with X-ray diffraction is disorder of crystal lattice 

and protein structure mobility which may cause smearing out of the electron density. 

4.6. Differential Scanning Calorimetry (DSC) 

DSC method is used for investigating the energetic of protein denaturation by 

measuring the heat capacity of a sample as a function of temperature. This method has 

helped in studying unfolding of proteins and gives thermodynamic data for denaturation 

transitions and complexity of protein unfolding. In DSC, the energy required to keep 

both, the sample and reference cells, is measured when they are subjected simultaneously 

to same temperature at a controlled rate. Tm is midpoint of denaturation transition 

temperature. Tm helps in finding the stability of the protein. ∆Cp is the change in heat 

capacity for denaturation hence protein denaturation is associated with ∆Cp and ∆H is 

enthalpy change. In DSC degree of reversibility is checked by performing two 

consecutive scans. If enthalpy change for both is similar then denaturation is considered 

reversible (Schon and Campoy, 2005).  

There are basically two types of DSC instruments, Heat-Flux DSC and Power 

Compensation DSC 

In the Heat-Flux DSC, the sample and the reference are connected by a metallic 

disc and the whole assembly consisting of the sample and the reference are enclosed in a 
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single furnace. The enthalpy changes in the sample cause a temperature difference in 

comparison to that of the reference. This temperature difference is recorded and enthalpy 

change is calculated. 

  The Power-Compensation DSC is based on the ―zero balance Principle‖, that is 

keeping the sample and the reference at the same temperature and measuring the 

difference in power needed to keep them at same temperature. In these instruments, 

temperatures of the sample and the reference cell are controlled independently by 

separate but identical furnaces. The temperatures of both the sample and the reference are 

made identical by varying the input of power to the two furnaces. The energy required 

to maintain the sample and the reference at an identical temperature gives the enthalpy or 

heat capacity change in the sample in comparison to the reference (Badeshia, 2005). 

Extremely sensitive DSC instruments have enabled the protein determination 

even at very low concentrations. DSC instrument is mainly used in the design and 

optimization of protein formulations. It is also used for verifying quality control of 

protein samples (Schon and Campoy, 2005). 

4.7. Fourier Transform Infrared Spectroscopy 

Infrared spectroscopy (IR) is used to investigate conformational stability of 

protein in a control release formulation. In experiments involving IR radiations form a 

source pass through sample and reach detector. By measurement of the type and amount 

of light transmitted by the sample, secondary structure of proteins can be determined. For 

protein analysis mostly the region between 1700 and 1600cm
-1

 is used. This occurs due to 

absorption of C=O and N-H stretching of amide bond. Separation of amide bonds occurs 
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as each secondary structure gives different frequencies causing amide I and II vibrations. 

Amide I band is used in structural analysis of proteins using FTIR. Advantage of FTIR is 

that it allows analysis of proteins in any physical state. However demerit of this method is 

its limited sensitivity
 
(Harris and Severcan, 1999). 

FTIR spectroscopy provides information about the secondary structure of 

proteins. It involves emission of infrared radiation on sample and observing which 

wavelengths of radiation in the infrared region of the spectrum are absorbed by the 

sample. Each compound has a characteristic set of absorption bands in its infrared 

spectrum. Characteristic bands found in the infrared spectra of proteins and polypeptides 

include the Amide I and Amide II. These bands arise from the amide bonds attached to 

amino acids. The absorption associated with the Amide I band causes stretching 

vibrations of the C=O bond of the amide, absorption associated with the Amide II band 

leads primarily to bending vibrations of the N—H bond, because both the C=O and the 

N—H bonds are involved in the hydrogen bonding that takes place between the different 

elements of secondary structure, the locations of both the Amide and Amide II bands are 

sensitive to the secondary structure content of a protein. However, Amide I band shifts 

are small in comparison to the intrinsic width of the band and the Amide II band is not as 

good for predicting quantitation the secondary structure of proteins (Gallagher, 2007).  

5. Challenges in Protein Delivery 

Physiochemical properties such as large molecular size, enzymatic degradation 

(Sinha and Trehan, 2003), instability in extreme pH environment, hydrophilic nature (Ali 

and Manolios, 2002), ion permeability, and tendency to undergo aggregation, adsorption 

and denaturation pose challenges in oral delivery of protein/peptide (Shaji and Patole, 
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2008). Hence, parenteral route is the most preferred route of administration which 

isrequired to be repeated frequently due to the short half-life for these drugs as shown in 

Table 1 (Minko, 2006).  

However, parenteral delivery is inconvenient, requires a skilled professional’s help and 

suffers with poor patient compliance. Therefore, various alternative routes have been 

investigated for the administration of protein and peptide which include nasal, vaginal, 

rectal, percutaneous and pulmonary routes.  

 

6. Routes of Protein Administration  

Route of administration are the deciding factor for choosing the type of dosage 

form to be used. These can be generally categorized into 2 main categories comprising of 

the invasive route and the non invasive route. 

6.1. Noninvasive Routes 

6.1.1. Oral 

Oral route is the most acceptable way to administer a drug as to ensure patient 

compliance (Degim and Celebi, 2007). It is advantageous as it avoids discomfort, pain 

and rules out possibility of infections that may be caused due to injectables. However, 

poor penetration of the intestinal mucosa and pre-systemic enzymatic degradation affect 

the bioavailability of protein/peptide drugs. Various strategies have been used to improve 
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Table 1: Half-lives in humans and approved dosing frequencies of several 

recombinant proteins. 

Proteins Half-lives (hrs) 
Weekly dosing 

frequency 

α-Interferon 5.6 3 

γ-Interferon 0.6 3 

Human growth hormone 0.3 7 

Erythropoietin 6.0 3 

Granulocyte stimulating factor(G-CSF) 5.0 7 

Granulocyte-macrophage colony-

stimulating factor    ( GM-CSF) 
2.0 7 
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the oral delivery.  Chemical modifications such as prodrug approaches, structural 

modifications and peptidomimetics are being studied. Formulation technologies such as 

use of absorption enhancers (Qin et al., 2010), enzyme inhibitors, bioadhesives systems, 

particulate carrier systems and site specific delivery systems are also being investigated 

(Gabor et al., 2010). The gastrointestinal tract however, still poses barriers for effective 

absorption, and intestinal absorption also seems to be varying from person to person 

(Hamman et al., 2005). 

6.1.2. Pulmonary Route 

Lungs have been potential absorption site for obtaining systemic effect due to a 

large absorptive surface area, relative ease to access, and good blood supply. Other 

advantages of pulmonary absorption include avoidance of first-pass effect and lower 

proteolytic activity. Pulmonary delivery of calcitonin, albumin, growth hormone and 

parathormone is being studied. Pulmonary dosage forms include aerosols, insufflations 

and inhalations. Aerosols consist of stable dispersions of solid and liquid matter in 

gaseous medium.  Insufflations deliver protein/peptide powdered formulation into lungs 

using syringe type devices. Intrathecal Inhalation systems involve use of syringes to 

administer solution into lungs (Malik et al., 2007). 

Aerosolization of insulin is found to be very effective as lungs provide large 

alveolar surface area, thin absorptive mucosal membrane and good blood supply. 

Aerosolization being a non-invasive route, it also enables the delivery of large molecular 

proteins (Huang and Wang, 2006).  Leuprolide acetate bioavailability was found to have 

increased with pulmonary administration as compared with oral administration (Zheng et 

al., 2001).  
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Issues related with pulmonary delivery are maintaining the stability of the 

peptides or proteins. Proteins and peptides show decreased biological activity after 

aerosolization, multiple daily dosing due to shorter duration of action and lack of precise 

dosing are also limitations (Shoyele and Slowey, 2006). Possibility of immune reaction to 

the delivered peptide/ protein is also a factor to be considered (Gonda, 2006). The 

bioavailability is also lower in comparison to injection.   

Permeation enhancers such as fatty acids, saccharides, chelating agents and 

surfactants are being used to increase pulmonary bioavailability and efficacy (Malik et 

al., 2007). Permeation enhancers may be increasing bioavailability as a result of 

irreversible, distortion of the epithelial cell layer of the lungs which may in turn result in 

making lungs susceptible to allergens and dust particles inhaled during respiration. Hence 

there is a need to find and use permeation enhancers exhibiting very low toxic effects 

(Hussain et al., 2004). 

6.1.3. Transdermal Route 

Transdermal delivery system involves use of adhesive patch to deliver dose of a 

drug at controlled rate through skin over a period of time. The adhesive patch is made up 

of reservoir containing the drug which passes through skin into bloodstream. A skin patch 

uses a special membrane to control the rate at which the liquid drug. Advantages of the 

transdermal route are large and accessible surface area, avoidance of first-pass 

metabolism and patient compliance. The nature of stratum corneum however possess a 

barrier for successful absorption of drugs specially peptides and proteins due to their high 

molecular weight. Modification, chemical and various physical enhancement methods are 

being used to improve percutaneous absorption (Prausnitz, 2001).  
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Ionophoresis employs small electric current to improve transfer of the drug 

through the skin. Electroporation uses high voltage short duration pulses to produce 

aqueous pathway in lipid membrane bilayers hence improves permeability. Sonophoresis 

causes thermal, mechanical and chemical alterations within skin tissue to improve drug 

delivery (Naik et al., 2000). However, skin irritation can occur due to drug, excipients or 

enhancers. The barrier function of skin is also found to changes from one person to 

another and with age (Prausnitz, 2001). 

6.1.4. Nasal Route 

Nasal route is preferred over oral route due to large surface area, potential for 

delivery of drugs to central nervous system, and low proteolytic activity. Hence the drug 

directly enters the systemic circulation thereby, avoiding, first-pass metabolism. It is also 

convenient to use, hence, good patient compliance is observed (Malik et al., 2007). 

Various drugs such as vasopressin, oxytocin, desmopressin, calcitonin and luteinizing 

hormone release hormone are available as nasal delivery products D-Ala-Peptide T-

amide (DAPTA), used in anti HIV therapy is also delivered by the nasal drug delivery 

system (Costantino et al., 2007).  

However, the nasal delivery for peptides /proteins has its limitations because only 

a small dose can be administered intranasally and the contact time at the site of 

absorption is brief due to mucociliary clearance. The physicochemical properties such as 

lipophilicity and molecular weight of drug largely dominate its permeation at site of 

absorption. Factors enhancing permeability of nasally administered drugs are the 

relatively large surface area, highly vascularized epithelium and porous endothelial 

membrane (Arora et al., 2002). Transmucosal permeation can be improved using 
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permeation enhancers. Intranasal delivery is done using liquid, gel or nasal powders.  

Various bioadhesive polymers have been used in formulation of nasal powders to 

improve contact time between drug and nasal mucosa (Illum et al., 2001). 

6.1.5. Buccal Route 

 Absorption site for buccal route is the membrane lining of oral cavity. It is highly 

vascularised, accessible, and avoids first-pass effect. Depending on the region of oral  

cavity buccal route can be used to fulfill two different therapeutic needs,  sublingual 

mucosa can be used in administration of drugs requiring immediate effect and buccal 

mucosa for delivery  of drugs with sustained effect. Delivery of oxytocin, insulin, 

vasopressin, protirelin and interferon α2 is being considered using buccal route. 

Limitation of buccal route are however, low influx and lack of dosage form retention at 

absorption site (Shojaei, 1998). 

6.1.6. Rectal and Vaginal Route 

Advantages of both these routes include avoidance of first-pass metabolism and 

greater systemic bioavailability, however poor membrane permeability and extensive 

hydrolysis in mucosa is observed. Bioavailability is found to insufficient and fluctuates 

and absorption promoters are required (Andus and Raub, 1993). Poor patient 

acceptability makes them applicable for local drug administration but not systemic 

applications (Shojaei, 1998). 

6.1.7. Ocular Route 

Ocular delivery is beneficial as it avoids of first-pass metabolism since drug directly 

enters the blood stream. But major hurdles in ocular drug delivery are poor corneal 
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permeability, rapid precorneal drug loss, limited surface area and variable bioavailability 

(Cortesi et al., 2006). Degradation of the drug by enzymes in the eye tissue is also a 

concern (Sinha and Trehan, 2003). Table 2 gives the various routes for non-invasive 

protein and peptide delivery (DeFellippis et al., 2006) 

6.2. Invasive Routes  

6.2.1. Parenteral route  

In comparison with oral administration, parenteral route provides better 

therapeutic profile for protein and peptide drugs. However, manufacturing of parenteral 

products is also expensive and complex as it has to be done in a very sterile environment 

(Reid, 1995). Moreover, it is poorly accepted because of pain at the site of injection, 

necessity for medical intervention and requirement for frequent administration due to 

short half -lives exhibited by proteins. Therefore, various controlled release parenteral 

system have been investigated for achieving a sustained plasma concentration for an 

extended period of time potentially minimizing the frequency of injection. Controlled 

release dosage forms are systems that release the active ingredient in corporated in the 

system in a steady rate over a specified or extended period of time (Conti et al., 2000). 

Advantages of Controlled delivery of peptides and proteins are uniform release, 

bioavailability, stability and activity.  These formulations also reduce the frequency of 

dosing, improve patient compliance (Degim and Celebi, 2007), lower cost, improve 

safety and increase usage of drug (Bartus et al., 1998). 

Various types of Controlled release dosage forms include microspheres, implants, 

liposomes and smart polymers. 
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Table 2: Various routes for non-invasive protein and peptide delivery 

+ indicates the intensity of enzymatic activity 

 

 

 

 

 

 

 

 

 

 

Route Estimated surface area Enzymatic activity level 

Transdermal 1-2m
2
 + 

Pulmonary 100m
2
 + 

Buccal 100cm
2
 ++ 

Nasal 150 cm
2
 ++ 

Vaginal - ++ 

Ocular 18cm
2
  

Rectal 200-400m
2
 +++ 

Oral 214.7cm
2
 ++++++++ 

Gastrointestinal tract 200m
2
  

Stomach 0.1-0.2m
2
  

Small intestine 100m
2
  

Taking intestinal microvilli 

into account 

4500m
2
  

Large intestine 0.5-1.0m
2
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6.2.2. Microspheres 

 Microspheres are powders made of spherical particles with 1-100μm diameter 

which can be suspended in a suitable solvent and then injected in body using syringe 

(Turner et al., 2004). 

Various peptide and protein formulations such as erythropoietin, nerve growth 

factor and γ- interferon encapsulated in microsphere have been found to maintain their 

integrity and activity. Microsphere formulations also provide stability for compounds that 

are rapidly cleared out. Microsphere formulations of hormones like luteinizing hormone 

releasing hormone agonist, insulin-like growth factors are available. Microspheres of α- 

interferon and hGH are shown to maintain level in therapeutic window for longer time 

(Degim and Celebi, 2007).  

Prolease is a non-aqueous encapsulation process involving encapsulation of 

protein/peptide in solid state. Attributes of Prolease drug delivery system include 

improved safety tolerability, maintenance of drug level in therapeutic window and 

sustained drug release (Malik et al., 2007). Maintenance of stability in case of 

microspheres is an issue as the proteins/peptides remain in hydrated state for a long 

duration of time and hence are susceptible to enzymatic degradation, hydrolysis, 

aggregation, deamination and oxidation (Bartus et al., 1998). 

6.2.3. Microcapsules 

Microcapsules are controlled delivery systems which cover the proteins with a 

polymer layer.  They are manufactured using technique like solvent evaporation, double 

emulsion method which results in the formation of polymer film between aqueous 
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solution and solution of water insoluble polymer. Microcapsules enhance stability and 

prolong delivery of proteins/peptides. Concern however exist over lack of control of the 

release and activity of the drug (Bala et al., 2004). 

6.2.4. Nanocapsules 

 Nanocapsules are prepared from natural or synthetic polymers and have polymer 

size less than 1mm in diameter. Preparation methods include phase inversion, solvent 

displacement and multiple emulsion method. These delivery systems are able to deliver 

various types of drugs to different areas of the body for long periods of time. Currently 

insulin, hemaglutinin, tetanus toxoid and PDGFR β tyrphostin inhibitors are being 

formulated in nanocapsules. The application of this method is restricted to encapsulated 

materials and capsule composition, where loading efficiency may not be high enough for 

practical use (Zhu et al., 2009). 

6.2.5. Nanoparticles  

 Nanoparticles are polymeric particles in which the active ingredient is 

encapsulated in polymeric matrix or conjugated onto the surface (Bala et al., 2004), 

ranging in size from 10-1000nm (Malik et al., 2007). These systems exhibit high stability 

and can be administered using various routes of administration. They exhibit high drug 

carrying capacity besides controlled release; however drug loading is a major challenge 

(Shoyele and Slowey, 2006). 

6.2.6. Microparticles  

Microparticles have similar to microspheres in composition but a size range of 1 

to1000 nm. Various polymers of natural and synthetic origin are used in their 
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formulation. Polylactic acid, poly lactic acid co polymer albumin, gelatin, cellulose 

derivates, poly (alkyl cyanoacrylate), polyacrylate co-polymer (Wenlei et al., 2005). 

Demerit of microparticles include mainly the issues related to drug loading (Shoyele and 

Slowey, 2006). 

6.2.7. Implants 

 Implants exhibit prolonged effect and site specific targeting. Implants are 

basically of two types injectible implants like Atrigel drug delivery system and Atridix 

products and Nondegradable implants like contraceptive delivery system Norplant 
R 

, 

Progestasert 
R 

, for eye diseases (Ocusert
 R

). However, the nondegradable implants have 

to be surgically inserted and removed and dose adjustment is a problem (Degim and 

Celebi, 2007). The Figure 3 shows Atrigel formation (http://www.drugdeliverytech.com). 

6.2.8. Liposomes  

Liposomes are small spherical vesicles mono or multilayered made up of 

phospholipids in aqueous core surrounded by amphiphilic lipids.  Based on their structure 

and composition, Liposomes can trap hydrophilic compounds in aqueous core or 

hydrophobic compounds in lipid phase. Liposomes are non toxic, can be made target 

specific (Li et al., 2009), easily metabolized in vivo and reduce drug metabolism hence 

increasing stability of peptide/protein.  Liposomes can be administered by oral, parenteral 

and also percutaneous routes (Abdus et al., 2007).   
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Figure 3: Atrigel In situ gel (http://www.drugdeliverytech.com) 
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Advantages of liposomes include increase in efficacy, therapeutic index of drug, 

reduced toxicity and increased stability of drug by encapsulation, reduce exposure of 

sensitive tissues to toxic drugs. Disadvantages of liposomes include leakage and fusion of 

encapsulated drug, high production cost, short half life and stability problems (Sharma et 

al., 1997). 

7. Smart Polymers 

Smart polymers overcome challenges that are posed by other delivery systems 

and are ideal for controlled delivery of drugs having short half lives, liable to gastric and 

hepatic degradation, low therapeutic index and those drugs that are therapeutically active 

at very low plasma concentration (Fogueri and Singh, 2009). 

Smart polymer-based injectable solutions form an implant in situ on 

administration at the site of injection. Smart polymers exhibit a dramatic change in the 

physiochemical properties in response to even small changes in their environment. Based 

on the external stimulus that they respond to, smart polymers can be classified as 

temperature sensitive, pH sensitive, phase sensitive, biochemical sensitive, electric signal 

sensitive, and glucose sensitive polymers. magnetic field sensitive, ion sensitive and 

pressure sensitive smart polymers (Fogueri and Singh, 2009). The major types of smart 

polymers are described below. 

7.1. Temperature-Sensitive Polymers 

These polymers undergo a sol-to-gel transition on exposure to a specific 

temperature called critical solution temperature (CST), hence can be used to deliver 

therapeutic agents in vivo at a controlled rate. It is observed that for polymers with a 
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lower CST (LCST), the increase in temperature decreases the solubility and hence 

hydrogels composed of these polymers shrink as the temperature is raised beyond LCST. 

These hydrogels have presence of moderately hydrophobic groups or a mixture of 

hydrophilic and hydrophobic segments on the polymeric chains. At lower temperatures, 

dissolution is observed, due to hydrogen bonding that occurs between the hydrophilic 

segments and water, but as the temperature is raised, the hydrophobic segments get 

stronger leading to shrinkage of the hydrogels due to inter-polymer chain associations 

(Bawa et al., 2009).  

Depending on their response to temperature change, thermosensitive smart 

polymers can be classified into the following four types, positively thermosensitive, 

negatively thermosensitive, thermally reversible, and thermally irreversible polymers. 

Examples of thermosensitive polymers are poly (N-isopropylacrylamide) (PNIPAAM), 

poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock copolymers 

(PEO-PPO-PEO), poly (ethylene glycol) –poly (lactic acid)-poly (ethylene glycol) 

triblocks (PEO-PLA-PEG) (Hamidi et al., 2008). 

Poloxamer is a triblock PEO-PPO-PEO copolymer which at a concentration of 

15% (w/w) or more exhibits gelation at body temperature. This polymer is, however, 

found to cause toxicity and increase cholesterol and triglyceride level in plasma in rats on 

administration by intraperitoneal injection. Pluronic® F127 is mostly used poloxamer, as 

it is found to be least toxic.  Pluronic gels are mostly used for short term therapies as their 

release period is short (Meng et al., 2010). Poly (N,N-diethylacrylamide) (PDEAAm) is a 

popular temperature-sensitive polymer, having LCST in the range of 25–35
◦
C. But the 

transition temperature of this polymer depends on the tacticity of the polymer hence 
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affecting the solubility and mechanical properties (Bawa et al., 2009). Poly(N-

isopropylacrylamide) (PNIPAAm) shows sharp transition at 32ºC in aqueous solution. 

On raising temperature of this polymer, shrinkage in volume is observed and hence it is 

used in thermosensitive drug delivery systems (Fundueanu et al., 2010). 

7.2. Phase-Sensitive Polymers 

These are water insoluble biodegradable polymer that are dissolved in a miscible 

organic solvent such as benzyl benzoate, ethyl acetate and glycofural, to which a drug is 

added hence resulting in the formation of solution or suspension. On injection in the 

body, a depot is formed at the site of injection due to dissipation of water miscible 

organic solvent and penetration of water into the organic phase, leading to the 

precipitation of the polymer (Fogueri and Singh, 2009). These systems exhibit ease of 

manufacturing, high loading capacity and increased drug stability (Kranz and Bodmeier, 

2007). They show a high initial burst release following the Higuchi square root of time 

relationship, and then a sustained release profile is observed. Systemic toxicity and tissue 

irritation can occur as a result of high burst release. Phase-sensitive polymers 

formulations are being used widely for controlled release of proteins (Hatefi and 

Amsden, 2002).  

Eligard® is a type of phase-sensitive polymer which uses Atrigel® as a drug 

carrier and is used for management of prostate cancer The Atrigel® system can deliver 

small molecules, peptides, or proteins over a long period of time and hence these 

polymers are useful for sustained delivery of drugs (Berges and Bello, 2006). Several 

proteins such as ovalbumin, bovine serum albumin, myoglobin, cytochrome c, 
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fibronectin, insulin and interferon are being delivered using Atrigel® drug delivery 

system (Degim and Celebi, 2007). 

7.3. pH-Sensitive Polymers 

pH sensitive polymers have presence of acidic groups such as  carboxylic and 

sulfonic acids or basic such as  ammonium salts and are hence likely to react to 

environmental changes in pH by either accepting or releasing protons. These changes 

affect the polymers and the swelling behavior of the hydrogels (Bawa et al., 2009). 

Factors that influence pH sensitivity of these polymers are the composition of the 

polymer, its ionic strength, the hydrophobicity of the polymer backbone, and the nature 

of the ionizable groups  (Na and Bae, 2005).  

Polyacrylic acid (PAA) (Carbopol®) and its derivatives, polymethacrylic acid 

(PMAA), poly(ethylene imine), poly(N,N-dimethyl aminoethyl methacrylamide) and 

poly(L-lysine) are pH-sensitive polymers. Insulin microparticles prepared using 

poly(methacrylic acid-g-ethylene glycol) form intrapolymer complexes in acidic media 

and dissociate in neutral/basic media (Lopez and Peppas, 2004). Derivatives of 

poly(styrene-alt-maleic anhydride) (PSMA) copolymer at a physiological pH are found to 

be inactive and hydrophilic, but change in pH causes them to become hydrophobic and 

membrane disruptive. Poly(propyl acrylic acid) polymers also act by the same 

mechanism (Henry et al., 2006). Poly(ε-caprolactone) (PCL) are pH- sensitive polymers, 

nanoparticles of which increase the local concentration of tamoxifen in estrogen receptor 

(ER)-positive breast cancer. Poly(l-histidine)-b-PEG in combination with PLLA-b-PEG 

are also been studied for administrating adriamycin (ADR) as drug for extracellular 

tumor targeting (Bawa et al., 2009). 
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7.4. Biochemical Sensitive Polymers 

These polymers are highly sensitive to signals caused by the disease and 

according to the signals emitted they release the drug. They are mostly used in treatment 

of diseases such as diabetes and heart disorders. For glucose sensitive delivery of insulin, 

pH sensitive hydrogel membranes consisting of poly(diethyl-aminoethylmethacrylate) 

(PDEAEM) are being employed. The mechanism of action of these polymers containing 

insulin and glucose oxidase in altering environmental pH is by lowering the pH by the 

conversion of glucose to gluconic acid. The change in pH leads to the swelling of the 

membrane and subsequent release of insulin (Brahim et al., 2002). 

Polymer-blends that are sensitive to intestinal flora are used in delivery of 

proteins to the colon. Polymer blend such as hydroxyl propyl methyl cellulose (HPMC) 

and pectin are used in clonic delivery of drugs to the colon. Polysacchride- based 

polymer blends maintain their integrity while passing through the gastrointestinal tract 

and release the drug on entry in the colon because of the action of microflora. Pectin 

polymers can be used for colonic delivery of drugs however due to their solubility 

characteristics they swell on contact with the aqueous fluids in the GIT and cause release 

of the drug before reaching the colon. To overcome this problem pectin mixed with 

HPMC are used for delivery of nisin in the colon, as HPMC is less hydrophyllic (Arora et 

al., 2005). 

7.5. Electric Signal Sensitive Polymers 

Polyelectrolytes are polymers containing high concentration of ionization groups 

along the backbone chain. The presence of ionizable groups makes these polymers pH-
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responsive and electro-responsive. It is observed that in presence of electric field, these 

hydrogels shrink or swell and hence can be used in drug delivery systems such as 

artificial muscle or biomimetic actuators. Anode and cathode are placed in partially 

hydrolyzed polyacrylamide hydrogels and on passing current through the gel, volume 

collapse is observed. H+ ions move towards the cathode, resulting in a loss of water at the 

anode side. Simultaneously, electrostatic attraction occurs surface and the negatively 

charged acrylic acid groups resulting in an uniaxial stress along the gel axis. These two 

factors contribute to shrinkage of the hydrogel on the anode side (Murdan, 2003).  

An electrical field is a form of external stimulus and has several merits such as 

availability of equipment, precise control over the magnitude of the current, the duration 

of electrical pulses and the interval between pulses (Bawa et al., 2009). These polymers 

have been evaluated for sustained delivery and pulsatile delivery  (Kwon et al., 1991). 

The major limitations of electric signal responsive polymers is the slow response time, 

non-linear relationship between drug release and electric current, gel fatigue with time, 

and increasing number of electrical stimulations (Murdan, 2003).  

7.6. Glucose Sensitive Polymers 

Glucose responsive hydrogel systems provide self regulated insulin release in 

response to the concentration of glucose in blood, hence help in controlling the 

concentration of insulin. These hydrogel systems utilize glucose oxidase or other 

immobilized enzymes or biocatalysts. The mechanism for functioning of glucose 

sensitive polymers is based on the fact that polymer confirmation changes with change in 

the environment resulting in drastic changes in the polymer conformation which affects 
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the enzyme activity and substrate access to the enzyme molecule coupled to a smart 

polymer (Luo et al., 2010).  

In the case of insulin delivery, glucose oxidase oxidizes glucose to form gluconic 

acid, which changes the pH sensitivity of the polymer that is responsible for the 

immobilization of the enzyme. The volume of the hydrogel changes in response to the 

change in pH. The swelling ratio of the hydrogels depends on the glucose levels in the 

body (Bawa et al., 2009). 

Concanavalin A (Con-A) is a glucose-binding protein capable of holding up to 

four glucose units per molecule. It is obtained from the jack bean plant, Canavalia 

ensiformis, and is used in modulated insulin delivery. Studies are being performed in the 

field of glucose-responsive insulin delivery focusing on the synthesis of stable, 

biologically active glycosylated insulin derivatives capable of forming a complex with 

Con-A (Obaidat and Park, 1997). Demerits of the glucose sensitive polymers include, a 

slow response to changes in environmental glucose concentration and incompatibility 

problems of Con A (Qiu and Park, 2001).  

Within this study, phase sensitive polymers were selected because they offer 

many advantages like ease of manufacture, less stressful manufacturing conditions for 

sensitive drug molecules, single injections of high doses with small volume, and 

enhanced protein stability.  Moreover, unlike microspheres, these systems do not require 

reconstitution before injection (Singh and Singh, 2004). 

8. In Situ Gel Formation Mechanism 

Advancements in polymer science have resulted in development of new 

polymeric delivery systems such as in situ gels (Chitkara et al., 2006). In situ gels are a 



40 
 

class of polymeric delivery systems that have been used in the administration of various 

sensitive molecules such as proteins and peptides (Schoenhammer et al., 2009a). These 

systems comprise of liquid in the form of a solution or suspension (Kempe et al., 2008), 

which after being injected in the body comes in contact with the releasing media or 

aqueous body fluid  and forms a semisolid or solid depot. This releases the drug in a 

controlled manner over prolonged a period of time (Astaneh et al., 2009). 

In situ gel forming systems are mainly composed of nonreactive synthetic 

biodegradable polymers such as polyglycolides, polylactides, polycaprolactones , 

additives and drugs  dissolved in suitable biocompatible solvent such as N-methyl-2-

pyrrolidone (NMP), glycoferol or dimethyl sulfoxide (Astaneh et al., 2009). The main 

requirement for success of these systems is biocompatibility, chemical compatibility and 

stability over a long period of time. The solvent should also exhibit good solubility 

properties for the polymer, be non irritating at the site of the injection and its metabolic 

products should not be toxic or have any harmful effects on the individual (Jeong et al., 

2002). The system should also immediately undergo sol-gel transition (Schoenhammer et 

al., 2009b).  

In situ gel forming systems offer several advantages such as ease of 

manufacturing, simpler fabrication, increased patient compliance, comfort due to ease of 

administration and reduction in the frequency of administration (Packhaeuser et al., 

2004). The in situ drug delivery systems may also be used to overcome disadvantages of 

oral dosage forms, mainly being lower bioavailability. Sol-gel transformations float over 

the gastric contents hence do not quickly transit from the stomach or duodenum thereby 

increasing the bioavailability of the administered drugs (Nagarwal and Pandit, 2008). 
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However injectibility may be an issue and use of large needles to overcome it may cause 

pain at the site of injection (Rungseevijitprapa and Bodmeier, 2009). 

Various materials are used in formation of in situ gelling systems. Synthetic 

polymers are preferred over natural polymers as they are free from immunogenicity and 

also because their physicochemical characteristics are well known and can be easily 

altered (Chitkara et al., 2006). 

In situ gel formation can occur due to various mechanisms such as UV-

irradiation, solvent exchange, pH changes (Al-Tahami and Singh, 2007), ionic cross-

linkage and temperature modulation (Vintiloui and Leroux, 2007). However the most 

commonly employed method is use of U.V irradiation (Tomme et al., 2008).  

Based on their mechanism of implant formation, In situ forming implants may be 

classified into the following categories i) thermoplastic pastes, ii) thermally induced 

gelling systems, iii) in situ cross-linked polymer systems (Kempe, et al. 2008), iv) in situ 

polymer precipitation systems (Wang et al., 2008), v) in situ solidifying organogels and 

vi) Hydrophobic fatty acid based injectable pastes (Chitkara et al., 2006).  

8.1. Thermoplastic Pastes 

Thermoplastic pastes are low melting point polymeric forms that form semi-solid 

depot in the body on being administered in molten form. They exhibit an intrinsic 

viscosity of 0.05 to 0.8 dL.g
-1

 at 25°C. Any change in intrinsic viscosity causes problems 

such as below 0.05dl.g
-1

 delayed release is observed, and at intrinsic viscosity above 

0.8dL.g
-1

 increased viscosity causes problems in administration. Thermoplastic polymeric 

forms are found to be biocompatible making them polymers of choice for drug delivery.  
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A triblock system made up of PLA-PEG –PLA is being researched for administration of 

taxol as it is found to reduce side effects and enable prolonged action. However pain at 

the site of injection is also observed due to high melting point (Hatefi and Amsden, 

2002). Formulation of this triblock with MePEG is found to decrease melting point 

enabling administration of the drug at lower temperature and also decreasing the tensile 

strength of PCL (Winternitz et al., 1996). 

 8.2. Thermally Induced Gelling Systems 

Thermally induced gelling systems exhibit thermo reversible sol-gel transition 

(Packhaeuser et al., 2004). These are characterized by LCST that is they are liquid at 

room temperature and at a temperature more than that they form gels. Various examples 

of thermally induced gelling systems include NIPAAM, PEG, PLA, PLGA, pluronics and 

chitosans (Ranade and Hollinger, 2003). However use of NIPAAM is inhibited due to its 

cytotoxic nature and non biodegradable characteristics (Chitkara et al., 2006). ReGel 

formulations are used in delivery of various drugs such as insulin, and paclitaxel (Choi 

and Kim, 2003). In administration of paclitaxel, this formulation is found to be effective 

as it controls the release of the drug and also slows the clearance from the tumor site 

without being distributed to other organs of the body. The solubililty and stability of 

paclitaxel was also found to increase by dissolving it in ReGel. Poloxamers or Pluronics 

are composed of Triblock PEO-poly(propylene oxide)- PEO copolymers (PEO-PPO-

PEO) and exhibit properties of thermogelling systems. However they exhibit high 

molecular weight, fast erosion, weak mechanical strength and poor biodegradability 

hence limiting their use (Amiji et al., 2002).  
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8.3. In Situ Cross Linked Polymer Systems 

Cross-linking between polymers occurs by free radical reaction due to heat or 

photon absorption, ionic interaction between polymer anions and small cations (Hudson 

et al., 2010). These system can be categorized into the following categories namely 

thermosets, photo-cross linked gels or ion mediated gels (Chitkara et al., 2006). 

8.4. Thermosetting Polymers  

Thermosetting polymers are moldable but on heating they attain a rigid shape due 

formation of covalent cross links. Copolymers of D,L –lactide or combination of ε- 

caprolactone and L-lactide are used for slow release of drugs and in prosthetic implants 

along with combination of a catalyst and multi functional polyol initiator. Merits of this 

system include good syringibility, however very high burst release is observed along with 

the formation of free radicals which can cause tumor growth. Necrosis may also occur 

due to release of heat from such systems (Peterson et al., 2010). 

8.5. Photo-Cross-Linked Gels  

In these systems once the polymer is at the site of the injection fiber optic cables 

are incorporated to cause photo curing. Combination of α- cyclodextrins onto an oligo(L-

lactide)-PEG-oligo(L-lactide) copolymer with methacryloyl moieties in the end exhibits 

properties of a photo-cross linked gel system, on exposure to U.V. irradiation and photo 

initiator causing photo polymerization. Photo cross-linking of acrylated star-poly (ε- 

caprolactone-co-D,L -lactide) resulted in formation of an elastomer. These elastomers are 

biodegradable. It was observed that elastomers with low crosslink density showed a 
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degradation mechanism consistent with bulk erosion while elastomers with high crosslink 

density showed a degradation mechanism consistent with surface erosion mechanism 

(Chitkara et al., 2006). Pluronic F 127 was altered to form crosslinked hydrogel structure 

in presence of vinyl group modified hyaluronic acid and U.V irradiation (Chun et al., 

2005). Polypropylene fumarate (PPF) and polycaprolactone fumarate (PCLF)  are two 

photo-cross linkable polymer that were cross-linked using U.V. irradiation to check their 

physical properties for the application in bone and nerve tissue engineering and in vitro 

cell culture studies (Wang et al., 2008). 

8.6. Ion-Mediated Gelation 

Natural polymers such as alginates exhibit ion-mediated gelation, where gel 

formation occurs in presence of divalent ions.  Poly(ethyleneoxide)s (PEOs) and α-CD 

form injectable and bioabsorbable hydrogel.  The inner core is composed of α-CD and 

PEO enters it resulting in the formation of inclusion complexes on combination with the 

supra molecular structures (Chitkara et al., 2006). Diethyl aminopropyl-amine-poly(vinyl 

alcohol)-g-poly(lactide-co-glycolide) (DEAPA(68)-PVAL-g-PLGA(1:20)), 

diethylaminoethyl-amine-poly(vinylalcohol)-g-poly(lactide-co-glycolide) (DEAEA(33)-

PVAL-g-PLGA(1:20)), and dimethylaminopropyl-amine-poly(vinyl alcohol)-g-

poly(lactide-co-glycolide) (DMAPA(33)-PVAL-g-PLGA(1:20)), by an ion-mediated 

aggregation form in situ gel depots  and fuse with nanoparticles in presence of Phosphate 

Buffer Saline (PBS), causing a noticeable decrease in glass transition temperature 

(Packhaeuser and Kissel, 2007). 
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8.7. In Situ Polymer Precipitation 

In-situ forming polymer precipitation systems can be prepared by dissolving a 

drug and a biodegradable polymer in a biocompatible organic solvent (In situ implant, 

ISI) or further emulsified into an external phase (oil or aqueous solution), resulting in oil-

in-oil or oil-in-water emulsion (Dong et al., 2006). Various methods such as change in 

pH, temperature and solvent removal can be used for in situ polymer precipitation. 

Solvent removal method can be used to administer a drug that is water immiscible by 

dissolving it in a water miscible solvent that can be injected in the body. On injecting in 

the body, the solvent gets diffused in to the surrounding tissues and water moves into the 

polymer matrix hence resulting in the precipitation of polymer. Demerit is however the 

high burst release due to lag time between the injection and formation of solid implant  

(Ueda et al., 2007).  

A depot system consisting of PLGA and NMP exhibits in situ polymer 

precipitation and was used to show how protein release rate is directly related to the 

morphological characteristics of the formed membrane and phase inversion. Release rate 

can be controlled by controlling the aqueous miscibility of the system (Chitkara et al., 

2006). Injectable formulation of fluocinolone acetonide (FA) was formulated by 

dissolving it and polymer poly(propylene fumarate) (PPF) in N-methyl-2-pyrrolidone 

(NMP), which is a water miscible organic solvent. When this system was injected into 

aqueous environment, FA loaded PPF matrix precipitated in situ in to the aqueous 

environment through diffusion or extraction of NMP. The study showed that injectable in 

situ formed PPF matrices can be used for controlled intraocular drug delivery (Ueda et 

al., 2007).   
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8.8. In Situ Solidifying Organogels 

Organogels are semi solid systems, which are capable of gelling organic solvents 

at a low concentration. They do so by immobilizing organic liquid phase in a three 

dimensional network made of gelator fibers that are both interwined and self assembled.  

These systems have been found to resemble solids in their rheological behavior (Vintiloiu 

and Leroux, 2007). Not too many organogels are been used as most of the organic 

solvents or gelators are pharmaceutically unacceptable (Chitkara et al., 2006). 

Organogels include oils such as lebrafil and waxes such as beeswax and pericerol 

(Ranade and Hollinger, 2003) sorbitan monostearate, lecithin gels, eudagrit organogels, 

alanine derivate gels (Vintiloiu and Leroux, 2007).  

In vitro release of levonorgestrel was seen up to 14 days while in vivo study 

including use of levonorgestrel in an organogel was observed to show estrus blockage till 

40 days. Low molecular weight self assembling organogels were found to form in situ 

hydrophobic implants (Chitkara et al., 2006). Gel-sol and sol-gel transitions of both N-

lauroyl-L-alanine and N-lauroyl –L-alanine methyl ester (LAM) were studied in presence 

of various solvents such as ethanol by subcutaneously injecting these solutions in rats.   

N-lauroyl –L-alanine methyl ester (LAM) containing formulations were found to exhibit 

properties of in situ

C showing a lag time of 10 and 30 minutes C. Sorbitan 

monostearate is a hydrophobic non ionic surfactant and has organogelator properties. It is 

found to gel a lot of organic solvents such as isopropyl myristate and various vegetable 

oils, by dissolving or dispersing in the hot solvent, resulting in the formation of organic 

solution or dispersion which forms gel on cooling (Murdan, 2003).                       
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8.9. Hydrophobic Fatty-Acid-Based Injectable Pastes 

Hydrophobic fatty acid based polymers are composed of natural fatty acids and 

used in delivery of both hydrophilic or hydrophobic drugs. Poly(sebacic acid-co-

ricinoliec acid) is an example of this type and is used as a biodegradable carrier for 

paclitaxel (Shikanov et al., 2005). Polyanhydrides are synthesized from non linear 

hydrophobic fatty acid esters based on ricinoleic acid and sebacic acid are used as 

localized drug carriers for delivery of anticancer drugs, gene therapy, glaucoma and other 

eye disorders (Jain et al., 2005).  

Gemsetabin sulfate, a antibiotic agent used in treatment of osteomylitis, was 

formulated in Poly(sebacic acid-co-ricinoliec –ester –anhydride P (SA-RA)) paste at 10-

20% (w/w). The release was studied against staphylococcus aureous and stability 

characteristics were also studied.  A positive effect of this formulation was observed in 

rat models (Krasko et al., 2007).  

These various in situ gel forming systems are very effective for delivery of low 

molecular weight hydrophobic drug but not for the delivery of hydrophilic drugs as at 

gelling temperatures syneresis occurs in the polymers after the occurrence of burst 

release. However, in case of hydrophobic fatty-acid-based injectable systems both 

hydrophobic as well as hydrophilic drugs can be administered as these systems solidify 

on contact with water and drug is only released once the polymer is degraded. 

Biocompatibility and biodegradability is a very important factor to be considered in 

formulation of these systems and poses a challenge in their delivery (Dhawan et al., 

2009). 



48 
 

9. Polymer Degradation Mechanisms 

Degradation may be defined as loss of mechanical integrity of the polymer as a 

result of extensive backbone chain scission forming oligomers which in turn form 

monomers (Soares et al., 2010). The different types of polymer degradation are thermal, 

photo, mechanical and chemical degradation (Gopferich, 1996). 

Thermal degradation is mainly observed in case of non-degradable polymers 

when they are subjected to γ- sterilization resulting in loss of molecular weight (Park et 

al., 2000). Photo degradation is observed as a result of γ- sterilization or U.V radiation 

(Tanaka et al., 2006). Mechanical degradation occurs due to mechanical stress such as 

high speed stirring, turbulent flow, ultrasonic treatment or shaking. Chemical degradation 

takes place by hydrolysis in presence of water; here the rate of swelling is more than rate 

of hydrolysis resulting in bulk erosion (Rideal and Padget, 2007).   

Biodegradation of some polymers such as polylactic acid (PLA) and polyglycolic 

acid (PGA) takes place by hydrolytic scission of their ester bonds (Karst and Yang, 

2006). PGA forms glycolic acid on degradation which may be excreted through urine or 

may form glycine.  Glycine synthesizes serine which is finally metabolized into carbon 

dioxide and water via tricarboxylic acid cycle. PLA hydrolyzes into lactic acid which also 

takes part in tricarboxylic cycle and gets excreted in the form of carbon dioxide and water 

(Vico et al., 1998). 

Parameters such as copolymer composition, polymer bond and pH can be 

monitored to control rate of degradation (Gopferich, 1996).  Degradation depends on 

various other factors too such as: 
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i) Degree of crystallinity: Crystalline phase is found to be more resistant to degradation 

than amorphous phase (Soares et al., 2010). Factors such as molecular chemistry, chain 

structure, rate of cooling after melting and temperature affect crystallinity. Molecular 

structure is significant as chain mobility is affected by cross linking and side chains. 

Molecular chemistry is important as monomer units containing complex structures make 

crystalline order very difficult. Rate of heating and cooling allow mobility of chains and 

realignment in an ordered form (Vico et al., 1998) 

ii) Swelling Pattern: Swelling on exposure may not be uniform throughout the polymer 

due to deformations that the polymer bulk has been exposed to,  

iii) Bulk deformation: It may result in conformational changes hence leading to changes 

in polymer morphology, and  

iv) Coupling effects: Experiments performed depict that both degradation and 

deformation may be coupled (Soares et al., 2010).  

Radiation exposure can also alter physical properties of polymer hence modifying 

polymer degradation. Surface erosion was found to be increased due to irradiation of 

multilayered PLGA films (Loo et al., 2008). 

Erosion is the loss of material from the bulk of the polymer due to loss of 

oligomers and monomers (Gopferich, 1996). It is important to understand the erosion 

mechanism to study the release behavior of the drug from polymer. Erosion may occur 

due to the following dissolution mechanisms: 

 i) insolubilization of water soluble polymers by formation of degradable cross links;  
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ii) formation of water soluble molecules from water insoluble polymers via polymer 

backbone cleavage; and  

iii) use of ionization, protonation of side group, and hydrolysis for solubilization of water 

insoluble polymer (Husmann et al., 2002).   

There are two erosion mechanisms for polymers, namely surface erosion and bulk 

erosion (Pollauf et al., 2005). Surface erosion is a slow process and causes the polymer to 

degrade to a critical molecular weight so that it can be water soluble and hence be 

released into the aqueous medium. The time to reach this critical molecular weight varies 

for each polymer depending on its molecular weight and composition (Husmann et al., 

2002). In case of surface erosion thickness remains nearly constant as it is a small 

process. Bulk erosion is an accelerated process and occurs in the inner core of the 

polymer due to hydrolysis of the ester bond resulting in the formation of lactic acid and 

glycolic acid. Weight loss is observed in bulk erosion but not so much in case of surface 

erosion. Polyanhydrides and poly (ortho esters) are examples of surface eroding polymers 

while polyesters are bulk eroding polymers (Pollauf et al., 2005).  

Attenuated total reflectance Fourier transform infrared spectroscopy and X-ray 

photoelectron spectroscopy can be used to study the molecular mechanism of chemical 

degradation occurring at the surface of the polymer (Mitra et al., 2005).  

PLGA and PLA are biodegradable polymers which have been approved for 

parenteral products. The backbone of these polymers can be hydrolyzed under 

physiological conditions resulting in erosion of the polymers. Erosion gives rise to 
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fragments which dissolve into the surrounding aqueous environment. The erosion is 

found to be a degradation controlled dissolution process (Korber 2010). 

10. Model Proteins 

Therapeutic proteins are extremely expensive which prohibits their use in a proof 

of concept kind of investigational research.  Moreover, the objectives of a study can be 

easily achieved by using appropriate model proteins which are comparatively many fold 

cheap. Therefore, this study used lysozyme, albumin and bromelain as model proteins 

which differ in size and number of available free hydroxyl and other groups capable of 

making reversible chemical linkage with different kind of polymer end groups. The 

release profiles, conformational stability, and biological activity obtained from 

formulations consisted of polymers with free end groups could be compared with those 

consisted of polymers without free (i.e. capped) end groups. Lysozyme (Mol. Weight 

14,200 Da), Bromelain (Mol. Weight 33,400 Da), and Bovine Serum Albumin (Mol. 

Weight 66,430 Da), differ widely in structural organization, in number of functional 

groups capable of interacting with polymer end groups, and in other physicochemical 

properties. Therefore, any influence of polymer end groups on burst release, over all 

release profile, and conformational stability could be accepted as a generalized effect on 

proteins.  

10.1. Lysozyme 

Lysozyme is an antimicrobial enzyme that is present in the mucosal secretion 

such as saliva and tears in a various organisms such as birds, mammals, plants, insects, 

and bacteria. Lysozyme is also known as 1,4-N-acetylmuramidase , L-7001, N,O-
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diacetylmuramidase, PR1-Lysozyme, Globulin G1, Globulin G, Lysozyme g, 

Mucopeptide N-acetylmuramoylhydrolase, Mucopeptide glucohydrolase and 

Muramidase (Worthington Enzyme Manual). It is found to be effective against Gram 

positive bacterial cells but it is incapable of lysing Gram negative bacteria and yeast  

(http://lysozyme.co.uk/). 

Lysozyme is a 129 amino acid residues enzyme. It catalyzes hydrolysis of 1,4-

beta-linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues in 

peptidoglycan and between N-acetyl-D-glucosamine residues. Molecular weight of 

Lysozyme is 14.7 kDa (Shih et al., 1995). The active site of lysozyme is made up of a 

deep crevice, which seperates it into two domains linked by an alpha helix. The domain 

residues between 40 to 85 consists almost entirely of beta-sheet structure, while the 

residues 89-99 are helical in nature. Lysozyme is highly stable and is cross-linked by four 

disulfide bridges. It occupies an ellipsoidal shape with dimensions of roughly 45 x 30 x 

30 Å and consist of a complex folding structure. It is made up of alpha (α) helixes and a 

β-sheet structure in various areas of the polypeptide chain (http://lysozyme.co.uk/). The 

Figure 4 shows the primary structure of chicken egg white lysozyme (Voet and Voet, 

1995). 

The active site residues are Glutamic acid and aspartic acid. The optimal pH for 

Lysozyme is 6.0-9.0 and isoelectric pH is 9.20 (Worthington Enzyme Manual). 

Lysozyme is used for nucleic acid preparation, plasmid preparation (Zhu et al., 2006), 

protein purification from inclusion bodies, hydrolysis of chitin and of the bacterial cell 

walls (Shockman et al., 1996). 

http://www.worthington-biochem.com/index/manual.html
http://lysozyme.co.uk/
http://www.worthington-biochem.com/index/manual.html
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We used lysozyme for our study as it available in plentiful supply and the starting 

material is inexpensive too. 
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Figure 4: The primary structure of chicken egg white lysozyme (Voet and Voet, 

1995) 
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10.2. Bromelain 

Bromelain, is an extract that is obtained from the stem of pineapple (Ananas 

Comosus). It is a rich source of cysteine, the major protease in the Bromelain extract is 

also known as Bromelain (Bhattacharya and Bhattacharyya, 2009). Stem Bromelain is a 

glycosylated single chain protein. It has a molecular weight of 24.5kDa and consists of 

212 amino acid residues, including 7 cysteins. One of the cystein is involved in catalysis 

and the rest are associated in pair forming 3 disulfide bridges. The activating compound 

for bromelain is usually Cystein as other thiols are not so effective. Stem Bromelain has a 

high proteolytic activity for protein substrates with a preference for polar amino acids in 

p1 and p1
o 

positions. It has strong preference for Z-Arg-Arg-NHMec as these are small 

molecule substrates. Stem Bromelain is weakly inhibited by chicken cystatin and is very 

slowly inactivated by e-64 (Lee et al., 1997). 

Protein protease papain ―bromelain‖ retains proteolytic activity between the 

temperature of 40°C to 60°C, hence is very heat stable as compared to the other enzymes. 

The optimum temperature for causing the proteolysis of stem bromelain is between 35°C 

to 50°C. This enzyme is stable between pH 5.0 and 10.0 and hence is found to remain 

very active in acidic as well as alkaline biological conditions. The thermal unfolding of 

bromelain is depicted by a 2 state irreversible mechanism (Bhattacharya and 

Bhattacharyya, 2009). Stem Bromelain has a lot of medicinal applications such as, it 

reversibly inhibits platelet aggregation, angina pectoris, bronchitis, sinusitis, 

thrombophlebitis, pyelonephritis (Dave et al., 2010) fibrinolysis, anti-inflammatory 

action, cytokine induction, digestive aid, debridgement and enhances absorption of drugs, 

particularly antibiotics (Bhattacharya and Bhattacharyya, 2009). The Figure 5 shows the 
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alignment of the amino acid sequence of the stem bromelain (Lauwers and Scharpe, 

1997).  

  



57 
 

 

 

Figure 5: Alignment of the amino acid sequences of stem bromelain (upper row) and 

papain (lower row). Amino acids identical for both sequences are boxed. (Lauwers 

and Scharpe, 1997) 
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In our study we used Bromelain as it is cheap, it shows alteration in biological 

activity due to change in conformational integrity and has a molecular weight higher than 

that of Lysozyme. 

10.3. Albumin 

Bovine Serum Albumin (BSA), is composed of 582 amino acid residues. The 

sequence of BSA has presence of 17 disulfide bonds which result in the formation of nine 

loops formed by the bridges. BSA is constituted by the twenty essential amino acids. It 

contains a high content of Asp, Glu, Ala, Leu, Lys, Gly, Phe, Gln and Asn residues (Reed 

et al., 1980).  

Most of the hydrophobic residues are found inside the trough and between the 

helices, while the polar residues are mostly found on the outer wall of the Albumin 

structure. The two subdomains adhere with their grooves toward each other forming a 

domain, and three such domains form a serum albumin molecule (Kragh-Hansen, 1981). 

BSA (conformer N) has a globular, compressed structure, with a triangular heart shape. 

The N↔F transition is an abrupt expansion occurring at pH 4.3. E conformer’s is found 

in the 3.4 - 2.75 pH range. At pH 9, albumin changes conformation to B basic form and 

after 3 or 4 days, another isomerization known as form A occurs. Amino acids have one 

(or more) anionic, cationic group and a lateral chain that may be ionizable. Because of 

this, amino acids can act as buffers in aqueous solution. The structure and properties of 

BSA in solution can be characterized by a versatile conformation that is a function of pH, 

ionic strength, presence of ions (Curvale, 2009). 
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Bovine serum albumin (BSA) contains four methionine residues, at positions 87, 

184, 445 and 547. Cleavage of BSA creates 2 fragments N (1-184) and C (185-583). 

Molecular mass of BSA is 66,411Da. BSA solubility is related to its high electric charge. 

It is extremely soluble in water and in dilute salt solutions when the pH is neutral.  BSA 

solubility is found to decrease at isoelectric point that is at pH 5. Its solubility is found to 

rise with increasing temperature in alcohol-water systems. Chaotropic solvents, organic 

solvents, heat, extreme acidity or alkalinity and spreading at the interface are some 

factors that cause Albumin denaturing (Lopukhin et al., 2000).  

The important physiological function of BSA is to maintain the osmotic pressure 

and pH of blood and transport a wide variety of endogenous and exogenous compounds 

including fatty acids, metal, amino acids, steroids and drugs (Kragh-Hansen, 1981). 

BSA has biochemical applications such as ELISAs (Enzyme-Linked 

Immunosorbent Assay), immunoblots, and immunohistochemistry. It is used as a nutrient 

in cell and microbial culture. BSA is mostly used to determine the quantity of other 

proteins, by comparing an unknown quantity of protein to known amounts of BSA. BSA 

has a good stability; it does not affect biochemical reactions, and is not expensive as large 

quantities of it can be easily obtained by purifying from bovine blood (Das et al., 2004). 

The Figure 6 shows the amino acid sequence of bovine serum albumin (Minghetti et al., 

1986). 

  

http://en.wikipedia.org/wiki/ELISA
http://en.wikipedia.org/wiki/Immunohistochemistry
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Figure 6: Amino acid sequence of bovine serum albumin (Minghetti et al., 1986) 
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The underlying hypothesis of this project was that the interaction of polymer end-

groups and proteins exposed functional groups in an in situ gel forming phase sensitive 

smart polymer-based controlled release delivery system would reduce the burst release 

and extend the time period of release of the incorporated therapeutic protein while 

preserving its conformational stability. The hypothesis was tested for its validity by 

achieving following specific aims: 

(A) To screen the solvent system for maximum solubility of polymers yet injectable and 

to optimize sonication parameters (40W for 20 secs) for incorporating model proteins 

(lysozyme, albumin, and bromelain) into the polymer solution, 

 (B) To determine the effect of polymer end groups on release profile (burst release and 

rate of release) of the incorporated proteins by measuring absorbance (280 nm for 

lysozyme and bromelain but 278 nm for albumin) using UV-Visible spectrophotometer.  

(C) To determine the conformational stability of the proteins in the released sample by 

Fourier Transform Infrared (FTIR) Spectrophotometer and Differential Scanning 

Calorimeter (DSC). 

(D) To determine the biological activity of proteins by enzyme activity assay, and  

(E) To determine the statistical significance among different formulations for the 

presence of a particular groups at the end of polymer chain by ANOVA at p<0.05. 
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MATERIALS AND METHODS 

11. Materials 

The materials used in this study are listed in Table 3. All the materials were used as 

received without any further purification. 

The materials used in this study are listed in Table 3: 

 

Table 3: List of materials used in this study 

Materials* Lot  No. Company and Location 

Poly(DL-lactide) 

(RESOMER® R 202 S) 

RES-0380 Boehringer Ingelheim 

(Petersburg, VA) 

Poly(DL-lactide) 

(RESOMER® R 202 H) 

1011981 Boehringer Ingelheim 

(Petersburg, VA) 

Poly(DL-lactide) 

(RESOMER® RG 502 H) 

1009848 Boehringer Ingelheim 

(Petersburg, VA) 

Poly(DL-lactide) 

(RESOMER® RG 502 S) 

1014666 Boehringer Ingelheim 

(Petersburg, VA) 

Benzyl Benzoate 105862500 Acros Organics (New Jersey) 

Benzyl Alcohol 
A01997930

1 

Acros Organics (New Jersey) 

Sodium Chloride 044251 
Fisher Scientific Co. (Fair Lawn, 

NJ) 

Sodium Phosphate Monobasic 784869 
Fisher Scientific Co. (Fair Lawn, 

NJ) 

Sodium Phosphate Dibasic 88F-0348 
Fisher Scientific Co. (Fair Lawn, 

NJ) 

Potassium Phosphate Monobasic 045337 
Fisher Scientific Co. (Fair Lawn, 

NJ) 

Potassium Hydroxide 046302 
Fisher Scientific Co. (Fair Lawn, 

NJ) 

Lysozyme (from chicken egg white) 016K1189 
Sigma-Aldrich, Inc. (St. Louis, 

MO) 

Micrococcus Lysodeikticus 024K8616 
Sigma-Aldrich, Inc. (St. Louis, 

MO) 

Bromelain 6139J 
MP Biomedicals, LLC. (Solon, 

OH) 

Sodium Acetate, Trihydrate S-8625 
Sigma-Aldrich, Inc. (St. Louis, 

MO) 
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L-Cysteine, Hydrochloride 

Monohydrate 
C-7880 

Sigma-Aldrich, Inc. (St. Louis, 

MO) 

Potassium Chloride P-4504 
Sigma-Aldrich, Inc. (St. Louis, 

MO) 

Acetonitrile A-3396 Sigma-Aldrich, Inc. (St. Louis, 

MO) 

Nα-CBZ-L-Lysine-P-Nitrophenyl 

Ester, Hydrochloride 

C-3637 Sigma-Aldrich, Inc. (St. Louis, 

MO) 

Albumin Bovine Serum A-9056 Sigma-Aldrich, Inc. (St. Louis, 

MO) 

Tyrosinase mushroom T-3824 Sigma-Aldrich, Inc. (St. Louis, 

MO) 
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12. Methods 

12.1. Analytical Method Development 

12.1.1. Specificity: 

Analytical Specificity of a method is its ability to accurately identify, measure and 

resolve an analyte in the presence of other closely related compounds. The analytical 

specificity of the absorbance of our model proteins (lysozyme, bromelain and albumin) 

was observed by running the spectrum of all the 3 model proteins using a UV 

spectrophotometer in a range of 200 nms to 800 nms. 

12.1.2. Linearity: 

The linearity study identifies a specific concentration range where analyte’s 

response is linear proportionally to the analyte’s concentration. For this, serial dilutions 

of each of the protein solutions were made and the absorbance was recorded at 280 nm 

for lysozyme and bromelain and at 277.8nm for albumin till minimum absorbance was 

observed.  

12.1.3. Precision: 

Precision is a measure of the consistency and reproducibility of the method. A 

precise method gives us close values for repeated measurements of the same sample 

under same conditions. For validation of our UV method, we carried out within a day 

precision and day to day precision. For within a day precision, we determined the 

absorbance of the standards of the model protein four times on the same day. For day to 

day precision, we determined the absorbance of the standards of the model proteins on 
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four different days over a period of 30 days. The relative standard deviation (RSD) values 

were calculated for both within day and day to day precision. 

12.1.4 Accuracy: 

Accuracy, is also referred to as the recovery. It is the indicator of the trueness of 

the test measurements. To determine the accuracy of the method, three samples of all the 

3 proteins were taken. The samples were chosen in a way that they could represent the 

entire range of the standard curve i.e. lower, middle and the higher concentrations of the 

range. All the samples were analyzed four times on different days. The accuracy of the 

assay was evaluated by comparing the estimated concentration with the known 

concentration of each of the model proteins. 

  12.2. Preparation of injectable polymer solution 

Polymer solution was prepared by adding 25% (w/v) polymer 1, 2, 3, or 4 to 

solvent mixture of benzyl benzoate (BB) and benzyl alcohol (BA) in a concentration ratio 

of 70:30 in a glass vial and kept in a shaking water bath (37°C, 35 rpm) for 24 hours, 

after which the polymer was found to dissolve completely. Solubility of the polymers in 

solution was confirmed by visual inspection of an appearance of a clear transparent 

solution. The injectability of the polymer solutions was determined by their efficient flow 

through a 22 gauge needle.   

12.3. Preparation of protein formulations 

 Fig. 7 shows the steps involved in the formation of the in situ gel containing 

protein (Chhabra et al., 2007).  5% w/v of protein (lysozyme, bromelain, or albumin) was 

added to the polymer solution was sonicated for 20 seconds at 40W (TH-115, Omni Int., 
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Georgia, USA), which resulted into a clear protein-polymer solution. Polymer solutions 

not containing any protein was used as a control formulation. Table 4 shows formulation 

components and the characteristics of the polymers used in developing formulations I 

through  IV: 

 

Table 4: Polymers used in the study 

Polymer Type Composition End 

Groups 

Concentration 

(% w/v) 

BB 

 (% 

v/v) 

BA 

 (% 

v/v) 

Total 

volume 

1 Resomer 

R type 

202 S 

Poly(DL-

lactide) 

Alkyl 

ester 

25 70 

 

30 

 

5ml 

2 Resomer 

R type 

202 H 

Poly(DL-

lactide) 

Free 

carboxyli

c acid 

25 70 30 5ml 

3 Resomer 

RG type 

502 H 

Poly(DL-

lactide-co-

glycolide) 

Free 

carboxyli

c acid 

25 70 30 5ml 

4 Resomer 

R type 

502 S 

Poly(DL 

lactide-co-

glycolide) 

Alkyl 

ester 

25 70 30 5ml 
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Figure 7: Preparation of polymer-drug solution (Chhabra et al., 2007) 

Smart Polymer 

+ 

Solvent 

(Shaking Water Bath, 37° C, 24 Hrs) 

 

Polymer  Solution 

Sonication (40W, 20 sec) 

 

(5000 rpm, 5 min) 

Polymer Drug Solution 

(0.5 ml) 

Gel Depot Formation 

Model Drug  

Phosphate Buffer Solution 

(pH 7.4) 

Injected into the 

releasing media 



68 
 

12.4. In vitro release of protein 

Five hundred microliters of the protein-polymer solution were injected into 20 ml 

of phosphate buffer saline (PBS) (pH 7.4) kept in a glass vial which resulted into an 

immediate formation of in situ gel depot settled at the bottom of the glass vials. These 

vials containing in situ formed gel depot were then placed in a reciprocal shaking water 

bath (Precision Scientific, Winchester, VA) maintained at 37°C and 35 rpm for the entire 

period of study till exhaustion of the protein. Three milliliter of aliquot was withdrawn at 

specified time points which were used for determining the concentration of the released 

sample, biological activity, and conformational stability of the model protein. The three 

milliliter withdrawn was replaced with freshly prepared PBS. 

12.5. Quantification of proteins 

 The amount of model drug in the released sample was analyzed using by UV- 

visible spectrophotometer (UV 1700, Shimadzu, Kyoto, Japan). One milliliter of the 

released sample was suitably diluted and used for measuring the absorbance in UV-

visible spectrophotometer (UV 1700, Shimadzu, Kyoto, Japan) at 280 nm. Samples from 

the formulation not containing the model protein were used as blank control which 

nullified any interference due to the degradation products of the polymer as well as any 

formulation component. The quantity of the protein was calculated by plugging the 

absorbance values into the straight line fit equation of the standard curve of the protein 

(Hayton and Chen, 1982).  

12.6. Conformational stability of protein 

 Conformational stability of protein in the released samples was analyzed by using DSC 

(VP-DSC MicroCalorimeter, Microcal, MA, USA) and FTIR spectrophotometer (FTIR 

Prestige, Shimadzu, Kyoto, Japan).  
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12.6.1. Conformational stability by Differential Scanning Calorimeter (DSC) 

Conformational stability of the protein was evaluated by using an ultra sensitive 

DSC (VP-DSC MicroCalorimeter, Microcal, MA, USA). All the samples were filtered 

through 0.1 m filter. The samples and the reference (PBS) were degassed by stirring 

under vacuum for 3 minutes at 25°C. The degassed samples were then filled in the 

sample and reference cells, respectively using an air tight syringe. The sample and 

reference were heated from 10
°
C to 90

°
C at a rate of 1.5

°
C/min. The differential power 

compensation required to keep the sample cell and reference cell at the same temperature 

was recorded against temperature which was used for calculating calorimetric enthalpy 

( H) and mid-point transition temperature (Tm) required for determining the 

conformational stability of the protein. The first scan consisted of buffer solution in both 

the reference and sample cells to confirm that the heat of transition during protein 

conformational alterations is the only source of thermal difference between sample cell 

and reference cell. The baseline obtained from this scan was subtracted from sample 

thermogram during data analysis. All data was interpreted using Origin  software 

(MicroCal Software, Inc., MA, USA) provided with the instrument. 

12.6.2. Conformational stability by Fourier Transform Infrared Spectroscopy (FTIR) 

Forty microliters of the model protein samples were placed in the sample cell of 

the IR Prestige FTIR (Shimadzu, Kyoto, Japan). FTIR spectra were obtained in the 

frequency range 4000-1000 cm
-1

 in absorbance mode. The parameters chosen for running 

the scans were resolution of 4 cm
-1

, average of 15 scans was taken and no apodization 
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option was selected. Shimadzu IR Solution 1.10 (Shimadzu, Kyoto, Japan) was used to 

obtain and analyze the second derivative of the spectra.   

 

12.7. Biological activity  

The biological activity of proteins was determined by measuring the rate of 

change of absorbance of a reaction mixture containing mg protein and its specific 

substrate. The protein acts on its specific substrate resulting in either the disappearance or 

appearance of particular substance which can be measured spectrophotometrically.  

12.7.1. Biological activity of lysozyme by enzyme activity assay 

  A suspension of Micrococcus lysodeikticus (Sigma Chemicals, St. Louis, MO) 

(0.015%) (a substrate of lysozyme) was prepared in potassium phosphate buffer (pH 6.24 

at 25 °C). One milliliter of the suspension and one hundred microliters of a diluted 

lysozyme sample (200-400 lysozyme units/ml) were taken into a spectrophotometric 

cuvette which was mixed immediately by inversion and placed into the cuvette holder. 

The rate of decrease in absorbance at 450 nm was monitored by a UV spectrophotometer 

(UV 1700, Shimadzu, Kyoto, Japan) during the total period of 3 min. Biologically 

activity of lysozyme was calculated ―units‖ by using following formula (Shugar, 1952). 

Units of lysozyme/ml sample = 
)1.0)(001.0(

))(min/min/( 450450 dfBlankATestA nmnm  

where, df = Dilution factor 

0.001 = Change in absorbance at A as per the unit definition 

0.1 = Volume (in ml) of sample/standard used. 
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12.7.2. Biological activity of bromelain by enzyme activity assay 

 Three reagents were prepared for this assay. Reagent A was consisted of 30 mM 

sodium acetate buffer mixed with 100 mM Potassium Chloride and 1.0 mM L-Cysteine at 

pH 4.5 at 25°C. Reagent B was consisted of 50 mM Nα-CBZ-L-Lysine p-Nitrophenyl 

Ester (LNPE) solution in 0.2 ml of acetonitrile and diluted to 1.0 ml with deionized 

water. Reagent B was always prepared fresh because LNPE is the substrate of bromelain.  

Reagent C was consisted of the released bromelain sample. To both the reference and 

sample compartment of the UV spectrophotometer (UV 1700, Shimadzu, Kyoto, Japan) 

1ml of reagent A was added. Following this 30µl of Reagent C was added to the sample 

cuvette. The sample cuvette was then mixed by inversion and both reference and sample 

cuvettes were maintained at 25°C. Reagent B was then added both the cuvettes and the 

rate of decrease in absorbance at 340 nm were recorded for 5 mins. Biologically activity 

of bromelain was calculated as units by using the following formula (Heinrikson and 

Kezdy, 1976). 

Units /ml sample = 
)1.0)(32.6(

))(8.2)(min/min/( 340340 dfBlankATestA nmnm  

2.8 = Volume (in milliters of assay) 

Df= Dilution factor 

6.32= Millimolar extinction coefficient of p-Nitrophenol at 340nm 

0.1= Volume (in milliliter) of enzyme used 

12.7.3. Biological activity of bovine serum albumin by enzyme activity assay 

 The PBS buffer was used as a reference and in the sample cuvette, 500 microliters 

of released albumin sample and 500 microliters of tyrosinase mushroom were added and 

mixed by inversion. A spectrum was run between range of 200-400 nm using a UV 
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spectrophotometer (UV 1700, Shimadzu, Kyoto, Japan). A completely oxidized peak of 

BSA is seen at 348 nms. (Gemant,1974). 

 

13. Data analysis 

     Statistical comparisons were made using student’s t-test and analysis of variance 

(ANOVA). The level of significance was used as p<0.05. 
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14. RESULTS AND DISCUSSIONS 

 

14.1. Analytical Method Development: 

14.1.1. Specificity 

The protein spectrums showed absorbance for lysozyme and bromelain at 280nm 

and for albumin at 277.8 nm. The absences of any overlapping or extraneous peaks in the 

spectrum indicate the specificity of the UV method for all the 3 proteins.  

14.1.2. Linearity 

The standard curve was found to be linear over the concentration range of 15.1– 

1000ug/mL for lysozyme as shown in Figure 8, 31.25– 1000 ug/mL for bromelain as 

shown in Figure 9, and 31.25– 1000 ug/mL for albumin as shown in Figure 10. 

The equation of the standard curve relating the concentration (X in mg/ml) in this range 

was as below: 

Lysozyme:  Y= 0.001X- 0.0034, R
2
 = 0.9997 

Bromelain: Y= 0.0004X+ 0.0022, R
2
 = 0.9998 

Albumin: Y= 0.0003X +0.0068, R
2
 = 0.9997 

When R
2
= 1, all data points fall on the regression line.  
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Figure 8: Standard curve of Lysozyme 

 

Figure 9: Standard curve of Bromelain 

y = 0.001x - 0.0034
R² = 0.9997

0

0.2

0.4

0.6

0.8

1

1.2

0 200 400 600 800 1000 1200

A
b

so
rb

an
ce

 (n
m

)

Concentration (ug/mL)

Lysozyme

y = 0.0004x + 0.0022
R² = 0.9998

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0 200 400 600 800 1000 1200

A
b

so
rb

an
ce

 (n
m

)

Concentration (ug/mL)

bromelain



75 
 

 

 

Figure 10: Standard curve of Albumin 

14.1.3. Precision: 

The relative standard deviation (RSD) values were calculated for both within a 

day precision and day to day precision and were found to fall within the acceptable limits. 

The precision study results for lysozyme, bromelain and albumin are listed in Table 5, 

Table 6 and Table 7 respectively. 

Table 5: Precision of a method for quantification of  Lysozyme . 

Concentration 

(ug/mL) 

Within  day Day to day 

Mean  

Absorbance 

RSD (%) Mean  

Absorbance 

RSD (%) 

1000 1.02 0.24 0.002 0.28 

500 0.53 2.08 0.02 3.4 

250 0.26 4.77 0.01 4.44 

125 0.13 7.51 0.02 9.16 

62.5 0.07 1.27 0.01 2.78 

31.25 0.03 8.86 0.04 8.90 

15.1 0.02 6.25 0.01 6.40 
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Table 6: Precision of a method for quantification of  Bromelain. 

Concentration 

(ug/mL) 

Within  day Day to day 

Mean 

Absorbance 

RSD (%) Mean 

Absorbance 

RSD (%) 

1000 0.43 3.32 0.43 3.43 

500 0.23 5.68 0.23 6.21 

250 0.12 9.60 0.13 12.37 

125 0.06 10.36 0.06 14.81 

62.5 0.03 12.75 0.04 14.70 

31.25 0.01 4.41 0.01 15.76 

 

Table 7: Precision of a method for quantification of  Albumin. 

Concentration 

(ug/mL) 

Within  day Day to day 

Mean 

Absorbance 

RSD (%) Mean 

Absorbance 

RSD (%) 

1000 0.32 2.19 0.32 2.19 

500 0.16 4.57 0.17 6.66 

250 0.09 9.69 0.09 10.75 

125 0.05 11.96 0.05 12.22 

62.5 0.03 9.04 0.03 15.92 

31.25 0.01 11.54 0.01 15.22 

 

14.1.4. Accuracy: 

 The accuracy results for the 3 protein solutions are listed in Table 8, Table 9 and 

Table 10 respectively. 

 

Table 8: Accuracy of an assay method for Lysozyme. 

Actual concentration 

(ug/mL) 

Measured concentration* 

(ug/mL) 

Accuracy** (%) 

15.1 15.07±0.12 99.83 

62.5 62.12±0.75 99.4 

500 502.25 100.45 
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Table 9: Accuracy of an assay method for Bromelain. 

Actual concentration 

(ug/mL) 

Measured concentration* 

(ug/mL) 

Accuracy** (%) 

31.25 30.61±2.15 97.96 

250 251.1±3.35 100.44 

500 496.01±4.86 99.21 

 

Table 10: Accuracy of an assay method for Albumin. 

Actual concentration 

(ug/mL) 

Measured concentration* 

(ug/mL) 

Accuracy** (%) 

31.25 30.05 96.16 

250 250.36 100.14 

500 502.1 100.42 

*Mean ±SD, n=4 

** Accuracy = (Measured concentration/Actual concentration) X 100, Mean ± SD, n=4 

14.2.  Preparation of polymer solutions: 

The various polymers used in this study were Resomer R type 202 S, 202H, RG 

type 502 H, and RG type 502S, which were named as polymer 1-4 respectively (Table 4). 

The polymer solubility was investigated in a range of solvents consisting of varying 

amounts of BB and BA. A mixture of BB and BA provides an easy tool to manipulate 

and obtain a solvent system of optimal hydrophilicity or hydrophobicity for a particular 

polymer. Our objective was to find the solvent systems exhibiting maximum solubility 

yet injectability. Polymer 1and 4 were found to dissolve well in solvent system 

containing benzyl benzoate alone; however Polymer 2 and 3 were not found to be soluble 

which might be due to their relative hydrophilicity provided by the presence of acidic end 

groups. 
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Polymers 1 and 4 were relatively hydrophobic in nature due to the presence of 

ester end groups and therefore were soluble in BB. The maximum solubility of polymer 1 

was 27% (w/v) but for polymer 4 it was 20% (w/v) in BB. This may be due to the 

polymer composition. Polymer 4 is consisted of PLA and PGA (50:50) but polymer 1 is 

entirely consisted of PLA only (Table 1 and Figure 2a and 2b). Consequently, polymer 4 

could be expected to be less hydrophobic than polymer 1. Hence, it solubilizes to a lesser 

extent (20%) in comparison to polymer 1 (27%) in BB, a more hydrophobic solvent than 

BA (Merck Index, 2001). 

Polymer 2 demonstrated greater solubility (27% w/v) in the solvent system 

containing mixture of BB and BA (70:30), than polymer 3 (5% w/v) which too can be 

explained on the basis of polymer composition. Polymer 3 consists of PGA in addition to 

the PLA but polymer 2 is composed of PLA only (Table 1 and Figure 2a and 2b). Since, 

GA is relatively hydrophilic than PLA; the polymer 3 prefers a solvent system containing 

greater fraction of less hydrophobic solvent component BA to get dissolved. Figure 11 a 

and b give the structure of polymer 1- 4 and figure 11c gives the structure of threonine 

and serine amino acid residues having alcoholic groups and figure 11d  shows the 

possible interaction between hydroxyl groups of amino acid residues of lysozyme and the 

free carboxylic groups of the polymers. 

14.3. Preparation of polymer-protein solution 

We selected 5% (w/v) polymers in 70:30 ratio of BB and BA because all the 

polymer were soluble and easily injectable through 22 gauge needle at these conditions. 

Formulation I-IV were prepared by dissolving 5% (w/v) of protein in polymers I-IV, 
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respectively by sonicating at 40 W for 20 seconds. Fixing the polymer concentration and 

solvent system enabled us to investigate the effect of polymer end groups on the release 

profile of the incorporated protein.   
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Figure 11a: Structure of polymer 1 (* = OCH2CH3), polymer 2 (* = OH) where * 

and n represent the end group and the polymer chain length, respectively. 

 

Figure 11b: Structure of the polymer 3 (* = OH) and polymer 4 (* = OCH3CH2) 

where * and n represent the end group and polymer chain length respectively. 

 

Figure 11c: Structure of the threonine and serine amino acid residues having 

alcoholic groups 

 

Figure 11d: Possible interaction between hydroxyl groups of amino acid residues of 

lysozyme and free carboxylic groups of polymers. 

 

Figure 11: Structure of polymers used, amino acid residues of lysozyme possessing 

OH group, and their interaction with polymer end groups (Chhabra et al., 2007) 
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Table 11: Properties of various polymers used for making formulations  

Polymer Composition Solvent 

combinat

ion 

IV 

(dl/g) 

Hydrophilicity Degradation Group 

on 

chain 

end 

Resomer 

R Type 

202S 

Poly(DL-

lactide) 

BB:BA 

(100:00) 

0.22 Low Slow Alkyl 

ester 

Resomer 

R Type 

202H 

Poly(DL-

lactide) 

BB:BA 

(100:00) 

0.2 High Fast Free 

carboxy

lic acid 

Resomer 

RG Type 

502 H 

Poly(DL-

lactide-co-

glycolide) 

BB:BA 

(70:30) 

0.19 High Flat Free 

carboxy

lic acid 

Resomer 

RG Type 

502 S 

Poly(DL 

lactide-co-

glycolide) 

BB:BA 

(70:30) 

0.19 Low Slow Alkyl 

ester 

 

*PLA = Poly (DL-lactide) 

**PLGA=Poly (DL-lactide-co-glycolide) 
a
 Comparative values expected on the basis of polymer structures 

b
 Maximum concentration obtained at 37

o
C 
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14.4. Determination of in vitro release profile 

 

Tables 12-14 indicate the percentage cumulative amount of lysozyme, bromelain, 

and albumin, respectively released from formulations I through IV proteins at the specific 

time points of sample withdrawal. 

Figures 12- 14 show the biphasic pattern of release of lysozyme, bromelain, and 

albumin, respectively from formulations I-IV.  
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Table 12: The cumulative percent drug released from formulations containing 

lysozyme (n=3) 

Time Formulation I Formulation II Formulation III Formulation IV 

Days Mean SD* Mean SD* Mean SD* Mean SD* 

1 30.67 1.42 7.85 0.01 10.05 0.824 28.55 2.10 

3 47.58 0.16 9.24 0.01 11.23 0.63 34.81 1.42 

5 46.73 3.33 16.23 0.02 13.40 3.93 42.92 2.26 

7 55.44 1.20 19.21 0.22 28.01 1.82 51.96 3.45 

14 42.38 1.81 22.60 0.26 52.28 4.58 62.48 3.93 

21 41.85 1.51 26.59 0.31 70.23 2.44 77.44 3.22 

28 42.74 1.08 31.28 0.36 85.16 4.88 92.02 3.01 

35 42.92 3.81 36.80 0.43 94.23 2.92   

42 51.22 4.41 43.30 0.50     

49 59.59 0.10 50.94 0.59     

56 72.00 1.96 44.57 1.58     

63 76.92 4.91 52.44 1.86     

70 78.84 0.45 61.69 2.19     

77 92.25 2.48 72.58 2.58     

84   85.39 3.04     

 

*SD = Standard Deviation 
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Figure 12: The cumulative percent drug released from formulations containing 

lysozyme (n=3) 
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Table 13: The cumulative percent drug released from formulations containing 

bromelain (n=3) 

Time Formulation I Formulation II Formulation III Formulation IV 

Days Mean SD* Mean SD* Mean SD* Mean SD* 

1 11.78 1.87 8.61 0.68 10.85 1.07 12.06 0.61 

3 28.36 5.23 18.81 1.62 26.59 3.72 44.98 11.22 

5 40.86 0.72 15.47 3.74 39.19 2.49 59.17 1.24 

7 42.19 4.48 33.38 1.69 53.45 3.88 78.42 2.93 

14 47.34 5.98 47.34 3.45 49.64 4.34 81.89 4.57 

21 54.34 4.69 54.34 6.20 62.47 10.02 80.08 4.06 

28 66.32 2.76 82.26 6.32 77.48 4.78 87.84 1.38 

35 78.96 1.62 88.34 2.81 88.34 2.81 91.15 2.81 

42 76.34 5.05 90.91 4.81 94.00 3.30 97.42 0.19 

49 97.60 2.24 78.13 8.10 93.71 5.94 92.41 8.10 

56     73.60 6.99   

 

*SD = Standard Deviation 
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Figure 13: The cumulative percent drug released from formulations containing 

bromelain (n=3) 
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Table 14: The cumulative percent drug released from formulations containing 

albumin (n=3) 

Time Formulation I Formulation II Formulation III Formulation IV 

Days Mean SD* Mean SD* Mean SD* Mean SD* 

1 15.64 0.93 12.70 1.35 14.35 0.58 20.06 3.33 

3 46.60 2.08 33.20 0.57 14.69 1.42 29.93 0.35 

5 55.13 2.01 39.80 0.89 20.87 1.33 37.56 2.35 

7 63.11 2.77 51.82 3.87 31.21 0.48 54.29 4.82 

14 67.86 4.11 48.71 0.94 44.54 4.37 47.60 0.57 

21 63.37 6.54 61.91 0.72 59.82 1.02 51.73 1.02 

28 69.13 7.27 76.26 0.85 78.31 4.77 59.01 0.91 

35 82.34 3.53 90.42 1.53 70.67 1.07 73.47 1.94 

42 89.77 1.36   91.61 5.02 79.48 4.94 

49 95.87 2.12     93.08 1.29 

 

*SD = Standard Deviation 
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Figure 14: The cumulative percent drug released from formulations containing 

albumin (n=3) 
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Table 15: Burst release from the various formulations 

Formulation Lysozyme Bromelain Albumin 

Formulation I 30.67±1.42 11.78±1.87 15.64± 0.93 

Formulation II 7.85±0.01 8.61±0.68 12.70± 1.35 

Formulation III 10.05±0.82 10.84±1.07 14.35±0.58 

Formulation IV 28.55±2.10 12.06±0.61 20.06±3.33 

 

As we can see from Table 15, the burst release is found to be maximum for 

formulation I containing lysozyme. This trend of burst release from formulation I 

containing lysozyme is explainable on the basis of solubility data. The solubility trend is 

lysozyme >albumin>bromelain. The polymer used in formulation I was PLA, which has 

faster gelation rate than other formulations. Therefore, the burst release of an 

incorporated protein would be even faster if the protein is more hydrophilic. This is 

supported by the burst release data of proteins from formulations I in comparison to those 

from other formulations. The burst release of lysozyme is hence greater than bromelain 

and albumin because lysozyme is more soluble than bromelain and albumin. The burst 

release of bromelain was significantly (p<0.05) lower than those of lysozyme and 

albumin.  

  The burst release from formulation II was significantly less (p<0.5) than those 

from other formulations for all the proteins because it was consisted of PLA containing 

free carboxylic acid end groups. The carboxylic acid might have interacted with the 

hydroxyl and/or amino groups available on this protein. The total number of amino and 

hydroxyl groups are comparable in lysozyme and bromelain (37 versus 39) while in 

albumin it is 134. We found almost 4 fold decrease in burst release of lysozyme from 

formulation II in comparison to formulation I. The decrease in burst release of bromelain 
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from formulation II was about only 10% (i.e. way lower than observed with lysozyme) 

which can be explained on the basis of facts that bromelain is about 2 times larger in size 

(14.7K Dalton vs 24.5 K Dalton) than lysozyme but have almost similar number of total 

number of free amino and hydroxyl groups. The percentage decrease in comparable burst 

release for albumin was found to be 22.56% which might be due to the presence of amino 

and hydroxyl groups which are more than 3 times than those in lysozyme or bromelain. 

The molecular size of albumin is slightly less than 5 times of lysozyme so its burst 

release could have been 4-5 times greater than that of lysozyme but it is slightly less than 

double. This may be occurring due to the significantly greater number of probable sites 

available for interaction with polymer free end groups. The total number of amino and 

hydroxyl free groups in albumin is 164 while in lysozyme it is only 37. 

Formulation III showed less burst release as compared to formulation IV for all 

the proteins. This may be due to the presence of free carboxylic acid end groups. The 

burst release of the proteins from formulation III was found to be significantly lower 

(p<0.05) than those from formulation II since, it is consisted of PLGA based polymer 

which would have slower rate of gelation than formulation II which was consisted of 

PLA-based polymer exhibiting faster rate of gelation. We also noticed lower burst release 

for formulation containing the carboxylic end groups. This may be occurring due to the 

formation of a covalent bond between the carboxylic group of the polymer and the 

hydroxyl group or amino group of the protein. 

The complete exhaustion of release of incorporated protein was not observed 

from any formulation (Table 16) within the duration of this study which might be due to 

entrapment of the remaining amount of protein into the polymer network which might not 
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have degraded so far. However, we found that the total amount of protein released from 

formulation II is lower than the other formulation which is supported by our hypothesis 

of interaction between polymer end groups and protein’s exposed functional groups. The 

release of protein covalently bound with polymer end group would require additional 

cleavage process to occur in comparison to release of protein from formulations not 

consisted of polymer containing such free end groups.  

Table 16: The trend for extent of release of the protein formulations 

Protein Formulation Time period for exhaustion of the formulation 

Lysozyme Formulation I 92.61% lysozyme was released by day 77 

Formulation II 85.3% lysozyme was released by day 84 

Formulation III 94.23% lysozyme was released by day 35 

Formulation IV 92.02% lysozyme was released by day 28 

Bromelain Formulation I 97.6% bromelain was released by day 49 

Formulation II 90.91% bromelain was released by day 42 

Formulation III 94.00% bromelain was released by day 42 

Formulation IV 97.42% bromelain was released by day 42 

Albumin Formulation I 95.87% albumin was released by day 49 

Formulation II 90.42% albumin was released by day 35 

Formulation III 91.61% albumin was released by day 42 

Formulation IV 93.08% albumin was released by day 49 

 

 

 



92 
 

As seen from Table 16, between formulation I and II, formulation I took longer to 

release maximum amount of protein embedded in the in situ gel. Likewise, formulation 

IV took longer to release the protein from the in situ gel in comparison to formulation III. 

This may again be attributed to the presence of differing free end groups between the four 

formulations. While formulation I and IV had ester end groups, formulation II and III had 

carboxylic end groups. Now what we propose may be happening is the breakage or 

degradation of the covalent bond between the carboxylic group of polymer and the amino 

and/or hydroxyl group of the model proteins causing faster release. Ester attached to the 

polymer, being hydrophobic does not interact easily with the aqueous releasing medium, 

hence slowing the rate of release of the embedded model protein. 

Trend of the rate of release of model proteins from the various formulations has been 

shown below in Table 17. 
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Table 17: Trend of the rate of release of model proteins 

Protein Formulation 

type 

Stage Days Percentage Released 

Lysozyme Formulation I Stage I 

Stage II 

7 days 

70 days 

54.95 

37.66 

Formulation II Stage I 

Stage II 

7 days 

77 days 

19.40 

66.10 

Formulation III Stage I 

Stage II 

5 days 

30 days 

13.40 

77.43 

Formulation IV Stage I 

Stage II 

7 days 

70 days 

55.91 

40.06 

Bromelain Formulation I Stage I 

Stage II 

7 days 

28 days 

40.86 

57.00 

Formulation II Stage I 

Stage II 

5 days 

44 days 

15.00 

76.00 

Formulation III Stage I 

Stage II 

7 days 

42 days 

53.45 

40.55 

Formulation IV Stage I 

Stage II 

7 days 

35 days 

78.42 

19.42 

Albumin Formulation I Stage I 

Stage II 

7 days 

42 days 

63.00 

33.00 

Formulation II Stage I 

Stage II 

7 days 

28 days 

51.82 

38.00 

Formulation III Stage I 

Stage II 

7 days 

42 days 

53.00 

50.08 

Formulation IV Stage I 

Stage II 

7 days 

42 days 

54.28 

39.00 
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The above table 17 shows that all formulations release the embedded protein in 2 

stages. The first stage last approximately from day 1 to day 7 and second stage last from 

day 7 till the complete exhaustion of protein from the formulation. The first stage is 

diffusion controlled and the second stage is erosion controlled. Formulation II is expected 

to degrade faster than formulation I, however the rate of release of protein from 

formulation II is slower than from formulation I which could be due to polymer-protein 

interaction. This finding is contrary to the traditional mechanism of degradation 

controlled rate of release in the second part of biphasic release pattern. 

 In most cases formulations showed more release of drug due to diffusion of drug 

out of the in situ gel. 

14.4.1. Hydrolysis 

Hydrolysis is a process that takes place in the presence of water. It is a reaction 

where the bond in an organic molecule is broken along with the O-H in the water 

molecule. The H of water combines with one part of the organic molecule and the O-H to 

the other part. 

Following figures 15a and 15b (Morrison and Boyd, 1992) show the hydrolysis 

reaction for ester and amide through which the incorporated protein may get free and 

become available to express therapeutic action. We measured the pH of releasing media 

at the beginning and end of the study and we did not observe any significant change in 

pH. This is due to the buffering action of the media. However, in clinical practices such 

formulations would be used sc or im, where according to literature the local environment 

exists as acidic due to degradation of polymers into lactic acid and/or glycolic acid. 
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Therefore, it is quite possible that due to acid hydrolysis, protein would be available in its 

therapeutically native state. 

Hydrolysis is catalyzed in the acidic or alkaline medium. 

 

 

 Figure 15a: Hydrolysis of an ester in acidic and alkaline medium (Morrison and 

Boyd, 1992) 

 

Figure 15b: Hydrolysis of an amide in acidic and alkaline medium (Morrison and 

Boyd, 1992) 

Polymer 2 and 3 contain COOH end groups. These end groups combine with the 

hydroxyl and/or amino groups of the protein and result in the formation of amide or ester  

as shown in figures 15 (a) and (b). 

Acid hydrolysis of ester in presence of water forms carboxylic acid and alcohol and 

alkaline hydrolysis of ester in presence of water forms ester and alcohol. 

Acid hydrolysis of amide in presence of water forms carboxylic acid and NH4
+
 and 

alkaline hydrolysis of amide in presence of water forms ester and NH3. 
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Polymer 1 and 4 have ester end groups which are capped, hence they do not form 

covalent bonds with the hydroxyl and/or amino groups of proteins. 

14.5. Evaluation of conformational stability  

14.5.1. Evaluation of the conformational stability using DSC 

14.5.1.1. Evaluation of the conformational stability of Lysozyme using DSC 

Figure 16 and 17 show the DSC thermogram for lysozyme solution (control) on 

day 1 and day 84, respectively. Lysozyme solution was found to have Tm equal to 

72.39±0.06°C and 26.94±0.09°C, and ∆H equal to 5.40±1.01kcal and 1.46±8.58kcal in 

the control samples withdrawn at day 1 and 84, respectively. We found a significant 

(p<0.05) decrease in the intensity of thermodynamic parameters (Tm and ∆H) indicative 

of conformational stability which could be explained on the basis of destabilization 

occurred due to continuous exposure to the external environment. The Tm of lysozyme 

solution is 77.2°C (Jiang et al., 2001).  

Table 18 shows the DSC thermograms for formulation I through IV all 

containing lysozyme. Here we observed that as compared to the lysozyme solutions, the 

formulations containing lysozyme had higher Tm and ∆H, hence more conformational 

stability. Even with the passage of time, the conformational stability of the formulations 

containing lysozyme is more than that of the lysozyme solutions. 
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 Figure 16: DSC thermogram of Lysozyme solution (control) on Day 1  
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Figure 17: DSC thermogram of Lysozyme sample (control) on day 84  
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Table 18: DSC thermograms of formulations I through IV for containing Lysozyme 

Formulations Days Tm (
o
C) ∆H (Cal/mole) 

I Day 1 75.94 ± 0.094 9.147E4± 1.95E3 

 Day 77 70.77 ± 0.062 2.021E4 ± 323 

II Day 1 82.20 ± 0.13 4997 ± 196 

 Day 84 68.92 ± 0.053 1.793E4 ± 401 

III Day 1 75.19 ± 0.23 2.006E4 ± 803 

 Day 35 66.35 ± 0.25 7.894E4 ± 3.46E3 

IV Day 1 75.15 ± 0.12 1.102E5 ± 3.96E3 

 Day 28 47.00 ± 0.36 4412 ± 138 
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14.5.1.2. Evaluation of the conformational stability of Bromelain using DSC 

Figure 18 and 19 show the DSC thermogram for bromelain solution (control) on 

day 1 and day 49, respectively. Bromelain solution was found to have Tm equal to 

56.34±0.057°C and 1.16±520°C, and ∆H equal to 51.54±0.044 kcal and 1250±55.4 kcal 

in the control samples withdrawn at day 1 and 49, respectively. We found a significant 

(p<0.05) decrease in the intensity of thermodynamic parameters (Tm and ∆H) indicative 

of conformational stability which could be explained on the basis of destabilization 

occurred due to continuous exposure to the external environment. The Tm of bromelain 

solution is found to be 59.6°C (Hernandez-Arana and Arroyo-Reyna, 1995). 

Table 19 shows the DSC thermograms for formulation I through IV all 

containing lysozyme. Here again just like in lysozyme, we observed that as compared to 

the bromelain solutions the formulations containing bromelain had higher Tm and ∆H, 

hence more conformational stability. Even with the passage of time, the conformational 

stability of the formulations containing bromelain is more than that of the bromelain 

solutions. 

 

 



101 
 

 

Figure 18: DSC thermogram of Bromelain sample (control) on day 1 
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Figure 19: DSC thermogram of Bromelain sample (control) on day 49 
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Table 19: DSC thermograms of formulations I through IV for containing Bromelain 

 

Formulations Days Tm (
o
C) ∆H (Cal/mole) 

I Day 1 63.01 ± 0.22 1830± 209 

 Day 49 59.90 ± 0.087 3.107E4 ± 883 

II Day 1 60.22 ± 0.020 2712 ± 64.1 

 Day 42 59.00 ± 0.083 5.971E4 ± 1.76E3 

III Day 1 62.33 ± 0.070 5540 ± 126 

 Day 42 55.08 ± 0.65 3851 ± 2.14E3 

IV Day 1 63.01 ± 0.090 1251 ± 49.6 

 Day 42 59.18 ± 0.086 2287 ± 85.5 
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14.5.1.3. Evaluation of conformational stability of Albumin using DSC 

Figure 20 and 21 show the DSC thermogram for albumin solution (control) on 

day 1 and day 49, respectively. Albumin solution was found to have Tm equal to 

63.53±0.03°C and 3.45±9.36°C, and ∆H equal to 51.86±0.03kcal and 88.51±28.3kcal in 

the control samples withdrawn at day 1 and 49, respectively. We found a significant 

(p<0.05) decrease in the intensity of thermodynamic parameters (Tm and ∆H) indicative 

of conformational stability which could be explained on the basis of destabilization 

occurred due to continuous exposure to the external environment.  The Tm of albumin 

solution is 60.9°C (Singh and Kang, 2003). 

Table 20 shows the DSC thermograms for formulation I through IV all 

containing lysozyme. Here we observed that as compared to the albumin solutions the 

formulations containing albumin had higher Tm and ∆H, hence more conformational 

stability. Even with the passage of time, the conformational stability of the formulations 

containing albumin is more than that of the albumin solutions. 
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Figure 20: DSC thermogram of Albumin sample (control) on day 1 
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Figure 21: DSC thermogram of Bromelain sample (control) on day 49 
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Table 20: DSC thermograms of formulations I through IV for containing Albumin 

Formulations Days Tm (
o
C) ∆H (Cal/mole) 

I Day 1 73.64 ± 0.048 4409± 134 

 Day 49 60.53 ± 0.038 3630 ± 170 

II Day 1 79.17 ± 0.072 3.063E4 ± 873 

 Day 42 62.95 ± 0.049 614.6 ± 36.8 

III Day 1 58.43 ± 0.037 3.393E±7.24E3 

 Day 42 54.51 ± 0.032 4150 ± 172 

IV Day 1 79.08 ± 0.078 3.362E4 ± 970 

 Day 42 55.71 ± 0.081 1254 ± 429 

 

Hence, we can conclude that protein solutions lose their conformational stability 

with time on exposure to the external environment while polymer solutions containing 

the proteins have a protective effect on the stability of the protein. 

14.5.2. Evaluation of conformational stability using FTIR 

According to literature, α-helix (36%) and β-turn (36%) are the major secondary 

structural components of lysozyme which are evident in table. We found appearances of 

peaks indicative of beta turn up to 8 weeks and indicative of beta sheet up to 7 weeks in 

lysozyme solution. However, we found appearance of random coil up to 12 weeks with 

increase in area with increase in time period which might be due to re-organization of 

other secondary structural components into it. The similar trend was found in all the 

formulations of lysozyme although the area under the corresponding peaks were 

significantly (p<0.05) greater which might be due to greater protection provided by the 

formulations.  

Bromelain solution showed mostly the presence of random coil, α-helices (40%) 

and β-turns (45%). Random coil peaks were found to appear up to 9 weeks. In case of 
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bromelain formulations too, area under the corresponding peaks were significantly 

(p<0.05) than the area under the bromelain solution peaks. 

According to literature, in albumin α-helices (41%) and β-turns (34%) are the 

major secondary structures observed. For albumin solution, we found absence of β -turns 

at week 7 however α-helices structures were observed. The area under the peaks for 

albumin formulation peaks was found be to greater in comparison to albumin solution 

peaks. 

Proteins were incorporated in the in situ formed gel which prevented them from 

the destabilizing effects of external environment. That’s why we observed significantly 

greater conformational stability for the protein in released samples from various 

formulations than those in protein solutions where they were exposed continuously. 

The total area under the peaks representing various secondary structural 

components were found to decrease with time for all the protein solutions (control) which 

can be explained on the basis of greater perturbation in conformational make-up with 

greater exposure to the external destabilizing environment.  Table 21 shows the different 

protein formulations and their corrected areas. 

Figure 22, 23 and 24 show the overlap of protein solution overlap scans for the 

first and day of maximum exhaustion of the proteins. 
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Figure 22: Overlap of Lysozyme solution FTIR scans on day 1 and day 84  
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Figure 23: Overlap of Bromelain solution FTIR scans on day 1 and day 49 

 

Figure 24: Overlap of BSA solution FTIR scans on day 1 and day 49 
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Table 21: Table 1 shows the different protein formulations and their corrected areas 

 

Protein Formulation Days Corrected areas of 

Secondary structures 

(Mean±SD, n=3) 

Lysozyme Lysozyme Day 1 

Day 84 

0.0055 

0.001 

Formulation I Day 1 

Day 77 

1.593 

1.4331 

Formulation II Day 1 

Day 84 

1.192 

0.014 

Formulation III Day 1 

Day 30 

1.587 

1.57 

Formulation   IV Day 1 

Day 28 

1.453 

0.066 

Bromelain Bromelain Day 1 

Day 49 

0.006 

0.015 

Formulation I Day 1 

Day 49 

0.085 

0.042 

Formulation II Day 1 

Day 42 

0.104 

0.105 

Formulation III Day 1 

Day 42 

1.786 

0.104 

Formulation   IV Day 1 

Day 42 

1.463 

0.121 

Albumin Albumin Day 1 

Day 49 

0.043 

0.04 

Formulation I Day 1 

Day 49 

0.058 

0.019 

Formulation II Day 1 

Day 35 

0.021 

0.007 

Formulation III Day 1 

Day 42 

0.054 

0.011 

Formulation   IV Day 1 

Day 49 

0.0339 

0.023 
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14.6. Determination of Biological Activity 

14.6.1. Determination of Biological Activity of Lysozyme 

Micrococcus lysodeikticus is a substrate of lysozyme, hence when lysozyme is 

added to it, lysozyme breaks the intact Micrococcus lysodeikticus cells and forms lysed 

Micrococcus lysodeikticus cells (Shugar, 1952). The rate of decrease in absorbance of 

Micrococcus lysodeikticus due to action of lysozyme at 450 nm was monitored by a UV 

spectrophotometer during the total period of 3 min. Biological activity of lysozyme was 

then calculated in units/mg protein.  

Table 22 below shows the activity of the various lysozyme formulations on day 

1and on the day of maximum release from the formulations. 

Table 22: Biological enzyme activity of lysozyme released from various formulations 

(I-IV) 

Lysozyme Formulation Days Units of Lysozyme  

(Mean±SD; n=3) 

 Lysozyme Solution 1 

84 

14 

3.46 

Formulation I 1 

77 

234.72±8.64 

36.03±1.80 

Formulation II 1 

84 

366±5.87 

23.12±1.49 

Formulation III 1 

30 

4302±13.80 

645.12±39.55 

Formulation IV 1 

28 

595.62±10.88 

159.17±22.16 

 

 

It was observed that activity of the lysozyme solution decreased with time. The 

activity of the lysozyme formulations was found to decrease with time but the decrease 

was less as compared to the corresponding lysozyme solution. Hence significantly greater 

specific enzyme activity was observed for lysozyme formulations in comparison to the 
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lysozyme solution at each time point. This shows that the polymers are protecting the 

lysozyme from the external environmental conditions. 

14.6.2. Determination of Biological Activity of Bromelain 

Nα-CBZ-Lysine p-Nitrophenyl Ester on action of bromelain forms p-Nitrophenol 

and Nα-CBZ-L-Lysine (Heinrikson and Kezdy, 1976). Hence we observed the rate in 

increase of absorbance at A340nm due to the formation of p-Nitrophenol. Biological 

activity was then calculated in units/mg protein. 

Table 23 shows the activity of various bromelain formulations on day 1and on the 

day of maximum release from the formulations. . 

Table 23: Biological enzyme activity of bromelain released from various 

formulations (I-IV) 

Bromelain Formulation Days Units of Bromelain 

(Mean±SD, n=3) 

 Bromelain 

Solution 

1 

49 

0.02 

0.000 

Formulation I 1 

49 

0.13±0.06 

0.1±0.01 

Formulation 

II 

1 

42 

0.19±0.01 

0.1±0.001 

Formulation 

III 

1 

42 

0.23±0.005 

0.1±0.06 

Formulation 

IV 

1 

42 

0.12 

0.02 

 

 It was observed that activity of the bromelain solution decreased with time. The 

activity of the bromelain formulations was found to decrease with time but the decrease 

was less as compared to the corresponding bromelain solution at a given time point. This 

shows that the polymers are protecting the bromelain embedded in the in situ gel from the 

external environmental conditions. 
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14.6.3. Determination of Biological Activity of Albumin 

Tyrosine mushroom contains polyphenol oxidase (PPO) that oxidizes bovine 

serum albumin. Albumin in native state gets moderately oxidized while denatured 

albumin completely oxidizes giving a peak at 348nms and this is the principle use for 

observing the biological activity of albumin (Gemant, 1974). We found that with time the 

albumin solution showed minimal biological activity. Formulations containing albumin 

showed a steady decline in biological activity but they were found to be more active than 

a bromelain solution at a given point. Table 23 shows the albumin activity for various 

formulations on day 1 and on the day of maximum release from the formulations. 

Table 24: Biological enzyme activity of Albumin released from various formulations 

(I-IV) 

Albumin Formulation Days Units of Albumin at 

348.6nm  

(Mean±SD, n=3) 

 Albumin 

Solution 

1 

49 

0 

0.35 

Formulation I 1 

49 

0 

0.02 

Formulation 

II 

1 

35 

0 

0.1 

Formulation 

III 

1 

42 

0 

0.08 

Formulation 

IV 

1 

49 

0 

0.1 
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15. CONCLUSION 

 

In case of all the three proteins, formulation II and III were found to have less 

burst release. This may be attributed to the presence of formation of covalent bonds 

between the carboxylic free groups of the polymer and the protein hydroxyl and/or amino 

groups. 

Formulation II and III were found to have a faster rate of release which may be 

due to the breakage or degradation of the covalent bond between the carboxylic group of 

polymer and the amino and/or hydroxyl group of the model proteins, causing faster 

release as compared to formulation I and IV. Formulation I and IV have esters end groups 

which being hydrophobic does not interact easily with the aqueous releasing medium, 

hence slowing the rate of release of the embedded model protein. 

Compared to all the formulations, formulation II was found to have minimum 

burst release. 

All formulations show a biphasic pattern of release with more percentage of drug 

releasing in the first phase (due to diffusion). 

The DSC thermograms of the protein solutions showed decreased conformational 

stability compared to the DSC thermograms of the protein formulations. This may be 

occuring due to the protective effect of the polymers on the protein formulations. 

The FTIR scans showed decrease in the area of the secondary structures with 

time. The protein formulations however were found to have more stability as compared to 

the protein solutions. 
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Biological activity data showed that the protein formulations lost their biological 

activity with passage of time, but the biological activity of the protein formulations was 

more than that of protein solutions on any given day. 

By exploiting the interactions between polymer and protein end groups, burst 

release can be reduced. Such interactions can also extend the period of release and better 

protect the conformational stability of proteins. 
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16. FUTURE DIRECTIONS 

 

We have explained the rate of burst release and overall release on the basis of 

reported mechanisms in literature which are based on the rate of gelation. However, there 

is no information of the influence of polymer-protein interactions on the rate of gelation. 

Therefore, characterizing the rheological parameter of various formulations investigated 

in this study could enhance our understanding of the interplay between changes in 

rheological parameters and gelation and/or degradation of such formulations. The study 

of the rate of gelation and gel morphology of all the different formulations should be 

investigated. 

For our study we have investigated the effect of only 2 types of polymer end 

groups (alkyl ester and free carboxylic end groups), therefore these studies should be 

carried out using polymers containing various other end groups such as amine, amide etc. 

Based on such studies a generalized understanding can be developed about the role of end 

groups on the burst release of proteins in sustained release drug delivery systems. 

We have investigated polymer- protein interaction only for phase sensitive smart 

polymer formulations. These studies should be carried out using other forms of sustained 

release delivery system for protein such as microparticles, nanoparticles etc. 

Computational models can be used to study the effect of polymer end groups on 

the burst release and the rate of release of proteins. 

The study the strength of covalent bonds formed of all the different formulations 

can be studied. 
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 Nuclear Magnetic Resonance (NMR) studies can be done to study protein 

kinetics and protein interaction with the polymers. 

Circular Dichroism (CD) spectroscopy studies of released protein should be done 

to further confirm its conformational stability as using CD spectroscopy we can 

determine the influence of buffer, and salts on the conformational stability of the protein. 
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