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Abstract  
 

 

Biopolymers hold great potential in drug delivery and tissue engineering applications. Alginates, 

a natural polysaccharide derived from brown algae, possess unique properties in terms of gel 

formation and their interaction with biological systems. Their physical and chemical properties 

can be tuned for desired functionalities for applications ranging from food to medicine. Alginate 

based systems can be used for targeted drug delivery. Targeted drug delivery and release of drug 

at the diseased site has become increasingly important to have effective therapeutic effect and 

limited toxicity. Alginates can be incorporated within nanoparticles (NPs) to avail of the functions 

from both the counterparts – gelling properties from alginates and drug delivery and imaging 

applications from the multifunctional NPs. NPs are considered as an effective tool in nanomedicine 

due to their small size and unique optical properties. These multifunctional NP/alginate hybrids 

can be exploited to perform the desired theranostic function and revolutionize the field of 

medicine. 

In this work, alginate gelation has been investigated in very dilute concentrations in the aqueous 

phase. CaCl2 was used as cross linker to facilitate binding of alginate α-L-guluronic (G) blocks to 

form a three dimensional gel network, especially at higher concentrations of CaCl2. Three different 

gelling architectures have been investigated after conducting a preliminary set of gelling 

experiments. These have been hypothesized as micro-aggregate, intermediate and gel phases 

respectively that show increasing fraction of gelled networks and are obtained with an increasing 

mole ratio of calcium ions to alginate. CaCl2 was observed to be the dominant factor in gelation 

and incorporation studies of alginate.  

With an attempt to understand the role of surface properties of NPs on alginate gelling, three 

different Fe@Au NPs were synthesized. Characteristic LSPR peak for Fe@Au NPs was obtained 

at 526 nm and with an average hydrodynamic size of 74 ± 2.7 nm.  Successful coating of the NPs 

with PEG and Poly Lysine (PL) were confirmed by an increase in hydrodynamic sizes of 

Fe@Au_PEG and Fe@Au_PL to 96 ± 1.3 nm and 124 ± 4.2 nm respectively. Fe@Au and 
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Fe@Au_PEG NPs showed zeta potentials -45±0.8 mV  and -26 ± 0.4 mV respectively, while 

Fe@Au_PL NPs were cationic with a zeta potential of and 27 ± 0.2 mV.  

Interaction and binding of alginates with Fe@Au, Fe@Au_PEG, Fe@Au_PL was also studied.  

The physicochemical properties of these systems were mapped using UV-Vis spectroscopy, 

spectrofluorometry, viscometery, dynamic light scattering (DLS), zeta potential measurement & 

S(T)EM among other techniques. Higher concentration of the NPs led to higher incorporation 

inside the alginate networks. However, NP coating did not influence the gelation characteristics of 

the networks, and, thus, Fe@Au NPs was only used for the loading and release parts of the study.   

Fluorescein sodium salt was used as a model dye both for supporting the hypothesized gel 

architectures, and for understanding loading and release from NP/alginate systems. Three methods 

were used to load the dye to the system. The difference between these methods relied on the 

relative order of forming dye-loaded NPs or alginates and incorporation of NPs into alginate 

networks.  

Results have shown that Method 1, wherein, the dye was first loaded onto the Fe@Au NPs 

followed by incorporation of dye loaded NPs into the alginate networks, gave the highest loading 

and incorporation efficiency. Loading efficiency of the dye onto the Fe@Au NPs was 61 % 

whereas incorporation percentage of dye in the gel network was found to be 70 % for the gelling 

condition. Other loading methods also showed good loading and incorporation percentages 

significantly in gelling phase of alginate where dimerized G Block content are in excess. However, 

method 1 was chosen for carrying out further release experiments, since it gave highest loading 

for all the three different gelling architectures. Release of dye was investigated at laboratory 

conditions by simple diffusion method based on concentration gradient.  

Consistent release was observed in gelling condition of 1 mg/ml Fe@Au dyed/alginate system 

with 27 % release of the dye after 20 hours. The release is estimated to be primarily diffusion-

based. Other solutions show very abrupt release behavior which might be due to the measurement 

techniques used or due to the release setup used during the study. These NP-alginate systems have 

shown promising results for delivery of model dye, which could be further extended to study the 

release of specific drugs. Release can also be modulated using pH or temperature to combine 

diffusion with stimuli related response of these alginate-NP systems. 
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1 Introduction: 

 

With the aim to understand alginate based system and their applications, the introduction is 

outlined as follows. Firstly, biopolymers will be discussed with special focus on alginate. 

Thereafter nanomaterials and their properties leading to their end use will be outlined. Finally 

therapeutic applications of alginates and nanomaterials will be discussed in subsequent sections. 

1.1 Polymers:  

Polymers are large macromolecules which are built up of small units or monomers. They can be 

characterized by their type of chains, arrangements, shape and wide range of properties they 

possess[1]. In general, there are two main types of polymers based on how they are obtained; 

biopolymers and synthetic. 

 Synthetic Polymers: 
 

The synthetic polymers are artificial polymers which are synthesized artificially using 

biomolecules present in nature. Both synthetic polymers & natural polymers are used in daily life. 

Plastics, teflon, epoxy polyesters are some synthetic polymers manufactured at industrial level. 

Polymers can be synthesized using monomers in the laboratory e.g. poly lactic acid (PLA) and 

fossil resources can also be used to synthesize polymers like polycaprolactone (PCL).  

 Biopolymers: 
 

Biopolymers are polymers which are naturally occurring and produced by certain organisms [2]. 

Some naturally occurring biopolymers are cellulose, silk, wool, DNA etc. Biopolymers are 

different from synthesized polymers in their structure. Biopolymers of a specific type (protein) 

usually have well defined structures. In contrast, the synthetic polymers exhibit polydispersity and 

have random structures [3]. Polysaccharides hold special importance in drug delivery applications 

as they are highly biocompatible and most of them are hydrophilic in nature [4]. 

Polysaccharides are composed of monomeric units and naturally they have algal origin (e.g. 

alginates), plant origin (pectin), microbial origin (dextrin), and animal origin (e.g. chitosan).These 

biopolymers are usually stable, non-toxic, biodegradable and hydrophilic in nature. 
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Polysaccharides can be modified into its derivatives as they contain derivable carboxyl, hydroxyl 

and amino groups on their molecular chains [5]. Some of the common biopolymers are described 

below. 

 

1.1.2.1 Starch: 

 

Starch is the polysaccharide linked with glucose monomers by α (1, 4) linkages and found in plants 

It can be referred as house of the plant energy stored in them. Starch is available as linear amylose 

and branched amylopectin polymers as shown in Fig.1. Starch grafts can be used in biomedical 

engineering but they are not very strong on their own however they can be chemically engineered 

to increase their mechanical strength. Starch is biocompatible, contains natural D- glucose and it 

can be very important in tissue regenerative science due to its non-toxicity[6]. 

 

         

 

Figure 1: Structure of Starch. Amylose & Amylopectin[7]. 
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1.1.2.2 Cellulose: 

 

Cellulose is the most abundant naturally occurring polysaccharide consisting of many D-glucose 

β, 1-4 linked monomers forming a linear chain (Fig.2). It is found in cell walls of green plants and 

certain algae. Some bacteria also produce biofilms containing cellulose. Cellulose fibers are 

extensively used in the textile industry and exploited to form several useful products like 

manufacturing paper and textiles [8]. 

Biomaterials made from cellulose have been used in bioengineering techniques e.g. construction 

of membranes for hemodialysis, for biosensors by production of enzyme carriers, structuring the 

scaffolds for various tissue type regeneration applications. Although these applications are in use 

to some extent, but it has been investigated in most of the studies that cellulose based materials 

can provoke inflammatory and toxic responses [6]. 

 

 

Figure 2: Structure of Cellulose[9]. 

 

1.1.2.3 Chitosan: 

 

Chitosan is a linear polysaccharide containing units of D-glucosamine linked with β-1, 4-

glycosidic linkages and unusually positioned N- acetyl-glucosamine units. Chitosan is actually 

derived from deacetylation of chitin. Chitin and chitosan are structural components of many 

crustaceans found in fresh water and open oceans [10] 
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Chitosan is a cationic polymer having the ability to bind with other negatively charged polymers 

e.g. alginates and have been used in biomedical applications. It usually forms mechanically strong 

gels in high pH and charge density is directly related to pH[11]. This property makes it a unique 

polymer to study in systems exploiting controlled release of drug [12]. 

Chitosan is a candidate of research in bioengineering and tissue regeneration of diseased tissues. 

It is water insoluble and does not easily biodegrade in its highly crystalline phase. Chitosan is 

relatively biocompatible and investigations have shown that they do not provoke immune 

responses like fibrous encapsulation,but may cause leukocyte infiltration in acute stage of implant 

induced infection [6]. 

 

                                          

 

Figure 3: Structure of Chitosan[13]. 

 

1.1.2.4 Alginates: 

 

Alginates are water soluble biopolymers composed of alternating sequences of α-L-guluronic( G 

block) and β-D-mannuronic acid (M block) polysaccharides which are linear and unbranched. 

They are naturally occurring water soluble polysaccharides obtained from brown seaweed and 

possess wide range of applications in biomedical engineering due to their biodegradability, and 

gelling properties in presence of divalent cations e.g. Ca2+ [14].  
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Alginates have been extensively used primarily as food additives but their potential in drug 

delivery and tissue engineering has made them important candidates for research due to their lack 

of toxicity and biocompatibility. In recent years, the synthesis of tunable alginates has gained huge 

interest in research community[15].As alginates are one of the main component of this study,  

detailed description of their properties and applications will be outlined in the subsequent sections. 

 Physicochemical Properties of Alginates: 
 

1.1.3.1 Structure of Alginates:  

 

The structure of alginates and their properties are widely studied in biomedicine. Alginates are 

anionic polysaccharides which are obtained from Brown algae e.g. Laminaria hyperborea and they 

are found in marine waters. It was Stanford who first characterized algic acid and extracted it with 

sodium carbonate and then at low pH alginate precipitated. The arrangement of G block, M block 

and alternating regions is variable within the structure of alginate and depends on the source.  A 

diamond home shape will be formed[16] when two G blocks are aligned side by side which is a 

unique property employed in gelling of polymers. The blocks can be either similar or alternating 

(e.g. MMMMMM GGGGGG GMGMGM). Such arrangements, length and molecular weights 

give information of their behavior when they are used in nanostructures and also reveal other 

physical properties like size, charge and so on.[17] [18]. Alginate properties greatly influence the 

resulting gel form with the addition of divalent cations. 

 

 

 

                        Figure 4 Structural conformations of Alginate: M- blocks & G-blocks [18] 
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1.1.3.2 Gelling of Alginates:  

 

Alginates are used as hydrogels for biomedical applications like wound healing, drug delivery and 

tissue engineering [15]. Hydrogels are considered to be biocompatible as they are similar to the 

macromolecules of the human body. Hydrogels are three dimensional cross linked networks 

composed of hydrophilic polymers with high water content. By cross-linking these polymers 

chemically or physically we can perform gelling of alginates and physico-chemical properties of 

such hydrogels are highly dependent on cross- link type. [19]. 

1.1.3.2.1 Cross linking through ions:  

 

In order to form hydrogels, divalent cations such as Ca2+ are used as cross linking agents in aqueous 

alginate solution. These ions only bind to the G-blocks of the alginate polymers which in turn bind 

to the adjacent G block of the polymer resulting in gelling of the alginate. This process is termed 

as egg box model of cross linking [20].On the other hand, M- blocks give relatively fragile gels 

due to their flatter structure[21]. 

Calcium chloride is the commonly used agent to cross link alginates, but, due to its high solubility 

in solutions, fast and poorly controlled gelation occurs. To perform slow and more controlled 

gelation of alginates, a buffer containing phosphate can be used. The phosphate group in buffer 

(sodium hexa-metaphosphate) competes with the carboxylate group of polymer cross linked with 

calcium ions resulting in gelation [22]. 

                           

1.1.3.2.2 Gelation through heat 

 

Thermo sensitive hydrogels are immensely studied for drug delivery applications. Swelling 

properties can be tuned by applying heat to the system which is important in controlling release of 

drug from hydrogels [23]. Alginates are not naturally thermo-sensitive but there are few systems 

which are being used by researchers to study gelation by using heat. PNIPAm is a highly exploited 

stimuli responsive hydrogel and gelation in PNIPAm can be controlled by heat [24]. 
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In a study, Calcium ions loaded lipid vesicles have been used to release ions into the fluid 

suspension of sodium alginate. The liposomes were used to prevent the alginate gelation by 

separating intra-vesicular calcium ions from extra vesicular sodium alginate. Increasing the 

temperature of the fluid liposome and alginate mixture to 37oC resulted in release of calcium ions 

forming alginate gels. Gelation time at body temperature was found to be dependent on the 

liposome to alginate ratio[25]. 

 

                      

                                 Figure 5: Heat triggered release of calcium ions from liposomes[26]. 

 

1.1.3.2.3 Covalent cross linking: 

 

In order to improve the physical properties of hydrogels, covalent cross linking in gels has been 

widely investigated. Pressure is applied on cross linked alginate gels which are ionically linked 

causing cross links to dissociate. This removes water from the gel resulting in plastic deformation. 

Covalent cross linking of alginates with PEG (polyethylene glycol) having different molecular 

weights has been studied to prepare gels with greater mechanical integrity. PEG is widely used as 

cross linker to study the properties of hydrogels. It is very favorable to use multi-functional cross 

linking molecules than bi functional cross linkers in order to improve mechanical strength and 

improved control over degradation rates of the polymer [27]. 
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1.1.3.2.4 Cross linking through light: 

 

There is very exciting new approach for cross linking gels in situ by using light in mild reaction 

conditions. Researchers have developed techniques to gel alginate by introducing U.V light and 

lasers. In a study, alginate gels were formed by mixing alginate with calcium carbonate which 

serves as calcium ion source. In this system, a photo-acid generator (PAG) was photolyzed  using 

ultra violet radiations to release the calcium ions to cause alginate gelation. It was found that gel 

formation time was inversely related to the intensity of U.V radiations[28]. 

 

                  

                              

                               Figure 6: U.V induced ionic cross linked gelation of alginate[28]. 

 

1.1.3.3 Solubility of Alginates in water: 

 

The size and type of particles of alginate powder greatly influence the solubility of alginates in 

water. Upon hydration, alginate particles become sticky which results in formation of aggregates. 

Depending on the type of alginate powder in use, fine and coarse particles affect solubility rates. 

Even though alginate dissolution in water is slow, but use of coarse particles is better because they 

disperse in water and do not form clumps. Fine particles have good solubility but they stick to each 
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other more readily in water. It is desirable to add alginate slowly and stir the water forcibly on 

adding the alginate for better mixture[29]. In higher concentrations of alginate, it passes through 

various phases from viscous fluid to solid paste and then it becomes increasingly difficult to 

disperse more alginate into the solution [30]. 

It becomes tricky to dissolve alginates in water when water contains chemicals that compete for 

water needed to hydrate the alginate. Salts, sugars, proteins or other substances like alcohols and 

proteins present in water will increase the time required to dissolve alginate. These compounds 

can be added afterwards when alginate dissolves completely in water, if desired [14, 30]. 

 

1.1.3.4 Modifications of Alginates: 

 

Alginates can be modified for many applications due to their  gelling and encapsulation properties. 

There are many studies in which researchers have chemically modified alginates for drug delivery 

applications[31]. Alginate modification is done in order to understand drug loading and release 

models. In a study, octylamine was used to modify alginate to increase hydrophobicity and drug 

release studies were carried out by comparing release from unmodified alginates [32]. Modified 

alginate NPs have also been investigated as carriers of various drugs like rifampicin, isoniazid and 

so on [33]. 

Alginate modification has also proved to be helpful in diagnosis. In this context, researchers have 

modified alginate/chitosan hybrid NP systems in order to detect cancerous cells in the body 

assisting in endoscopy. Cancerous cells show upregulation in folic acid receptors and researchers 

have used 5-aminolevulinic acid which is recognized by folic acid receptors. To detect the 

cancerous cells, alginate NPs containing fluorescent dye were modified with 5-aminolevulinic acid 

to recognize overexpressed folic acid receptors on cancerous cells [34]. Arginylglycylaspartic acid 

(RGD) modified alginate has been used for cellular delivery in different type of cells like 

endothelial and mesenchymal stem cells[35],[36]. Certain growth and bio active molecules can be 

incorporated in alginate gels e.g. VEGF (Vascular endothelial growth factor) loaded in alginate 

gel can promote angiogenesis (formation of blood vessels) in engineered tissues[37]. 
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1.1.3.5 Biocompatibility: 

 

Biocompatibility is the most used term in biomaterial science and it is defined as the ability of a 

material to perform with an appropriate host response in a specific application [38]. Alginate’s 

biocompatibility has been studied to demonstrate the potential immune responses against the 

implanted alginate hydrogel. Alginate is usually biocompatible and it has been found that 

purification of alginate during its extraction is a necessary step to reduce the chances of any 

impurity to cause adverse effects in host. Potential impurities can be in the form of any heavy 

metals or toxins which can contaminate alginates. Bacterial and fungal growth in alginates can be 

possible because of impurities present in commercial alginates[39].Contaminants like nitrogen and 

phosphorus may support bacterial growth in alginates although they are present in very small 

amounts. Microorganism’s contamination results in loss of viscosity and may cause 

depolymerization. It can be very disadvantageous for alginate based products. Hence preservatives 

like sorbic acid, benzoic acid or methyl esters etc. can be added to preserve the alginates[30]. It 

has also been found that high M-alginates may provoke innate immunity through CD14 and TLR 

(Toll like receptors)[40]. 

There is no evident antibody response in animals against the purified G-beads. Raw M- and G- 

alginates may contain impurities but the difference in their impurity content with respect to their 

composition must be taken into consideration [41]. 

 

 Applications of alginates in Biomedicine: 
  

1.1.4.1 Drug Delivery Applications: 

 

Alginate is the most common natural polymer which is extensively used in biomedicine mostly 

due to its gelation property. In recent years, researchers have shown greater interest to exploit 

alginates for theranostic applications[15].  
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1.1.4.1.1 Biomolecules and drug delivery: 

 

Alginate beads are in use for controlled release studies. Biomolecules, such as proteins to be 

delivered are encapsulated in alginate beads. These are released from the system either by inherent 

porosity of alginate or by the degradation of the gel network. The size of these pores determines 

the release of specific proteins from the network. Pore size ranges from 5nm to 200 nm[42]. Charge 

is also important as positively charged proteins can interfere with the calcium ions to bind with the 

carboxylic acid groups of the alginate gel. Hence additives like Poly-acrylic acid can be added to 

protect the polymer network from collapsing. Flexibility of such networks is also important. It has 

been observed that flexibility of the alginate matrices is associated with higher release rates of 

proteins [43]. 

In order to get efficient encapsulation of the proteins, gelling conditions, pore sizes, water content 

and flexibility of alginates beads need to be tuned for controlled release. There are studies in which 

alginates have also been used to encapsulate and deliver DNA molecules in gene therapy [43]. 

 

1.1.4.1.2 Formulations of small drugs delivery: 

 

Alginate gels have porous structure at nanoscale (5nm), hence, small drugs can diffuse out. 

Partially oxidized gels have been in use to make formulations for localized administration. 

Alginate gels are now employed to treat acid indigestion and inflammation of oesophagus. The 

alginates provide foamy cushions which act as barriers against the stomach acids.  

In a recent study, a preparation of sodium alginate combined with calcium has been developed to 

counter the Helicobacter pylori which is bacterium responsible for causing ulcers in stomach. 

Alginate with loaded formulation to fight against bacterium. On reaching the infected area, 

itspreads itself in stomach wall. Gel forms,which keeps stomach wall protected from being more 

ulcerated and drug is released to fight the bacterium present in the stomach [15] [44]. 
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1.1.4.2 Regeneration of tissues/Organs: 

 

Alginates can be employed in many tissue regenerating strategies. Alginates can be modified 

according to the function it will perform in vivo[17]. 

1.1.4.2.1 Vascularization: 

 

Engineering new blood vessels is very important in tissue engineering in order to transport 

nutrients and oxygen to the implanted tissues. Alginate hydrogels have a great role in delivering 

growth factors and active molecules to the newly engineered tissues and it has been an active field 

of research in tissue engineering in recent years [45] . 

VEGF (vascular endothelial growth factor) is an angiogenesis promoting factor which must be 

delivered to the tissues to grow new blood vessels. VEGF can be incorporated in alginate hydrogels 

and it diffuses out of the gel by mechanical methods. It has been seen that VEGF delivery with an 

alginate hydrogel has greater activity in vascularizing tissues than the delivery of VEGF without 

a hydrogel.  Such delivery of active biomolecules needs to be targeted precisely to prevent VEGF 

from inducing angiogenesis in non-targeted cells [37]. 

 

                                

 

Figure 7: VEGF release from alginate scaffolds resulting in angiogenesis. Alginate is mechanically 

stimulated. Arrows showing vascularization in muscle tissue around implanted gel [37]. 
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1.1.4.2.2 Cartilage & Bone repairing: 

 

With advancement in tissue engineering, cartilage and bone regeneration have also gained interest 

among researchers. Peptides (RGD) linked with alginates have a good influence to adhere to the 

chondrocytes. Such an implant in mice have shown promising results to engineer cartilage in vivo 

[46]. For bone regeneration, alginate has been under investigation for delivery of many osteogenic 

growth factors in mice in vivo. But it has been found that alginate has low mechanical properties 

to withstand bone regeneration and a higher control of alginate gel degradation in desirable to 

produce restriction free bone regeneration. Various studies have shown promising results in mice 

but need to be replicated in human as well which can be the way forward in osteogenesis [14]. 

In a recent study, chondrocytes suspension were used in an alginate solution and calcium sulphate. 

The chondrocytes obtained from a donor rabbit were allowed to grow in the alginate solution and 

then calcium sulphate was added. The resultant mixture was introduced into the defective part of 

the cartilage to check the regenerative activity. The cartilage repairing using alginate in 

chondrocytes suspensions proved to be promising in experimental animals, but its efficiency must 

be evaluated in higher animals having the same joints/cartilage makeup as humans [47].  

 

1.1.4.3 Dressings for wound healing: 

 

Alginate dressings are made by reacting calcium with alginic acid salts. They occur in the form of 

porous sheets which are frozen and dried. They are also used as flexible fibers in wound healing. 

Alginate dressings can be used to moderate severe oozing wounds by making strong protective 

hydrophilic film which prevents the wound secretions and also limits the pathogenic 

contamination. These calcium alginate dressings are biodegradable and can be rinsed away after 

use by saline solution. [48]. 
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1.1.4.4 Cell encapsulation & cell culture: 

 

Due to the biocompatibility of alginates with host and also with the bodily cells, cell encapsulation 

is widely used in tissue engineering. Cells are encapsulated in the alginate capsules and transported 

to the sites inside the body to check bioactivity. Mouse 3T3 fibroblast and Human embryonic 

kidney cell lines (HEK293) have been shown to encapsulate in alginate beads (Fig.8) 

[49].Mechanical integrity and flexibility of alginates in cell encapsulation studies is important to 

ensure prolonged delivery. Engineering such alginate beads protects the encapsulated cell from 

host immune responses and delivers the desired biomolecules to the targeted area [50]. 

 

               

 

Figure 8:  Cell encapsulation: Mouse 3T3 fibroblast cell line and Human Embryonic Kidney (HEK293) cell 

lines encapsulated in alginate beads[49].                                                           

 

 

1.2 Nanomaterials: 

 

Nanotechnology is the emerging science which deals with the production, functionalization and 

designing structures or systems at nano-meter scale. There are many benefits in use of nano-

materials in many different fields, but use of nanoparticles (NPs) for diagnosing & treating vital 
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diseases like Hepatitis, cardiovascular disease, cancer or Parkinson’s disease is very promising. 

Drug delivery, imaging, tissue regeneration are few exciting interest topics among researchers. 

One of the most commonly used NPs among research community is gold NPs [51].  

The current research focuses on manufacturing new formulations to increase the understanding of 

diagnostics and treatment of viral diseases. There are many nano-based drugs which are already in 

the market and others are in the pipeline (Fig.9) [52]. 

There are many advantages of nano-approaches in medicine. Conventional medicine uses bulk 

material having larger molecules with high dosage and less probability to reach the diseased part 

of the body and thereby, have higher rates of possible adverse effects. But on the other hand, nano 

drugs having small size with required drug dosage, overcome physiological barriers and target the 

diseased site with precision without affecting healthy cells. [53]. 

 

 

 

Figure 9:A: Commercial and investigational Nano drugs (Diagnostic and therapeutic) and (B) nano based 

devices.[54]. 
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 Nanoparticles (NPs): 
 

NPs are defined as particles which range from 1 nanometer (nm) to 100 nm in three dimensions. 

Such small size is very important from a reactivity viewpoint since these have higher surface area 

to volume ratios, compared to materials having larger sizes [55]. Due to their smaller size, quantum 

effect comes into play [56]. 

Nanomedicine is considered to be the future of medical science. Many of the physiological 

processes of the body occurs at the nano scale; e.g. haemoglobin, an iron carrier protein in the red 

blood cells have a diameter of 5 nm [57]. Nano based drugs have been found to be helpful in 

treating and diagnosing diseases utilizing their small size and inert nature. There have been very 

exciting studies in where NPs are used as theranostic agents. One such innovative example is Bio 

barcode assay, developed by exploiting gold NPs to detect prostate specific antigens in the blood 

stream. It is a sensitive method and can detect samples of low molecular weights [58].  

In another study. scientists have found a way to clear clots inside the blood vessels, which is a 

major cause of heart attack and stroke. They have developed shear-activated nano-therapeutics 

(SA-NTs) which carries drug to the clot and clears it within a short span of time, as shown in 

(Fig.10).The major advantage of such therapy is to reduce effective dose required to clear clot by 

conventional methods [59]. 
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Figure 10: Scheme of SA-NTs (shown in Blue) targeting clot in blood vessel [59]. 

 

 

Over the last few years, researchers have faced many challenges in exploiting drug delivery 

systems. Internalization of such systems inside the cell and how to make it escape from the 

endosomal activity is certainly an issue. But scientists are trying to overcome this challenge of 

nano-bio interface by using different methods. It has been found in a study that modification of 

gold NPs by a ‘RME peptide’ (receptor mediated endocytosis) actually helps NPs escape from the 

endosome. Such modifications of NP systems have great potential in bio-imaging and drug 

delivery applications[60]. 
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Figure 11: Schematic diagram showing Peptide coated gold NPs escaping endosome[60]. 

 

 

           Properties of NPs: 
 

NP properties can be tuned to use them for different applications like drug delivery and bio- 

imaging. Polymeric and inorganic NPs are the major classes of NPs based on their composition. 

NPs can be functionalized with a range of therapeutic and diagnostic (theranostics) agents 

depending upon the function. Their optical and magnetic properties are important to control and 

hence effect the delivery of the nano-carriers to the target. There are many multifunctional NPs 

which can be produced, possessing targeting and bio-imaging functionalities [61]. 
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                                  Figure 12: Multifunctional NP for biomedical applications [61]. 

                                                 

1.2.2.1 Localized surface Plasmon Resonance (LSPR): 

 

Optical properties of metallic NPs can be exploited for several biomedical applications like 

diagnostic imaging, bio-sensing and targeted therapies. Plasmonic NPs are different from other 

nano-based biomaterials because these NPs shows unique surface plasmon resonance (SPR) which 

can be employed in many biological applications [62]. 

LSPR is an optical phenomenon widely seen in metallic NPs like gold, silver and so on. When an 

incoming electromagnetic wave is incident upon a metallic surface, the free electrons of the metal 

are set into resonance when the incoming wave’s frequency matches the frequency of oscillation 

of the electrons. This phenomenon is called SPR and for nanoparticles, this is confined to a small 

space, hence the term localized SPR. The position of the LSPR band depends on the size, shape of 

the NPs and the properties of the medium[63]. Au and Ag NPs exhibit LSPR in the visible region 

of the spectrum. It has been found that Ag shows the sharpest bands of LSPR oscillations but due 

to chemical inertness Au  is preferred to be applicable in many biomedical applications like bio-

sensing, imaging and nano-therapeutics[64]. Spherical Au NPs exhibit LSPR at 520nm in the 

visible spectra of light[65]. It is an important optical property of gold NPs. They can be used in 
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many biomedical applications due to their versatility in diagnosing, imaging and treating vital 

diseases like Parkinson’s disease or cancer[66]. 

 

                     

 

 

Figure 13: LSPR: Oscillations of Gold NPs surface electrons due to incident light wave[67]. 

 

Gold NPs can be conjugated directly via bonding with the active molecules and can carry low 

amount of drug to the target site which is desirable to decrease the dose related side effects. For 

example, in a study, methotrexate (MTX) binding with gold NPs was investigated. MTX is an 

analogue of folic acid and a cytotoxic anti-tumor drug. The system was incubated overnight after 

mixing the drug with the particles. MTX-AuNP mixture were introduced in tumor cell lines. It was 

found out that drug conjugated with gold NPs has seven times more cytotoxic efficacy than the 

methotrexate alone [68].  

Surface chemistry of gold NPs surface chemistry is important for their applications in drug 

delivery and imaging. Attaching desired targeting ligands or drug conjugates is done by modifying 

the surface of gold NPs. Biomimetic modification of particle surfaces is also a prerequisite for 

biocompatibility and hence it can be achieved by biodegradable and biocompatible polymers. PEG 

coated gold NPs for tumor targeting is one example.[69].  
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1.2.2.2 Fluorescence quenching & Enhancement by gold NPs: 

 

In recent years, gold NPs have attracted researchers due to their unique properties. When any 

fluorescent molecule is placed in close proximity of gold NPs, quenching and/or enhancement of 

fluorescence intensity takes place[70].Energy transfer by/to gold is dependent on shape, size, 

coating, and distance from fluorescent molecule and wavelength of incident & emitting light. This 

phenomenon is called resonant energy transfer (RET) [71, 72]. 

1.2.2.3 Superparamagnetism: 

 

When external magnetic field is applied, the collective magnetic dipoles of all the atoms align in 

a single preferable direction. This can be referred as uniaxial anisotropy of the NPs along single 

axis [73]. Upon removal of magnetic field, high thermal energy randomly flips the direction of 

magnetization of NPs. This is the paramagnetic effect. Whereas in super paramagnetism, magnetic 

effect is observed in which all the spins co-linearize to each other as shown in Fig 14. But thermal 

energy is not enough to keep them magnetized in the same direction. Hence the material shows 

superparamagnetism with constant change in their spins. In superparamagnetism, the magnetic 

susceptibility of NPs is much larger than that of a paramagnetic effect under applied magnetic 

field. In normal conditions, any ferromagnetic material can act as paramagnetic at a certain 

temperature that is higher than the Curie temperature. In superparamagnetism, the transition from 

paramagnetic to supermagnetic phase happens below the Curie temperature[74],[75]. 
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Figure 14: Supermagnetism in ferromagnetic NPs[74]. 

 

 

1.3 NPs based on composition: 

 

 Inorganic NPs: 
 

Inorganic NPs have gained immense attention of researchers due to their synthesis and 

modification attributes for imaging and targeted therapies. Multifunctional inorganic NPs can be 

modified depending on type of function they are going to perform [76]. Following are some 

methods to synthesize inorganic NPs. 
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1.3.1.1 Synthesis of Inorganic NPs: 

 

There are different strategies to synthesize inorganic NPs depending on the end use of the 

particles[77]. Solution based synthesis, sol-gel method, micro-emulsions, electro-templating, 

microwave based synthesis are some synthesis methods described here. 

 

1.3.1.1.1 Solution based synthetic route: 

 

The synthesis of inorganic NPs is done in solutions by the reduction of metal precursor. Commonly 

used metal precursors are composed of inorganic salts and metal complexes like HAuCl4, Ni, Ag, 

Fe etc. In order to generate the respective NPs from these compounds, reducing agents like sodium 

hydroxide, tri sodium citrate, sodium borohydride, sodium carbonate are used. [78].  

The strength of reducing agents has important role in controlling particle size and reaction rates. 

Smaller size of resulting NPs is directly proportional to the strength of reducing agent. Stronger 

the reducing agent’s reduction ability, higher will be the supersaturation which results in great 

number of small nuclei[79].  

Agglomeration of the resulting NPs is the common problem in solution based synthesis. In several 

situations, an organic capping substance is used to prevent these particles from agglomerating with 

each other. In some cases, these organic capping materials can also be used as reducing agents. 

[80].Steric stabilization is provided by using stabilizing agents in order to stabilize them. 

Consequently, a steric repulsion is created which is between the capping molecules absorbed on 

the approaching particles which keeps them apart[81].  

Polymers are mostly used as stabilizers. Common stabilizing agents are sodium polyacrylate or 

polyvinyle ethers [82]. Stabilization is highly dependent on type of polymer used, aqueous 

conditions, surface charge of NPs and temperature[79]. Polymer binding with the surface of NPs 

has added advantage of encapsulating biologically active molecules which shows the versatility of 

these systems in biomedical applications. [79]. 
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1.3.1.1.2 Sol-Gel: 

 

Sol gel method is commonly used in order to synthesize metal oxide NPs. This method consists of 

hydrolysis and condensation of metal precursors like metal alkoxides. Continued condensation and 

polymerization results in a gel having 3D metal oxide network. This method can be employed in 

aqueous media where oxygen is provided by the water molecules, whereas, in non-aqueous media 

water is provided by the organic solvents in use for example, ethers or aldehydes.[77]. Fig. 15 

shows the detailed scheme of the method. 

To obtain small particles, hydrolysis is done in a slow and controlled manner[83].NPs are extracted 

by drying the gel by removing the solvent. Hydrolysis and condensation can be continued to form 

ceramic materials if desired[84].Precipitation can also be done to form ceramic powders. 

 

 

                        

  

Figure 15: Schematic representation of Sol-gel method[85]. 
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1.3.1.1.3 Micro-emulsion based synthesis: 

 

Microemulsions can be referred to as nanoreactors to synthesize NPs. They are stable, isotropic 

mixtures of two immiscible liquids with a surfactant[86]. Surfactant molecules stabilize the two 

liquids. Water to surfactant ratio is important to consider in order to calculate the size of micelles 

in use and the size of resulting NPs. In case of  water in oil (w/o) microemulsions system,one 

having metal precursor and other having reducing agent are allowed to mix[87]. The random 

Brownian motion of the micelles occurs which causes collision. The continuous collision results 

in mixture of two contents and it leads to the formation of NPs[88]. 

In w/o system, solubilization of hydrophilic compounds occurs, whereas in oil in water (o/w) 

emulsions, solubilization of organic compounds occurs. It is a very common method of producing 

NPs where proper amount of reactants are mixed[77]. NPs can be obtained from the system by 

using solvents like ethanol and followed by centrifugation[89]. Fig 16 shows the general scheme 

of the method. 

 

 

 

Figure 16: Scheme showing two microemulsions solutions mixing to form NPs[77]. 

 

1.3.1.1.4 Microwave based synthesis: 

 

Microwave based synthesis is a very straight forward method to synthesize inorganic NPs. 

Magnetron is used to produce microwaves. Reactants soak up this energy and consequently 

produce heat in the system. This degrades the precursors and produce supersaturated solutions. 
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Nucleation is done in order to synthesize desired nano structures. Gold NPs have been prepared 

having different shapes using microwaves from Chlorauric acid in HCl as gold precursors[77]. 

 

 

 

1.3.1.1.5 Electro-templating: 

 

Electrolysis is done by using desired metal as anode and the cathode is employed as an inert 

electrode. In a system, solution of a stabilizer is electrolyzed. The cations from the metal anode 

move towards cathode which cause reduction, growth and stabilization of the metallic NPs as 

shown in Fig: 17. Electrochemical synthesis is also employed for preparation of metallic 

composites and production of NPs from polymers[81]. Electrochemical methods produce pure 

metallic NPs and particle size can also be controlled by tuning density of current [90].  

 

                                   

 

Figure 17: Electrotemplated  synthesis of gold nanocubes [91]. 
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It can be difficult to induce oxidation of metal at anode terminal, in that case, inorganic salts can 

be used as metal anode [90]. 

 

 Polymeric NPs: 
 

Another category of NPs studied within the scope of this work is polymeric NPs. They are made 

up of the organic compounds like lipids and polymers with a diameter range from 10 nm to 1 

micrometer. In nanotechnology, these polymeric organic NPs are less exploited than inorganic 

NPs. But organic NPs have a great potential in nanomedicine, as they have the ability to 

encapsulate the active biomolecules. They are in use in many biomedical applications. Dendrimers, 

liposomes or micelles are few examples of organic NPs[92]. 

 

 

Figure 18: Different types of polymeric NPs [93]. 
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Polymeric NPs are made from using natural or synthetic polymers. Synthetic polymers (PGA, PLA 

etc.) usually are considered as polymers made in highly purified environments, but they must be 

biodegradable and nontoxic. Natural polymers (Chitosan, Alginate etc.) are extensively exploited 

in drug delivery applications for their biocompatibility and nontoxicity. It is important to select 

the right synthesis process of polymeric NPs for the specific drug (hydrophobic or hydrophilic) 

with a defined route of administration [12]. 

 

1.3.2.1 Polymeric Micelles: 

 

Polymeric micelles are extensively used in drug delivery systems due to their encapsulating ability 

of many active biomolecules. They are self-assembled NPs which are prepared in aqueous 

solutions having amphiphilic block copolymers. These core shell structures have a hollow 

hydrophobic core which is vital for delivery of drugs which are insoluble in water. The core is 

surrounded by hydrophilic polymer chains which stabilizes the inner core[94]. 

 

1.3.2.2 Liposomes: 

 

Liposomes are spherical NPs having lipid bilayer membrane and an internal hollow core. 

Liposomes are comparatively larger than the commonly used NPs (90nm-150nm). Liposomes 

carry important active molecules like certain antibodies and antigens and act as ligands. The most 

prominent feature of liposomes is that their composition complements the phospholipids of human 

cell membrane which can be beneficial in targeted drug delivery applications. Liposomes have 

higher retention time and good targeting abilities than other NPs. They can carry both hydrophilic 

and hydrophobic drugs in its hollow core. One can tune liposomes and exploit disease conditions 

by functionalizing them as pH or temperature responsive, which is necessary in controlled release 

of the drug from the core[53]. 
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1.3.2.3 Dendrimers: 

 

Dendrimers are versatile polymeric nanomaterials having a tree like three dimensional branched 

structure with improved functionalities. They have inner core and branched moieties which can be 

exploited in many drug delivery applications. Because of their structure, they can be linked with 

different substances (hydrophobic or hydrophilic) with different functional groups which make 

them a multifunctional nano-carrier of drugs and imaging molecules[95]. 

Dendrimers can be synthesized by branching monomers leading to a branched structure with a 

central core. The branches can be functionalized. They are synthesized by two different methods; 

divergent and convergent polymerization. By divergent polymerization method, assembly of 

monomers starts from the initiator central core, while in convergent polymerization the periphery 

branching units lead to form a complete branched dendrimer structure, as shown in Fig (19.a,b) 

[96]. 

 

 

    

 

Figure 19: a) Divergent polymerization). b) Convergent polymerization [96]. 

 

(a) 

(b) 
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Dendrimers are used widely in biomedical applications like drug delivery and gene delivery. In 

gene delivery conjugation of DNA/RNA can be done to induce gene expression when  this system 

is targeted inside the defected cell as shown in Fig. 20 [97]. Different drugs and imaging molecules 

can be incorporated in branched structure of dendrimer. Physical and chemical interaction of drugs 

with the dendrimer is important to strategize the incorporation of active compounds. Chemically, 

modification of drug dendrimer interaction is achieved by using functional groups. PEG can be 

used to covalently cross link drugs with the dendrimers. Biodegradable chemicals like esters can 

also be used as cross linkers [98]. 

The current drawback known is to control the toxicity related issues linked with the exploitation 

of dendrimers. Dendrimers are cationic nanostructures and they can react with the anionic 

membranes of the body which disrupts the cell integrity and may cause cells to burst and die[98]. 

 

 

 

  

 

Figure 20: Structure of dendrimer and dendrimers as gene delivery vectors[97]. 
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 Stimuli responsive nanomaterials: 
 

Stimuli sensitive nanomaterials offer a wide range of physicochemical properties in response to 

changes in the environment that provide important functions in various biomedical applications 

[99]. A multifunctional stimuli sensitive particle may have a core and a polymeric shell around the 

core which can swell and collapse. It can be functionalized with recognition ligands, diagnostic 

contrast agent or drug for targeted delivery. These intelligent hybrid structures can detect changes 

in the environment and respond to internal stimuli like pH, redox potential or respond to external 

stimuli like temperature & light and thereby can act accordingly[100].A general stimuli responsive 

delivery scheme is shown in Fig.21. 

 

               

                    

                            Figure 21: Stimuli dependent release of drug from nanocarriers[101]. 

 

1.3.3.1 pH sensitive NPs: 

 

pH microenvironment of diseased sites of the body can be employed among other environmental 

stimuli. pH responsive nanocarriers can target organs, tissue/cells and sub-cellular organelles 

depending upon the respective differences in pH of healthy and diseased site[102]. Based on site 

specific targeting, three different strategies are shown in Fig. 22.  
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Figure 22: pH sensitive targeting at a)Organ ,b)Tissue, c) sub-cellular levels[102]. 

 

There are different pH levels in different parts of the body. At organ level, for example 

gastrointestinal tract (GIT), each segment has specific pH required for food digestion.  The 

stomach lumen pH is most acidic (1-3). But when food goes down further to duodenum, pH is 

neutralized (6-7) due to alkaline conditions. Oral drug delivery exploits, such organs at different 

pH levels .It is a convenient and less expensive way for orally administered drugs. It is also 

possible that due to strong acidity of the stomach juices and enzymatic activity, degradation of 

nano based drugs may occur leading to poor bioavailability of drugs. Recently, biodegradable 

polymers and ligands are designed in order to increase the drug retention in stomach[103]. In a 

study, Heparin-chitosan NPs were synthesized to treat a severe stomach infection caused by 

bacteria, Helicobacter pylori. Epithelium layer of stomach wall has acidic pH than total acidic 

environment of the stomach. Results have shown that this NP system was stable at pH 1.2-2.5 

which protects the drug from gastric juices. On contact with the infected epithelium and mucus 

cells of the stomach (pH 7.4) deprotonation of chitosan caused NP collapse and release of 

heparin[104]. 

At tissue level, pH sensitive strategies are exploited mainly for cancers. Tumor cells grow very 

fast. Their metabolic rates are very high due to high oxygen and glucose consumption. When more 

energy is required for tumor cells by glycolysis, pH of the growing tumor tissue becomes more 

acidic. Hence, tumor microenvironment can be exploited by using pH sensitive nanocarriers e.g. 

liposomes. They are designed to degrade at acidic pH and release the drug at tumor sites[105]. 
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After endocytosis, acidification of endosome occur, hence pH levels of endosome drops to less 

than 6[106]. Acidification can be harmful for therapeutic nanocarriers especially DNA, RNA or 

protein delivery. But endosomal acidification can also be used to elicit the escape of NP and release 

of payload into the cytoplasm. Protonation effect is responsible for rise in osmotic pressure inside 

the endosome. This phenomenon is referred to as Proton sponge effect[107]. pH responsive 

polymers have been used in many studies that buffer the endosomes for intracellular delivery of 

active substances[108]. Aryal et al. have synthesized polymer (PEG-PLA) conjugated with 

cisplatin in the polymer network to investigate drug release at low pH. In vitro results have shown 

that cytotoxicity of polymer conjugated cisplatin in cancerous cells increased as compared to free 

cisplatin. It was suggested that these NPs have good acid responsive drug release after nanocarrier 

is engulfed by the cells which is an effective method in tumor targeting strategies[109]. 

 

1.3.3.2 Temperature sensitive NPs: 

 

Heat responsive nanocarriers are widely investigated in many drug delivery applications. A sudden 

change in temperature is employed when thermo-sensitive system with encapsulated drug reaches 

the target site. Such sudden response induces the drug to release. Mostly used nanoparticle systems 

are polymeric micelles and liposomes. Poly(N-isopropyl-acrylamide) pNIPAM is a typical 

polymer used for heat triggered release of active biomolecules[101].  

In recent years, thermosensitive liposomes have been greatly employed. Doxorubicin (Dox), an 

anti-tumor drug, loaded in thermosensitive liposomes (ThermoDox) are now in the 2nd phase of 

clinical trials for treatment of breast cancers. Drug release is linked with initial temperature of 

hyperthermia (40-45oC) which targets the leaky vasculature of the tumor microenvironment [110]. 

General scheme is shown in Fig. 23. 
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Figure 23: Thermo responsive liposome targeting tumor's leaky vasculature [110]. 

 

In another novel approach, researchers have loaded 5-Florouracil in pNIPAM hydrogel at room 

temperature. The hydrogel with loaded drug were put in a dialysis bag. Studies were performed 

using U.V spectrophotometer and drug release from this novel drug delivery system was monitored 

at 266 nm. It was found that increase in temperature from 25oC to 37oC released the drug at faster 

rate than by lowering the temperature to 10oC from 25oC. It was also suggested that by controlling 

heat responsiveness of the hydrogel and dialysis bag, release rates can be controlled [111]. 

 

1.3.3.3 Light sensitive NPs: 

 

Photosensitive nanocarriers have been investigated for controlled release studies. Light is a good 

source for stimuli responsive systems since its penetration and intensity can be controlled 

accordingly. Nanocarriers can be irradiated with ultraviolet light to achieve drug release when 

required. The strategies can be tuned accordingly if there would be one time or repeatable release 

scenarios [101, 112]. 
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In a study, near infra-red (NIR) light was used. NIR sensitive drug delivery system was inspired 

by DNA self-assembly method in which DNA template strands hybridize. Nanocarriers were 

composed of PEG coated gold nanorods (NRs) and complementary DNA nucleotides. One strand 

was made capture strand which was attached with gold NRs functionalized for NIR response. The 

other complementary strand was made as targeting strand with molecular ligands for targeting the 

required site. The CG (cytosine-guanosine) base pairs at both strands were used as binding sites 

for loading of DOX. DOX molecules were incorporated in the double stranded DNA strands 

consisting of both capture and targeting strands. In response to the irradiation, gold NRs become 

heated which results in DNA damage. Consequently, DOX molecules were released at the target 

site. It was found that tumor growth could be inhibited. Fig. 24 shows the schematic diagram of 

the method. It was also suggested that such systems can be finely tuned to control drug loading 

and release using DNA assembled nano based strategies [113]. 

Though, such drug delivery systems can be very useful in future but safety and biocompatibility 

of substances used in light responsive systems must be evaluated [23]. 

              

 

Figure 24: Photo-responsiveness, NIR light causing the strands to denaturate, releasing DOX [113]. 
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 Theranostic NP’s: 
 

Theranostic NPs possess both therapeutic and diagnostic capabilities whereby having dual function 

of diagnosing the disease and releasing the drug at the diseased site. The importance of such 

integrated drug delivery system is to enable researchers in the monitoring and management of vital 

diseases like cancer, diabetes, hepatitis etc. at relatively low cost. In cancer therapy, drug 

molecules and imaging contrast agents are added to the nano-carrier and delivered to the tumor 

site[114]. Fig: 25 (a) shows a scheme of a theranostic NP in action. 

 

         

 

Figure 25: (a) Basic components of a theranostic NP. (b) Theranostic NP in action to diagnose and deliver 

drug to the tumor location[115]. 

 

Theranostic NPs have four basic components- therapeutic drug, a carrier, signal emitter and 

targeting ligand. The drug carrier can be polymeric NPs, liposomes etc. The signal emitter with 

diagnostic ability is required to emit signals on reaching the targeted anatomical site. The targeting 

ligands like proteins or antibodies are used specific to the diseased site, for example tumor site 

[115]. 

 

(a) 

(b)
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 Applications: 
 

In recent years there has been unrivalled development in the field of nanomedicine. Drug delivery 

and imaging applications of nano based systems have a great impact on the future of medicine. 

There is increasing anticipation in engineering such systems that effectively diagnose and cure 

vital diseases like cancer and Parkinson’s disease [116].  

1.3.5.1 Drug Delivery: 

 

Drug delivery is the major application for NPs in the emerging field of nanomedicine. NPs possess 

unique properties like small size, surface functionality or ability to carry active molecules with 

them to accumulate the drugs in the diseased site[117]. 

1.3.5.2 Targeted & non-targeted drug delivery: 

 

Drug delivery systems are based on targeting and non-targeting strategies. In non-targeting 

method, drugs are delivered to the body by conventional methods like bulk administration of drug. 

On the other hand, in targeted drug delivery, drugs are targeted to only diseased site without 

affecting healthy cells.Fig.26 shows two different targeting NPs with attached targeting ligands 

[118]. Targeted delivery do not completely depend on route of administration or method used. It 

is important in targeted delivery systems that how drugs will interact with the damaged cells. The 

prerequisites for a successful targeted delivery are biocompatibility of the nanocarrier system, 

strength of drug polymer conjugates and specificity to target the damaged cells only. Systemic and 

intracellular targeting strategies are mainly employed. In systemic drug delivery, localized 

triggered delivery and ligand-receptor interactions mediates the delivery of the drug. To target the 

drug inside the cells, for example to lysosomes, low pH can provide lysosomal escape of 

nanocarriers hence releasing the drug inside the cell[119]  
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Figure 26: Two different targeting NP systems A) Liposomal NP, B) Polymeric NP[118]. 

 

Liposomes have better encapsulation capacity inside their core. Aqueous interior can provide space 

for encapsulation of hydrophilic drugs whereas hydrophobic drugs can be conjugated within the 

bilayer. PEG modification with its stealth nature can act as barrier which prevents interaction with 

circulation proteins. PEG increases liposomal retention time in vivo[120]. Although, liposomes are 

a potential targeting drug delivery vehicle but they yield poor release kinetics. Manufacturing such 

liposomes is also difficult at industrial scale. Storage of such lipid based drug delivery systems can 

be a challenge due to their lower stability[121]. On the other hand, biodegradable solid NPs offer 

wide range of functions in targeted drug delivery. Polymers offer biodegradability and 

biocompatibility features. It is possible to tune NP size and shape; polymer composition can also 

be varied in order to add drug release characteristics in nanocarriers. These NPs can provide 

constant doses for longer periods of time[118]. NPs can be designed with or without surface 

functional groups depending on type of application. Many polymers and polyesters like PGA, PLA 

are in use for targeted drug delivery applications due to their tunable degradation rate and 

biocompatibility [122] 
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1.3.5.3 Drug Route: 

 

Size, shape and surface chemistry of drug delivery systems are important factors to consider when 

administrating the drug or imaging agent inside the human body. The bio distribution profiles of 

nanocarriers with known toxicities are prerequisites to design nano systems for drug delivery. 

There are many methods and routes to administer the nano based drugs depending on type of 

function and site targeted. Immune system activates when any biomaterial enters the human 

system. In ideal conditions, nanocarriers must be non -toxic, biodegradable and non-immunogenic. 

Polymers can act as good conjugation source for many drugs e.g. poly-glutamic acid (PGA), 

polyvinyl alcohol (PVA), or PEG. Polymeric NP systems provide biocompatible features for 

pharmacokinetics and pharmacodynamics of the drug [123] 

A complete insight of anatomy and physiology is required when constructing nano systems for 

drug delivery and imaging applications. It is very important in tracking the injected drug carrier 

from its cellular uptake to elimination from human system. Fig.27 and 28 shows different methods 

of drug administration, uptake, metabolism and elimination mechanisms for nano based drug 

delivery systems[124]. 

 

1.3.5.3.1 Administration: 

 

Most of the polymers are nanocarriers synthesized for delivery via intravenous (IV) route. It is 

efficient route of administration as therapeutic molecule can enter directly in the bloodstream. 

There are also many different formulations which are administered subcutaneously (SC) or 

intramuscularly (IM), for example, Peg-Intron®. These injections are used for slow and consistent 

release of drug, hence less periodic injections are used. In a study, administration of water soluble 

polymers PEG and PVA were investigated via different routes. It was found that elimination rate 

of intraperitoneal (IP) administered polymers is greater than IM and SC administered polymers. 

Oral and pulmonary routes have also been exploited for localized delivery. Liposomes and other 

polymeric NPs have been used. Low molecular weight of polymers has shown fast degradation. 

Route of administration, and nanocarriers system may vary depending on the disease, therapy and 

intended doses for longer or shorter periods[125]. 
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Figure 27: Significant routes for administering NPs [126]. 

 

 

1.3.5.3.2 Distribution 

 

Physicochemical and mechanical properties of NPs play a key role in biodistribution, targeting, 

engulfment and biodegradation of the nanocarriers. Initially on entering the human system, 

interaction of NPs with immune cells and serum protiens occurs which determines the fate of 

distribution of nanocarriers [127]. Biodistribution of NPs is typically achieved by active & passive 

targeting. 

1.3.5.3.2.1 Passive & active targeting: 

 

The effective nanocarrier system has to target the damaged cells without affecting the healthy cells. 

For instance, in cancer, the microenvironment around tumor cells can be exploited to deliver the 

drug. This pathophysiological condition of tumor tissues allow drugs to accumulate and cause 

therapeutic effect. The drug polymer hybrid nanocarriers have longer circulation and retention 
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rates than the drugs with lower molecular weights. Normally, endothelial cells of blood vessels are 

more impenetrable to macromolecules. In pathological condition or tumors, disordered vasculature 

becomes responsible for permeability of larger molecules. This enhanced permeability of defective 

vasculature results in increased retention of macromolecules in tumor tissues. This type of 

targeting is called passive targeting. The anatomical difference of the tumors from healthy cells 

makes way for nanocarriers (up to 400nm) to pass through the vasculature. This phenomenon is 

called enhanced permeability & retention (EPR) effect[119] . Doxil works by passive targeting 

which is developed for cancers. It is a PEG coated liposome incorporated doxorubicin. It 

selectively targets the tumor cells and have better pharmacokinetics than conventional drugs of 

low molecular weights. Hence EPR effect is considered to be a landmark in developing anti-cancer 

drugs[128]. 

Active targeting is carried out by using proteins, conjugating ligands, antibodies or small 

molecules attached with nanocarrier system which actively targets the diseased site. These ligands 

will selectively bind to the specific receptors on surface of cells. Target cell binding depends on 

cell surface receptor expression, ligand receptor interaction and their surface chemistry. Ligand- 

receptor binding ensures entry of nanocarriers inside the cell. It is important for successful 

recognition that both receptor and ligand must be in closer (<0.5nm) proximity. Currently, 

nanodrugs are under investigation for selectively targeting and release of drugs from nanocarriers 

into the tumor cells [129]. 

 

1.3.5.3.3 Metabolism: 

 

The system used for drug delivery needs to be degraded after performing its required thernaostic 

function. Polymers which are biodegradable degrade and need to be eliminated from the body 

immediately after performing their function. Their degradation is mostly imitated by the 

degradation of polymer backbone. Biopolymers like collagen degrades and are metabolized into 

amino acids or saccharides which become part of biochemical pathways of body. Chitosan is 

susceptible to lysozyme on acetylated residual hydrolysis. Dextran degrades when dextranases α-

1-glucosidases. This enzyme is present in almost all the main organs of the body like liver, kidney 
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etc. Synthetic polymers degrade in similar fashion either hydrolytically or enzymatically e.g. PGA 

degrades into monomeric units of amino acids when lysosomal enzymes cleave bonding[130] . 

 

1.3.5.3.4 Elimination: 

 

Elimination of non-biodegradable polymers like PEG and other higher molecular weighted 

copolymers is a growing concern. Non degradable polymers go back to circulation via possibly 

defective lymphatic system of the diseased site. On reaching the glomerular filtrate of the kidney, 

they are eliminated if they are under the threshold of the glomerular. Molecular weight, size and 

shape of the nanocarrier are the factors which affect the rate of glomerular filtration and 

subsequently elimination from the body[131]. There is still considerable need to consider the 

potential risks while using higher molecular weight NP systems especially when periodic doses 

are to be administered[132]. 
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Figure 28: Journey of nanocarriers in human system showing administration routes, distribution, 

metabolism and elimination methods from the body [123] 

 

 

1.3.5.4 Diagnostic Imaging: 

 

NP based imaging techniques have influenced the modern diagnostic methods. Development of 

imaging moieties coupled with nanocarriers have great potential in diagnosis of diseases [133]. 

Molecular imaging is done to visualize the disease site in study where molecular probes are 
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constructed to characterize the processes at molecular or cellular level. There are many different 

NP systems (gold NPs, dendrimers, or polymeric NPs) which are used in order to image the desired 

site of the body. NP size, shape, surface charge needs to be considered while developing nano 

systems for imaging. Functionalization of nanocarriers can be done by using polymers like PEG 

which gives hydrophilic stealth characteristics. By using PEG, it is possible to enhance circulation 

time in blood because less adsorption of circulating serum proteins can be achieved. Similarly, 

anionic charged NPs can be used to increase the endocytosis of nanocarriers containing labelled 

probes required to imaging techniques[134]. NP based contrast agents are potentially good 

candidates for imaging which will help diagnosis of vital diseases like cancer, Parkinson’s disease 

& hepatitis [135]. 

MRI has emerged as very potent tool in diagnostics. It is due to its higher efficiency of contrast, 

penetration and high resolution imaging capability in soft tissues of the body. It is based on signal 

intensities received and is dependent on the relaxation times T1 and T2. T1 is spin-lattice relaxation 

of in vivo water protons of the concerned diseased site. T2 provide spin-spin relaxation rates. 

Magnetic NPs act as contrast agents which are added into the system before scanning. NPs can 

enhance or decrease the contrast in the tissues to be imaged which can be termed as positive and 

negative contrast agents, respectively. Recently, these magnetic NPs are used as potential 

theranostic agents because of their dual functions of imaging and delivering the drug to required 

tissues. In a study, L-Dopa drug used against Parkinson’s disease was conjugated on the surface 

of manganese oxide NPs which releases the drug upon release of Mn2+ ions. It was a novel method 

to obtain high resolution MRI image with combined therapeutic effect [136] 
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2 Materials & Methods: 
 

2.1 Materials: 

 

In this project, sodium alginate (Protanal® LFR 5/60, M.W: 32kDa, FG = 0.68 which is total 

fraction of G blocks) used was provided by FMC Biopolymers Norway. Calcium chloride, 

purchased from Sigma Aldrich® was used as calcium ions source to cross link G blocks of the 

alginate. Fluorescein sodium salt was also purchased from Sigma Aldrich®. Milli-Q® water  with 

18.2 MΩ·cm resistivity at 25 °C was used in preparing solutions. 

 

2.2 Characterization Techniques: 

 

Characterization techniques employed in this project are Ultraviolet visible spectroscopy 

(U.V.Vis), spectrofluorometery, Dynamic light scattering (DLS), capillary viscometery 

(ubbelohde viscometer tube) & Scanning Transmission Electron Microscope (STEM).  

 

 UV-Vis Spectroscopy: 
 

UV Visible Spectroscopy is a technique which measures the amount of light absorbed/ scattered 

by the sample. It is an important tool for characterizing nanomaterials. Sample under 

characterization is placed between the light source and detector,and intensity of visible region of 

light is measured before (incident beam) and after (transmitted beam) passing the sample. UV 

extinction spectrum measurements are wavelength dependent[137]. Beer’s law measures the 

absorption spectra as: 

 

𝑨 = −𝒍𝒐𝒈 (
𝑰

𝑰𝒐
) = 𝒆𝒄𝒍 
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Where A is absorption, I and Io are incident (Io) and transmitted beam intensities (I), and c is the 

concentration of the scatters in solution &  e is the molar extinction coefficient. According to Beer 

lambert’s equation, absorbance is directly proportional to the concentration & evidently darker 

solutions have higher absorbance values[138]. 

In this project, UV-24011PC developed by Shimadzu© installed at Ugelstad laboratory was used 

for measurements. Standard disposable cuvette was used for measurements. Baseline with MiliQ® 

water was performed before measuring the samples. U.V spectroscopy setup is shown here in Fig. 

29 

 

                 

 

                                                      Figure 29: U.V Visible Spectroscopy 

 

 

 Fluorescence Spectroscopy: 
 

Fluorescence is a light emitting process which occurs when incident beam of light matches the 

frequency of electronic oscillation in a substance or nanomaterial. Electrons are excited from 

ground state to vibrational levels of energy. Jablosnki diagram Fig:30 conveniently describes the 

excited structure and energy transitions during the fluorescence phenomenon. Excited electrons 

relax which leads to photon release and loss of energy in the form of heat. The emitted photon will 

always be at higher wavelength compared to excited photon, this energy reduction is called Stokes 

shift. Phosphorescence and delayed fluorescence are other fluorescent processes which lie in 

different excitation and emission spectra of energy[139, 140].FRET( Fluorescence Resonance 
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Energy Transfer) occurs when two fluorophores are placed in close proximity (1- 10nm) due to 

energy absorption by  one from the other[139]. This leads to quenching (decrease in fluorescence) 

and enhancement (increase in fluorescence) of the two fluorophores causing shifts in the 

excitation/emission spectra. These overlaps are observed when emission spectrum of donor 

fluorophores overlaps with the absorption spectrum of acceptor fluorophore. Peak overlaps are 

higher at longer wavelengths which are commonly linked with the dipole dipole interactions 

between  two fluorophores or exposure to the aqueous medium which is under 

characterization[141] 

 

 

                       

      

 

                       Figure 30: (a) Jablonski Diagram, (b) shows peak overlap in FRET [139, 141]. 

 

In this project, Fluorolog® spectrofluorometer was used for investigating gelation. Fig. 31 shows 

the instrumental setup. Alginate & CaCl2 were investigated at different excitation/emission 

wavelengths. Gelation studies were performed at 280 nm excitation (slit width 5mm) and emission 

(slit width 3mm) peaks from 545-575 nm were considered. Further on, loading and release studies 

(a) (b) 
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are performed. Fluorescein dye was excited at 460nm (excitation slit width 3mm) (emission slit 

width 3mm) and emission measured in the range from 590nm to 520 nm.  

 

         

\ 

                  Figure 31: Fluorolog® Spectrofluorometer instrument with cuvette for sampling. 

 

 Ubbelohde Capillary Viscometer: 

 

Viscosity of liquids characterizes their intrinsic friction and flow properties. If any liquid is put 

between two surfaces, plane parallel to each other, force will be required to it to displace it from 

the upper surface. It is because, the liquid particles are bound to the surface by adhesive forces. In 

the measuring capillary viscometer, a laminar flow drop of a liquid is created. In ideal conditions, 

fluid flows in coaxial layers directed towards the pressure drop. A parabolic liquid flow occurs 

through the viscometer. On applying air pressure, the drop displaces through the capillary from a 

certain point to the other and measurement (time) recorded in automated stop watch. Viscosity of 

pure solvent will be taken as reference point. Poiseuille’s law applies on capillary viscometers 

which is given by the following equation: 

        
𝑽

𝒕
=

𝝅𝑹𝟒∆𝝆

𝟖 𝑳𝜼
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There are different types of capillary viscometers in variety of shapes. Ubbelohde and Ostwald are 

common viscosity measuring instruments. In this work, Ubbelohde viscometer was equipped with 

an automated stop watch. Measurements of flow time are calculated manually or through 

automated stop watch. Automated stopwatch is more advantageous than manual timing as 

automated system can reduce subjective observational errors or reaction time of the observer can 

be different from actual reading. In certain conditions, it is difficult and hectic to take readings of 

highly viscous liquids that take long times to flow through the tube. Hence it is better to use 

automated timing device as they produce electrical signals at the start and end of the measurement 

giving higher accuracy[142]. 

In ubbelohde capillary viscometer (Fig 32), 0.1ml of alginate was added in 2.9 ml solution of CaCl2 

solution present in the tube. The tubes were stirred gently to mix the solutions. Temperature was 

set to 20oC and 6 readings were taken for each experiment using automated stop watch. Their 

average value was used for studying viscosity of gelling alginate. 

 

       

Figure 32 : Ubbelohde Viscometer Setup. On the right Alginate and CaCl2 can be seen in viscometer 

bulb. 
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 Dynamic Light Scattering (DLS): 
 

DLS is used to characterize NP solutions. It is an important instrument which gives information 

about size distributions of particles in solution. DLS is based on Brownian motion. [143]. This 

random motion is driven by kinetic energy of particles which changes the intensity of scattered 

light with time. Bigger particles moving relatively slower than the smaller ones will scatter more 

light[144]. 

The principle of DLS measurement is based on measurement of diffusion coefficient of NPs. 

Stokes Einstein equation estimates hydrodynamic diameter which is diameter of hypothetical 

nonporous sphere which diffuses when the NP is being characterized. Stokes Einstein equation is: 

 

𝑫 =
𝑻𝒌𝑩

𝟔𝝅𝜼𝑹𝒉
 

 

Where D estimates the diffusion, kB is Boltzmann constant, T is absolute temperature. Rh is 

hydrodynamic radius of the sphere and 𝜂 is viscosity of solution[145]. 

In this project intensity of scattered light is measured by Malvern Nanosizer© which gave 

information about the size distribution of NPs in solution. It can measure up to nanometer scale to 

microns. DLS has great significance in size measurements in colloidal chemistry and also 

complements the size distributions measured by TEM (Transmission Electron Microscope). 

 

 Zeta Potential: 
 

Zeta Potential is the property of charged particles in suspensions which can be used to characterize 

emulsions and solutions containing small particles. When a charged particle is mixed in solution, 

ions of different charge surrounds the particle forming a cloud/layer which is called electrical 

double layer. The layer which forms around the charged particle has two parts, inner stern layer & 

outer diffuse region. Inner stern layer has ions strongly bound to the surface whereas in diffuse 

region they are loosely bound. In diffuse layer, there are ions forming a stable boundary. When a 
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particle is in movement (Brownian motion), ions in the boundary move and the potential at this 

boundary is termed as Zeta Potential.  The distance from the particle surface in the electrical 

solutions decreases the electrical charge of the system. Fig: 30 shows the schematic representation 

of Zeta Potential. The potential stability of the colloidal solution can be determined by the 

measurement of Zeta Potential[146]. Smoluchowski equation describes the working principle of 

the Zeta Potential: 

𝝊𝑬 = 𝟒𝝅𝝐𝟎   𝜺𝒓

𝝃

𝟔𝝅𝜼
 (𝟏 + 𝒌𝒓) 

 

vE is the velocity of particles in electrical field and r describes the radius of the particle. k is Debye-

Huckel parameter 𝜀0𝑎𝑛𝑑 𝜀𝑟 are relative dielectric constants which describes electrical 

permissiveness of the particles in the vacuum, 𝜂 is the viscosity of the colloid system[147]. 

 

                                

 

Figure 33: Scheme of Zeta Potential measurement[144]. 
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In this project, Zeta Potential of Fe@Au, Fe@Au@PEG, Fe@AuPL NPs are measured using Zeta 

sizer form Malvern Instruments©. Zeta sizer is also used for measuring size distributions of NPs. 

Zeta Cuvettes (a) and size cuvettes (b) used are shown in the Fig 34: 

 

              

 

Figure 34: Malvern Zeta sizer instrument with Zeta (a) and Size (b) cuvettes. 

 

 Refractometer: 
 

Refractometer (RI) measures n of a solution. It is measure of  light refracted, scattered or passed 

through solution under concentration. RI described by the following equation;  

𝒏 =
𝒄

𝒗
 

Where c is the speed of light in vacuum and v is phase velocity. Water refractive index is 1.333 

which means light travels 1.333 times quicker in vacuum compared to that of water. Here RI’s 

alginate and CaCl2 solutions were measured using ARAGO refractometer. It has built in sample 

loading well[148]. Image of the instrument is shown here Fig: 34. 
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Figure 35: Refractometer. 

 

 Scanning Transmission Electron Microscope, S(T)EM: 
 

S(T)EM is a robust technique used for ultra-magnification of nanomaterials. In S(T)EM, beam of 

electrons are emitted by electron gun focused by optical lenses before they pass through the 

sample. Objective lens is the main lens which focuses electrons onto the sample and important for 

quality of capturing images[137]. Scan coils installed within the instrument helps in creating a 

high magnified image by scanning over the sample.Fig:32 shows the anatomy of S(T)EM. 

 

                                            

       Figure 36: Schematic image of S(T)EM machine 
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To produce NP images, Hitachi S-5500 S(T)EM is used which is installed at NTNU NanoLab 

facility. Samples are set down on C-coated copper TEM grids and placed on the standard sample 

holder before placing it in the instrument. Flashing and measuring conditions were fulfilled before 

performing microscopy. 

 

2.3 Methods: 

 

 Alginate Gelation Setup: 
 

With an aim to optimize the concentrations of both alginate and CaCl2 solutions that cause gelling, 

different aqueous solutions of sodium alginate and calcium chloride with varying concentrations 

were made. The detailed weights and volumes used for making the different solutions can be found 

in the Appendix 1.  

A total sample volume of 3 ml was kept constant for all the experiments performed using UV- Vis 

Spectrophotometry and viscometry (0.1 ml aqueous solution of sodium alginate and 2.9 ml 

aqueous solution of calcium chloride). Before reaching these optimized volumes for both the 

solutions, different experiments were performed as outlined in Appendix 1.  

In all employed techniques to study gelation, alginate solution were added to the CaCl2 solution as 

shown in Fig 35: Ca2+ ions are ideal in this method because of their nontoxicity, cheap availability 

and they have mild ionic strength in order to produce gel [30]. Following are some of the 

experiments which are performed based on moles of CaCl2 and alginate (Table 1). 
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                                                      Table 1: CaCl2 – alginate molar ratio 

CaCl2 Conc. 

(mg/ml) 

Moles of CaCl2 Alginate Conc. 

(mg/ml) 

Moles of alginate Mole ratio (CaCl2 

to Alginate) 

7.35 0.00014502 0.25 

 

7.812x10-1 

 

1.86 x 105 

 

7.35 

 

0.00014502 

 

0.50 

 

1.562 x 10-9 

 

9.28 x 104 

 

7.35 

 

0.00014502 

 

0.75 

 

2.344x 10-9 

 

6.19x 10-4 

  

7.35 

 

0.00014502 

 

1.00 3.125 x 10-9 

 

4.64 x 104 

 

14.7 

 

0.000290039 

 

1.00 3.125 x 10-9 

 

9.28 x 104 

 

29.4 

 

0.000580079 

 

0.25 

 

7.812 x 10-1 

 

7.43 x 105 

 

29.4 0.000580079 

 

1.00 3.125 x 10-9 

 

1.86 x 105 

 

100 

 

0.001973058 

 

1.26 x 10-3 

 

3.95x 10-12 

 

5.00 x 10 8 

 

200 

 

0.003946115 

 

2.53 x 10-1 

 

7.893 x 10-10 

 

5.00 x 106 

 

300 

 

0.005919173 3.79 x 10-3 1.184 x 10-11 5.00 x 108 

0.7 

 

1.382 x10-5 

 

8.84 x 10-1 

 

2.78 x 10-9 

 

5.00 x 103 

 

0.7 

 

1.382 x10-5 

 

8.84 2.78 x 108 5.00 x 102 

1 

 

1.973 x 10-5 

 

2.30 

 

7.175x 10-9 

 

2.75 x 103 

 

1000 0.019730576 1.26 x 10-3 3.947 x 10-12 

 

5.00 x 109 
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After series of experiments, three concentrations of both alginate and CaCl2 were chosen for 

further studies which are given in Table 2: 

 
Table 2 : Optimized concentrations for alginate gelation. 

 

 

 

 
 

 

 

It is to be noted here that in all experiments alginate solution was added into CaCl2 solution to 

cross link the alginate network. Fig 46 shows the scheme of reaction. 

 

                                    

 

Figure 35: 0.1ml of alginate was reacted to 2.9ml volume of CaCl2 under normal room conditions. 

Solutions  Alginate 

concentration (mg/ml) 

CaCl2 concentration (mg/ml) 

 
Mole ratio 

(CaCl2 to 

alginate) 

A1-C1 8.84 x 10-1 0.7 5.00 x 103 

 

A2-C2 2.50 x 10-1 200.0 5.00 x 106 

 

A3-C3 1.26 x 10-3 1.00x103 

 

5.00 x 109 
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 NPs synthesis: 
 

2.3.2.1 Synthesis of Iron Gold NPs: 

 

Fe@Au synthesis procedure was adapted from S. Bandyopadhyay et al.[149]. 10 ml of 10mM 

solution of sodium citrate was added to 5mg of already synthesized iron (Fe) NPs available with 

Ugelstad Laboratory. Then this mixture was sonicated for 2 hours at 80oC to form citrated adsorbed 

Fe NPs.  

Thereafter, 10 ml of 1.5 mM solution of chloroauric acid (HAuCl4) was added to the brown 

solution of Fe NPs. The reaction temperature was maintained at 75oC. After 9 minutes, the 

brownish color of the solution turned into purplish red.  At the end of the reaction (20 minutes), 

the solution was cooled to room temperature and purified using centrifugation at 14500 rpm for 

20 minutes. The Fe@Au NPs solution were re-dispersed in 10 ml of MQ. Concentration of Fe@Au 

NPs were found out by simple weighing methods. Synthesis scheme of Fe@Au NPs is given by 

the Fig: 36. 

                                            

 

Figure 36: Fe@Au NPs synthesis setup 
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2.3.2.2 Functionalization with Polyethylene glycol (PEG): 

 

In order to obtain PEG coated Fe@Au NPs, 2 mg of PEG-SH were dissolved in 5 ml of Fe@Au 

NPs of 1 mg/ml concentration. The reaction mixture was stirred for 1 hour at room temperature at 

500rpm. Thereafter, this mixture was centrifuged at 10000 rpm for 20 minutes Fe@Au@PEG were 

obtained. These were re-dispersed in 5 ml of MQ water. PEG binds to the gold surface via SH 

bonding, it is a thiol group and has greater affinity for gold [150]. 

  

2.3.2.3 Functionalization with Polylysine (PL): 

 

PL solution of 0.1mg/ml concentration were made.  5 ml of 1mg/ml Fe@Au NPs were centrifuged 

at 14500 rpm for 20 minutes and then supernatant was discarded. Then 2.5 ml of PL solution was 

mixed in these Eppendorf tubes containing Fe@Au NPs with 2.5 ml of MQ water. Then this 

mixture was poured into a vial and the solution stirred for 2 hours. After 2 hours, this mixture was 

centrifuged again at the same frequency of rotation. Now PL functionalized Fe@Au_PL NPs were 

obtained and re-dispersed into MQ water of same volume (5ml). Scheme of NP functionalization 

is shown in fig 37. Experimental setup was at neutral pH. 
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Figure 37: Functionalization of Fe@Au NPs into Fe@Au@PEG, Fe@Au_PL 

 

 

 Incorporation of NPs with alginate: 
 

Three types of NPs were used to bind alginate i.e. Fe@Au, Fe@Au@PEG coated & Fe@Au_PL 

coated NPs. 1.5 ml of NPs taken from each particle type having  NP concentration of 1 mg/ml and 

centrifuged at 14500 rpm for 20 minutes in minicentrifuge using Eppendorf tubes. NPs were 

obtained after discarding the supernatant. Then 0.5 ml of alginate was added to the NPs and then 

shaking was done for 2 hours. This procedure has been done for other each NP type and alginate 

concentration. After shaking, 0.1ml of this solution (which now contain alginate incorporated with 

the NPs) is used to react with 2.9ml of respective CaCl2. 2mg/ml concentration of each NP types 

has also been made and then alginates are incorporated by similar procedure. Schematic diagram 

(Fig.38) shows the procedure. 
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Figure 37: Scheme of NP incorporation with the alginates. 

 

 

 Loading: 
 

2.3.4.1 Fluorescein sodium salt: 

 

Fluorescein is used as fluorescent tracer in studying pathology of Blood Brain Barrier and spinal 

cord in lab animals[151],[152] .Its molecular weight is 376.27 and occurs in powder form. It is 

soluble in water with a solubility limit to 1 mg/ml. Its excitation fluorescent wavelength is 460nm 

and emission wavelength is around 515 nm. Its chemical formula is as follows:  
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Figure 38: Chemical Formula of Fluorescein sodium salt[152]. 

 

 

2.3.4.2 Fluorescein dye optimization: 

 

Fluorescein sodium salt was used in order to check it’s loading and binding with NPs. For 

calibration, different concentrations of dye were used.0.8mg/ml solution of dye was finally chosen 

to perform further experiments. Dialysis tube experiment was done to check the permeability and 

diffusion of dye at intervals of time. 3 ml volume of dye was filled in the tube and immersed in 

the beaker containing de-ionized water. Time study has been done in order to see the release of 

investigate molecules into the water. UV. Vis spectroscopy was done to check the fluorescence 

intensity of the dye in the tube after lapse of every 2 hours. After every 2 hours water in the beaker 

was replaced with de-ionized water. It was done to ensure that greater amount of dye must release 

into water without attaining equilibrium. With lapse of time, water in beaker started turned to 

yellowish green. Three methods are employed in order to investigate the loading of fluorescein 

dye. Their detailed scheme is described below (Fig 40, 41, 42). All the methods of loading 

mentioned were investigated using Spectrofluorometer.  
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2.3.4.3 Fluorescein Dye Loading: 

 

2.3.4.3.1 Method 1- Dye@NPs@Alginate: 

 

1mg/ml and 2mg/ml concentrations of Fe@Au NPs were made. 1. 5 ml volume was taken from 

each concentration type and centrifuged to get the particles at the bottom of Eppendorf tube (a). 

0.5 ml of fluorescein dye (0.8mg/ml) was added to the NPs and shaking was done for 2 hours (b).  

This procedure was repeated in order to get 1 ml total volume of dyed NPs in the tube for dialysis 

experiment(c). After 2 hours of shaking, dyed 1mg/ml and 2mg/ml NPs were transferred in 

separate tubes and immersed in the beaker containing water for dialysis. This experiment was done 

in order to obtain NPs with bound dye in the tube and free dye must diffuse out into the water. 

After 10 hours of dialysis dyed NPs were obtained which were introduced with 3 concentrations 

of alginate solutions (d). 0.5 ml of alginate mixed with dyed NPs making a total of 6 solutions of 

varying concentrations (e). They were shaken for 2 hours. 0.1ml of this mixed solution containing 

dyed NPs and alginate were reacted with 2.9ml of CaCl2 in order to gel the alginate (f).Schematic 

is process flow diagram is given below (Fig 38) 

       

 

  

Figure 39: Scheme of dye loading Method 1 in steps (a),(b), (c). (d), (e), (f). 
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2.3.4.3.2 Method 2 – NPs@Alginate@Dye: 

 

Fe@Au NP solutions were centrifuged in Eppendorf tubes to get NPs and allowed to mix with 

0.5ml of alginate solutions. 6 solutions were made. They were shaken for 2 hours. And then 0.5ml 

of fluorescein dye (0.8mg/ml) has been added to the all the 6 tubes. Again they were shaken for 

two hours. Then they were filled dialysis tubes to remove the unbound dye. After 10 hours of 

dialysis, the solutions from tubes were transferred in vials. 0.1ml of this solution containing 

alginated NPs containing bound dye were mixed with 2.9ml of CaCl2 to cause gelation of alginate. 

 

 

                                                      Figure 40: Schematic of dye loading method 2. 
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2.3.4.3.3 Method 3- Alginate@Dye@NPs :     

 

0.5 ml of each alginate solution was mixed with 0.5 ml of fluorescein dye and they are shaken for 

2 hours. After shaking, these 6 solutions were transferred in dialysis tubes for dialysis study. After 

10 hours of dialysis, the free dye unbound to alginate diffused out from the tube into the beaker. 

NPs were centrifuged and alginate containing dye were allowed to mix with NPs. This system was 

shaken for 2 hours. 0.1ml of this solution containing dyed alginate containing NPs were reacted 

with 2.9ml of CaCl2 to cause the G blocks of alginate to gel. 

       

 

 

Figure 41: Dye loading Method 3. 
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2.4 Release: 

 

Dyed@NPs@Alginate (Method 1) system was used to release the dye from the system.  1mg/ml 

and 2mg/ml dyed Fe@Au NPs were used with three samples of calcium-alginate, in total 6 

solutions were investigated for release.  

0.1ml of Dyed@NPs@alginate were reacted with 2.9 ml CaCl2 to cause gelation of alginate. 

Dyed NPs were proposed to be embedded in their network. Simple diffusion method was 

adapted to diffuse the dye based on concentration gradient. 3ml of water was added to each (3ml) 

solution and stirring was done at 90 rpm. in room conditions. Characterization was done after 

time intervals using spectrofluorometer. Release setup can be shown in Fig 42:   

 

                                     

 

                                                       Figure 42 : Diffusion Release setup 
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3 Results & Discussion: 
 

The aim of this project was to optimize and investigate alginate/NP hybrid systems for drug 

delivery applications. Here, gelation phenomenon of alginate at lower concentrations is studied 

and its interaction with Fe@Au NPs. Thereafter, loading and release of fluorescein dye from these 

alginate/NP systems have also been investigated. In the subsequent sections, first, alginate-Ca2+ 

systems have been investigated to understand the gelling phenomenon at low concentrations. 

Following their optimization, different NPs are characterized and incorporated into the gel 

networks. After successful incorporation, to further understand the behavior of such systems, three 

specific alginate-Ca2+ systems are studied. Interaction of fluorescein with these systems are then 

outlined in the next section. Finally, different combinations of NP-alginate-dye are synthesized 

and studied for gelation and loading of the dye. In the last section, using one of these optimized 

methods, diffusion-based release of the dye is described. 

3.1 Alginate Gelation: 

 

In order to understand the phenomenon of gelation, several concentrations of alginate and CaCl2 

solutions with varying volumes have been mixed. Characterization of CaCl2 and alginate was 

performed before and after mixing the solutions to notice observable changes.  

Initially, UV-vis spectroscopy was employed to characterize the alginate-CaCl2 systems. In the 

measurement range (200nm to 1100nm), no absorbance peak was observed for the samples (Fig 

41). The UV-Vis results from these solutions are summarized in Appendix 1. Refractive indices 

of alginate CaCl2 mixtures were also measured using refractometer, but no significant change was 

observed. Refractive index of these solutions were nearly the same value as of water i.e.1.331. 

(Appendix 2).Thus, it was inferred that neither UV-vis spectroscopy nor  refractometer could be 

used to detect the subtle changes in these systems owing to the low concentration range where the 

experiments were performed in comparison to other studies[16] [153] [154].    
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Figure 43: Individual solutions of alginate & CaCl2 with their mixtures showing no absorbance by UV-

Vis spectroscopy. 

Thereafter, fluorescence spectroscopy was used to study gelation of these systems. 

Characterization has been performed by varying excitation wavelength, slit width, and relative 

volumes of CaCl2 and alginate solutions. Temperature was kept constant at 25oC for all the 

measurements. Different excitation wavelength with varying slit width results are shown in (Fig 

44). On exciting the solutions at 480 nm, fixing excitation slit width at 5mm and emission slit 

width at 3mm low intensity of counts were measured by spectrofluorometer. (Fig 41-a) Similar 

trend was observed at 495nm excitation (excitation slit width 5mm- emission slit width 3mm).Very 

low intensity count number and disturbed signal between water and CaCl2 was obtained (Fig 41-

b). On exciting the solution at 400nm with excitation slit width fixed at 5mm and emission slit 

width fixed at 5mm, intensity count increased significantly but it was observed that water and 

solution signals were indistinguishable (Fig 41-c). The excitation wavelength was then fixed at 

280nm with excitation and emission wavelength 5mm slit width-3mm slit width respectively. It 

was observed that on this excitation emission signal was maximum and peak was consistent with 

all the initial experiments performed. At 280 nm excitation, other slit width were also tried. But 

slit 5-3 slit width for excitation and emission respectively was selected for further experiments. 

Since these curves obtained did not show any shifts with changes in dilution. 
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Characterization on the basis of relative volumes of alginate and CaCl2 was also done in order to 

observe any change in the emission signal. Alginate solutions were diluted and reacted with the 

respective CaCl2 and it was observed that there is successive emission drop on diluting the alginate. 

Since the emission signal did not saturate the detector under experimental conditions and there 

was no change in line shape of the emission spectra upon successive dilution, exciting these 

solutions at 280nm was found to be ideal for our solutions. (Fig 42.) 

 

                                                                                                                         

 

       

Figure 44:  Excitation at 280 nm (d) yield consistent peak while at other excitations wavelengths distorted 

emission spectra were obtained for 480nm, 400 emitted high intensity but solution signal was not 

comparable with water. Lower counts were obtained for & 495 nm excited solution. Slit width were fixed 

to 5mm for excitation and 3mm for emission which better suited 280nm excitation signal. 
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Figure 45: Alginate-CaCl2 emission peaks lie on the same wavelength even after diluting alginate keeping 

the calcium concentration constant. By diluting the alginate, peak drop can be observed. 

 

On exciting the samples at 280 nm, consistent emission spectra were obtained for both CaCl2 & 

alginate in the emission range 545nm-575 nm (Fig: 46). Fluorescence spectroscopy has shown 

consistent peaks of Alginate CaCl2 mixtures using the same solutions measured in UV-Vis as 

previously shown in Fig 41. Gelation studies were then continued by using spectrofluorometer. In 

order to get optimized concentrations and understand alginate gelation, several samples with 

varying concentration of CaCl2 and alginate were characterized. 
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Figure 46: Spectrofluorometer spectra, showing the emission spectra from 545-575 nm range with 

solutions of CaCl2 and alginate. 

 

It was found that upon mixing alginate with CaCl2, there is gradual rise in emission peaks (545nm 

– 575 nm) with increasing CaCl2 concentration. Sample volumes were then fixed as 0.1 ml of 

alginate solution to react with 2.9 ml of CaCl2 solution. 3 ml of MQ water was measured. Further 

studies were performed by keeping the alginate concentration fixed and varying the CaCl2 

concentration. 

Firstly, 0.25 mg/ml alginate was reacted with each of three different concentrations of CaCl2. 0.7 

mg/ml, 14.7 mg/ml and 29.4mg/ml. Results showed the increase in emission peak of gelling 

solution with increase in calcium concentration. Fig: 47 shows the result. In graph (a), it can be 

seen that upon addition of 0.7 mg/ml CaCl2 emission of mixture solution rises to an intensity count 

of 2.1x104 at 560 nm peak. When concentration of CaCl2 increased to 14.7 mg/ml, the peak 

emission count rose to 3.6x104. On reacting 29.4 mg/ml CaCl2 with 0.25mg/ml alginate, count 

number went up to 5.3x104 which was intensity count at 560 nm peak. This consistent rise in the 

emission peak upon increasing CaCl2 by keeping alginate constant confirms that calcium is 

responsible for this notable change in emission spectrum.  
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Similarly, alginate concentration was increased to 0.75 mg/ml with the same CaCl2 solutions 0.7, 

14.7 & 29.4 mg/ml. and similar trend been observed. On adding 0.75 mg/ml alginate to 0.7 mg/ml 

CaCl2 emission peak count was recorded as 4.2 X 104 which further increased to 5.2 X 104 on 

addition of 14.7 mg/ml CaCl2.When 29.4mg/ml was reacted with alginate, emission peak count of 

this mixture solution was recorded as 5.9 X 104. This further confirmed that calcium ions are 

responsible for inducing structural changes in the monomers of alginate, especially G blocks.  

 

     
                       

 

 

Figure 47: 0.25mg/ml alginate: Increase in the emission peak can be observed from left to right (a,b,c) 

with increase in CaCl2 concentrations. 0.75 mg/ml alginate: Increasing calcium concentration from left to 

right (d), (e), (f), and increase in emission was observed. 
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Lesser calcium ions in the alginate system will yield lesser dimerization of G- blocks. As it is 

reported in previous studies that egg box has four G units which chelates with a single calcium ion 

[17, 155]. M blocks can act as terminator of dimerization of G units due to their flatter structure 

which is unable to nest divalent cations [156].So upon increasing the concentration of calcium ions 

in alginate, we are increasing the possibility that more G units will be dimerized to form complex 

3D network. 

Different CaCl2 concentrations (0.7, 14.7 &29.4 mg/ml) were fixed and plotted against 0.25 mg/ml 

alginate and 0.75 mg/ml alginate. Increasing trend in emission was observed which are represented 

in Fig 48.  

These preliminary studies showed that observable signals in the emission range vary consistently 

as a function of Ca2+ and alginate concentrations. From here on, spectrofluorometry was used as 

the characterization technique for understanding alginate-Ca2+ systems.  
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Figure 48 : CaCl2 concentrations were fixed with varying alginate concentrations (a), (b), (c), (d), (e) & 

(f). Evident rise in the emission spectrum of alginate-CaCl2 mixture (Emission 545-575nm).Peak value 

560nm. 



73 
 

 

 Gelation Phases: 
 

Preliminary results confirmed that increasing calcium ions in the system bind to available G blocks 

to form aggregates of polymer network. More solutions of alginate and CaCl2 were made in order 

to identify different phases by which alginate forms gel. CaCl2 concentrations were increased 

during this part of study. 

In order to identify the subtle changes happening in the system, area under the emission curve 

(545nm-575nm) was calculated for each of the systems described above. Sigma Plot Macros 

function was used to measure area under the curves. Calculated areas of different solutions were 

than plotted against respective solutions to see any observable change. No meaningful trend was 

observed by plotting the area under the curves as shown in Fig. 49 (a). To better understand how 

these systems behave, the individual samples were replaced with mole ratios (ratio of moles of 

Ca2+ to alginate).It is to be noted that from here onwards, the mole ratio is always plotted on log 

scale. With an increase in the mole ratio, an initial decrease in the area is obtained followed by a 

local minimum and thereafter the area increases. The area under the curve indicates the number of 

gelled units as well as micro-aggregate formation. At this point, it was not possible to ascertain in 

which range gelling is dominant and if the nature of the curve is a monotonic decrease with random 

fluctuations or one that has a local minimum. Hence, it was decided to definitely conclude the 

results using the same samples with viscometry – a technique that is more efficient in 

understanding gelling systems at low concentrations. The results are reported in subsequent 

sections. 
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Figure 49: Left (a) graph showing an invalid representation of area. Whereas on right (b) log.Mole raio 

against area provides a meaningful representation of increase in area with respective molar ratio 

 

 Viscometry: 
 

Viscometer measures flow time of different solutions and helps in calculating the intrinsic 

viscosity. In Ubbelohde capillary viscometer, tW was calculated as the flow time of water (3ml). 

Alginate and CaCl2 mixture were added and the time flows of respective CaCl2 and alginate before 

and after mixing them were measured using automated stopwatch ‘t’ is the flow time measured 

which is of mixture containing both CaCl2 and alginate whereas flow time of CaCl2  and alginate 

were termed as tC and tA respectively. The results from Ubbelohde viscometer showed a similar 

trend with rise in time of the solutions with increasing CaCl2 concentration which can be evident 

from the results shown in Fig 50 that increasing CaCl2 in the system is responsible for increase in 

flow time of respective CaCl2 (tC) and subsequent increased flow time of mixture solution 

(t).Automated stop watch attached to viscometer measures time in seconds. Standard deviation 
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was also calculated for each value and plotted as error bars on respective scattered points shown 

in graphs. It can be seen that tC and t values showing an increasing trend which gives the indication 

that calcium is dominant factor in increased flow rate of alginate mixture. tA values of alginate lie 

between 94-107 seconds which represents that not much change is happening when you increase 

the alginate concentration. Red dot denotes micro aggregates gel phase, yellow represents 

intermediate phase of gelation and green dot denotes complete gelation phase. From now onwards 

these dots will denote gelation phases 

     

  

Figure 50: Viscometer Time Flow: (a), (b) showing time flow of CaCl2 and alginate respectively plotted 

with error bars against respective molar ratio. (c) Represents the mixture solution which shows similar 

trend with tC, which describes increased aggregation in polymer network by increasing calcium ions. 

 

Further working data set was normalized, t values were divided with the respective tA and tC 

values in order to understand more about the system (Appendix 2). It is to be noted here t values 

corresponds to the mixture of CaCl2 and alginate with volumes of 2.9ml and 0.1ml respectively. 

To measure tC 2.9ml of CaCl2 were added with 0.1 ml of water and measured. Similarly, 0.1ml of 

alginate with 2.9ml water corresponds to measure of tA. Whereas tW is time flow of 3ml water. 

By dividing t values with respective constituents, nature of solution can be estimated. Equation (a) 

shows that by dividing t with tW, cancels the effect of water which is pure solvent in all the 

solutions. Therefore, it is possible to compare t/tW with t. Both t and t/ tW were plotted and 
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similar trend was observed (Fig 50). Similarly, t/tC and t/tA describes the nature of solution when 

we divide t with respective tC and tA as shown in equation (b) and (c). 𝜼𝒎𝒘 describes the relative 

viscosity of mixture w.r.t to water. It corresponds to t/tW measurements. Whereas 𝜼𝒎𝒂 describes 

the relative viscosity of mixture w.r.t. alginate which gives the same meaning as t/tA. Relative 

viscosity of mixture w.r.t. CaCl2 is denoted by 𝜼𝒎𝒄  which corresponds to t/tC measurements 

performed. Equations derived from the viscosity data sets are briefed below: 

 

 

Equation (a): describes relative viscosity of mixture w.r.t. water. 

 

 𝜼𝒎𝒘  =
𝒕

𝒕𝑾
=

𝐅𝐥𝐨𝐰 𝐭𝐢𝐦𝐞 𝐨𝐟 𝟐. 𝟗𝐦𝐥 𝐂𝐚𝐂𝐥𝟐 + 𝟎. 𝟏 𝐦𝐥 𝐚𝐥𝐠𝐢𝐧𝐚𝐭𝐞

𝐅𝐥𝐨𝐰 𝐭𝐢𝐦𝐞 𝐨𝐟 𝟐. 𝟗𝐦𝐥 𝐰𝐚𝐭𝐞𝐫 + 𝟎. 𝟏𝐦𝐥 𝐰𝐚𝐭𝐞𝐫
 

 

Equation (b) describes relative viscosity of mixture w.r.t. alginate 

 

𝜼𝒎𝒂 =
𝐭

𝐭𝐀
=

𝐅𝐥𝐨𝐰 𝐭𝐢𝐦𝐞 𝐨𝐟 𝟐. 𝟗𝐦𝐥  𝐂𝐚𝐂𝐥𝟐 + 𝟎. 𝟏 𝐦𝐥 𝐚𝐥𝐠𝐢𝐧𝐚𝐭𝐞

𝐅𝐥𝐨𝐰 𝐭𝐢𝐦𝐞 𝐨𝐟 𝟐. 𝟗𝐦𝐥 𝐰𝐚𝐭𝐞𝐫 + 𝟎. 𝟏𝐦𝐥 𝐚𝐥𝐠𝐢𝐧𝐚𝐭𝐞
 

 

Equation (c) describes relative viscosity of mixture w.r.t. CaCl2 

 

𝜼𝒎𝒄 =
𝐭

𝐭𝐂
=

𝐅𝐥𝐨𝐰 𝐭𝐢𝐦𝐞 𝐨𝐟 𝟐. 𝟗𝐦𝐥 𝐂𝐚𝐂𝐥𝟐 + 𝟎. 𝟏𝐦𝐥 𝐚𝐥𝐠𝐢𝐧𝐚𝐭𝐞

𝐅𝐥𝐨𝐰 𝐭𝐢𝐦𝐞 𝐨𝐟 𝟐. 𝟗𝐦𝐥 𝐂𝐚𝐂𝐥𝟐 + 𝟎. 𝟏𝐦𝐥 𝐰𝐚𝐭𝐞𝐫
 

 

Afterwards, different approaches were adapted to further analyze the data, tC and tA were divided 

with each other, which gave the same meaning as of t and t/tW. Equation (d) explains that tC/tA 

is the measure of mixture solution cancelling the effect of water from the system.  

  

Equation (d) describes relative viscosity of CaCl2 w.r.t. to alginate 
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𝜼𝒄𝒂 =
𝐭𝐂

𝐭𝐀
=

𝟎. 𝟏𝐦𝐥 𝐰𝐚𝐭𝐞𝐫 + 𝟐. 𝟗𝐦𝐥 𝐂𝐚𝐂𝐥𝟐

𝟎. 𝟏𝐦𝐥 𝐚𝐥𝐠𝐢𝐧𝐚𝐭𝐞 + 𝟐. 𝟗𝐦𝐥 𝐰𝐚𝐭𝐞𝐫
 

Equation (e): 

 

|(
𝐭

𝐭𝐖) − (
𝐭

𝐭𝐀)|

𝐭
𝐭𝐂

 

       . 

|𝛈𝐦𝐰−𝛈𝐦𝐚|

𝛈𝐦𝐜
 

, which refers to absolute ratios of relative viscosity                                                       

 

 

Hence it was found that t/tW and tC/tA were the same mixture systems containing calcium ions 

bound to G blocks of alginate. Results are compared as follows (Fig 51). 
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Figure 51: (a) tC/tA, (b), t/tW descibes the same systems of Alginate CaCl2 mixture. From these graphs, 

different phases of alginate gelation can be explained. Increasing molar ratio w.r.t to calcium 

concentration increasing the viscosity of the system which becomes evident to say that small aggregates 

are starting to transform into a 3D gel network. 

 

Both spectrofluorometer and viscometer results, show an increasing trend. Increasing Ca2+ in the 

alginate solution resulted in 4 G- units to come together to accommodate a Ca2+ forming egg box 

[157].More calcium ions yielded more aggregated units leading to formation of gel. The results 

obtained were divided into three phases of gelation; Micro-aggregates, intermediate and gel phase 

(Fig 52 (a), (b)). 

Equation (e) was used to calculate the effect of gelling networks when compared to the pure 

alginate solutions. With an increase in the mole ratio (Ca2+ to alginate), there is a decrease in the 

relative viscosity of alginate network based on pure alginate solutions. (Fig 52 (c)The drop in this 

ratio is indicative of the fact that as Ca2+ ions increase, more G blocks dimerize, leading to 

decreased mobility of the alginate units. This results in reduced mobility and hence, a higher 

relative viscosity of the gelled networks. It means number of dimerized alginate units are 

increasing and it is extending into a gelling network  
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Figure 52: (a) Showing the spectrofluorometer result while on the right (b) shows the viscosity result of 

tC/tA with different gelation phase points highlighted.(c) shows the mod function of viscosity data 

showing a decreasing trend means alginate gelling units are increasing with increasing molar ratio. 
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Three gelling phases were identified and three CaCl2-alginate mixtures from each of these phases 

were selected for further experiments. A schematic diagram of the process is shown in figure 53.  

 

                     

 

Figure 53: Schematic formation of three phases of gelling alginate. 

 

 

Identification of three critical phases of alginate gelling was a significant result due to the fact that 

lower concentrations of alginate were used. Critical overlap concentration of alginate has not been 

reached and studies were conducted in dilute phase. Alginate having a high molecular weight 

cannot form gels until any cross linking substance (e.g. divalent cations, Ca++) induces 

gelation[158]. Micro aggregates formation may have referred as phase of very limited gelation. 

Here, presence of relatively large amount of alginate with a small amount of calcium yielded small 



81 
 

aggregates which was not be able to form a network due to the shortage of calcium ions. Lower 

signal in emission spectrum and less viscosities corresponds to the limited aggregation of G units 

and hence unable to form any complex network[155]. 

In Intermediate phase, more calcium was introduced to the system, which resulted in more 

aggregation and more G units were able to dimerize forming a network. In this phase, moderate 

gelation occurred[159]. In Gel phase, most of the calcium ions were occupied by G units to form 

a three dimensional network. In this phase, complete gelation of alginate occurred due to the 

presence of large amount of calcium ions engaging with alginate[157].  

Spectrofluorometric emission peaks of these gelling mixtures are shown in figure 54. Huge rise in 

emission spectrum was observed in gelling condition (c). 

 

Figure 54: Emission peaks of three mixtures from three phases of gelation.(a) Micro-aggregation, 

(b)Intermediate gelation & (c) showing a higher emision after addition of large amount of calcium which 

represents gelation. 

 

 

In this section, results described that system is behaving as predicted. Increasing CaCl2 

concentrations induces gelation in G blocks of alginate. Three phases of alginate gelation were 

devised. Loading of NPs and afterwards binding of fluorescein dye was performed using these 

mixtures containing respective concentrations of alginate and CaCl2 determining different phases 

of alginate gelation. 
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3.2 Synthesis of NPs & Incorporation in Alginate: 

 

 NPs were synthesized in order to investigate loading of NPs in the alginate network. The aim was 

to check NPs with different coated functional groups binding with alginate. Three types of NP 

systems (Fe@Au Fe@Au@PEG, Fe@Au_PL) were used with 2 different concentrations to 

interact with 3 different alginate gel phase conditions. 

 NP characterization: 

 

Synthesis of NPs are described here in Methods section. Fe@Au, Fe@Au@PEG and Fe@Au_PL 

were characterized using DLS and Zeta Potential. Functionalization of Fe@Au were observed in 

U.V Vis and absorbance spectra were obtained. For Fe@Au NPs absorbance peak was at 526 nm 

which represents the LSPR from gold surface. 526nm absorbance peak was observed for 

Fe@Au@PEG and 527 nm for Fe@Au_PL NPs. Average Zeta Potential for Fe@Au NP solution 

was -45 m.V. For Fe@Au@PEG it was recorded as -26 m.V and for Fe@Au_PL the average zeta 

potential was measured as 27 m.V.  

Zeta Potential is important in determining the stability of colloidal solutions. Higher values of zeta 

potential (negative of positive) determines their stability in the solution. Colloidal systems with 

lower zeta potential are more prone towards flocculation and coagulations [160]. Here -45 m.V 

zeta potential was observed for Fe@Au NPs which confirms that their charge is stable .Stability is 

mainly due to the coulombic repulsive forces among negatively charged NPs due to the presence 

of citrate ions in the Fe@Au NP solution. Temperature was kept constant at 25oC for all 

measurements done in U.V Vis, Zeta and DLS. 

S(T)EM image of Fe@Au were also obtained and size was compared with the DLS size. DLS 

measures the diameter at nanometer scale. Average size of Fe@Au measured by DLS was 74nm 

whereas average S(T)EM size was 23nm. The difference in size is because DLS measures 

hydrodynamic diameter which is the diameter of NPs present in the aqueous solution. Whereas, 

NP solutions were first dried and then characterized in S(T)EM which measures dry diameter of 

the particles. High resolution image of Fe@Au NPs was captured from S(T)EM Fig 55(d). 
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Figure 55: (a) Absorbance peaks of Fe@Au were observed at 526 nm whereas it was 526 and 527nm for 

Fe@Au PEG and FeAu_PL respectively. (c) showing the Zeta Potential of three NP types. (b) compares 

the size of Fe@Au which is around 74nm, 96nm and 124nm for Fe@Au PEG & Fe@AuPL respectively. 

(d) image showing the spherical Fe@Au NPs in S(T)EM. 
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 NPs in Alginates: 
 

To investigate the effect of NPs in alginate networks and to understand the changes in the system 

by addition of these NPs at micro aggregation, intermediate and complete gelation phases of 

alginate.  

NPs were incorporated in the 3 alginate solutions. Schematic representation of incorporation 

method is shown in Fig 36. 1 mg/ml and 2mg.ml NP concentrations of each NP type (Fe@Au, 

Fe@Au@PEG, Fe@Au_PL) NPs were obtained after centrifugation and they are allowed to mix 

with 3 alginate concentrations. After alginate mixing with NPs, shaking was done for 2 hours so 

that NPs can bind to alginate. Thereafter this mixture was reacted with CaCl2 and characterization 

was done using viscometer. 

𝜼𝒄𝒂 and 𝜼𝒎𝒘 values with and without NPs were calculated. A significant change was observed in 

NP incorporated solutions especially at higher molar ratio. In Figure 56, (a) It can be seen that 

solutions containing 1mg/ml Fe@Au have higher t/tW values with increasing molar ratio. At micro 

aggregation, this change is insignificant but as the calcium in the system increases, more G blocks 

of alginate forms networks leading to incorporation of NPs in the gel network. Significant change 

can be observed at gelation condition. It can be concluded that gelling units are holding the NPs 

in the system and subsequent rise in t/tW values can be observed. But it is not evident that how 

much incorporation has been taken place.Similar trend can be observed in 1mg/ml Fe@Au@PEG 

(b) and 1mg/ml Fe@Au_PL (c) containing systems. It can also be seen that regardless of NP 

coating, t/tW values are increasing in similar fashion. Coating of NPs (b),(c) didn’t show any 

difference from naked Fe@Au (a) t/tW values.  

NP concentrations were increased to 2mg/ml (Fig 56, (d), (e), (f)) and bind to alginate solutions 

and characterized before and after addition of CaCl2. Similar trend was observed in t/tW values as 

that of 1mg/ml NP concentrations (a), (b), (c). It means that only a specific amount of NPs has 

incorporated in the gel systems and increased concentration of Fe@Au, Fe@Au@PEG and 

Fe@Au_PL have no influence in changing the viscosity in three phases of alginate gelation. 
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Figure 56: t/tW : (a), (b), (c) graphs represent the t/tW values for 1mg/ml FeAu, Fe@AUPEG and 

Fe@Au_PL respectively. Similar trend can be observed in t/tW values for 2mg/ml NPs Fe@Au(d), 

Fe@Au@PEG (e), Fe@Au_PL (f). Oberveable increase in NP containing solutions especially at higher 

molar ratio. 
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Figure 57: tC/tA for 1 mg/ml NPs are shown in graphs (a),(b),(c) Fe@Au,Fe@Au@PEG, & Fe@Au_PL, 

observable increase in the tC/tA values at gelling condition. For 2mg/ml NP solutions (d),(e),(f), no 

signoficant change can be seen which maybe because of their less cooperative binding with the alginate 

              

            

In graph 57,(a), (b), (c), It can be seen that tC/tA values are increasing with NPs in the system at 

higher molar ratios. Trend and values lie at the same range as that of t/tW values (Fig 56, (a), (b), 

(c). But in 2mg/ml NP containing systems (d), (e) (f), the difference is indistinguishable to the 
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values that are without NPs. It may be due to the reason that NPs have not been able to bind 

themselves to the alginate network.  

By carefully analyzing the data obtained, relative percentage change with respect to CaCl2 was 

calculated from viscosity values for systems with or without NPs. Mole ratio was plotted on X-

axis to see the observable conversion percentage of CaCl2. In Fig 58, (a) showing the change for 

Fe@Au NP systems with both concentrations compared with systems having no NPs.  It can be 

seen that on calcium conversion percentage is higher for NP concentrations when compared to 

systems without NPs. Systems with no NPs have 0-1 percentage change with respect to calcium 

whereas with increasing NP concentrations & at higher mole ratio, 13 % change can be observed. 

Similar trend was followed for Fe@Au@PEG and Fe@Au_PL containing system observable from 

graphs (b), (c) respectively. 

         

 

 

Figure 58: (a) Showing Fe@Au containing alginate system with relative percent change w.r.t. CaCl2, (b) 

and (c) shows relative percentage change for Fe@Au@PEG, Fe@Au_PL respectively. At higher molar 

ratio with increasing NP concentrations percentage change monotonically increases. 

 

The results from t/tW and tC/tA values showing no significant change with regards to Fe@Au NP 

coating with PEG and PL. Hence it can be concluded that incorporation of NPs in the alginate is 

independent of the nature of coating on NPs. It means that the interaction of alginate with NPs is 
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nonspecific. Only a small change can be observed at gelling condition in t/tW Figures. Hence in 

order to understand Alginate/NP interaction in depth more studies were required. Fluorescein dye 

was used in order to investigate loading phenomenon of these NP/alginate systems. 

 

3.3 Fluorescein dye Calibration & Optimization: 

 

 Calibration 
 

Fluorescein sodium salt was used as dye for loading studies. Fluorescein dye was excited at 460 

nm with different slit widths Calibration was done by using different concentrations and emission 

was observed at different slit widths. The calibration curves are shown in Fig 59:                                            
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Figure 59: Fluorescein calibration curves with different slit widths. (a) , (b), (c) and (d) showing emission 

counts of dye for 0.1, 0.2, 0.4 and 0.8 mg/ml respectively. 

 

Emission peaks obtained were in the range from 525nm t0 650nm.Using 0.1mg/ml fluorescein dye 

the nature of the peaks obtained was broadened by exciting the sample at 460nm at different slit 

widths as shown in Fig (a. In figure (b), having 0.2mg/ml dye similar broadening of the peak was 

observed. This peak broadening may refers that it is under the effect of water content present in 

the mixture, or due to the saturation of signal by detector and hence distorted shaped peaks were 

obtained.(c) with 0.4 mg/ml gave better emission signal.  0.8mg/ml produced a nice at different 

slit widths (d).  
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The concentration 0.8 mg/ml at (excitation 3mm- emission 3mm) slit width were chosen for further 

loading studies. Other concentrations with different slid widths were neglected. The reason for 

choosing the bigger concentration is that it would be right for alginate/NP hybrids loading studies. 

This concentration would be driving force for absorption and will be possible to obtain a subtle 

fluorescence peak in spectrofluorometer. It was also important to note that during the release 

studies it is important that dye emit a detectable signal of measurable counts on subsequent release 

in diluted environment. 

 

 Removal of dye: 
 

To ascertain that dye move out of the dialysis tube with experimental time frame 0.8 mg/ml 

fluorescein dye was used. Optimization of dye was performed using dialysis at room temperature. 

A dialysis tube containing dye was immersed in beaker containing de-ionized water. Removal of 

dye from the tube was examined. Time study was performed to observe the absorbance peaks using 

UV-Vis spectroscopy at intervals (Fig 60,a). It was observed that absorbance peaks were kept on 

decreasing with time even after increasing the sample volume. This showed the dye is removing 

at consistent rate from the dialysis tube outward in the water. After 7 hours, 91 % of dye was 

removed from the dialysis tube. Percentage removal of dye was calculated as shown in Fig 60,b)  
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Figure 60: (a) Showing the UV-Vis spectra of decreasing dye peak on subsequent removal of dye with 

time. (b) Showing the percentage removal. 91 % in 7 hours. 

 

 

These results were important for loading studies and dialysis was used as crucial step in removing 

the extra dye and leaving the other dye behind bound to the substance of interest. Similar dialysis 

studies have shown the efficiency of this method for removal the free dye [161] [162]. Here 10 

hours of dialysis were performed in loading studies. 

 

3.3.2.1 Dye Interaction with NPs: 
 

Fluorescein dye was mixed with 1mg/ml and 2mg/ml Fe@Au NPs. In order to bind dye with the 

NPs water in beaker for dialysis were replaced with fresh one after 2 hours of dialysis in order to 

remove the possibility of equilibrium in and out of the dialysis tube. The mixture was dialyzed for 

10 hours. Changes in emission peaks observed in spectrofluorometer shown in In Fig 61.Sample 

volume was fixed as 0.1ml mixed with 2.9 ml water for measurements. From the graphs (a), (b) it 

can be seen that only dye has emission peak at 525nm with emission count of 18632. Fe@Au NP 
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solution has no emission and a flat line was obtained along the x –axis. When Fe@Au NP solution 

was mixed with dye emission signal increased to 2.1x104 counts. The extended signal was obtained 

with mixing both dye and Fe@Au because Au surface exhibits LSPR in the same range (526nm). 

Then after measuring dyed Fe@Au NPs (after dialysis) the peak shifted towards left of the X-axis. 

Peak shifted to 506 nm from 525 with decrease in counts recorded as 11.2x104. This peak shift is 

due to the fluorescence quenching of Fe@Au NPs in presence of dye[163]. Gold surface is good 

quencher of fluorescence when it is close in proximity to a dye or fluorescent molecule. Resonance 

Energy transfer (RET) takes place when two fluorophores comes together[164].  

Earlier rise when Fe@Au were mixed with dye, extended spectrum was obtained which was due 

to enhancement of fluorescence by Fe@Au NPs [165]. It was due to the reason that there is no 

binding between gold and dye molecule and gold surface is exhibiting its LSPR at 525 nm 

wavelength. 

After dialysis, it was concluded that dye has bind to the Fe@Au NPs via weak bonding. As Fe@Au 

surface have negatively charged citrate ions having 2 lone pairs of electrons. Fluorescein dye and 

gold shared their electronic cloud and exhibited a weak interaction between them. 

       

 

 

Figure 61: (a) Showing the graphs of 1mg/ml Fe@Au NPs interacting with dye (b) with 2mg/ml Fe@Au 

NPs intearcting with dye showing the similar trend. 
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3.3.2.2 Dye Interaction with CaCl2 : 

 

Dye interaction with CaCl2 was characterized in order to see any observable change in emission 

spectra of dye on addition of 3 CaCl2 concentrations that was used for gelation studies. 2 

concentrations of Fe@Au were used to bind with the dye 1mg/ml & 2mg/ml. Characterization was 

done in spectrofluorometer before and after dialysis. Thereafter dyed Fe@Au NPs (after dialysis) 

were reacted with 3 concentrations of CaCl2 which are 0.7, 200 and 1000 mg/ml. Results are shown 

in Fig. 62. 
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Figure 62 : Interaction of dye with different calcium concentrations. (a), (b), (c) showing 1mg/ml dyed 

Fe@Au NPs inteacting with calcium and (d) (e) (f) 2mg/ml dyed NP interaction. At higher concentration 

of CaCl2 the emission spectrum drops which might be due to masking of dye fluorescence by high 

concentration of calcium. 

 

It can be observed from the figure that there is increase in emission when lower concentrations of 

CaCl2   react with dyed NPs for both 1 mg/ml (a) (b) and 2mg/ml (d), (e) graphs. But when calcium 

concentration rises (which is the same concentration at which alginate gelation observed), the 
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emission signal drops well below the dyed NPs curve (c), (f). This drop in peak might be due to 

exposure of fluorescein dye is hindered by high calcium salt concentration. This gave early 

understanding of how the system will behave upon addition of alginate and cause gelation by CaCl2 

ions. 

 

3.4 Loading of Fluorescein dye: 

 

In order to evaluate the loading efficiency of the alginate/NP system, loading experiments were 

performed. Here three methods were used in order to investigate binding of dye. 

 Method 1 Dye@Fe@Au@Alginate: 
 

Dyed Fe@Au 1mg/ml and 2mg/ml were mixed with alginate. Shaking was done. Detailed method 

is described in Materials and method section. 0.1 ml of these dyed NPs containing alginate were 

added to CaCl2 to induce gelation in alginate. Results of loading of dyed NP in alginate network is 

shown in Fig: 63.. Red label color in the figures denotes micro-aggregation, yellow and green 

represents intermediate and gelation phase respectively. In the figure 61, dyed 1mg/ml Fe@Au 

system has been shown which was reacted with alginate and then CaCl2 was added to cross link G 

units of alginate. (a) (b) (c) describing the system at 280 nm excitation which is excitation 

wavelength at which alginate emission spectrum can be obserced. (d) (e) (f) showing the same 

system with 460 nm excitation wavelength which is actually representing the dye emission 

behavior. 
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Figure 63: Method 1 : Dyed 1mg/ml Fe@Au incorporation in alginate network in different phases (a),(b) 

(c) represents micro aggregation ,intermediate gelation and  complete gelation phase respectively. Similar 

solutions excited at 460nm (d) (e) (f) which reveals the behavior of dye in different phases of gelation. 

 

It is interesting to note in (a) (b) (c) graphs that there is dye emission signal in similar range to that 

of dye emission excited at 460 nm. It was observed before that dye emitted signal only when it 
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was excited at 460 nm. But in this system dye is emitting signal at 280 nm excitation which was 

fixed for observation of gelling phenomenon. This might be due to the reason that emitting signal 

of fluorescein dye is according to the system and can be independent of excitation wavelength 

(Kasha’s rule)[141]. Generally at 280 nm excitation single gelation peak was obtained which gives 

the behavior of gelling alginate. But here (a) (b) (c) there are 2 peaks 480nm emission range which 

is due to the reason that dye is also expressing itself here which is bound to the gelled system. So 

two peaks were obtained at 280nm excitation and only one peak was obtained at 460 nm excitation 

which was dye emission peak in the gelling system. During release studies, these three peaks were 

compared and release percentages were calculated these systems. 

From graphs (a), (b) (c) it can be observed that solution mixture containing dyed NPs and alginate 

on moving from micro aggregation to gelled system is changing. At gelled state (Fig 61:c) it can 

be observed that peak of gelled mixture gets lowered at dye emission wavelength range(475-

540nm). But when it gets to the gelling state emission wavelength(545-575nm) the same peak rises 

up to the same number of counts where gelling happens. This means that at dye emission 

wavelength the mixture solution signal gets lowered because dye has not been able to express itself 

due to its incorporation in the alginate gel network. Meanwhile, gelling condition has also been 

satisfied due to sudden peak rise from 545-575nm at gelling wavelength. The results concluded 

from these graphs that upon changing the systems from micro aggregation to gelation state, 

increase in incorporation efficiency of dye inside the alginate gel network can be estimated. 

Area under the curves were calculated from dye emission graphs (d) (e) (f) which gave the amount 

of dye loaded on Fe@Au NPs. The loaded dye at Fe@Au NPs was 61.57 % . Similarly, area under 

the curves was calculated for three gelling conditions in order to calculate incorporation percentage 

of dye w. r. t. decrease in the dye peak counts with increase in number of gelled units in the system. 

Incorporation percentage can be stated as the amount of dye loaded with Fe@Au NP incorporated 

in the gelled units of alginate. Calculations can be found in (Appendix). 70 % of the drug was 

incorporated in the gel phase system which is due to reason that number of gelled units is greater 

in this phase compared to others and gel network is able to bind the dyed NP.  At intermediate 

phase of gelation, only 12 % dye incorporated in the gelled units which is logical number in terms 

of limited amount of gelling units which can bind dye loaded NP. Only 3.3 % loading efficiency 
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of dye was calculated at micro aggregation phase system. Figure 64 shows the incorporation 

percentage of dye at three phases of alginate gelation. 

 

 

 

 

                             

Figure 64: Dye incorporation percentage in dyed 1mg/ml Fe@Au NP/alginate system incorporated in 

three states of alginate gel network. 3.3 % , 12% and 70 % dye was incorporated in 

microaggregates,intermediate phase and at gelling phase. 

Similar trend can be observed for 2mg/ml dyed Fe@Au NP/alginate system (Fig 65) in which 

masking of dye fluorescence was observed at higher levels of gelled units in the system. 

Incorporation percentage was increased in micro aggregates and intermediate systems compared 

to 1mg/ml Fe@Au dyed NP/alginate system (Fig 63). Incorporation percentage was calculated as 

63.23 %.  21 % incorporation of dye was recorded at intermediate phase. 14. 2 % incorporation 

was obtained for micro aggregates Increase in incorporation percentage of de in microaggregates 

in intermediate gelling units might be because of increased dyed NP concentration has surrounded 

the gelled unit/units when a few amount of dye going into the gelled units interfering with the dye 
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emission signal. Fig 66 showing the bars representing the incorporation percentage of 2mg/ml 

dyed Fe@Au/alginate system. 

 

 

 

Figure 65 : 2mg/ml dyed NP system. (a) (b) (c) showing loading at microaggregation,intermediate phase 

and gelling phase respectively from left to right. These are peaks obtained at 280 nm excitation.Which 

was used for previous gelling studies.(d) (e), (f) represents 460 nm excited peaks showing dye emission 

signal in different phases of gelation. 
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Figure 66 : Dyed 2mg/ml NP/Alginate system. Bars are showing incorporation percentage of dye at 3 

phases of alginate gelation. 

                         Table 3 : Representation of loading and incorporation percentage of Method 1 

 

Gelation Phase Dye Loading (%) Dye Incorporation % 

 1mg/ml Fe@Au 2mg/ml Fe@Au 1mg/ml 

Fe@Au 

2mg/ml 

Fe@Au 

Micro-aggregation 61.57 61.57 3.32 14.42 

Intermediate 61.57 61.57 12.05 21.21 

Gelation 61.57 61.57 70.01 63.23 

 

 

This method showed good results in terms of binding of dye with Fe@Au and loading studies 

further complemented its encapsulation efficacies in NP/alginate system. Similar studies have been 

previously performed where dyes were bound to NPs to investigate loading and release from 

similar NP based systems[166] [167]. Schematic representation of this method is shown in Fig 67 
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explaining encapsulating phenomenon of dyed NP/alginate system. Percentage of dye loading on 

Fe@Au NPs is also given in Table 3. 

 

 

Figure 67: Schematic representation of Method 1 where Fe@Au NPs were dyed and then incorporated 

into alginate and then by introducing calcium, gelation occurred encapsulating Dyed Fe@Au inside the 

network. Scheme representing higher gelation state. 

 

 

 

 Method 2 NP@Alg@Dye: 
 

In this method, Fe@Au NPs were incorporated in alginate first and then dye was added to 

NP/alginate system and loading was characterized. Loading percentage and incorporation 
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efficiency was calculated from area under the curves. In graph 68, results are shown. (a) (b) (c) 

showing 1mg/ml NP/alginate binding with dye in micro-aggregation, intermediate phase and 

gelation phase respectively. (d) (e) (f) showing the dye emission peaks excited at 460nm at 

different phases of alginate gelation. Before addition of the dye to Alginate & Fe@Au solution 

they emit no signal at 460 excitation which can be shown in (d)  (e) (f) .Loading of dye on each of 

gelation system is summarized in table below in Table 3. Variations in the loading of dye on each 

of the NP/alginate systems. Which could be due to the reason that dye has not bind well to both 

alginate/NP hybrid together and at phase of higher gelation phase a good loading percentage was 

calculated. It can be observed in (a) (b) (c) graphs that gelation emission peaks are consistent at 

gelation wavelength (545-575nm) and after introducing calcium in the system to mixture 

containing dyed NP/alginate similar pattern of increase in curve was observed as observed in 

earlier studies of gelation without dye and NP in the system. It further confirms the gelation by 

inducing calcium in the system. But binding of dye has been less as compared to Method 1 where 

dyed Fe@Au has shown higher affinity towards fluorescein dye and 61. 5 % drug was loaded on 

Fe@Au surface. 

 

                       Table 4 : Loading & incorporation percentage of fluorescein dye for Method 2. 

 

Gelation Phase Dye Loading (%) Dye Incorporation % 

 1mg/ml Fe@Au 2mg/ml Fe@Au 1mg/ml 

Fe@Au 

2mg/ml 

Fe@Au 

Micro-aggregation 4.89 6.07 14.04 8.07 

Intermediate 30.55 11.71 13.78 32.69 

Gelation 41.91 51.21 72.63 73.66 
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Figure 68 : Method 2: 1mg/ml Fe@Au system. Dyed together with alginate and then induced gelation by 

calcium ions. (a) (b) (c) showing results at 280 excitation and (d) (e) (f) showing  the system excited at 

460 nm. 
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In Fig 68 (d) (e) (f), emission peak for mixture solution lowered down when calcium ions were 

introduce the gel the network. Trend is similar in micro aggregation phase and gelled phase. Dye 

signal repression can also be observed which corresponds to gelation networks overshadowing the 

fluorescence of the dye with increase in number of gelling units on moving from micro aggregation 

to gelation. Intermediate system has shown less incorporating results compared to micro -

aggregation and gel phase which might be due to less binding of less number of NPs carrying dye 

reaching and incorporating into the gel network. Dye incorporation percentage for Method 2, 

1mg/ml Fe@Au/Alginate system has been shown in Fig 69.  14% of drug was incorporated in 

micro-aggregated gel network. 13.7 % incorporation was calculated for intermediate system and 

72.6 % dye incorporation was observed in gelling phase which is due to the increased gelling units 

forming a network leading to increased incorporation of dyed system. 

 

            

 

Figure 69: Method 2:1mg/ml Fe@Au NP/ alginate dyed and gelled at three different phases. 

Incorporation percentage of the dye is described her. 14, 13.7 & 72.6 % of incorporation was calculated 

for microaggregation phase, intermediate and gelling phase respectively. 
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Similar trend can be observed for dyed 2mg/ml NP/alginate systems where fluorescence of dye 

repressed on increasing the number of gelled G blocks of alginate by increasing calcium 

concentration. (Fig 70 (a) (b) (c) which were excited at 280 nm yielding consistent peaks at gelling 

wavelength. In case of (d) (e) (f) which were excited at 460nm showing less binding of dye with 

alginate/NP system especially at micro aggregated phase but overshadowing of fluorescence is 

higher at intermediate and gelation phases, which is evident that gelled units can hold the dyed 

system into its network.  
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Figure 70 : 2mg/ml Fe@Au with dyed alginate and addition of CaCl2 in the system. (a) (b) (c) are excited 

at gelling excitation which was 280 nm and (d) (e) (f) represents 460 nm excited peaks which gives 

information of dye behavior in the alginate network going from micro aggregation to gelling conditions 

(from left to right) 
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Dye incorporation percentage was calculated. Only 8 % of dye was incorporated in small 

aggregates of alginate gelled units whereas 33 % of dye was incorporated in intermediate phase of 

gelation. Which could be due to increase in number of NPs containing dye have increased the 

possibility of dye to move into the gelled units which previously was not the case in this phase  

when 1mg/ml dyed system was used (13 % ). 73.6 % percent dye was incorporated in the gelation 

phase where number of gelled G blocks are large in number and more dyed NP were vulnerable to 

go into the gel network. Fig 71 showing the dye incorporation percentage in three gelling 

conditions. 

 

                            

 

Figure 71 : Method 2: 2mg/ml dyed NP/alginate system. 8, 33, & 73.6 % of drug was incorporated in 

micro-aggregation, intermediate phase and gelation phase respectively 

 

 

 Method 3 Alg@Dye@NP: 
 

In this method alginate were mixed with dye in order to check dye binding with alginate and then 

after dialysis Fe@Au NPs were added.  Loading percentage of dye on this alginate were calculated 
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using area under the curves. Same alginate concentrations were used for both system and then 

mixed with NP for incorporation studies in alginate network.  Loading and incorporation 

percentage of this method is summarized in Table 5. 

 

Table 5: Loading & incorporation percentage of dye in Method 3. 

 

Gelation Phase Dye Loading (%) Dye Incorporation % 

 1mg/ml Fe@Au 2mg/ml Fe@Au 1mg/ml 

Fe@Au 

2mg/ml 

Fe@Au 

Micro-aggregation 3.34 3.34 0 0 

Intermediate 13.33 13.33 23.09 0.24 

Gelation 10.61 10.61 61.17 63.66 

 

 

In figure 72, (a) (b) (c) it can be observed that there are very consistent emission curves before and 

after addition of CaCl2 at gelling excitation wavelength which confirms the system’s gelation 

features. In same graphs emission spectrum of dye can be observed which give the same behavior 

of dye on 460 excitation of dye in the same system (d) (e) (f). At increasing gelation, exposure of 

dye emission reduces which can be observed from (e) and (f) graphs. This decrease in exposure in 

non-recognizable at micro aggregation phase (d), which is due to the fact that very few gelled units 

are present in this phase to capture and mask the fluorescence of dyed system. Incorporation 

percentage of the system was calculated by trends in area under the curve. 
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Figure 72 : Method 3: Dyed alginates were loaded with 1 mg/ml Fe@Au NPs and then system was gelled 

using CaCl2 .(a) (b) (c) represents 280 nm excited peaks and (d) (e) (f) showing 280 nm excited peaks 

going from microaggregation to gelled networks(left to right). 
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Figure 73: Method 3 : 1mg/ml Np system with dye loaded to alginate and then NP incorporation was 

done before cross linking the system with CaCl2. No incorporation was observed at micro aggregated 

state. 23 % of dye incorporation was calculated at for intermediate phase while 61 % dye incorporated in 

gelled units of alginate. 

 

 

In another setup ( Fig 74). Which exploited the same experimental procedure but by increasing NP 

concentration to bind with the dyed alginate. It can be noticed that at gelation excitation (280nm) 

the curves are giving the same trend before and after mixing of CaCl2 .But at 460 nm excitation it 

can be seen that dye incorporation is zero in case of micro aggregated units. But increasing gelled 

units loading and and encapsulation become more significant especially when the whole system 

gels. Incorporation percentage was calculated (Fig 75). So in order to provide more efficiency to 

this system higher gelation states may be required to encapsulate the dye for release studies.  
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Figure 74 : Method 3. 2mg/ml Fe@Au system. Dyed alginate mixed with Fe@Au to investigate loading 

phenomenon. (a) (b) (c) were at excited at 280 nm and (d) (e) (f) showing the results of solutions excited 

at 460 nm. It can be seen that very limited percentage of loading is observable from this system especially 

at (d) micro aggregation. 
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Figure 75 : Method 3 Dye incorporation for 2mg/ml NP/dyed Alginate system, 63 % dye incorporated 

especially at gelation phase 

 

 

First method of loading (Dye@NP@Alg) proved to be better one in loading and incorporation 

efficacies. Due to their higher percentage of recognizable loading (61.57 %).   It is also Method 1 

is better system in terms of incorporation dye/drug inside the alginate gel network. Incorporation 

efficiencies were observed for three all the three phases of gelation which is very promising in 

terms of designing the release system. Release studies were performed by adapting this method. 
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Table 6: Comparison of three methods of loading & incorporation in Gelling Phase  

 

Loading Method Dye Loading (%) Dye Incorporation % 

 1mg/ml Fe@Au 

system 

2mg/ml Fe@Au 

system 

1mg/ml 

Fe@Au 

2mg/ml 

Fe@Au 

Method 1 61.57 61.75 70.01 63.23 

Method 2 41.91 51.21 72.63 73.66 

Method 3 10.61 10.61 61.17 63.66 

 

 

 

3.5 Release: 

 

Release studies were performed at room temperature. Six different solutions were made using  

Method 1 as mentioned above. Emission spectra were recorded over time by exciting the solution 

at 280nm and 460 nm. The first wavelength has been used all throughout this study to understand 

gelling, while the second wavelength corresponds to the excitation wavelength of the dye. The 

release percentage was calculated based on the areas obtained under the emission spectra of the 

dye (excitation 460nm) over 475nm – 650nm range. 

1 mg/ml Dyed Fe@Au/alginate system showed good release behavior at gelling condition as 

depicted in Fig 76 (a). Consistent release was observed in this system with 27 % release in 20 

hours. The release kinetics can be compared with gelling condition of 2mg/ml dyed NP/alginate 

system which showed fluctuating release behavior (b).  

Other solutions also showed discontinuous release behavior with time at micro aggregation and 

intermediate states. (Appendix 5).This might be due to less incorporation of dye into the hybrid 

system or measurement techniques employed in the studyThis behavior might also be due to the 

static nature of system and lack of external stimulus that might be required for the release of dye 

from gelled networks.  
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Figure 76 : (a) Shos the release behavior of 1mg/ml Dyed Fe@Au Alginate gelled system. Consistent 

release pcan be observed with 27 % release percentage after 20 hours. , whereas (b) shos the 2mg/ml dyed 

Fe@Au/alginate gelled system with discontinous release behavior. 

 

(a) 

(b) 
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4 Conclusion: 
 

In this project, gelation of alginate was investigated at several lower concentrations in dilute phase 

with an aim to develop Alginate/NP hybrid drug delivery system. It was noted that alginate gelation 

goes through phases of aggregation before forming a complex gel network. G units of alginate due 

to their nest like structure holds divalent cations (Ca2+) which leads to the three dimensional gel 

network. Alginate gelation is dependent on number availability of G- units in the polymer structure 

and also concentration of divalent cations (Ca2+) to bind with G units to induce gelation. Here, 

CaCl2 was used as ionic source to cross link alginate G blocks. Very low concentrations of alginate 

was used. Gelation was characterized starting with UV-Vis spectroscopy and then fluorescence 

spectroscopy was employed. Data from the spectrofluorometry were analyzed to understand how 

the alginate systems behave. Experiments were then performed using Ubbelohde viscometer to 

complement the spectroscopic results. It was found that upon increasing. CaCl2 , fraction of gelled 

networks increased in the system. The monotonic increase in the trends was obtained for both the 

data sets derived from spectrofluorometer and viscometer.  

Preliminary results helped to identify three different phases of alginate gelling architectures. 

Firstly, micro aggregate phase ,in which very limited amount of G units gelled due to lower 

concentrations. Secondly, intermediate corresponded to the mild state of gelation where moderate 

gelation occurred with increase in CaCl2 concentration. Finally, gelling phase was observed with 

the largest number of G units being bound to Ca2+ ions. Calcium chloride was observed to be the 

dominant factor in gelation.  

Further, loading and interaction of alginate with three types of NPs depending on their coating.  

Fe@Au, Fe@Au@PEG & Fe@Au_PL were synthesized and characterized by UV-Vis, DLS and, 

zeta potential measurements. Behavior of NPs binding was investigated at different phases of 

alginate gelation. Significant change/rise in viscosity was observed in systems containing NPs 

especially at gelling condition. The nature of the coating of the NPs did not affect the gelling 

conditions, however, the concentration of the NPs affected the incorporation of the NPs in the 
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networks. Therefore, Fe@Au NPs were further used in the study to understand loading and release 

of the model dye. 

Fluorescein dye was used as model dye to check loading and release from these NP/alginate 

systems and also to ascertain the different gelling architectures hypothesized form the preliminary 

experiments. Fluorescein dye was calibrated and its binding was studied with alginate, NPs and 

CaCl2.  

Three methods of loading of dye was used. In Method 1, Dye was loaded to Fe@Au NPs dialyzed 

and then alginate was added to the mixture. This system was gelled with CaCl2 and characterized. 

Loading of dye on Fe@Au NPs was calculated as 61 % . In Method 2, Fe@Au NPs were mixed 

with alginate and then dye was loaded to the system. In Method 3, alginate was dyed and then after 

dialysis Fe@Au NPs were added. These systems were characterized using spectrofluorometer. 

Method 1 showed high dye incorporation inside the gel networks (70%) for the gel phase. Method 

2 and 3 results indicated they are behaving similar to method 1 in terms of incorporation of dye 

especially at gelling condition. But Method 1 results were consistent with increase in number of 

gelled units and both loading and incorporation were observed at three phases of alginate and two 

NP concentrations. Thus, Method 1 was adapted for release studies of dye.  

Diffusion based release was investigated .At gelling phase of 1mg/ml dyed Fe@Au/alginate 

system, a consistent 27 % release was observed in 20 hours. Although the preliminary studies show 

a sufficient release of the model dye, enhancement can be effected by inducing external stimuli 

like temperature or pH change. 
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5 Future Work 
 

The preliminary studies in gelation have shown that it is possible to characterize gelation in 

alginate based systems at low concentrations. Further study can be done with other alginates to 

understand the effect of molecular weight, cross-linking affinity among other parameters. 

Loading and release have been investigated using a model dye. Future studies could focus on  

specific drugs like L-Dopa, Doxorubicin, e.t.c. used for treatment of various diseases, like cancer, 

Parkinson’s and so on. 

Release has only been monitored based on diffusion. In further studies, different external stimuli 

like temperature, pH, light can be used with an intent to enhance release from these systems. 
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Appendix 1: 

 

 

Solutions Investigated in UV-Vis Spectroscopy: 

 

Sample 
name 

Volume of Alginate 
(µl) 

Concentration of alginate 
(mg/ml) 

Volume of CaCl2 
solution (µl) 

Concentration of Cacl2 
(mg/ml) 

      S1 2500 0.5  500 1  

      S2 1500 0.5  1500 1  

      S3 500 0.5  2500 1  

      S4 500 0.5  2500 7.35  

      S5 500 0.5  2500 14.7  

      S6 500 0.5  2500 29.4  

      S7 1500 0.5  1500 14.7  

      S8 1500 0.5 1500 29.4  

      S9 2500 0.5  500 14.7  

     S10 2500 0.5   500 29.4  

     S11 100 0.5  4900 29.4  

     S12 50  0.5  4950 29.4  

     S13 50  1  4950 14.7  

     S14 25 1 4975 1  

 

 

 

 

 

 

 

Solutions investigated using Spectrophotometer 
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Sample 
name 

Volume of 
Alginate (µl) 

Concentration of alginate    
(mg/ml) 

Volume of CaCl2 
solution (µl) 

Concentration of 
Cacl2 (mg/ml) 

S15 100 0.25 2900 7.35 

S16 100 0.75 2900 7.35 

S17 100 0.25 2900 14.7 

S18 100 0.75 2900 14.7 

S19 100 0.25 2900 29.4 

S20 100 0.75 2900 29.4 

S21 100 0.50 2900 7.35 

S23 100 1 2900 7.35 

S24 100 0.50 2900 14.7 

S25 100 1 2900 14.7 

S26 100 0.5 2900 29.4 

S27 100 1 2900 29.4 

S29 100 8.84 2900 0.7 

S30 100 8.84E-1 2900 0.7 

S31 100 1.26 E-2 2900 1000 

S32 100 1.26 E-3 2900 1000 

S33 100 2.3 2900 1 

S44 100 2.3 E-3 2900 1000 

S45 100 1.3 E-1 2900 100 

S46 100 2.5E-1 2900 200 

S47 100 3.8E-1 2900 300 

S48 100 1.26 E-4 2900 1000 

S49 100 1.26 E-1 2900 1000 

S50 100 3.8 E-3 2900 60 
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Solutions investigated by Ubbelohde Viscometer 

 

Sample 
name 

Volume of 
Alginate (µl) 

Concentration of alginate    
(mg/ml) 

Volume of CaCl2 
solution (µl) 

Concentration of 
Cacl2 (mg/ml) 

S1 100 1 2900 7.35 

S2 100 0.25 2900 29.4 

S3 100 2.5E-1 2900 200 

S4 100 3.8E-3 2900 300 

S5 100 8.84E-1 2900 0.7 

S6 100 8.84 2900 0.7 

S7 100 1.26E-3 2900 1000 

S8 100 1.26E-2 2900 1000 

S9 100 2.3 2900 1 

S11 100 1.26E-4 2900 1000 

S12 100 3.8E-3 2900 60 
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                                                                                Appendix 2 

 

 

Refractive indices: 

 

Wat
er 

1mg/
ml Alg 

29.4mg/
ml Cacl2 

14.7mg/
ml Cacl2 

0.7mg/
ml 
Cacl2 

1mg/ml 
Alginate+29.4C
acl2 

1mg/ml 
alginate 
+14.7mg/m
l  

1mg/ml 
Alginate 
7.35 cacl2 

1.330
1 

1.3310 1.3352 1.3327 1.3314 1.3349 1.3326 1.3313 
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Division procedure of t/tW or tC/tA.  6 measurements were taken from Viscometer 
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Appendix 3: 

 

Measurement of moles of alginate and CaCl2 

 

1) Finding moles of alginate by the following formula: 

 

(𝑣𝑜𝑙𝑢𝑚𝑒 𝑚𝑙× 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑚𝑔/𝑚𝑙)

1000
   = x,  divide x by molecular weight of alginate  i.e. 320000  

 

        =                                      
𝒙

𝟑𝟐𝟎𝟎𝟎𝟎
                       

 

 

2) Finding moles of CaCl2 using following formula:     

 

(𝒗𝒐𝒍𝒖𝒎𝒆 𝒎𝒍 ×𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒎𝒈/𝒎𝒍)

𝟏𝟎𝟎𝟎
 = ×  

 

And divide the x value with molecular weight of CaCl2 which is 146.98 

 

                                        =
𝒙

𝟏𝟒𝟔.𝟗𝟖
 

 

3) Mole Ratio (CaCl2 to alginate) = 
𝒎𝒐𝒍𝒆𝒔 𝒐𝒇 𝑪𝒂𝑪𝒍𝟐

𝒎𝒐𝒍𝒆𝒔 𝒐𝒇 𝒂𝒍𝒈𝒊𝒏𝒂𝒕𝒆
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Appendix 4 

 

1) Dialysis tube experiment : 

 

 Calculation of percentage removal of dye after time: 

 

 

𝑰𝒏𝒊𝒕𝒊𝒂𝒍 𝒂𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒗𝒂𝒍𝒖𝒆(𝒕𝟎) –  𝒄𝒉𝒂𝒏𝒈𝒆𝒅 𝒂𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒗𝒂𝒍𝒖𝒆(𝒕𝟏)      

𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝒂𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒗𝒂𝒍𝒖𝒆(𝒕𝟎)
𝒙 𝟏𝟎𝟎 

 

 

                           t0 denotes  initial time , t1 denotes after dialysis time 

 

2) Dye Loading at Fe@AU NPS : 

 

Calculation of loading percentage at Fe@Au NPs: 

 

 

Dye peak = Peak 1 

Dyed Fe@Au peak = Peak 2 

Calculate the area of both the peaks and divide: 

 

𝑨𝒓𝒆𝒂 𝒐𝒇 𝒑𝒆𝒂𝒌 𝟐

𝑨𝒓𝒆𝒂 𝒐𝒇 𝒑𝒆𝒂𝒌 𝟏
× 𝟏𝟎𝟎 
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3) Loading efficiencies : 

 

a) Dyed NP + alginate curve              (Without gelled dye peak) 

b) Dyed NP + alginate + CaCl2 curve (Gelled state peak) 

 

 

Area under the curve for both (a) & (b) was calculated. 

 

Formula: 

 

𝑨𝒓𝒆𝒂 𝒐𝒇 (𝒂) − 𝑨𝒓𝒆𝒂 𝒐𝒇 (𝒃) ÷ 𝑨𝒓𝒆𝒂 𝒐𝒇 (𝒂) x 100 
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                                                           APPENDIX 5 

 

 

 

                         Release behavaior in Microaggregate phase system: 

 

 

       

Figure 77: 1mg/ml dyed Fe@Au/alginate system at Micro aggregation phase. Release behavior 
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Figure 78: 2mg/ml dyed Fe@Au/alginate system at Micro-aggregation phase. Release behavior 
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           Intermediate gelation phase Release behavior: 
 

 

 

            

Figure 79 : 1mg/ml dyed Fe@Au/alginate system at Intermediate phase. Release behavior 
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Figure 80 : 2mg/ml dyed Fe@Au/alginate system at Intermediate phase. Release behavior 

 

 

 

 

 

 

 


