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The purpose of this research work was to develop insulin loaded calcium alginate 

nanoparticles (CANp) for oral delivery of insulin. The preparation of Insulin-loaded 

calcium alginate nanoparticles was performed by a novel and efficient method, interfacial 

cross-linking in nanoemulsions (IFaCLiNE) developed in our research lab. The prepared 

nanoparticles were evaluated by particle characterization and surface charge 

measurements. Subsequently, human recombinant, insulin was loaded into CANp. 

Differential scanning calorimetry (DSC) was used to evaluate the thermal properties. The 

quantitative determination of insulin in CANp was done via an ELISA assay and in vitro 

drug release studies. A reversed phase C18 HPLC column with fixed compositions of 0.2 

M sodium sulfate buffer and acetonitrile as mobile phases was used in the HPLC analysis 

of insulin. The insulin peak retention time was observed to be 7.2 minutes. To further 

identify the stability of insulin in CaNP the qualitative determination of insulin was made 

through LC-MS tandem mass spectrometry. The determination of precursor ions was 
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achieved through mass spectroscopy (MS) and the insulin peak detection using liquid 

chromatography.  
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Chapter 1 

Literature review 
 

 

1.1 Introduction 

The recombinant DNA technology has created a profound and rapid growth in the drug 

delivery therapies involving protein and peptide drugs. With new innovative technologies 

being adapted in protein chemistry, several challenges have to be solved in the context of 

patient compliance, product stability, and viable dosage forms to ensure 

commercialization of such molecules(George & Abraham, 2006). Currently over 30 

different recombinant drugs have been approved by FDA (H.J.C Ericksson, 2002). An 

unanswered problem with regard to protein and peptide drugs is their limited shelf life 

(Manning, 1989). The desirable shelf life period for any drug is in between 1.5 to 2 years 

regardless of storage temperature (Carpenter, 1997). Currently commercially available 

lyophilized protein drugs have to be stored under refrigerated conditions in order to 

maintain safety and efficacy of the product. Another important challenge is the inability 
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to formulate protein and peptide drugs into solid state (Carpenter, 1997; Hageman, 1992; 

M. J. D. Pikal, K.M ; Roy, M.L; Riggin, R.M, 1991). Partly this is due to instability of  

protein drugs in classical solid dosage forms and hence the products are administered as 

an infusion through intravenous route than the oral route (W.Wang, 1999).  Oral delivery 

is not possible since common types of oral dosage forms are unable to protect the drug 

against harsh acidic environment in stomach and proteolytic breakdown in GI tract (L. 

Shargel, 1999; Liu Xing, 2003).  

Protein and polypeptide molecules have demonstrated potential biological activity when 

tested against numerous untreatable diseases such as diabetes, hemophilia, and cancer. In 

order to be incorporated into human body, a protein drug has to remain stable and should 

be able to produce its therapeutic effect at the target receptor. The protein drugs which 

are bioavailable tend to show high specificity and activity but demonstrate relatively low 

plasma concentrations.  

The administration of a protein drug through the oral route generally leads to degradation 

by chemical reactions such as hydrolysis or proteolysis. Moreover proteins are 

metabolized by enzymes secreted into the GIT. One approach that can successfully 

deliver proteins orally is by protecting them from the acidic gastric environment (low pH) 

in the stomach. For example human insulin undergoes chemical degradation through the 

β-elimination reaction in the stomach. In order to circumvent the acidic stomach 

environment several pH sensitive hydro gels have been used to coat or entrap the protein 

drug facilitating its release into the small intestine which has alkaline pH. These bio-

degradable polymers are available naturally or through chemical synthesis. 
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 Solid dosage forms are considered to be the most preferable route for the safe storage 

and transportation. Currently commercially marketed protein drugs have to be maintained 

at recommended storage conditions throughout transportation until immediately before 

use. The instability of protein and peptides are generally classified into chemical and 

physical instabilities. The most common degradation reactions involve deamidation and 

aggregation reactions (Manning, 1989). Chemical instability is the process in which the 

covalent modification of protein occurs via a cleavage or bond formation. Common 

mechanisms of chemical degradation of proteins include Racemization reaction, 

deamidation and peptide bond cleavage, and β-elimination reaction. The physical 

instability is a change in the secondary (2°), tertiary (3°) and quaternary (4°) structure of 

protein and peptides a occurs during precipitation, denaturation, and aggregation 

(Costantino, 1994b).  

The oral drug delivery is considered to be most efficient and painless route of 

administration (Lee, 2002; Russell-Jones, 1998; U.B. Kompella, 2001; W.Wang, 1999). 

Efforts are being made for the delivery of significantly higher molecular weights of 

protein drugs such as insulin. The overall bioavailability of proteins via the oral route is 

very low. Additionally protein moieties are susceptible to degradation by hydrolysis and 

chemical modification of acidic pH present in the stomach (B. Steffansen, 2004; Fasano, 

1998; Fix, 1996; J.H. Hamman, 2005; J.P. Bai, 1995; Lehr, 1994; S.A. Galindo-

Rodriguez, 2005; Sanders, 1990).  

Parenteral delivery route avoid the biological barriers that prevent the entry of proteins 

through biological membranes. The local delivery of proteins has gained interest recently 
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due to the site-specific activity of the drug particularly in the mucosal tissue of gut, sinus, 

and lungs. 
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2.1 Abstract 

The stability of proteins and peptides is a very important consideration in the 

formulation development process involving such molecules. These molecules tend to 

undergo physical or chemical degradation under normal processing conditions. The effect 

of biological environment on stability and disposition of such molecules may also 

significantly reduce the bioavailability of such drugs. The purpose of the current review 

is to provide a basic understanding on the factors and mechanisms affecting stability of 

proteins and peptides in calcium alginate nanoparticles. Some of the common factors 

affecting the stability include changes in pH, temperature, humidity, aggregation, folding, 

hydrolysis etc.  

2.2 Physical Instability of Proteins 

2.2.1 Conformational Stability: Denaturation and Folding of proteins 

The 3D folded structure of a protein is termed as the conformation of protein. 

Denatured proteins are referred to as proteins that are unfolded and inactive. 

Conformational stability refers to various forces that help to maintain the protein folded 

in the right way. There are four levels of forces related to protein structure. The primary 

structure of the protein refers to the actual sequence of amino acid in that protein and is 

determined by the peptide bonds. Secondary structures are referred to as backbone 

interactions held together by hydrogen bonds. Tertiary structure is the overall 3D 

structure of a single protein molecule with distant interactions between single proteins 

and is stabilized by van der waals interactions, hydrophobic bonding, disulfide bridges, 
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and hydrogen bonds. Quaternary structures describe different interactions between 

individual protein subunits. All the subunits are stabilized by the same bonds used to 

determine tertiary structure. This leads to the active conformation of protein. 

2.2.2 Aggregation 

Protein molecules undergo self- aggregation by physical or chemical forces to form 

dimers, trimmers, or oligomers. Self-association of the protein structure is a primary 

problem observed during its formulation development. Significant loss in biological 

activity occurs as a result of aggregation. However, many proteins show their biological 

effect as dimers or trimers and may lose some biological activity upon dissociation. As a 

result of aggregation, the effective molecular weight of the protein increases causing it to 

be more immunogenic in nature (B.S Kendrick, 1998; S. Krishnan, 2002). For example 

insulin undergoing physical instability due to formation of insoluble aggregates causes 

blockage in tubing and membranes of an infusion set.  

The mechanism of aggregation involves a multi-step process. Initially, unfolding of 

protein takes place causing exposure of hydrophobic residues to the aqueous solvent 

which thereby undergoes association leading to protein aggregation. In order to prevent 

the colloidal stability, protein should be stabilized against attractive intermolecular forces 

by adjustment of pH, ionic strength, and buffer. The kinetics of protein aggregation 

requires energy transfer such as temperature increase, pH change, or salt concentration. 

Increase in entropy results in the aggregation process resulting from the release of water 

molecules from the protein. The formation of inclusion bodies within two protein 

moieties predominantly causes aggregation of two polypeptide chains with diameter as 
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large as 1 micron. The folding pathway mechanism of human insulin in monomer 

inducing solvent has been identified as due to the presence of equilibrium intermediates. 

Due to the effect of such intermediates on the stability of unfolded regions, insulin 

structure is prone to chemical degradation (Arkawa, 2009).  

The process of aggregation can occur both in liquid and solid physical states of a 

protein. The commercially available protein drugs are composed of freeze-dried powders. 

These lyophilized powders tend to inhibit the physical and chemical instability processes 

of a protein drug.  

2.2.3 Adsorption 

Adsorption is the phenomena of attaching the hydrophobic part of the protein to a 

surface. The primary sequence of the polypeptide chain determines the process of 

adsorption. The factors affecting the rate of adsorption are size, shape, and structure. Size 

is considered as the important factor influencing the adsorption of proteins on to a 

surface. The surface activity of a protein is dependent on the primary sequence of its 

polypeptide chain. The unfolding of protein plays an important role in the surface activity 

of the proteins (Rechendorff, 2011). The disulfide bridges connecting polypeptide chains 

of two protein moieties show less surface activity due to less folding.  The charge 

interactions between the protein and surface will be dependent on pH and ionic strength 

of the media. Protein adsorption occurs with most neutral molecules or slightly charged 

surfaces near its isoelectric point. The mixture of two protein moieties would have 

efficient adsorption as the surface charge layer becomes abundant with both negative and 

positive charges (Andrade, 1985). The adsorption mechanism consists of a rapid initial 
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phase followed by lag phase which is then suppressed by the steady state value. The loss 

from adsorption is very less in dilute solutions when compared to concentrated solutions 

(>5 IU/ml).  

2.3 Chemical stability of Proteins 

The most prominent chemical degradation pathways of peptide and protein drugs 

include deamidation, hydrolysis, oxidation, disulfide exchange, β-elimination, and 

racemization.  

2.3.1 Deamidation reaction 

Deamidation reactions are the common hydrolytic reactions that lead to 

degradation of peptides and proteins. The side chains of amino acids such as glutamine 

(Gln) and asparagine (Asn) undergo deamidation reactions involving non-enzymatic 

covalent modifications. The half-life and protein bioactivity of the molecule is 

significantly affected by deamidation reactions. The rate of elimination of deaminated 

protein is usually faster from the body as the primary sequence of the unfolded protein 

has been deaminated resulting in the failure of transforming into refolded state. These 

deaminated proteins are susceptible to irreversible aggregation. The clarification of the 

deamidation reactions in both in vivo and in vitro systems has been investigated. The 

deamidation reaction rate is mainly dependent upon primary, secondary and tertiary 

structures in addition to factors such as pH, temperature, ionic strength, and special 

intermolecular interactions (Patel, 1990). Usually the pH of 6 is considered as maximum 

pH for stability of most deamidation reactions. The shelf life of the protein or peptide 
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drug can be limited to less than a year if the formulation contains hydrolytically labile 

Asp-Pro bond.  For example insulin contains 6 residues that are prone towards 

deamidation reaction. They are Gln, Gln, Asn, Asn, Asn, and Gln. The three Asn residues 

are considered as most labile ones which are present on C-terminal residue A 21. Hence, 

insulin undergoes quick hydrolytic degradation in acid solutions usually at very low pH 

(Pikal, 1997; Strickley, 1996). The formation of monodesamino-(A21)- insulin takes 

place due to extensive deamidation reactions occurring in the acidic medium. In neutral 

pH conditions, deamidation reactions take place at residue Asn B3 (Pikal, 1997). 

2.3.2 Hydrolysis 

In proteins, the peptide bonds of Asp-Pro are susceptible to hydrolysis breakdown in 

the formulation. The disruption in the primary structure of the adjacent peptide bond 

residues influences the hydrolytic reactions. The hydrolytic degradation of the Asp-Pro 

peptide bond can be attributed to the primary or tertiary folded structures of the Asp-Pro 

bonds (Carl W. Niekamp, 1969). The cleavage of peptide bond ThrA8-SerA9 occurs in 

crystalline suspensions of insulin.  

2.3.3 Oxidation reaction 

Oxidative reactions can occur in lyophilized and solution dosage formulations of 

protein drugs. Several amino acids that undergo oxidation include histidine, tyrosine, 

cystine, and methionine (Dubost, 1996). There is a partial or little loss in biological 

activity of a protein undergoing oxidative degradation. It has been found that oxidation 

generally decreases as the protein formulations are freeze dried or lyophilized (Fransson. 
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J; Florin-Robertsson.E ; Axelsson, 1996). However, it does not hold true in all the cases.  

This is because the formation of exclusion of protein from ice matrix increases the 

cystine concentration residue which will increase the oxidation process. The use of 

antioxidants such as phenolic and hydroxyanisole compounds can reduce the oxidation 

process.  

2.3.4 β-Elimination and disulfide exchange 

The cleavage of disulfide bonds by β-elimination reaction from cystine residues 

results in the formation of thiols (Costantino, 1994). The catalytic disulfide exchange 

occurs from the free thiols undergoing β-elimination reaction. Generally unpaired 

cysteine residues are responsible for the disulfide exchange. The formation of new 

disulfide bridges occurs through the formation of cysteine residues at different sites 

(Jason Kerr 2013).  

2.3.5 Racemization 

Racemization reactions lead to loss of biological activity with the formation of D-

enantiomers. The D-enantiomers are more resistant towards the proteolytic enzymes 

thereby improving the stability of the resulting peptide (Clarket, 1967).  

2.4 Factors affecting protein stability 

The folding chemistry of proteins plays an important role in the globular confirmation 

which is essential for its biological activity. Only about 5-20 kcal/mol of the free energy 

separates the stable folded form from the unfolded confirmations under the physiological 

conditions (C.N. Pace, 1996; Creightons(ed.), 1989; Dill., 1990; Jaenicke, 1991; R. 
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Jaenicke. In R. Huber, 1988). The equilibrium between large stabilizing and destabilizing 

forces helps to maintain the net conformational stability of the protein (Israelachvili, 

1992). The molecular hydrophobic interactions, hydrogen bonding, and van der waals 

interactions lead to free energy of folding in protein structure. Protein conformational 

entropy drives an opposing force towards protein folding process. Unfolding of protein 

results in the local and nonlocal entropy processes. Small changes in the physical 

parameters such as temperature change and pH change can induce protein unfolding and 

can further destabilize the structure and configuration of the proteins (Dill., 1990).  

2.4.1 Temperature 

The free energy of unfolding (ΔGunf) shows a negative value when accounting for 

both higher and lower temperature values that results in unfolding of the protein (G. 

Graziano, 1997; N.T. Southall, 2002; P.L. Privalov 1988; Privalov, 1990). Physical 

degradation of proteins results when proteins are subjected to high temperatures. In such 

case proteins are prone towards irreversible denaturation because of aggregation (Pace, 

2001). Protein aggregation is observed during heating below the equilibrium melting 

temperature of the protein (A.C. Dong, 1995; J.F. Carpenter, 1999). The kinetic energy of 

the reaction is affected by the change in temperature because of the increase in the rate 

constants of the activated reactions. This results in the increase in the inter-molecular 

collision energy of molecules of reactants leading to high activation energies. Increase in 

temperature also induces diffusion controlled reactions and thereby increasing the rate of 

diffusion (Atkins, 1994). 

 



13 

 

2.4.2 pH changes 

  pH change is an another important factor that produces physical instability of 

protein conformational structure. The rate of aggregation is strongly affected by the 

change in pH. Studies have shown that protein structures tend to be fairly stable at narrow 

pH ranges. However, outside the narrow range, they might aggregate together to form 

clusters. Examples include urokinase (M. Vrkljan, 1994), relaxin (T.H. Nguyen, 1996), 

and insulin (L. Nielsen, 2001). The presence of positive or negative charges on the amino 

acids of protein molecules results in electrostatic interactions between charged particles 

present in solution at either acidic or basic pH (Dill., 1990). An excessive charge density 

is observed between the charges present on the surface of the proteins and the charged 

particles of the acidic or basic media. This results in the destabilization of the folded 

protein confirmation. In such case, pH-induced unfolding results in a state of lower 

electrostatic free energy (Dill., 1990). When the iso-electric point (pI) of a protein is 

closer to any pH value, then anisotropic charge distribution takes place leading to the 

formation of dipoles from the surface of proteins (G.R Grimsley, 1999; K. Takano, 

2000).  

2.5 Alginates 

Alginate is a bio-degradable and naturally occurring polymer widely used in 

pharmaceutical and biotechnology industries. It is anionic in nature possessing low 

toxicity and undergoes gelation upon addition of divalent cations such as calcium ions 

(Gombotz Wayne R, 1998). The release of drug molecules from alginate matrix is 

dependent on the degree of cross-linking of the polymer. The currently available 
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marketed formulations of sodium alginates have molecular weights ranging from 32,000 

to 40,000 g/mol. The viscosity of alginate solution increases as the molecular weight of 

polymer is increased (LeRoux MA, 1999).  

2.6 Sources 

The alginates which are available commercially are obtained from three species of 

brown algae such as Ascophyllum nodosum, Laminaria hyperborean, and Macrocystis 

pyrifera (Clark DE, 1936; M., 2008). Another source is through isolation of bacterial 

alginates from Azotobacter vinelandii and Pseudomonas species (G.Skjak-Braek, 1986).  

2.7 Chemical Structure 

The chemical entity of alginates is comprised of alternating blocks of 1-4 linked α-L-

guluronic acid and β-D-mannuronic acid residues. Figure 2.1 shows the pictorial 

representation of the binding of mannuronic and guluronic residues commonly seen in 

alginates.  
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Figure 2.1: Chemical structures of G-block, M-block and alternating block in alginate. 

The geometrical alignment of the G-block and M-block regions is dependent upon the 

shape and the mode of the linkage of the attached monomers. The G-block regions are 

inverted vertically while the M-block regions are aligned horizontally. The binding of the 

Ca
+2

 ions takes place in the vicinity between two G-block regions (B. l. A.Haug, 1962; B. 

l. A.Haug, O.Smidsrod, 1967). 

2.8 Biomedical applications 

Alginates are used in the pharmaceutical industry due to their thickening, gelling, and 

stabilizing properties. They are widely used in tissue engineering and regeneration 

procedures. Alginates are also used as controlled release agents in various modified 

release dosage forms. 
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2.9 Physical Properties 

Three physical properties have been found to influence the nature and degree of 

cross-linking of alginates by cations. These include (i) molecular size of polymers (ii) 

Composition, and (iii) sequential structure (A.Martinsen, 1991; O.Smidsrod, 1973). The 

greater the flexibility of alginate polymers better the degree of cross-linking of alginates. 

The descending order for the flexibility of alginate polymers in solution is as follows MG 

> MM > GG (G= α-L-guluronic acid; M=β-D-mannuronic acid) (O.Smidsrod, 1973).  

2.10 Chemical Reactivity 

Chemical interaction between alginates and positively charged proteins occurs with 

the calcium ions competing with the available carboxylic acid sites on alginate. This 

leads to the process of coacervation with cationic proteins which facilitates high loading 

capacity for the active agent within the alginate polymer matrix (R.J Mumper, 1994).  

 

Figure 2.2: Schematic representation of cross-linking of calcium ions in alginate 

matrix 
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2.11 Alginates for oral delivery of drugs 

2.11.1 Bioadhesiveness 

The adhesive nature of alginates can be advantageous for delivery of drugs to the 

GI tract (W.R. Gombotz, 1998). Mucoadhesive based drug delivery systems increase the 

residence time at the site of action. Several naturally occurring polymers with high charge 

densities possess excellent mucoadhesive properties (K.K Kwok, 1991a; W.R. Gombotz, 

1998). Studies have indicated that polyanionic polymers show good mucoadhesive 

properties than polycationic and nonionic polymers (D.E. Chickering, 1995). The 

mucoadhesive properties of alginates makes it feasible for use in the delivery of proteins 

incorporated into its matrix for sustained drug release (H.Chang, 1985; K.K Kwok, 

1991b). Due to this property, the drug bioavailability has also been shown to improve. 

2.11.2 pH sensitivity 

The pH of the environment plays an important role in the release of drugs from 

alginate matrices. Alginate matrices without encapsulated drug tend to shrivel at acidic 

pH microenvironment (S.C Chen, 2004). However, encapsulated drugs are not released 

from the alginate matrix when exposed to acidic environment. The variable behavior of 

alginates in the gastric and intestinal environment plays a significant role in determining 

the drug release profiles. The hydrated sodium alginate is converted into porous and 

insoluble alginic acid when passing through acidic pH. In the intestinal pH, a soluble 

viscous layer of alginate is formed.  
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2.11.3 Gelation conditions 

The process of gelation can be carried out under mild environmental conditions with 

the use of non-toxic reagents. Divalent cations such as Mg
2+

, Ca
2+

 easily form gels when 

mixed in aqueous alginate dispersions into which the protein can be entrapped within the 

reticulate polymer structure formed due to cross-linking by divalent cations. 

2.12 Alginates in delivery of proteins 

Alginates serve as excellent carriers for the delivery of protein drugs which can be 

incorporated into alginates under ambient conditions. The release rate of drugs from the 

alginate matrices have been found to vary with nature of cation used to cross-link as well 

as presence of other compatible polymers. An immediate or burst release of the entrapped 

drugs from alginate matrices have been observed due to the hydrophilic and porous 

nature of the alginates. However, several protein growth factors exhibited sustain release 

(Lee KY, 2003; Silva EA, 2010). The physical cross-linking of sodium alginate with the 

high isoelectric point proteins such as chymotrypsin and lysozyme have been shown to be 

responsible for the sustained or prolonged release (Wells LA, 2007).  

2.13 Entrapment of protein into alginate 

The effective degree of cross-linking determines the encapsulation efficiency of 

alginates to protein drugs and is mainly responsible for the sustained release of drugs 

from the polymer matrix (George M, 2006). For example insulin loaded alginate 

nanoparticles prepared by the cross-linking of microemulsion mixtures of aqueous 
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calcium chloride and sodium alginate showed sustain release in vitro in simulated 

intestinal fluid (pH=7.4) (Silva CM, 2006).  

2.14 Release of proteins from alginates 

There are two mechanisms by which protein release from alginate matrix takes place. 

They are: (i) degradation of polymeric network and (ii) protein diffusion through pores of 

polymeric network. The degradation mechanism is most suitable for controlled delivery 

of protein drugs. However protein release from alginate matrices occurs primarily via 

diffusion of drug through the pores (I.L Andresen, 1977). The rate of diffusion of large 

protein molecules is less than smaller molecules because of increase in molecular weight 

of the protein (H. Tanaka, 1984). The changes release mechanism of drug from alginate 

matrices appear to be related to the molecular weight of entrapped drug and ionic 

interaction between drug and negatively charged alginates (Mi, 2002; Sriamornsak, 

2007). Additionally, the rate of protein diffusion from alginate matrix is also dependent 

on charge of protein moiety. When positively charged proteins interact with negatively 

charged alginate drug release is inhibited and process of diffusion will be reduced (G. S.-

B. O.Smidsrod, 1990; T. Espevik, 1993). However, proteins possessing net negative 

charge will have a rapid or burst release from the alginate matrix due to the repulsion 

between like charges. 

The surface drying method and porosity are two contributing factors that have 

significant impact on the drug release profiles. The porosity of the nanoparticles or beads 

can be modulated by partially drying the polymer matrix (O.Smidsrod, 1973; Smidsroed, 

1973). When nanoparticles or beads are exposed to complete dehydration, surface 
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cracking or surface erosion can occur which leads to an unstable protein formulation 

(C.K. Kim, 1992). Fourier transform infrared (FTIR) spectroscopy evaluation of alginate 

matrices demonstrated that alginates with high mannuronic acid content bind more 

strongly to poly-L-lysine layers in multiple coating experiments which lead to stable 

sustained release matrices. Several studies have also revealed that at low pH, a decrease 

in pore size of alginates is observed which leads to the reduction in the release of 

macromolecules from the matrix (C.K. Kim, 1992; S. Sugawara, 1994; T. Espevik, 1993; 

T.Yotsuyanagi, 1987). 

2.15 Drug release from alginate matrices 

Alginates are useful in the entrapment of bioactive compounds and drugs. Sustained 

or controlled delivery system at desired rate is obtained when drug is released from 

encapsulated alginate matrices (Mi, 2002; Sriamornsak, 2007).  The factors governing the 

movement of encapsulated drug from alginate matrix are property of drug itself and 

chemical composition of alginate polymer. The functional groups in alginates also have a 

significant effect on rate of drug release from nanoparticles. It has been shown that the 

steric effect of bulkier groups of alginates may result in weaker bonding (De Vos, 1996; 

Klock, 1997). 

2.16 Chemical stability and degradation 

Calcium alginate gel matrix degrades through the mechanism of removal of calcium 

ions. Such process can be induced using chelating agents or by incorporating high 

concentrations of mono or divalent cations such as Na
+
 or Mg

2+
 (I.W. Sutherland, 1991). 
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Due to the removal of calcium ions from alginates, the cross-linking unravels which 

results in destabilization of the matrix. The entrapped proteins from within the matrix will 

start to leak leading to solubilization of the higher molecular weight alginate polymers. 

The encapsulated proteins of lower molecular weight alginates and low α-L-guluronic 

acid are released at much faster rates then the higher molecular weight alginate polymers 

(Y. Murata, 1993).  

The most prominent hydrolysis reaction undergone by alginates is proton catalyzed 

hydrolysis reaction which is dependent upon physical factors including pH, temperature 

and time (B. l. A.Haug, 1962, 1963a, 1963b; B. l. A.Haug, O.Smidsrod, 1967).  At low 

pH, the release rate of drugs from alginates becomes rapid which leads to the decrease in 

its molecular weight (R.J Mumper, 1994). Moreover, alginates form strong complexes 

with polycations such as chitosan, albumin and synthetic polymers like 

polyethyleneimine (O.Smidsrod, 1973). These polyion complexes stabilize the matrix and 

do not dissolve in the presence of calcium ion chelating agents.  

2.17 Limitations 

There have been several limitations in the preparation of calcium alginate loaded 

nanoparticles or beads. Several studies have been performed to modify alginates for drug 

delivery purposes. The most common problem encountered in the preparation of alginate 

loaded nanoparticles is leaching of drug through pores (M.L Torre, 1998; P. Liu, 1999). 

Use of an effective cross-linking agent for the preparation of alginate matrix has proved 

to be successful to address this problem. The cross-linking of alginates within 



22 

 

microemulsion mixtures of cyclohexane (CH) and DOSS have been investigated for 

various applications (A.R. Kulkarni, 2000; L.W. Chan, 2002).  
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3.1 Abstract 

A reversed phase HPLC system was developed and validated for human recombinant 

insulin according to International Conference of Harmonization (ICH) guidelines. A 

reversed phase C18 column was used  with an isocratic mobile phase of 0.2M sodium 

sulfate buffer adjusted to pH=2.4 with ortho phosphoric acid and acetonitrile enabled 

efficient separation between 7 to 8 minutes.  The flow rate was set to 1.5ml/min with 

column temperature set to 40 °C. The protein identification was made by PDA detection 

at 214 nm. The quantification of insulin was carried out by performing analyses in a 

series of concentrations ranging from 0.3 IU/ml to 5.5 IU/ml. The method was validated 

to demonstrate accuracy, specificity, inter and intra- day precision, limit of quantitation 

(LOQ), limit of detection (LOD), and percent recovery. The calibration curves plotted 

showed significant linear correlation coefficients (R
2
=0.9978) within the tested ranges. In 

conclusion, a successful method was developed for the rapid quantification of human 

insulin. The inter-day and intra-day precision was calculated to be 99.32±0.745. The RP-

HPLC method is uncomplicated, precise, and accurate and can potentially be used for 

quantitative analysis of insulin containing formulations.  

3.2 Introduction 

Insulin is a protein hormone; secreted by the β-cells present in the Islets of Langerhans in 

the pancreas. Insulin is comprised of 51 amino acids sequence arranged into two chains A 

and B with molecular weight of 5800 Daltons(Moussa, 2010). Chain A contains 30 

amino acids and chain B contains 21 amino acids(Moussa, 2010). It regulates the storage 

of glycogen in the liver and accelerates the oxidation of sugar in cells. When the body 
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does not produce enough insulin or when the body does not respond to insulin in the 

regular manner Diabetes is produced(EP Kroef, 1989). About 26% of all diabetic patients 

rely on routine injections of exogenous insulin alone or in combination with oral agents 

to control their blood sugar levels(Lebovitz, 2011). Originally insulin was available from 

animal sources only such as porcine and bovine(H, 1998). But with the advent of 

biotechnology derived products recombinant human insulin that is identical to human 

insulin was made from recombinant DNA technology and is used in the treatment of 

Diabetes Mellitus.  The human insulin, recombinant is produced by the linkage of A and 

B chains of human insulin by the separate strains of E.Coli K12(Johnson, 1982).  We 

used Recombinant Human Insulin for the development of the HPLC method.  

Analytical techniques like spectroscopy (Gordon Roberts, 2011), gel 

electrophoresis(Kryndushkin DS, 2003), thermal analysis(W. D. Laws 1949) have been 

employed for the protein quantification studies. HPLC have been widely used in the 

determination of high molecular weight protein chemistry as well. Several immune and 

non-immune techniques have been produced for the identification of insulin. HPLC and 

capillary electrophoresis (CE) are considered to be non-immune methods for insulin 

determination(Khaksa G., 1998). The main disadvantage associated with the non-immune 

methods for protein determination is the interference from the sample matrix. However, 

HPLC is considered to be fast and rapid technique for the quantification of protein and 

peptide drugs in the solution form(Khaksa G., 1998). The determination of insulin using 

HPLC provides simple and convenient procedure for the quantification process. 
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The revered phase HPLC method reported in this manuscript was developed according to 

International conference of Harmonization (ICH) guidelines. The determination of 

Insulin peak was done quantitatively by trying various combinations of mobile phases 

with a stationary phase column. In this manuscript, the combination of 0.2M sodium 

sulfate buffer with pH 2.3 and Acetonitrile were used as mobile phases. The HPLC-diode 

array detection is considered to be highly effective screening method. The prime 

advantage observed with this method is the identification of analyte both by retention 

time and UV spectrum. The peak resolution and band broadening are the important 

parameters in the validation of HPLC method for any analyte. According to the USP 

standards, the retention time of Insulin peak is around 29 minutes but in the method 

reported here the retention time was reduced to approximately 7 minutes.  

3.3 Experimental 

Materials 

 Insulin, Human Recombinant was obtained from Sigma Aldrich (St. Louis Missouri 

USA). Acetonitrile, HPLC grade sub-micron filtered was obtained from Fisher scientific 

(New Jersey USA). Sodium sulfate anhydrous, USP and o-Phosphoric acid, NF were 

supplied by Fisher Scientific (New Jersey USA). HPLC water was prepared in our 

laboratory using Reverse osmosis water filtered through 0.45µm Nylon membrane 

Filters.  The prepared water was degassed for 30 minutes. 
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Equipment 

Waters e2695 installed with Empower software for isocratic solvent delivery system 

equipped with Water 2998 PDA detector was used to perform all chromatographic 

separations. A reverse phase Symmetry Shield
TM

 C-18 column (5 µm, 250 mm X 4.6 

mm, Waters, USA) was used.  

Chromatographic conditions 

An isocratic separation method was employed with mobile phase composition of 

73:27(v/v) of 0.2 M sodium sulfate buffer (pH=2.4 adjusted with o-phosphoric Acid) and 

acetonitrile respectively. The isocratic run was made for 10 minutes. The eluent was 

pumped at a flow rate of 1.5 ml/min with an injection volume of 50µl. The detection 

wavelength was set to 214 nm and the column temperature was maintained at 40 °C.  

Preparation of Standard Insulin solutions 

Five standard insulin solutions with concentrations ranging between 5.6 and 0.4 IU/ml 

were prepared from an insulin stock solution of 275 IU/ml. The stock solution was 

prepared by dissolving insulin in 0.2 M sodium sulfate buffer. This buffer was chosen in 

order to suppress the process of adsorption due to the presence of salts(K.Makino, 1979). 

The peak resolution is also high and an effective protein separation is obtained. 

Method Validation 

The calibration curves were plotted for human insulin by employing area response versus 

the concentration of the standard samples. The five standard solutions of insulin were 
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injected into HPLC column and the area response versus insulin concentration was 

evaluated using waters e2695 Empower software. The method validation parameters such 

as linearity, precision, accuracy, range, LOD and LOQ were determined according to the 

ICH guidelines(Proceedings of the International Conference on Harmonization (ICH), 

1996). The peak area and linear concentration range from 0.4 to 5.6 IU/ml were plotted 

and the line equation thus obtained was used to measure concentrations. The precision of 

the analysis was evaluated for inter-day and intra-day time periods. The peak areas of the 

chromatograms were obtained and the relative standard deviation (RSD) was reported as 

well. The percent recovery was determined by the calibration graphs obtained by direct 

injections of standard solutions. The LOD and LOQ values were determined by injecting 

low concentrations of standard solution under chromatographic conditions(Boardman, 

1959). LOD was calculated using signal-to-noise of 3:1 and LOQ with signal-to-noise 

ratio of 10:1. The signal corresponds to standard deviation of the intercept and noise 

corresponds to the slope of calibration curve. 

3.4 Results and Discussion 

A representative chromatogram that shows the insulin peak is shown in Figure 3.1. The 

distinct peak at 7.220 min was observed to possess good peak shape and peak resolution. 

The peaks eluting around 2 minutes represented buffer peaks.  
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Figure 3.1: RP-HPLC chromatogram for Human Recombinant Insulin 

The retention time at 7.220 minutes indicated that Recombinant Insulin is separating 

from the sample dilution mixture.  

Table 3.1: Specificity results for Human Insulin 

Sample Average retention time 

Buffer peak 2.2 min±0.072 

Human Insulin 7.220 min±0.026 
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After the Insulin peak elution at 7.220 min, the sample was still made to run for 60 

minutes in order to specify the existence and identity of other peaks that can correlate to 

the insulin peak. No such distinct and identical peaks were observed during the 60 minute 

run. The specificity test results were positive in terms of peak identification for human 

recombinant insulin. 

The accuracy and percent recovery of various insulin concentrations are reported in the 

table 3.2. The area under the curve response to Insulin concentrations of 5.6 IU/ml, 2.8 

IU/ml, 1.4 IU/ml and 0.7 IU/ml were used to obtain the percent recovery. The overall 

percent recovery obtained was 99.3±0.7.   

Table 3.2: Accuracy results (n=3)±S.D 

Concentration(IU/

ml) 

Average peak area ±S.D Calculated 

amount(IU) 

±S.D 

% recovery 

±S.D 

% RSD 

5.6 4717866.33±9.5*10
3 

202.56±0.38 101.32±0.19 0.19 

2.8 2032337.67±3.5*10
4 

96.43±1.39 95.25±1.39 1.45 

1.4 776814.67±2.4*10
4 

46.85±0.96 98.21±1.92 1.27 

0.7 253008.33±2.99*10
3 

25.78±0.12 102.50±0.47 0.48 

 

Average % recovery = 99.32±0.99  
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Average % RSD = 0.745 

This data indicated that the percent recovery and accuracy for insulin were in between the 

optimum concentration range of 95-105%. The statistical analysis was done through one 

way ANOVA test with p value of less than 0.05. The peak areas did not vary significantly 

for all triplicate runs cycle for each concentration. The peak area increased linearly with 

increase in insulin concentration. The relative standard deviation and the percent recovery 

were calculated using the standard deviation of each run and the mean peak area 

values(McLeod AN, 1990). The measured and calculated data signifies that the accuracy 

of the assay method was good enough to quantify the protein concentration ranges tested. 

The linearity of the assay method was evaluated by plotting the peak area as a function of 

analyte concentration. A linear relationship was observed over the range of 0.35-5.6 

IU/ml using the analytical procedure. The correlation coefficient was determined to be 

0.9978. The linearity parameters are shown in table 3.3. 
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Table 3.3: Table showing validation parameters 

Parameters Value 

Linearity range 0.35-5.6 IU/ml 

Slope of regression 25262 

Intercept 396637 

SD of Intercept 11001.8 

Correlation Coefficient (R
2
) 0.9978 

 

The precision of the analytical procedure was determined from inter and intra day results 

as shown in table 3.4. 
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Table 3.4: Data showing precision results (n=3)±S.D 

Concentration 

(IU/ml) 

Day 1 % RSD   Day 2 % RSD 

5.6 4844588±4.4*10
3 

0.16 4825136±4.6*10
3 

0.23 

2.8 2180247.6±2.6*10
3 

1.25 2168541±2.7*10
3 

0.89 

1.4 828626.6±3.8*10
3 

1.96 834021±3.7*10
3 

1.56 

0.7 285718.3±4.5*10
2 

0.45 279632±4.7*10
2 

1.39 

0.35 56652.3±3.8*10
2 

2.3 56207±3.5*10
2 

0.35 

 

The values corresponding to the insulin concentrations didn’t vary from day 1 to day 2. 

One way ANOVA test results showed no significant change in the precision values. This 

indicates that there was no significant difference in the peak values (p < 0.05).  

LOD and LOQ 

The limit of detection and limit of quantitation were determined using the standard 

deviation value of the y-intercept and the slope of the calibration curve(D Senthil Rajan, 

2006). The slope of the regression line and the intercept were obtained from the graph. 

The theoretical concentration of insulin was calculated from the line equation. 

The limit of detection value was calculated to be 0.04 IU/ml and limit of quantitation 

value was determined as 0.12 IU/ml. LOD (DL = 3.3σ/S) and LOQ (QL=10σ/S) are 
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calculated using the y-intercept and the slope of the analyte calibration curve(D Senthil 

Rajan, 2006).  

3.5 Conclusions 

The quantification of human recombinant insulin was performed using an RP-HPLC 

method. The analytical procedure was validated and parameters such as accuracy, 

precision, LOD, LOQ, linearity, and specificity determined. The retention time for human 

insulin was found to be 7.220 min. The analytical conditions did not significantly affect 

the accuracy of the HPLC method. The specificity and linearity of the insulin samples 

lied within the specified limits. The method demonstrated good precision and 

reproducibility. The RP-HPLC method may be suitable for rapid quantification of 

recombinant human insulin and can be applied during routine analysis in similar 

conditions. 
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4.1 Abstract  

The purpose of this research work was to develop insulin loaded calcium alginate 

nanoparticles (CANp) for oral delivery of insulin. The preparation of Insulin-loaded 

calcium alginate nanoparticles was performed by a novel and efficient method, interfacial 

cross-linking in nanoemulsions (IFaCLiNE) developed in our research lab. The prepared 

nanoparticles were evaluated by particle characterization and surface charge 

measurements. Subsequently, human recombinant, insulin was loaded into CANp. 

Differential scanning calorimetry (DSC) was used to evaluate the thermal properties. The 

quantitative determination of insulin in CaNP was done via an ELISA assay and in vitro 

drug release studies. A reversed phase C18 HPLC column with fixed compositions of 0.2 

M sodium sulfate buffer and acetonitrile as mobile phases was used in the HPLC analysis 

of insulin. The insulin peak retention time was observed to be 7.2 minutes. To further 

identify the stability of insulin in CaNP the qualitative determination of insulin was made 

through LC-MS tandem mass spectrometry. The determination of precursor ions was 

achieved through mass spectroscopy (MS) and the insulin peak detection using liquid 

chromatography.  

4.2 Introduction 

Diabetes affects over 8% of the US population, and its prevalence in US residents aged 

65 and older is an astounding 27%. About 26% of diabetic patients take insulin with an 

oral agent or by itself as part of regular therapy. Daily insulin injections are still the only 

available method to give insulin to diabetic patients and carry potential health risks such 

as local hypertrophy, fat deposition at injection site, and peripheral insulinemia (Eva 
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Tudurí, 2012). Moreover, the patient adherence is low with parenteral route of 

administration. There is a need for the development of an alternative drug delivery 

technique for insulin with minimal side effects and better adherence.  

Insulin is a peptide hormone produced by the β-cells of pancreas and helps regulate the 

blood sugar levels in the body. It is comprised of 51 amino acids sequence (A chain=30 

amino acids and B chain = 21 amino acids) with molecular weight of ~5800 Daltons (EP 

Kroef, 1989). It regulates the storage of glycogen in the liver and accelerates the 

oxidation of sugar in cells. The recombinant human insulin is a form of insulin made 

from recombinant DNA technology that is identical to human insulin and is used in the 

treatment of Diabetes Mellitus (Kohlmann, 2008). 

In the recent years biopolymers have been investigated extensively and used in the 

biomedical and pharmaceutical industries. Biopolymers are in general nontoxic and 

easily degraded and eliminated from the body thereby making them safe for human use. 

A variety of compounds including antifungal, antiviral, and aminoglycosides have been 

successfully formulated into natural biopolymer carrier systems(Adam Friedman M.D 

2013). The present study involves the use of alginates with the aim of developing a 

natural polymer-based drug delivery system for insulin.  

 

Alginate is a naturally occurring copolymer that is extracted from brown seaweeds 

Phaeophyceae, mainly Laminaria. It is composed of two monomeric units namely 1,4-

linked β-D-Mannuronic acid (M) and α-guluronic acid (G). These monomers are 

distributed as homogenous blocks (GG or MM) or as alternating sequences (GM). The 
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resultant cavity formed when two G-blocks are positioned opposite to each other, fits in a 

divalent cation (Calcium, has the right size) leading to the formation of calcium alginate 

beads (Draget KI, 2006). The resultant structure of linked chains in called an egg-box 

model (figure 4.1). Owing to the flat shape of the M-chains, they cannot chelate the 

calcium ions. Alginate is particularly useful in the encapsulation of unstable water-

soluble molecules, such as proteins because it creates a compatible hydrophilic 

environment that protects proteins from denaturation (Augst AD, 2006). 

 

Figure 4.1: Egg-box model 

Oral drug delivery is considered to be the most favorable route of drug administration for 

systemic effects. Majority of patients prefer to take drugs orally rather than through other 

routes. One requirement for successfully delivering proteins orally is by protecting the 

drug from degradation in the acidic environment (low pH) of the stomach (L.Shargel, 

1999). Human insulin is prone to the β-elimination reaction thereby undergoing chemical 
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degradation in the stomach when given orally. One solution to the problem is formulation 

of  pH sensitive hydrogels using appropriate polymers (Y. Kimura, 1993). The pH 

sensitive polymers can facilitate drug release into the small intestine by remaining intact 

in the stomach but swelling or degrading in the intestine which has alkaline pH.  

Thus one of the key features of an oral delivery system for insulin should be the ability to 

transit through stomach with minimal impact from the adverse gastric environment. In 

this research we used calcium alginate which is a biopolymer to incorporate insulin. 

Calcium alginate is an enteric polymer that can transit through the stomach without being 

degraded by the gastric acid and enzymes. This leads to preservation of biological 

activity and stability of insulin and similar substrates before being presented to the site 

from where it can be absorbed.  

The use of microemulsion as templates for formation of calcium alginate nanoparticles 

arises from the idea that, by appropriate control of synthesis parameters, one can use 

microemulsions as nanodispersions in order to produce nanoscale particles. These 

templates are thermodynamically stable dispersions, and can be considered as 

nonreactors (Nesamony J, 2005b).They can be used to carry out chemical reactions 

eventually leading to the formation of particles less than 1 micron in diameter. The use of 

DOSS as a surfactant has been approved as an oral, topical and intramuscular excipient 

(US Food and Drug Administration’s Interactive Ingredients Database) (Nesamony J, 

2005a). In this study two water-in-oil (w/o) microemulsions using DOSS as surfactant 

and different water components were prepared, which upon mixing eventually lead to the 

formation of calcium alginate nanospheres in 200-550 nm range. The process utilizes 
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mild experimental conditions thereby minimizing the physical and chemical stresses upon 

the biopharmaceuticals during preparation.   

4.3 Materials and Methods 

Materials  

Sodium alginate (low viscosity, 2%) was purchased from Fisher Scientific, Pittsburgh, 

PA; Lot No: 89H0178; CAS No-9005-38-3. Calcium Chloride was purchased from 

Fisher Scientific Mfg. Corp, Lot No. 124 H06086; CAS # 10035-04-8. Dioctyl Sodium 

Sulphosuccinate (DOSS) was obtained from Sigma-Aldrich, St Louis, MO. Lot # 

092162; CAS # 577-11-7. Human Insulin, Recombinant was acquired from Cat no. 

91077C-1G and lot no. 12A213-D, (size 1g and storage -10 to -40C) was supplied by 

Sigma Aldrich FC St. Louis Missouri USA. Cyclohexane, USP and Ethanol, USP were 

obtained from Fisher Scientific, Pittsburgh, PA; Lot # 096744; CAS# 110-82-7. The 

other chemicals used for HPLC and LC-MS were of ACS grade. 

Methods 

4.3.1 Formulation and preparation of blank Nanoparticles (CANp) 

The calcium alginate nanoparticles prepared in this research project were synthesized via 

a new method developed in our laboratory. The method involved use of micro-emulsified 

reactors in which the water phase solutions were prepared containing 0.5% (w/v) sodium 

alginate solution and the other containing 0.5% (w/v) calcium chloride solution. 

Subsequently, an aliquot of the surfactant DOSS was added to 100 ml cyclohexane (CH) 

to form a solution. The mixture was stirred using a magnetic stirring bar until a clear 
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solution of DOSS and CH was obtained. The aqueous sodium alginate solution and 

aqueous calcium chloride solution were emulsified into two separate formulations with 

an aliquot of DOSS-CH mixture by vortexing for 3 min followed by homogenization for 

15 min. The prepared template microemulsions were allowed to stabilize 

thermodynamically for 12-24 hrs in order to obtain stable microemulsion formulation. 

After equilibration, calcium chloride nanoemulsion reactor was poured into the sodium 

alginate nanoemulsion reactor.  Simultaneously, the process of interfacial cross linking 

between the reactor nanoemulsions of sodium alginate and calcium chloride lead to the 

formation of calcium alginate nanoparticles. The excess of surfactant was then removed 

by using ethanol as a separating solvent. The nanoparticles were then centrifuged for 30 

minutes under 21,000 rpm at 23
 
°C. After centrifugation, the supernatant CH was 

siphoned off and ethanol, USP was added. The nanoparticles were gradually washed with 

ethanol solution followed by centrifugation for 30 minutes under 21,000 rpm at 23 °C. 

The washing process of nanoparticles was done 3- 4 times. The nanoparticles were 

eventually harvested by evaporating the excess ethanol in a vacuum dry oven operated at 

ambient room temperature. 
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Figure 4.2: Schematic diagram of process used to prepare CANs 

4.3.2 Incorporation of insulin into nanoparticles 

Human insulin, recombinant was added into the aqueous sodium alginate dispersion. This 

was then emulsified into a nanoemulsion and then equilibrated for 24 hours. Thereafter, 

the process shown in figure 4.2 was followed for the preparation of drug loaded calcium 

alginate nanoparticles. 

4.3.3 Characterization of Nanoparticles 

a. Particle size determination 

The particle size was measured through dynamic light scattering (DLS).  Both aqueous 

0.5%Na-Alginate/ DOSS/cyclohexane and aqueous 0.5%CaCl2/ DOSS/cyclohexane 

microemulsions were placed in 6X50 mm culture tubes.  Dynamic light scattering 
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apparatus (PSS Nicomp ZLS 300, California, USA) equipped with a He-Ne laser (100 

mW, 658 nm) was used to perform the measurements. The scattered light was collected at 

90° and analyzed using proprietary software supplied by the instrument manufacturer. 

The samples were run in triplicates and the mean particle size with standard deviation 

was reported. 

b. Zeta Potential Determination 

The DLS instrument was used to measure the surface charge present on a nanoparticle 

which is commonly referred to as zeta potential. The DLS instrument operated in the 

electrophoretic light scattering (ELS) mode allows measuring the zeta potential with 

scattering angle of -14.06° and temperature of 23°C. The measurements were performed 

on both the blank nanoparticles and insulin-loaded nanoparticles. 

4.3.4 Thermal Analysis 

Blank CANp and insulin-loaded nanoparticles were characterized by thermal analysis in 

a Perkin Elmer Diamond DSC. Samples were hermetically sealed in aluminum pans and 

subjected to a heating cycle from 10 ˚C-200 ˚C at a rate of 10 ˚C/min against an empty 

pan under a nitrogen atmosphere. DSC data was analyzed using Pyris software. 

4.3.5 Scanning electron microscopy 

Scanning electron microscopy (SEM) was used to characterize the size, shape and surface 

of the particles (FEI Quanta 3D FEG Dual Beam Electron Microscope). The samples 

were prepared by placing dried nanoparticles powder on a double sided adhesive tape 

fixed on an aluminum stub. The samples were made electrically conductive by sputtering 
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with gold in vacuum for 55 sec at 20 mA. The sample was then visualized in the electron 

microscope.   

4.3.6. Transmission Electron Microscopy 

 One drop of the prepared sample was pipetted onto a Formvar/Carbon 400 mesh copper 

grid (Ted Pella, CA). The particles were suspended in 95% ethanol and placed on to the 

TEM grid.  After 10 minutes, excess sample was removed using a lint free wipe and the 

sample air dried overnight at room temperature prior to imaging using a scanning 

transmission electron microscope (Hitachi HD-2300A, Hitachi High Technologies 

America, IL, USA) operating at an acceleration voltage of 200 kV. 

4.3.7. HPLC analysis of Insulin 

The quantitative determination of insulin was done in an HPLC system comprising of 

Waters e2695 separations module for isocratic solvent delivery equipped with Waters 

2998 PDA detector. The HPLC system was operated using Waters Symmetry Shield
TM

 

RP18 5µm particle size with column diameter of 4.6 mm and length of 250 mm. An 

isocratic separation method was employed with mobile phase composition of 73:27 (v/v) 

of 0.2 M sodium sulfate buffer (pH 2.4 with o-phosphoric acid) and acetonitrile (ACN) 

respectively. The isocratic run was made for 10 minutes. The eluent was pumped at a 

flow rate of 1.5 ml/min with a simultaneous injection volume of 50µl.  The detection 

wavelength was set to 214 nm and the column temperature was maintained at 40 °C.  The 

method was validated and was found linear in the range of 0.35 IU/ml-5.6 IU/ml (R
2
 = 

0.9978). 
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4.3.8. In vitro drug release studies 

An aliquot of the insulin loaded nanoparticles were placed in 30 ml of phosphate buffer 

saline (pH 7.4) kept in a reciprocating shaker water bath maintained at 37 °C. 

Appropriate amount of samples were withdrawn and replaced by fresh buffer medium. 

The loading capacity and entrapment efficiency of insulin were determined. The released 

insulin was quantitated by HPLC.  

4.3.9. ELISA assay 

An in vitro release was performed by placing insulin loaded CANp in PBS (pH 7.4) kept 

in a shaking water bath maintained at 37 °C. Aliquots of the buffer were withdrawn at 

regular time intervals and replenished with fresh buffer. The samples containing released 

insulin were then analyzed via an enzyme linked immuno sorbent assay (ELISA) using a 

commercial insulin ELISA kit (Invitrogen Corp, CA, catalog # KAQ1251). The optical 

density values were determined based on the readings obtained from plate reader.  

4.3.10. LC-MS detection for Insulin 

The analysis of insulin was performed using a Triple Quadrupole mass spectrometer 

(Varian 320-MS auto sampler) with an electrospray ionization source interfaced with a 

multi-dimensional liquid chromatography. The revered phase Symmetry Shield
TM

 RP18 

5µm particle size with column diameter of 4.6 mm and length of 250 mm (Waters, USA) 

was used for the analysis. The mobile phase was composed of 0.1% formic acid in a 

mixture of H2O: ACN (98:2, v/v) (solvent A) and 0.1% formic acid in a mixture of H2O: 

ACN (2:98, v/v) (solvent B). The linear gradient method was then run with 80% solvent 
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A at the start (t=0 min), held for 5 min, decreased to 60% solvent A at t=10min, and to 

40% solvent A at t=14 min and held there for 2 minutes (until 16 min).  The gradient was 

returned to the initial mobile phase composition (80% solvent A) at t=22 min before 

starting the next injection. The sample loop volume was 300µl each and the injection 

volume was 20µl for all the runs. 

4.3.11. LC-MS invitro study 

The drug invitro studies was performed for insulin loaded CANp. Accurately weighed 

5mg of CANp were dispersed into 20ml of ammonium hydroxide buffer solution adjusted 

to pH 7.4. Appropriate amount of samples were withdrawn at specific intervals followed 

by replacement with buffer solution. Samples were collected at 0.5, 1, 1.5, 2 and 4h time 

intervals. The analysis of insulin was made through Triple Quadrupole mass spectrometer 

(Varian 320-MS auto sampler) with an electrospray ionization source interfaced with a 

multi-dimensional liquid chromatography. 

4.4 Results and Discussion 

4.4.1 Formulation and Preparation of blank nanoparticles 

The aim of this study was to produce calcium alginate nanoparticles by interfacial cross-

linking method and to study the influence of polymeric properties and formulation 

parameters on the final nanoparticle size, drug-polymer interactions, and in vitro drug 

release studies. The idea underlying development of this method is based on the fact that 

alginates in presence of a divalent metal ion form a gel like structure. In solutions, 
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alginates behave like flexible oils. However, upon interaction with divalent metal ions 

like calcium, they form an ordered structure.  

The preparation of w/o microemulsion served as the media for the formation of 

nanoparticles. Two separate microemulsions containing sodium alginate and calcium 

chloride were prepared. Upon mixing of two, a third microemulsion containing calcium 

alginate nanoparticles formed. 

 

Figure 4.3: Schematic representation of preparation of calcium alginate nanoparticles by 

interfacial cross linking method 
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Ternary phase diagram 

Ternary phase diagrams can be three dimensional, but may also be represented in two 

dimensions for the ease of drawing and reading. Different concentrations of DOSS and 

Cyclohexane were prepared and are shown in the Table 4.1.  

Table 4.1 

a) 0.1M DOSS/Cyclohexane 

b) 0.2M DOSS/Cyclohexane 

c) 0.3M DOSS/Cyclohexane; 

d) 0.4M DOSS/Cyclohexane 

 

 

Figure 4.4: Ternary phase diagram showing incorporation of water by various 

concentrations of DOSS/cyclohexane 
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To each of the DOSS-CH mixture, water was added drop wise using titration method and 

visually inspected. The resultant emulsions were transparent, slightly turbid or a milky 

emulsion depending on the composition. The trial compositions were plotted on a ternary 

phase diagram. The area bounded by the points in the phase diagram corresponds to the 

concentration range of component mixtures that produced visually clear and transparent 

microemulsions. About 0.25-1% aqueous sodium alginate dispersions were used in place 

of water to test the efficiency of the organic phases to form stable microemulsions with 

them. A similar procedure was repeated for calcium chloride microemulsion formulation. 

 

Figure 4.5: 0.5% sodium alginate by various concentrations of DOSS-CH. 
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Figure 4.6(a)-left: Ternary phase diagrams depicting incorporation of 1% calcium 

chloride;    Figure 4.6(b)-right: 0.5% calcium chloride by various concentrations of 

DOSS-CH 

Cyclohexane demonstrated formation of clear microemulsions over a wide range of 

compositions of DOSS, aqueous sodium alginate, and aqueous calcium chloride. Based 

on the stability of the formulations, quantity of DOSS present, and ability to emulsify 

aqueous components, 0.2M DOSS-CH solution was used for further characterization. 

Small amounts of DOSS were desirable in the final product to facilitate ease of recovery 

of nanoparticles. 

A comparison of all ternary phase diagrams indicated that DOSS-CH mixtures emulsified 

approximately similar amounts of calcium chloride and sodium alginate into clear 

microemulsions. An identical method was used to evaluate the presence of insulin in 

aqueous sodium alginate on microemulsion formation. It was determined that up to 2 % 

w/w insulin in sodium alginate formed clear and stable microemulsion in 0.2 M DOSS-

CH solution. 
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4.4.2 Physicochemical properties of Calcium Alginate nanoparticles 

a. Particle size determination 

The particle size distribution influences the in vivo distribution, biological fate, toxicity, 

and targeting ability of nanoparticles. The particle size was measured using dynamic light 

scattering (DLS). The particle size of reactor emulsions was found to be less than 10 nm. 

The mean particle size of calcium alginate nanoparticles was found to be 456 ± 48 nm.  

 

Figure 4.7: Particle size distribution of insulin loaded calcium alginate nanoparticles 

after mixing of reactor microemulsions. 

b. Zeta potential determination 

The DLS instrument was used in its electrophoretic light scattering mode to measure zeta 

potential. An average zeta potential of - 21 ± 1 mv was obtained. The negative charge 

could be the contribution of the sulphonate group of residual DOSS and carboxyl groups 
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of alginic acid (Chavanpatil, 2007). Nanoparticles are generally taken up by M cells and 

absorptive endocytes. It is likely that these negatively charged particles can be rapidly 

opsonized and massively cleared by the fixed macrophages when exposed to these cells. 

Sometimes surface modifications of these nanoparticulate systems with hydrophilic 

polymers are the most common way to control the opsonization process and to improve 

the biological half-life of the system (Pinto Reis, 2006).  

 

Figure 4.8: Zeta potential for insulin loaded calcium alginate nanoparticles 
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4.4.3 Thermal analysis  

 

Figure 4.9: DSC thermograms representing a) insulin b) insulin loaded CANp c) blank 

CANp. 

In figure 4.9, the thermograms of blank and drug loaded calcium alginate nanoparticles 

shows a broad endothermic event at around 110 °C and 130 °C respectively. The 

endothermic peaks represent loss of water moiety associated with hydrophilic groups of 

polymers (Mimmo, 2005). The insulin thermogram (labeled (a)) is characterized by a 

broad endothermic event at ~80 °C. This event corresponds to an enthalpic relaxation 

seen in crystalline insulin(Rigsbee, 1997). An endothermic event observed at 48 °C in 

thermogram (b) is the shift in the insulin enthalpic relaxation. The peak appears sharp and 

shifted to lower temperature owing to higher degree of hydration of insulin molecules 

within the nanoparticles(Sarmento, Ferreira, Veiga, & Ribeiro, 2006). 

b 

 

c 

a 
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4.4.4 Scanning electron microscopy                                  

 

Figure 4.10(a) and 4.10(b): SEM images of calcium alginate nanoparticles 

The SEM images show nanoparticles that are more or less spherical in shape. The higher 

magnification image (figure 4.10 (b)) shows details of surface morphology. The surface 

of CANp appears to be irregular perhaps due to gradual drying of the nanoparticles 

during isolation and recovery process.  

4.4.5 Transmission electron microscopy 

The TEM images in figure 4.11(a) show that the matrix has a dense spherical shape with 

smooth periphery.  
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Figure 4.11: TEM of CANp (a) low magnification (b) higher magnification (c) highest 

magnification 

In figure 4.11 (a) one CANp can be seen surrounded by residual DOSS. Figure 4.11 (b) 

offers more details of the internal matrix of the CANp. The TEM image shows a CANp 

of ~ 100 nm that is more or less spherical in shape. The dark spots visible within the 

particle represents calcium ions that cross link the alginate chains. Alginate being 

composed of carbohydrate units does not scatter electrons and hence does not appear as a 

dark matrix in the TEM image. Additionally the area marked by the arrow demonstrates 

the egg-box structure formed by layers of alginate units cross-linked by calcium ions.  
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4.4.6 HPLC analysis of Insulin 

 

Figure 4.12: HPLC peak of Insulin 

It was observed from the chromatograms that the identity of the insulin peak was clearly 

indicative from the retention time of the peaks eluted. In figure 4.12 the peak with a 

retention time at 7.220 minutes indicated that insulin is separating from the sample.  

After the insulin peak elution at 7.220 min, the sample was still made to run up to 60 

minutes to identify any peaks that may elute later during the run. No other peaks were 

observed during the entire run. The area under the curve response to Insulin 
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concentrations of 5.6 IU/ml, 2.8 IU/ml, 1.4 IU/ml and 0.7 IU/ml were used to obtain the 

percent recovery. The overall percent recovery obtained was 99.32±0.745. 

4.4.7 In vitro drug release  

The in vitro release studies for insulin loaded CANp was performed by placing aliquots 

of drug loaded nanoparticles in phosphate buffer saline of pH 7.4 maintained at 37 °C. 

The calibration curve obtained for human insulin standard solutions is shown in figure 

4.13. The equation of the regression line was y= 25262x – 396637; R
2
 = 0.9978, where 

“y” is peak area and “x” is insulin concentration in µg/ml. 

 

Figure 4.13: Calibration plot for insulin 

The peak areas of insulin from in vitro release study were substituted in the equation 

obtained from calibration curve to determine the release profile. Aliquots of the release 

medium were taken at 0, 0.25, 0.5, 0.75, 1, 2 and 4h during the study and were analyzed. 

y = 25262x - 396637 
R² = 0.9978 
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The insulin drug release profile was characterized by an initial burst effect followed by a 

sustained flow pattern. The loading capacity of insulin in CANp was 13.1% and the 

entrapment efficiency calculated was 9.8%.  Approximately >50% of the entrapped drug 

was released within1 h followed by a continuous slow release giving rise to a plateau. It 

can be concluded that the presence of protein adsorbed on the nanoparticle surface causes 

the initial burst release to occur, which is followed by slower release of the entrapped 

insulin within the core. 

 

Figure 4.14: In vitro release profile of insulin from CANp(n=3)±S.D 

4.4.8 Insulin ELISA assay 

The structural integrity of entrapped insulin from CANp was evaluated using ELISA 

assay. It can be seen that about 300-400 µIU/ml of insulin was released within first 2h. 

The integrity of the insulin in the alginate matrix is evident from the ELISA study since 
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only insulin molecules that retain their structural integrity reacts with insulin specific 

antibodies. The process of nanoparticle preparation did not produce considerable loss of 

biological activity. The labile bonds and reactive side chains of proteins makes them 

fragile molecules which can lead to loss of biological activity.  

 

Figure 4.15: Quantitative analysis of insulin using ELISA assay(n=3)±S.D 

The ELISA human insulin assay showed a succesful measurement of biologically active 

insulin with high degree of specificity using monoclonal antibodies (Touitou E, 1986). 

The results suggest that insulin loaded CANp can preserve the biological activity of 

associated insulin in the presence of several hydrophobic components as well as polar 

organic solvents. 
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4.4.9  LC-MS detection of Insulin 

The positive ion ESI of insulin formed a five-fold protonated molecule [M+5H]
5+

  at m/z 

1161.9, corresponding to the average molecular weight of 5809.5 Da(Moussa, 2010). The 

higher MS background is generally observed when monitoring fragments below 300 

~m/z ratio for peptides(Erin E. Chambers, 2014). A single low molecular weight 

fragment yielding human insulin was seen at m/z of 226 may be from the final 2 amino 

acids in the B chain. The chromatographic peak elution for insulin was obtained around 

11.7 minutes. The calibration curve with varying concentration ranges from 40-80 ppm of 

insulin was plotted and is shown in figure 4.16.  

 

Figure 4.16: Calibration plot of insulin using LC-MS 

Figure 4.17  shows the peak identification of insulin at specific precursor ion mass of 

1161.5 m/z. The relative abundance of precursors formed were affected by the flow rate 

into the mass spectrum. Subsequently, gradual  fragmentation at the utilized flow rate 

y = 727.24x + 32081 
R² = 0.9932 
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was performed. The single reaction monitoring (SRM) transitions of insulin were 

predicted by making more than three runs. The intensity was then optimized.  

 

Figure 4.17: LC/MS detection of insulin at SRM 
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4.4.10  LC-MS invitro study 

The invitro studies show an immediate burst release of insulin from CANp. 

Approximately about 80% of the entrapped drug is released within 2h. This indicates that 

most of the drug present on the surface of the nanoparticles is getting released which is 

follwed by sustained release or plateau phase. Moreover, the chemical integrity of insulin 

inside CANp stays intact and hence there is less significant loss in the biological activity 

of insulin. Figure 4.18 shows the percent cumulative release of insulin with respect to 

time. 

 

Figure 4.18: LC-MS invitro release profile (n=3)±S.D 
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4.4.11 Comparison of drug release profiles from HPLC, ELISA assay and LC-MS 

The drug release studies from HPLC showed an immediate or burst release of insulin 

from CANp.  It is a powerful technique used for quantification of proteins with higher 

molecular weights. From the drug release profile, more than 70% of drug is getting 

released within first hour. This might represent dose dumping of insulin from CANp 

which show hypoglycemic effect.  ELISA is the most common method employed for 

protein quantification. However, the development of ELISA technique faced challenges 

including matrix interferences, cross reactivity and high quality reagents(Kristine de 

Dios, 2013). The LC-MS based approach for the qualitative determination of protein 

showed good selectivity, multiplexing capability and minimal matrix effects. Although, 

the implementation of mass spectrometric assays in protein identification is much less 

since mass spectrometric assays have not provided a clear advantage over ELISA assays. 

Certain cases have shown the quantification of proteins which are very difficult or 

impossible to measure by immunological methods(M. Bantscheff, 2007). This includes 

the assaying of the protein isoforms, measurement and quantification of the panels of 

protein in biological samples. The LC peak at single chain reaction monitoring (SRM) 

showed good peak shape and resolution than HPLC(Jessica M. Faupel-Badger, 2010).  

Overall, the quantification analysis was done using HPLC technique, the biological 

integrity of protein was preserved using ELISA assay and the qualitative determination 

was done through LC-MS analysis. 
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4.5 Conclusions 

Insulin loaded calcium alginate nanoparticles were successfully prepared by the new 

interfacial cross linking technique developed in our laboratory. The inherent tendency of 

alginates to form gels in presence of a divalent ion, enables preparation of nanosized 

particles using emulsions as templates. Careful screening of excipients and preparation 

conditions led to formation of stabilized microemulsions which were then further 

processed to form solid nanoparticles. Spherical calcium alginate nanoparticles of sizes 

between 200-500nm were successfully obtained.  DLS, zeta potential, SEM, and TEM 

studies of the nanoparticles confirmed physico-chemical properties that are desirable in 

drug delivery applications. In vitro release studies demonstrated burst release of insulin 

from the CANp and this indicates drug adsorption onto the surface along with 

encapsulation. ELISA assay demonstrated that the entrapped insulin maintained its 

structural and biologic integrity during the preparation, isolation, and recovery process. 

The HPLC and LC-MS techniques enabled quantitative and qualitative determination of 

insulin released from CANp in in vitro conditions. Future in vivo studies in diabetic rats 

will help to assess the biological effect of insulin loaded CANp. 
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Chapter 5 
 

Discussion 
 

 

In this study, calcium alginate nanoparticles were prepared using aqueous calcium 

chloride and aqueous sodium alginate mixtures with the addition of surfactant DOSS and 

Cyclohexane as an oil particle. This interfacial cross linking in nanoemulsion (iFacLine) 

method merges into two steps, namely the formation of reactor nanoemulsion from both 

aqueous calcium chloride and aqueous sodium alginate microemulsion mixture, by the 

regulation at the ambient room temperature of the surrounding environment. The CANp 

are formed when ultracentrifugation is applied at higher rounds per minute (rpm) speed. 

The idea underlying development of this method is based on the fact that alginates in 

presence of a divalent metal ion form a gel like structure. In solutions, alginates behave 

like flexible oils. However, upon interaction with divalent metal ions like calcium, they 

form an ordered structure. The excessive surfactant surrounding the CANp was removed 

using 95% ethanol solution, USP. The washing was performed 3-4 times in order to 

remove maximum amount of surfactant possible. This can be clearly demonstrated from 

the transmission electron microscopy (TEM) image of CANp in figure 3.11(b). Some of 
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the common methods involved in the preparation of CANp include phase inversion 

temperature (PIT) technique(Machado AH1), reverse microemulsion template(You), 

dropping aqueous alginate solution into solution of calcium salt(You).  

A comparison of all ternary phase diagrams indicated that DOSS-CH mixtures emulsified 

approximately similar amounts of calcium chloride and sodium alginate into clear 

microemulsions. An identical method was used to evaluate the presence of insulin in 

aqueous sodium alginate on microemulsion formation. It was determined that up to 2 % 

w/w insulin in sodium alginate formed clear and stable microemulsion in 0.2 M DOSS-

CH solution. The average particle size obtained was 456 ±48nm. The particle size 

distribution influences the in vivo distribution, biological fate, toxicity, and targeting 

ability of nanoparticles. The zeta potential values were reported to be negative. When 

nanoparticles are administered intravenously their surface charge determines its 

capability to interact with cell surface and other biological components. This is turn 

affects the in vivo fate of the nanoparticles (Mohanraj; Muller). Zeta potential can also be 

used to determine whether a charged active material is encapsulated within the system or 

adsorbed onto the surface or both. The negative surface charge indicates that the particles 

may be coated with an oppositely charged polymer such as chitosan or a similar 

biopolymer.  

The surface morphology of CANp can be witnessed from the SEM images which showed 

spherical shape particles. The SEM images revealed the formation of non-aggregated and 

confirmed the size of the particles to be in nanometer range. The TEM images were in the 

agreement with the dynamic light scattering data which showed the particle sizing of the 
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CANp. The presence of surfactant DOSS on the surface of CANp might have been 

possible for the low entrapment efficiency of insulin loaded CANp.  

The thermal behavior of CANp was determined using Differential scanning Calorimetry. 

The melting point of insulin is ~80 
0
C. This confers that an exothermic peak should be 

observed between 75-85 
0
C. The endothermic peaks represent loss of water moiety 

associated with hydrophilic groups of polymers (Mimmo). The insulin thermogram 

(labeled (a)) is characterized by a broad endothermic event at ~80 °C. This event 

corresponds to an enthalpic relaxation seen in crystalline insulin(Rigsbee). 

The reversed phase HPLC system was used for the identification of the insulin peak. 

Simultaneously, quantification of the peaks was done through insulin standards and the 

validation parameters were identified. The peak was eluted at 7.220 min and the sample 

was still made to run up to 60 minutes to identify any peaks that may elute later during 

the run. No other peaks were observed during the entire run. The area under the curve 

response to Insulin concentrations of 5.6 IU/ml, 2.8 IU/ml, 1.4 IU/ml and 0.7 IU/ml were 

used to obtain the percent recovery. The overall percent recovery obtained was 

99.32±0.745. 

Subsequently, the invitro release study of insulin was performed underlying the fact that 

burst or immediate release of insulin could be obtained from CANp. The loading capacity 

of insulin in CANp was 13.1% and the entrapment efficiency calculated was 9.8%.  

Approximately >50% of the entrapped drug was released within1 h followed by a 

continuous slow release giving rise to a plateau. The biological integrity/assay of insulin 

in CANp was preserved from the study performed from enzyme ELISA assay. ELISA 
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assay is considered to be one of the most reliable assays for the antigen/antibody complex 

forming proteins. The ELISA human insulin assay showed a succesful measurement of 

biologically active insulin with high degree of specificity using monoclonal antibodies 

(Touitou E). The chemical integrity of insulin and the qualitative determination was 

performed using LC-MS technique.  
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