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1. Introduction 

During the last couple of decades, science of formulation development has improved 

remarkably witnessing the development and successive implementation of diverse 

types of new drug delivery systems. The effectiveness of a drug in disease therapy 

depends on the capability of the dosage form in delivering the drug molecules to the 

site of action at a rate and extent sufficient to show the desired pharmacological 

response. Targeted delivery system has now become an established field in 

pharmaceutical research. By using a targeted system that assists in directing a drug to 

a specific site in the body where it needs to exert its effect, target tissue specificity of 

the therapeutic agent can be increased while the off target effects can be curtailed 

(Torchilin 2000, Tripathi et al. 2016, Tripodo et al. 2014, Zhang et al. 2011).  

Various reasons why it is preferable to direct drugs to their site of action may be 

described by the pharmaceutical factors like drug instability and solubility, 

biopharmaceutical factor such as low absorption and high membrane binding, 

pharmacokinetic factors i.e., short half life, higher volume of distribution and low 

specificity, clinical factors like low therapeutic index, anatomical and cell barriers and 

finally commercial factors (Bertrand et al. 2014, Lammers et al. 2008). 

Thus, a targeted drug delivery system can supply drug molecules selectively to site(s) 

of action(s) in such a manner that it provides maximum therapeutic efficacy through 

predetermined and controlled manner, preventing drug inactivation or degradation 

during transit in the systemic circulation and protects the body from adverse drug 

reactions owing to inappropriate disposition. For the drugs with narrow therapeutic 

index, targeted drug delivery may offer an effective treatment alternative at relatively 

lower drug concentration (Torchilin 2000).  

Although a drug targeting strategy can potentially improve the clinical efficacy of 

therapeutic effectiveness in many diseases, most drug targeting research has been 

focused on tumor. Current chemotherapy of cancer still faces a major drawback of 

lack of selectivity and specificity of antineoplastic drugs toward tumor cells. The cells 

of the bone marrow and of the gastrointestinal tract that are rapidly proliferating are 

adversely affected by the cytotoxic action of antineoplastic drugs. This causes a 
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narrow therapeutic index for several anticancer chemotherapeutic agents (Jain and 

Stylianopoulos 2010, Lammers et al. 2008).  

Because of their low molecular weight and high hydrophobicity, most of the routinely 

used antineoplastic agents are rapidly cleared from blood circulation and often show a 

large volume of distribution. Also, accumulation of drug nontarget tissue causes 

toxicity towards different healthy tissues. Additionally, several other obstacles are 

required to be overcome before an i.v. administered anticancer agent can show 

antitumor efficacy. These barriers might include enzymatic and hepatic drug 

degradation and inactivation, high interstitial fluid pressure that is typical 

characteristics of tumors, to cellular and nuclear membranes, and to the presence of 

drug efflux pumps (Allen and Cullis 2004, Lammers et al. 2008, Peer et al. 2007, 

Torchilin 2000).  

Characteristics of an ideal tumor targeted nanomedicine may be outlined as follows: 

(1) Increase in the drug localization in cancer tissue through passive as well as active 

targeting  

(2) Decrease in drug concentrations in sensitive and non-target tissues 

(3) Decreases leakage of drug during transit to the target tissue 

(4) Protect drug degradation and premature clearance 

(5) Maintains drug at target site for prolonged period of time 

(6) Facilitate and improves cellular uptake and intracellular trafficking 

(7) Should be biocompatible and biodegradable  

1.1. Principles of drug targeting to tumor  

1.1.1. Passive targeting 

Passive targeting primarily aims to improve the blood circulation time of targeted 

drug delivery systems and by doing so it exploits the pathophysiology of solid tumors 

where convoluted and poorly defined vasculature differentiates them from healthy 

tissues. Prototypic examples of nanomedicine formulations are liposomes, micelles, 

polymers, emulsions, nanoparticles and antibodies. The nanomedicines are primarily 

aimed to improve the blood circulation time for entrapped or conjugated 
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chemotherapeutic drug and, by doing so, to enable it to exploit the fact that solid 

tumors possess a convoluted and undifferentiated vasculature system in comparison to 

the vasculature of healthy tissues. This allows extravasation or leakage of carrier 

materials loaded with drug molecules with sizes of upto several hundreds of 

nanometers (Allen and Cullis 2004, Lammers et al. 2008, Maeda et al. 2000, 

Matsumura and Maeda 1986, Peer et al. 2007).  

Also, the solid tumors lack functional lymphatic system, therefore, they are unable to 

remove or eliminate extravasated nanocarrier systems. Due to the tendency of higher 

leaking tumors allows long-circulating nanocarriers to selectively accumulate in 

tumors with an increase in circulation time, through a mechanism known as the 

enhanced permeability and retention (EPR) effect. Despite some drawbacks, most of 

the currently marketed products like Myocet (nonPEGylated liposomal doxorubicin), 

Doxil (PEGylated liposomal doxorubicin), Daunoxome (nonPEGylated liposomal 

daunorubicin), Abraxane (albumin-based pacitaxel) and Genexol-PM (paclitaxel-

containing polymeric micelles; pre-approved in Korea) rely on this phenomenon 

(Allen and Cullis 2004, Lammers et al. 2008, Maeda et al. 2000, Matsumura and 

Maeda 1986, Peer et al. 2007, Torchilin 2000).  

 1.1.2. Active Targeting to cancer cells  

Active targeting depends on specific interactions between drug, drug conjugate or 

drug carriers and the target cells. These interactions are enabled via targeting ligands, 

like antibodies, proteins and peptides, which specifically bind to receptors over 

expressed on the target cells. Active drug targeting is generally implemented to 

improve cancer cells detection and higher cancer cell uptake (Lammers et al. 2008, 

Talekar et al. 2012, Torchilin 2000, Wu et al. 2016, Zempleni et al. 2009, Zhang et al. 

2014). Examples of targeting ligands that are routinely employed for actively 

targeting nanocarrier formulation to tumor cells are biotin, folate, transferrin and 

galactosamine. However, regardless of significant advancements made at the 

preclinical level with regard to active targeting, only antibody-based nanomedicines, 

such as Zevalin, Mylotarg, Ontak and Bexxar have been approved for clinical use. 

However, there are a number of physiological and anatomical hurdles that are to be 

surpassed before an antibody- or peptide-targeted formulation can bind to cancer 
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cells. These may include the presence of pericyte, smooth muscle cell and fibroblast-

based cell layers between endothelial and tumor cells, the high cellular density within 

solid malignancies, and the high interstitial fluid pressure that is characteristics of 

tumors. Therefore, because of the binding-site barriers that restricts the penetration of 

actively targeted drug carrier into the cancer interstitium, the actively targeted drug 

carriers tend to have issues in finding their target tissue or cells (Talekar et al. 2012, 

Torchilin 2000, Wu et al. 2016, Zempleni et al. 2009, Zhang et al. 2014). 

1.1.3. Active targeting to endothelial cells  

To overcome some of the above mentioned shortcomings with regard to active drug 

targeting, i.e., those related to the presence of several additional cell layers between 

endothelial and tumor cells, to the high tumor cellular density and to the high 

interstitial fluid pressure in tumors, a number of different endothelial cell-targeted 

nanocarrier formulations have been developed and evaluated over the years. Ligands 

that may be used to target drug delivery systems to tumor microvasculature include 

the antibody fragments L19 and oligopeptides like NGR and RGD (Lammers et al. 

2008, Talekar et al. 2012, Torchilin 2000).  

1.1.4. Triggered drug delivery  

These are the systems that can be triggered to release their entrapped drug upon 

exposure to external stimulus like heat, light, ultrasound and magnetic fields. These 

stimuli-responsive nanomedicines (like Thermodox, a temperature-sensitive 

PEGylated liposomes containing doxorubicin) are designed to release the entrapped 

chemotherapeutic drug upon applying locally confined triggers thereby maximizing 

drug release at the pathological site, while preventing damage to potentially 

endangered healthy tissues. The demerit of such formulations includes difficult 

preparation methods, release of significant amounts of drug without applying actual 

trigger, or they appear so stable that the triggering conditions are so intense that they 

are hardly conformable and the stimuli themselves become harmful (Davis et al. 2008, 

Lammers et al. 2008, Peer et al. 2007, Talekar et al. 2012, Torchilin 2000).  
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1.2. Targeting ligands 

Ligands employed for targeting drug/ drug delivery systems are antibodies, peptides, 

proteins, nucleic acid and small molecules have all been described in brief.  

1.2.1. Antibodies and their fragments 

Antibodies are extensively explored ligands used for targeting in the clinical studies 

and over thirty types of monoclonal antibodies have been already approved for 

clinical use like trastuzumab, rituximab, bevacizumab and cetuximab. The first 

reported example for targeted nano drug delivery systems are liposomes decorated 

with antibodies (PEGylated Doxorubicin liposomes (Doxil®/Caelyx®) incorporating 

a Fragment antigen-binding [F(ab′)] of cetuximab) (Kamaly et al. 2012, Mamot et al. 

2012). (28, 29) 

1.2.2. Proteins 

Proteins are naturally occurring molecules that are used for targeting using 

endogenous targets and can be explored for therapeutic applications. For example, 

transferrin (Tf) affibodies (antibody mimetics), aptamers, or ankyrin repeat proteins 

have been designed to target the nanocarriers (Choi et al. 2010, Pandey et al. 2015, 

Winkler et al. 2009). (30, 31, 36)  

1.2.3. Peptides  

Peptides are different from their larger counterparts (i.e., proteins) by having amino 

acid sequences lower than 50 residues. The most widely explored peptide ligand is 

probably that of RGD (arginine–glycine–aspartic acid) peptide family. Other cell 

penetrating peptides for targeted nanocarriers include Cys-Arg-Glu-Lys-Ala, Asn-

Gly-Arg, and Ile-Thr-Asp-Gly-Glu-Ala-Thr-Asp-Ser-Gly (LABL) (Allen and Cullis 

2004, Lammers et al. 2008, Torchilin 2000, Winkler et al. 2009). (1, 8, 31, 32) 

1.2.4. Nucleic acid based ligands 

Nucleic acid-based aptamers are another class of ligands that are completely different 

in structures from protein and peptide-based aptamers. Nucleic acid aptamers (Apts) 

are single-stranded oligonucleotides, such as RNA, DNA, or modified nucleic acids. 

Owing to their distinctive conformational structures, aptamers possess high affinity 

and specificity for target site (Lammers et al. 2008, Xiao and Farokhzad 2012). (8, 33) 
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1.2.5. Small molecules 

Small molecular weight compounds have different properties which are strongly 

recommended for a targeting ligand such as small size, improved stability and low 

production costs. Among various synthetic and natural small molecules reported, a 

common example is folic acid (i.e., folates or vitamin B9). Folate is required for the 

normal cellular metabolism and cell survival particularly during the period of rapid 

cell division which happen in cancerous cells. Folate receptors (FR) are therefore 

upregulated in different type of cancers such as lung, colon, mammary gland, kidney 

and brain. Normal cells have relatively lower FR levels on their cell surface, making 

them an attractive target to develop cancer specific drug therapy. Folate has high 

affinity (Kd~10-10M) for folate receptors (Bae et al. 2013, Lammers et al. 2008, 

Shinoda et al. 1998, Stella et al. 2000, Talekar et al. 2012, Zhang et al. 2014). Another 

example of small molecule targeting ligands is triphenylphosphonium. Carbohydrate 

moieties, including galactose, mannose, glucose, and their derivatives, have also been 

extensively utilized as targeting ligands (Allen and Cullis 2004, Kue et al. 2016, 

Lammers et al. 2008, Torchilin 2000). Carbohydrates are recognized by cellular 

membrane proteins called lectins. (1, 8, 27) Recent findings suggest that biotin and/or 

biotin-conjugated drug can be constructively targeted to the tumor cells with the help 

of overexpressed biotin-selective transporters (Ren et al., 2015). Biotin has a critical 

role in cell signaling, epigenetic gene regulation and chromatin structure at the 

cellular level (Zempleni et al., 2015). Mammalian cells lack biotin synthetic pathway, 

therefore, depend on sources like plants and bacterial systems for the same. The 

mammalian cells accomplish uptake through biotin transporter (high-affinity for 

biotin) and also through SMVT. The main transporters for biotin uptake is SMVT, 

which is overexpressed in several aggressive tumors such as leukemia, ovarian, colon, 

lung, renal and breast tumor (Tripodo et al. 2014, Wu et al. 2016, Zempleni et al. 

2009). 

1.3. Approaches for targeted drug delivery 

Three strategies have been used to achieve drug targeting. These are  

1) Site specific pharmacologically active molecules.  
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2) Preparation of inert agents that show its activity after activation by enzymes at 

the site of action, i.e., prodrug. 

3) Use of a pharmacologically inert drug carrier system that can selectively direct 

the drug molecules to specific site for action: this may include particulate 

delivery systems like microparticles, nanoparticles, liposomes, niosomes, 

nanoemulsion, microemulsion solid lipid nanoparticles, nanostructured lipid 

complexes, lipoproteins, activated carbon; Cellular Carriers: erythrocyte, 

platelets, leucocytes. Soluble macromolecular systems i.e., protein drug 

conjugates (antibody, antibody fragment drug conjugates, albumin drug 

conjugates, lipoprotein, lectins) dextrans, synthetic polymers (PLGA, 

polyHPMA, Poly-L-aspartic acid, albumin) 

1.4. Carrier systems for targeted drug delivery  

Drug carriers utilize biologically inactive macromolecules to direct a drug to its target 

site in the body. These may be divided into two types- particulates and soluble 

macromolecular.  

The concept of using particulates as targeted delivery originates from their use in 

radio diagnostic agents in investigation of RES system in liver, spleen and bone 

marrow and lymph nodes, gastrointestinal examinations etc. Because of small size, 

these particulate drug delivery systems can be directly introduced into systemic 

circulation via intra-articular, intra-venous route or to some other body compartment 

like lung, nose etc. The fate of particulate nanocarrier systems in the biological 

system depends on the morphological characteristics such as size, shape, charge and 

surface hydrophobicity of the particles (Allen and Cullis 2004, Bae et al. 2013, 

Bertrand et al. 2014, Davis et al. 2008, Jain and Stylianopoulos 2010, Lammers et al. 

2008). (1) 

Nanoparticles are colloidal particles of size ranging between 10-1000nm. Most 

commonly employed method to prepare nano/microparticles are emulsion, micelles, 

interfacial polymerization (emulsion/micellar) and coacervation. Smaller particle size 

is required for good tissue tolerance, uptake and transfer, and causes no foreign body 

reaction. Most product investigated till date are sterile, freeze dried, free flowing 

powder, usually containing 0.1% of non-ionic surfactant to assist redispersion in 
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saline. Nanospheres can carry a high dose with high entrapment efficiency (over 

90%). Antibody or other ligand can be attached to nanoparticles core to guide the 

carrier to the target site(s) (Allen and Cullis 2004, Bertrand et al. 2014, Cho et al. 

2008, Davis et al. 2008, Jain and Stylianopoulos 2010, Lammers et al. 2008).  

Nanoparticles after intravenous administration can easily be recognized by the cells of 

immune systems, and are rapidly cleared from the systemic circulation by 

macrophases. The incorporation of drug molecules to conventional drug carriers leads 

to alteration in the drug disposition profile, as it is mostly uptaken by mononuclear 

phagocytes system like liver, lungs, spleen, and bone marrow. Therefore, for a 

successful targeted delivery system it is necessary to avoid or lower the opsonization 

of carrier system and prolong the circulation time of nanotherapeutics in blood. This 

can be achieved by (a) surface modification of nanocarriers with hydrophilic 

polymers; (b) development of nanocarrier with biodegradable copolymers such as 

polyethylene glycol (PEG), polyoxamer, polyethylene oxide, polysorbate 80, 

poloxamine etc (Allen and Cullis 2004, Cairns et al. 2006, Jain and Stylianopoulos 

2010, Lammers et al. 2008, Maeda et al. 2000, Tomasina et al. 2013, Torchilin 2000).  

There is increasing an interest amongst pharmaceutical scientist in the utilization of 

lipid based nano-carriers as drug delivery systems to encapsulate therapeutic agents. 

Lipidic nano-carriers system such as microemulsions, nanoemulsions, solid lipid 

nanoemulsion, nanostructured lipid carriers, etc. are of great interest as colloidal nano 

delivery systems. They can easily be made-up from food-grade ingredients by using 

simple processing methods such as mixing, homogenization and shearing etc. 

Lipophilic drugs can be delivered using nanoemulsion or microemulsion. The drug to 

be delivered is added to the lipid phase which upon dispersion into continuous 

aqueous phase forms nanoglobules (with isotropic lipid core) to give oil in water 

(o/w) nanoemulsions. Nanoemulsion has been used as a carrier for lipophilic 

anticancer drugs such as docetaxel, tamoxifen, chlormbucil and dacarbazine etc. 

(Ganta et al. 2010, Ganta et al. 2016, Kakumanu et al. 2011, Tagne et al. 2008). 

Formulation consideration for nanoemulsion includes the selection of emulgents and 

co-emulgents. Emulgents and co-emulgents are required in larger quantities to 

stabilize the nanoemulsion. Emulgents selection should be more cautious so as to 

minimize any potential toxicity induced by emulgents. Nanoemulsions are the part of 
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multiple phase colloidal dispersions, which exists as non-equilibrium colloidal 

systems, having distinctive physicochemical as well as functional properties such as 

higher encapsulation of drug, higher physical stability and are opaque to nearly 

transparent in appearance. These properties depend on composition as well as 

preparation method of nanoemulsions. Due to their incredibly small droplet size (10-

100nm), nanoemulsions have the potential of harnessing the large surface area to 

volume ratio of these formulations to improve the targeting and bioavailability of the 

active ingredients (Allen and Cullis 2004, Anton and Vandamme 2011, Ganta et al. 

2010, Ganta et al. 2014, Lollo et al. 2014, Mendes et al. 2009, Singh et al. 2018, 

Singh et al. 2016a, Singh et al. 2017, Tripathi et al. 2017, Zhang et al. 2011, Zhao et 

al. 2013).  

Nanostructured lipid carriers (NLCs) have effectively been utilized as the new 

generation novel colloidal carrier systems for parenteral drug delivery. NLCs improve 

localization of drug inside a tumor and are known to have enhanced safety (Singh et 

al. 2016b, Singh et al. 2016c, Torchilin 2000). Composed of solid lipids and liquid 

lipids, NLCs are physiologically acceptable, biodegradable, nontoxic and non-irritant. 

Recent developments in targeted delivery have further improved the potency of such 

systems to deliver the drug molecules specifically to the tumor cells thereby avoiding 

dose related toxicity (Mussi et al. 2014, Singh et al. 2016d). NLCs as drug carriers, 

can be used to entrap lipophilic drug and unstable molecules to protect it from 

environment and make it less susceptible for degradation or deactivation. NLCs 

having longer systemic circulation times are found to accumulate in extravascular site 

of disease such as sites of inflammation, infection and tumors. This accumulation can 

result in 03 to 100-times more drug delivery to a target site compared to the injection 

of the same dose of free drug. The facilitation of the binding of the NLCs to target 

cells through the use of ligand to increase localization of drug and target cell killing is 

extensively studied. Specificity and selectivity of actively targeted NLCs depends on 

the ligand’s affinity towards target cell marker/over expressed receptors (Allen and 

Cullis 2004, Fernandes et al. 2017, Joshi and Muller 2009, Lammers et al. 2008, Liu 

et al. 2011, Mizushima 1996). 

Lipid based colloidal nano-carriers system such as nanoemulsions and nanostructured 

lipid carrier are of great interest as colloid based drug delivery systems. 
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1.4.1 Nanoemulsions  

Nanoemulsions are oil-in-water (O/W), water-in-oil (W/O) dispersion of two 

immiscible phases stabilized using a suitable surface active agent with size usually 

less than 500 nm. Nanoemulsions have attracted much attention in pharmaceutical 

research areas for delivery of hydrophilic as well as lipophilic molecules, in recent 

times. Low viscosity, high kinetic stability, longer shelf life, ease of preparation, 

transparency, higher drug solubilization and the protection from adverse environment 

etc., make them suitable and attractive drug carrier systems for poorly water-soluble 

drugs. Nanoemulsions possess higher drug solubilization capacity for hydrophobic 

drugs than simple miceller dispersions and have greater kinetic stability in 

comparison to coarse emulsions. Nanoemulsions despite having the similar globule 

size range to microemulsion, they differ enormously in structural aspects and 

thermodynamic stability. In case of parenteral formulations, nanoemulsions have been 

effectively employed to solubilize and protect sensitive drug molecules against harsh 

environmental factors like, oxidation, pH, hydrolysis, to target specific organs by 

exploiting enhanced permeability and retention effect, and to escape RE S. NEs are 

optically isotropic and kinetically stable systems and usually the amalgamation of 

different components such as a lipophilic phase (oil or lipid), a hydrophilic phase 

(water or aqueous buffer), surfactant and co-surfactant and classified NEs as water-in-

oil (w/o), oil-in-water (o/w) (Ganta et al. 2014, McClements 2012, Singh et al. 2017, 

Zhang et al. 2011, Zhang et al. 2012b).  

1.4.1.1. Formulation aspects of nanoemulsion 

The nanoemulsion formulation should form a clear dispersion and should remain 

stable on infinite dilution. Nanoemulsions have been successfully developed for 

several drugs for parenteral administration such as, docetaxel, paclitaxel, doxorubicin, 

camptothecin, tamoxifen etc. Nanoemulsions have also been considered as a means of 

topical (Pham et al. 2016), transdermal (Thevenin et. al. 1996), nasal (Kumar et al. 

2018) and oral drug delivery (Singh et al. 2018, Singh et al. 2016a, Tripathi et al. 

2017). These systems offer several advantageous features, as enumerated in Fig. 1. 
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Fig. 1 Advantages of nanoemulsions 

1.4.1.1.1. Excipient Characteristics 

Historically, excipients were considered pharmaceutically inert substances that would 

be utilized mainly as fillers, diluents, lubricants, binders, coatings, solvents, and dyes, 

in the manufacturing of final drug products. Over the years, however, advances in 

pharmaceutical science and technology have facilitated the availability of a wide 

range of novel excipients. In some cases, known and/or unknown interactions can 

occur between an excipient and active ingredient, other inactive ingredient(s), 

biological surroundings, or even container closure system. 

1.4.1.1.2. Lipidic Excipients 

Since nanoemulsion is a lipid based drug delivery system, lipid is an essential 

constituent of the formulations. These formulations typically contain long/medium-

chain triglyceride/di-glycerides, individual or mixed emulgents, and various 

hydrophilic emulgents (Tripathi et al. 2016). Lipid excipients can solubilize larger 
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amounts of lipophilic drugs within the dosage form. Amongst the vast list of these 

modified triglycerides, an account of some vegetable oils is enlisted as Table 1, along 

with their fatty acid composition (Delmas et al. 2011). 

Table 1.1. Nomenclature of various fatty acids used in lipid based excipients. 

Fatty acid chain 
length 
(number of atoms) 

Number and 
position(∆) of 
unsaturated bonds 

Common 
Name 

Melting 
temperature 
(◦C) 

08 0 Caprylic acid 16.5 
10 0 Capric acid 31.6 
12 0 Lauric acid 44.8 
14 0 Myristic acid 54.4 
16 0 Palmitic acid 62.9 
18 0 Stearic acid 70.1 
18 1 ∆ 9 Oleic acid 16.0 
18 3 ∆ 9, 12, 15 α-linoleic acid -16.5 
18 2 ∆ 9, 12 Linoleic acid -5.0 
18 3 ∆ 6, 9, 12 γ-linoleic acid -11.0 
18 1 ∆ 9 (-OH:12) Ricinoleic acid 6.0 
20 0 Arachidic acid 76.1 
22 0 Behenic acid 80.0 

1.4.1.1.3. Emulsifier/co-emulsifier 

A suitable emulsifier is necessary to give the emulsifying characteristics to 

nanoemulsions. Emulgents are of amphiphilic nature and can invariably solubilize 

comparatively higher amounts of hydrophobic drug molecules. The factors that 

govern the selection of an emulsifier encompass its HLB value and safety. The HLB 

of a surfactant provides essential information on its potential use as emulgent in the 

formation and stability of nanoemulsion system (Delmas et al. 2011). The emulsifier 

employed in formulation of the nanoemulsion should have relatively higher HLB 

values and hydrophilicity to immediately form o/w globules. It would keep the drug in 

solubilized form for relatively longer period of time and avoid the precipitation of 

drug molecules within the g.i. lumen or after administration to systemic circulation. 

However, HLB of an emulsifier is not the only indicator of its surface active abilities, 

as many key surfactants differ considerably in their HLB values amongst each other, 

by as much as 8-10 units (Delmas et al. 2011, Singh et al. 2017).  

An ideal emulsifier should show properties like, rapid arrangement at the oil/water 

interface, generation of lowered interfacial tension and ultimate stabilization of 
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nanoemulsion globule interface by steric hindrance and/or electrostatic repulsion. Any 

amphiphilic molecules can act as an emulsifier such as surfactants (sodium dodecyl 

sulfate, Tweens), amphiphilic proteins (caseinate), phospholipids (egg or soy 

lecithin), or polymer (PEG), polysaccharides (gum Arabic, starch) that can adsorb at 

the globule interface, thereby stabilizing nanoemulsion via steric stabilization (Ganta 

et al. 2014). The choice of emulsifier not only affects the stability of nanoemulsion 

system but can also offer the possibility of modulation of their size and functional 

properties. A PEG modification of nanoemulsion can be utilized for linking of 

targeting ligands exposed on the nanoemulsion surface. This results in higher cell 

specific targeting and selective drug delivery, as well as provides longer circulation 

properties after systemic administration for in vivo drug delivery (Jiang et al. 2013, 

Liu et al. 2017, Ohguchi et al. 2008). 

1.4.1.2. Method and Theories of nanoemulsions formation 

Nanoemulsion, like conventional emulsions (with sizes > μm), are in non-equalibrium 

state from a thermodynamic point of view. However, due to the small size of 

globules, the droplets are prevented from flocculation and coalescence, i.e., Ostwald 

ripening that governs the destabilization process. Hence, destabilization kinetics of 

nano-emulsions is quite slow (∼months) that they can be considered as kinetically 

stable systems (Ganta et al. 2014, McClements 2012, Singh et al. 2017). 

Nanoemulsions are commonly produced via the so-called “high-energy” methods, 

utilizing specific devices (like high pressure homogenizers or ultrasonicators) that are 

able to provide sufficient energy required to increase water/oil interfacial area during 

the formation of submicronic droplets (McClements 2012). High pressure 

homogenization techniques involve the use of high pressure homogenizer or piston 

gap homogenizers to produce low particle size. During this process, several forces 

such as intense turbulence, hydraulic shear and cavitational forces work together to 

produce nanoemulsions with extremely small globule size. High energy 

ultrasonication technique is commonly employed in the preparation of nanoemulsion 

at laboratory scale. Energy of ultrasonication produces cavitational forces on the 

larger droplets resulting in disruption of oil phase that leads to droplet formation in 

submicron ranges (Delmas et al. 2011, McClements 2012, Singh et al. 2017). Low 
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energy methods are also used to form nanoemulsion formulations through 

spontaneous emulsification without utilizing any form of device or energy. Intrinsic 

physicochemical characteristics of the building components of nanoemulsion are 

responsible for formation of submicronic droplets in low energy methods (Delmas et 

al. 2011, McClements 2012, Singh et al. 2017). The process of nanoemulsion 

formation in low energy method involve only mixing of two liquid phases at normal 

temperatures, one consisting of lipidic phase into which a hydrophilic emulgent is 

mixed to form a homogeneous liquid phase and the other an aqueous phase, which 

may be pure water or buffer. Once these two phases are mixed together, the 

hydrophilic species (surfactant) present in the oily phase rapidly solubilize into the 

aqueous one, resulting into the demixing of the oil in the form of submicron droplets, 

immediately stabilized by the surfactant molecules spread on the interfaces of two 

liquids. The droplet size of nanoemulsions can be easily modulated through the 

oil/surfactant weight ratio. This low energy emulsification is in fact a competent 

method that enables the formation of kinetically stable emulsion droplets (Delmas et 

al. 2011, Ganta et al. 2014, McClements 2012, Singh et al. 2017). 

1.4.2. Lipid Nanoparticles 

Lipid nanoparticles are made up of solid matrix which is developed by substituting 

the liquid lipid of o/w emulsions by a solid lipid. The particles so formed are 

maintained at solid state at physiological temperature. The first generation of such 

particles i.e., solid lipid nanoparticles (SLN) was developed two decades earlier (Uner 

2006). However, in case of second generation technology or SLNs, the particles are 

prepared by using blend of two lipids i.e., a solid lipid and a liquid lipid. The resulting 

blend is also solid at physiological temperature and is termed as nanostructured lipid 

carriers (NLCs) (Singh et al. 2016d, Uner 2006).  

Solid lipid nanoparticles (SLN) are composed of a lipid phase which is present in 

crystallized form and has a highly-organized crystalline structure with the drug 

molecules being a part of the lipidic matrix (Fig. 2 Left). SLN were originally 

designed to inculcate the benefits of polymeric nanoparticles, emulsions and 

liposomes and to avoid their disadvantages. The SLN are produced from one or more 

solid lipid/blend of solid lipids (Uner 2006).  
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Nanostructured lipid carriers (NLC) are produced using mixture of solid lipids and 

liquid lipids. To form the mixture for preparation of nanoparticles matrix, solid and 

liquid lipids are used in different ratio such as 60:40 up to a ratio of 99.9:0.1. Due to 

the presence of liquid phase, a depression in melting point in comparison to the pure 

solid lipid is observed (Fig. 2 Right). The particles obtained are still solid at room and 

physiological temperatures (Fang et al. 2013). Development of NLCs overcomes 

some of the potential limitations of SLN. NLC, in comparison to SLN, disply a higher 

drug loading efficiency for a number of active compounds, have lower water content 

in the particle suspension and offer minimal expulsion of active drug during storage 

period(Beloqui et al. 2016). 

 

Fig.2. Left: Formation of a more or less perfect crystalline structure in SLN by 

identically shaped molecules similar to a brick wall made from identically shaped 

bricks with limited loading possibilities for actives. Right: Formation of a crystalline 

particle matrix with many imperfections comparable to building a wall from very 

differently shaped stones in NLC, which increased number of imperfections leads to 

an increased loading capacity.  

1.4.2.1. Types of NLC 

Depending upon the composition of NLCs and the production process, three types of 

structure have been proposed for NLC for the active molecule which can be 

incorporated into it. These are imperfect type, amorphous type and multiple types 

(Fig. 3.) (Beloqui et al. 2016, Uner 2006). 
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(1) Imperfect type NLC: These are defined as the imperfect crystal model, because 

in its matrix there are many imperfections which are capable to accommodate the 

higher quantities drug in molecular form and in amorphous clusters. Imperfect type of 

NLCs is thus obtained by mixture of spatially different lipidic components. 

(2) Amorphous type NLC: These are composed of solid amorphous matrix without 

having a defined structure. These amorphous models are formed as a result of mixing 

of solid lipid with special liquid lipids which do not re-crystallize after 

homogenization and congealing. 

(3) Multiple type NLC: The multiple type NLCs are produced by mixing of solid 

lipid with relatively higher amount of liquid lipid. In these matrixes the solubility of 

drug is higher; therefore the capacity of drug loading is increased. 

 

Fig.3. Basic types of Nanostructured Lipid Carriers 

1.4.2.2. Advantages of Nanostructured Lipid Carrier: 

The advantages of NLC over other colloidal carriers as discussed by (Muller et al. 

2002a;b) are as followes: 

1. Higher drug loading efficiency for a number of active molecules.  

2. Lower water amount is required for the particle suspension. 

3. Avoid/Minimize expulsion of active molecule during storage. 

4. Better interaction with cellular membrane and hence higher cell internalization  

5. Completely biodegradable and biocompatible due to lipidic excipients. 

6. Prolonged release can be achieved  

7. Higher encapsulation efficiency and stability 
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8. They may increase bioavailability, self-life and stability of bioactive 

compounds. 

9. Can provide consumer acceptability, functionality and nutritional value  

1.4.2.3. Method of preparation of lipid nanocarrier  

Production techniques of NLC are similar to that of SLN. Several methods have been 

described in different reports for production of lipidic nanoparticles, especially SLN. 

Hot homogenization method is one the extensively utilized method for preparation of 

both NLCs and SLNs. This method offer several advantages (such as easy scalablility, 

lack of organic solvents and short production time) compared to the other methods 

(Uner 2006).  

Some of the methods that are commonly used for the production of lipid 

nanocarrier are given below. 

1. Hot homogenization 

2. Cold Homogenization 

3. Solvent evaporation method 

4. Solvent emulsification diffusion technique 

5. Solvent injection method  

6. Microemulsion based method 

7. Double emulsion method 

8. High-speed homogenization followed by ultrasonication method 

9. Ultrasonication method 

10. Phase inversion temperature (PIT) method 

11. Supercritical fluid method  

1.4.2.3.1. Hot homogenization 

Hot homogenization is performed at temperatures 5-10⁰C above the melting point of 

the solid lipid. Homogenization at elevated temperatures results in formation of 

smaller particle sizes due to the decrease in the viscosity of the inner lipid phase. 

However, raising the homogenization pressure or the number of cycles may lead to 

increase of the particle size owing to increase in the kinetic energy of the developed 

particles (Scheme 1) (Singh et al. 2016b).  
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1.4.2.3.2. Cold homogenization 

Cold homogenization method was developed to overcome the shortcomings 

associated with hot homogenization procedure such as temperature induced drug 

degradation, distribution of drug into the aqueous phase during the process of 

homogenization. In case of cold homogenization the drug is mixed in melted lipid 

phase which is then cooled and homogenization is performed (Scheme 2) (Beloqui et 

al. 2016, Muller et al. 2002a;b).  

 

Scheme 1. Hot homogenization 

1.4.2.3.3. Solvent evaporation method 

In solvent evaporation method, the lipid is completely dissolved in a water-

immisicible organic solvent (eg. Chloroform) which is then emulsified in an aqueous 

emulgent solution before evaporation of the solvent under reduced pressure. Once the 

solvent is evaporated, the lipid precipitates to form NLCs (Scheme 3) (Beloqui et al. 

2016, Fang et al. 2013, Muller et al. 2002a;b).  

Drug

Added to solid lipid melt

Dispersed into hot surfectant solution

Hot pre-emulsion using high speed stirrer obtained

Subjected to high pressure homogenizer

Cooled to room temperature 

Lipid nanoparticles
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Scheme 2. Cold homogenization 

1.4.2.3.4. Solvent emulsification and diffusion technique 

This method involves partially water miscible solvents like benzyl alcohol and ethyl 

formate. Initially they are both saturated with water to make thermodynamic balance 

between both liquid. Later, the lipid is dissolved in the water saturated solvent and 

then emulsified with solvent saturated aqueous surfactant solution at raised 

temperature. After the addition of excess water, the lipid nanoparticles precipitate out 

due to diffusion of organic solvent from emulsion droplets to continuous aqueous 

phase (Scheme 4) (Beloqui et al. 2016, Fang et al. 2013, Muller et al. 2002a;b, Yuan 

et al. 2007). 

Drug in melted lipid

Cold grinding for size reduction
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1.4.2.3.5. Solvent injection method 

This method is primarily based on the solvent diffusion method. The most commonly 

used solvents in this method are ethanol, acetone, isopropanol and methanol (Scheme 

5) (Muller et al. 2002b).  

Lipid dissolved in water 

saturated and miscible solvent 

Aqueous phase + surfactant 

solution 

Formation of Microemulsion 

Add excess of water 

Nanostructured lipid carriers 

Scheme 4. Solvent emulsification and diffusion technique 

Stirring under reduced pressure 

Lipid dissolved in water 

immiscible solvent 

Aqueous phase + 

surfactant solvent 

Formation of Microemulsion 

Nanostructured lipid carriers 

Scheme 3. Solvent evaporation method 
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1.4.2.3.6. Double emulsion method 

In this method, the lipid melt is emulsified with an aqueous drug and surfactant 

solution at a high temperature by high shear homogenization. The obtained warm w/o 

nanoemulsion is the dispersed in the aqueous external phase of the w/o/w emulsion 

containing a stabilizer under mechanical stirring at 2-3⁰C. The resultant nano 

suspension is then concentrated and purified by diafilteration (Scheme 6) (Iqbal et al. 

2012, Muller et al. 2002a;b).  

1.4.2.3.7. Microemulsion based method  

This method can be explained as the preparation of warm microemulsion by mixing 

around molten lipid phase, surfactant and co-surfactant into warm aqueous phase. 

This warm micro emulsion is then dispersed under continuous stirring in excess 

amount of cold water using a thermostated syringe. Finally, excess water is separated 

either by ultrafilteration or lyophilization (Scheme 7) (Yuan et al. 2007).  

  

Lipid dissolved in water 

miscible solvent 

Aqueous phase + surfactant 

solvent 

Continuous stirring 

Nanostructured lipid carriers 

Add rapidly by injection 

Scheme 5. Solvent injection method 
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1.4.2.3.8. High-speed homogenization followed by ultrasonication method 

Lipid and aqueous phases are heated separately and the aqueous phase is added to 

lipid phase and high-shear homogenization is performed. The mixture is further 

subjected to sonication to produce NLCs (Scheme 8) (Iqbal et al. 2012, Singh et al. 

2016b).  

Molten Lipid phase 

Warm aqueous phase  

High shear homogenization 

w/o microemulsion (warm) 

Add rapidly  

Aqueous external phase 

Add with stirring 

Nanostructured lipid carriers 

Cooled to 2-3°C 

Scheme 6. Double emulsion method 
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1.4.2.3.9. Ultrasonication method  

This technique avoids the involvement of organic solvents or large amount of 

surfactants. Molted lipid is dispersed in an aqueous solution with the help of 

ultrasonication. The obtained emulsion is allowed to cool down to room temperature 

to produce NLCs (Scheme 9) (Fernandes et al. 2017, Singh et al. 2016d, Yuan et al. 

2007).  

1.4.2.3.10. Phase inversion temperature (PIT) method 

Temperature induced inversion of phases is employed to produce the microemulsion 

and nanoparticles. The method is based on the facts that the nonionic surfactant 

reverses its properties depending upon temperature of the system. Increase in 

temperature result in dehydration of ethoxy groups resulting in increase in 

lipophilicity of surfactant and decrease in HLB value. The temperature at which the 

Molten Lipid phase 

Warm aqueous phase  

Continuous stirring 

Microemulsion 

Add rapidly  

Nanostructured lipid carriers 

Add excess of water 

Scheme 7. Microemulsion based method 
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affinity of surfactant is equal for lipid and aqueous phase is known as phase inversion 

temperature (Scheme 10) (Heurtault et al. 2002, Iqbal et al. 2012). 

 

1.4.2.3.11. Supercritical fluid method  

This is a newer technique and has advantageous characteristics of solvent-less 

processing. Supercritical fluids are obtained when a gas is kept above its critical 

pressure and temperature. Above the critical point of a fluid the solubility of any 

molecule can be easily modified by small changes of pressure of supercritical fluid. 

Carbon dioxide (99.99%) is a good choice as a critical fluid solvent as its critical point 

is low (31 °C and 74 bar), lower cost and nontoxic (Chen et al. 2009).  

The four main Supercritical fluids processes used to produce nanoparticles are: 

1. Rapid Expansion of Supercritical Solutions (RESS); 

2. Gas Anti-Solvent (GAS) process; 

3. Particles from Gas-saturated Solutions/Suspensions (PGSS); 

4. Supercritical Fluid Extraction of Emulsions (SFEE). 

Molten Lipid phase 

Warm aqueous phase + 

surfactant  

High shear homogenization 

w/o microemulsion (warm) 

Nanostructured lipid carriers 

Sonication + cooling  

Scheme 8. High-speed homogenization followed by ultrasonication method 
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1.5. Breast Cancer 

Cancer is one of the major public health issues worldwide. Cancer is considered as the 

second leading cause of mortality worldwide (Siegel et al. 2017). Breast cancer is one 

of the most common tumors diagnosed among US women and is the second leading 

cause for cancer related mortality among women after lung cancer. There are around 

0.25 million and around 0.04 million cases of invasive breast cancer and breast cancer 

related deaths, respectively, are expected to take place among US women in 2017 

(DeSantis et al. 2017, Siegel et al. 2017).  

Cancer cases as well as cancer related mortality are markedly increasing among 

women in India. The reason behind this is low awareness and late stage detection. 

India is placed at the third place for cancer related cases among women, after China 

and US. Annual growth rate for number of cancer cases is growing at 4.5-5% 

according to the latest cancer reports. As per report “Call for Action: Expanding 

Molten Lipid phase 

Warm aqueous phase + 

surfactant  

Ultrasonication 

w/o microemulsion (warm) 

Nanostructured lipid carriers 

Cooling  

Scheme 9. Ultrasonication method 
 



Introduction and Review of Literature  

Department of Pharmaceutical Sciences, BBA University, Lucknow   26 

cancer care for women in India, 2017”, incidences of new breast cancer cases among 

women in India is expected to reach over 0.7 million. However, the actual incidence 

of cancer cases may be much more, i.e., 1.0 to 1.4 million per year as several cases 

remain unreported and undiagnosed. Also, India is among the top two countries 

worldwide on mortality related to women-specific cancers. Data from different 

surveys showed breast and cervical cancer mortality rates for India to be 1.6 to 1.7 

times higher than the observed maternal mortality, signifying the adverse mortality 

rates for women specific cancers in the country. India is also spotted on the second 

place in case of incidence for ovarian cancer globally. India is facing a challenging 

scenario because of 11.54% rise in cases of newer incidence and 13.82% rise in cases 

of mortality due to breast cancer during 2008–2012. Furthermore, mortality has 

increased gradually from nearly 805 to 932 per 100000 deaths in duration of 2008 to 

2012 (http://cancerindia.org.in/statistics) (Malvia et al. 2017, Ng et al. 2017). 

 

 

Molten Lipid phase 

(Heated above PIT) 

Aqueous phase + surfactant  

(Heated above PIT) 

Continuous stirring 

w/o emulsion  

(Maintained above PIT) 

Nanostructured lipid carriers 

Cooling under Continuous stirring 

Scheme 10. Phase inversion temperature (PIT) method 
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Cancer is defined as a group of diseases that force the cells in the body to change in 

their normal characteristics and spread in an uncontrolled manner. Most types of 

cancer cells eventually form undifferentiated lump/mass of cells called a tumor, and 

are given names depending upon the part of the body where the tumor generates.Most 

breast cancers remain benigin in the breast tissues, i.e., in glands for milk production 

or in the ducts that connect lobules to the nipple.  

1.5.1. Signs and symptoms 

Breast cancer generally produces no specific symptoms particularly when tumor is 

small or on initial stages. The most common physical sign of a breast tumor is 

painless lump of cells felt under skin. Sometimes breast cancer spreads to lymph 

nodes of under arm and causes formation of a lump or a swelling. This phenomenon 

may occur even before the breast cancer is felt or detected. General symptoms include 

breast pain, heaviness along with persistent changes in tissue such as thickening, 

swelling, or redness of the skin and nipple related abnormalities such as spontaneous 

bloody discharge, erosion or retraction (Jones 2008, McPherson et al. 2000, 

Singletary 2003).  

1.5.2. Diagnosis  

Diagnosis of breast cancer is generally done either during a screening examination 

before symptoms appear, or after a woman notices a lump or nodule. Further, the 

masses can be observed on a mammogram. Generally most breast cancers turn out to 

be benign, do not grow uncontrollably or migrate, and are considered not to be life-

threatening. Microscopic analysis of breast tissue is performed in most of cases where 

cancer is suspected. Further, to determine the extent of spread and stage of cancer and 

to characterize the type of the disease biopsy or surgical incision may be performed 

(Jones 2008, Malvia et al. 2017, McPherson et al. 2000).  

1.5.3. In situ breast cancer 

In situ breast cancers are identified as abnormal cells that have not penetrated to the 

nearby ducts or glands from which they originated. There are two main types of in 

situ breast cancer: ductal carcinoma in situ (DCIS) and lobular carcinoma in situ 
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(LCIS), also known as lobular neoplasia (Jones 2008, McPherson et al. 2000, 

Singletary 2003).  

1.5.4. Invasive breast cancer 

Most of the breast cancers diagnosed are invasive i.e., they have broken from the 

place of origin and migrated into surrounding breast tissue. Generally breast cancer 

has been considered as a single disease still there are up to 21 histological subtypes 

along with four molecular subtypes identified that differ in terms of presentation, risk 

factors, outcomes and response to treatment. Molecular subtypes have been 

characterized using biological markers such as presence or absence of hormone 

receptors (estrogen or progesterone, HR+/HR-) and expression levels of human 

epidermal growth factor receptor 2 (HER2) or extra copies of the HER2 gene 

(HER2+/HER2-). The four main molecular subtypes and their distribution in breast 

tissues are Luminal A (HR+/HER2-) (71%), Luminal B (HR+/HER2+) (12%),Triple 

negative (HR-/HER2-) (12%), HER2-enriched (HR-/HER2+) (5%) (McPherson et al. 

2000, Singletary 2003).  

1.5.5. Breast Cancer Treatment 

Several risk factors like age, reproductive factors, personal and family history of 

cancer, exogenous and endogenous hormonal exposures, environmental factors, 

lifestyle factors such as diet and alcohol consumption have been shown to be involved 

in the development of breast cancer. Genetic and epigenetic changes such as 

BRCA1/2 mutations have also been shown to affect the risk breast cancer. The risks 

of cancer rises to 65–81% for cases with BRCA1 mutation carriers and 45–85% for 

BRCA2 mutation carriers (McPherson et al. 2000, Singletary 2003, Verma et al. 

2012, Wu et al. 2013).  

1.5.5.1. Treatment of Early-Stage Breast Cancer  

Anthracycline based drug such as doxorubicin, epirubicin etc., and taxanes like 

docetaxel and paclitaxel based regimens form the foundation for primary stage breast 

cancer treatment. Most extensively utilized anthracycline based combinations are 

doxorubicin cyclophosphamide (AC) and 5-fluorouracil based combination, FAC (5-
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FU, doxorubicin, and cyclophosphamide) or FEC (5-FU, epirubicin, and 

cyclophosphamide). Now-a-days, taxane based regimens like TAC (docetaxel, 

doxorubicin, and cyclophosphamide), ACT (AC followed by a taxane) and non-

anthracycline TC (docetaxel+cyclophosphamide) have exhibited superior survival 

outcomes and a better safety profile than anthracycline based therapy regimens in 

several studies. There is always a concern of cumulative dose related cardiotoxicity 

associated with long term therapy of anthracyclines anticancers, nonanthracycline 

regimens are gaining more and more interest. However, the lack of cardiotoxicity with 

nonanthracycline regimens might be paralleled by efficacy benefits. The patients with 

breast cancer having HER2-positive tumors should benefit from treatment with 

trastuzumab as shown in several trials (Jones 2008, McPherson et al. 2000, Singletary 

2003). 

1.5.5.2. Treatment of Metastatic Breast Cancer (MBC) 

Patients with Metastatic Breast Cancer are a heterogeneous group and therefore an 

individualized approach to treatment is now considered to be necessary. The 

oncologist consider some issues like treatments given for early-stage breast cancer, 

what drugs were used, what were the cumulative doses administered etc. Patients 

might have drug-resistant tumors, or they may have been administered with 

cumulative doses that could be responsible for unacceptable toxicity. Such factors can 

limit or prohibit the inclusion of these agents in future treatment strategies.  

Five distinct patient categories should be considered (Jones 2008): 

(1) No adjuvant treatment  

(2) Adjuvant CMF (cyclophosphamide, methotrexate, and 5-FU) or an anthracycline-

based regimen  

(3) Adjuvant paclitaxel  

(4) adjuvant docetaxel;  

(5) Adjuvant therapy including trastuzumab.  

1.5.5.3. Use of Targeted Agent  

Even though significant advancements in tumor therapy, the treatment after cancer 

has metastasized remains an unmet challenge for clinicians (Goldman et al. 2017). 

Regardless of encouraging results from preliminary studies in most antitumor 
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therapies, the primary obstacle for clinical application of these drugs are their adverse 

effects on normal cells due to nonspecific distribution of delivery system to normal 

tissues along with tumor tissue. The lack of tumor specificity always remains an issue 

of debate for the modern pharmaceutical scientists (Cho et al. 2008, Oliveira et al. 

2017). The future of therapy for MBC appears to involve combining effective single 

agent chemotherapeutic agents with novel and newer biological agents that can 

exploit specific targets in the cancer (Jones 2008). Designing target specific drug 

delivery systems, often regarded as the magic bullet approach, are able to overcome 

chemotherapy related side effects due to systemic therapy with improved efficacy and 

tolerability due to their local action. Amongst the various targeting approaches like 

antibodies, proteins, peptides, nucleic acid-based ligand and small molecules, most 

common targets for MBC are Human epidermal growth factor receptor 2, i.e., HER2-

overexpressed receptor, vascular endothelial growth factor (VEGF), estrogen receptor 

(ER) and progesterone receptor (PR), folate receptor (FR), biotin receptor etc. The 

most widely investigated targeted therapy utilizing HER2 is trastuzumab. 

Bevacizumab is a VEGF targeted molecule that is currently under advanced clinical 

trials for MBC along with paclitaxel. Folate receptor is a membrane coupled 

glycoprotein receptor that is preferentially expressed in cancers of epithelial origin. It 

is barely expressed in normal human cells. Hence, these receptors support the 

possibility for targeting approaches in the management of breast carcinoma 

(Hartmann et al. 2007, Hu et al. 2014, Kue et al. 2016, Zhang et al. 2014). Recent 

findings advocated that biotin or biotin conjugated systems can constructively be 

targeted to the tumor cells with the help of overexpressed biotin-selective transporters. 

Biotin has a critical role in cell signaling, epigenetic gene regulation and chromatin 

structure at the cellular level. Mammalian cells lack biotin synthetic pathway, and 

therefore, depend on sources like plants and bacterial systems for the same. The 

mammalian cells accomplish uptake through biotin transporter (high-affinity for 

biotin) and also through SMVT. The main transporter for biotin uptake is SMVT, 

which is overexpressed in several aggressive tumors such as leukemia, ovarian, colon, 

lung, renal and breast tumor (Kue et al. 2016, Ren et al. 2015, Tripodo et al. 2014, Wu 

et al. 2013, Zempleni et al. 2009).  
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1.6. Reactive oxygen species and cancer 

As a consequence of aerobic metabolism in cells, smaller amounts of reactive oxygen 

species (ROS) like hydroxyl free radicals (·OH), superoxide anions (O2
·-), singlet 

oxygen (1O2), hydrogen peroxide (H2O2) etc., are constantly generated in organisms 

(Borek 2017, Mates and Sanchez-Jimenez 2000, Padmavathi et al. 2006). Cellular 

antioxidants act as detoxifying agents for such species but in some cases the balance 

between free redical generation and its detoxification is disturbed. This imbalanced 

situation is referred to as oxidative stress (Iyengar et al. 2013, Roy et al. 2017). If such 

imbalance persists for a longer period, the oxidative damage to vital biomolecules, 

like oxidant caused damage to the genes or DNA, accumulates and subsequently 

causes several biological changes ranging from modulation of gene expression and 

signal transduction to transformation, mitogenesis, mutagenesis and cell death 

(Iyengar et al. 2013, Roy et al. 2017, Trivedi et al. 2011, Wiseman and Halliwell 

1996).  

Apoptosis and cancer are contrasting phenomena, but ROS have been demonstrated to 

play a vital role in both cases. There are reports that supports that ROS can induce 

apoptosis. In these evidences the mediators of cellular apoptosis that induces 

production of intracellular ROS are downregulated by antioxidants. Although, the 

exact chain of mechanisms involved is still controversial as redox status and/or 

hydrogen peroxide both has been suggested as vital factors for apoptosis(Mates and 

Sanchez-Jimenez 2000). (14, 15) Additionally, the linkage between the induction of 

carcinogenesis to oxidative DNA damage has been clearly established. Further, 8-

oxo-2'-deoxyguanosine, a DNA oxidative product has been shown to be highly 

mutagenic. (Fan et al. 2013, Hinrichsen et al. 1990, Trivedi et al. 2011, Wiseman and 

Halliwell 1996)(16)  

There are several studies that suggest that the dietary supplementation of antioxidants 

can alter the response to chemotherapeutic drugs. Also, antioxidants attenuate the 

development of adverse side effects that may develop as consequence of treatment 

with antineoplastic agents (Doroshow 1986, Figueroa et al. 2018, Mates and Sanchez-

Jimenez 2000, Wiseman and Halliwell 1996).  
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Administration of antineoplastic agents results in oxidative stress, i.e., the production 

of free radicals and other ROS. Oxidative stress produced may reduce the rate of 

cellular proliferation. Reduction in cellular proliferation may interfere with the 

cytotoxic effects of chemotherapeutic drug those anticancer activity depends on rapid 

cellular proliferation. Antioxidants by detoxifying ROS may potentiate the anticancer 

effects of chemotherapeutic agents (Doroshow 1986, Figueroa et al. 2018, Mates and 

Sanchez-Jimenez 2000, Wiseman and Halliwell 1996) . ROS contribute to several 

side effects that are common to different anticancer drugs, such as gastrointestinal 

toxicity and mutagenesis. ROS is also involved in some side effects that occur with 

some specific drugs for example cisplatin-induced nephrotoxicity, doxorubicin-

induced cardiotoxicity, and bleomycin-induced pulmonary fibrosis. Antioxidants can 

prevent or reduce such side effects. However, certain side myelosuppression and 

alopecia are not affected by antioxidants (Doroshow 1986, Figueroa et al. 2018, 

Mates and Sanchez-Jimenez 2000, Wiseman and Halliwell 1996). 
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2. Literature Review 

Authors 
Formulation/objec

tive  
Drug Major Observations 

(Sabzichi et al. 

2017) 

all-trans-retinoic 

acid loaded NLCs 
Doxorubicin 

two-fold increase in the % 

apoptosis in MDA-MB-231 

breast cancer cells 

(Yu et al. 2017) 

Composition and 

effects of Perilla 

frutescens oil 

Perilla frutescens 

oil 

1. High percentage of ω-3 

fatty acid 

2. Anti-allergic, anti-

inflammatory, anti-oxidant, 

anticancer, anti-microbial, 

anti-depressive and anti-cough 

effects. 

(Tripathi et al. 

2017) 

ω-3 fatty acid 

content of Perilla 

frutescens oil 

Perilla frutescens 

oil 
50-70% of ω-3 fatty acids 

(Yuan et al. 

2016) 
nanodelivery  

1. Bypasses multispecific drug 

efflux transporters  

2. Can be exploit to target 

cancer sites by bypassing 

these transporters 

3. Reverses the drug resistance 

(Iyengar et al. 

2013) 

Omega-3 fatty 

acids 
Various  

1. Prevention of breast cancer  

2. explored the mechanisms 

by which ω-3 FA may show 

breast cancer protective 

activity 

 (D'Eliseo and 

Velotti 2016) 

n-3 polyunsaturated 

fatty acids 

(PUFAs), 

eicosapentaenoic 

acid (EPA) and 

Various  

1. Exert anti-neoplastic 

activity by inducing apoptotic 

cell death in human cancer 

cells 

2. Can be used alone or in 
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Authors 
Formulation/objec

tive  
Drug Major Observations 

docosahexaenoic 

acid (DHA) 

combination with 

conventional therapies 

3. Increases sensitivity of 

tumor cells to conventional 

drug therapies 

(Wu et al. 

2016) 

Biotinylated 

carboxymethyl 

chitosan/CaCO3 

hybrid 

nanoparticles 

Doxorubicin 

1. Targeted cancer cells 

2. Overcome drug resistance 

3. Strong anti-tumor activity 

against MCF-7 cell lines 

(Tripodo et al. 

2014) 
Biotin conjugation Various  

Biotin can be utilized target to 

cancers like colon, breast, 

lung, renal 

(Singh et al. 

2016a) 
Nanoemulsion  Simvastatin  

1. Alpha linolenic acid based 

lipidic nanoemulsion  

2. Bioavailability 

enhancement of simvastatin 

for hyperlipidemia 

(Roy et al. 

2017) 

Efficacy of 

linolenic acid in 

breast cancer 

Alpha linolenic 

acid 

Significant effect upon the 

cellular proliferation through 

mitochondrial mediated 

apoptosis in MCF-7 

(Huan et al. 

2009) 

α-linolenic acid 

conjugated drug  
Doxorubicin 

Improvement the cellular 

uptake, internalization and 

cytotoxicity in MCF-7 cells  

(Hartmann et 

al. 2007) 

Extent of 

expression of folate 

in various cancer 

Folate receptors 

1. High affinity folate receptor 

is preferentially expressed in 

cancers with epithelial origin 

2. Supports the possibility of 

utilizing folate receptor for the 
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Authors 
Formulation/objec

tive  
Drug Major Observations 

management of breast 

carcinoma 

(Elmore et al. 

2002) 

Expression of p53 

family proteins in 

breast cancer 

p16 expression 

p53 family proteins like p16, 

p21 etc. are involved in breast 

tumor cell apoptosis and 

metastasis 

(Park et al. 

2004) 

Expression of 

Caspase family 

proteins in breast 

cancer 

Caspase-6, -7, -8, -

9 and -10 

Defects in Caspase-6, -7, -8, -

9 and -10 activation was 

responsible for doxorubicin 

resistance in breast cancer cell 

lines MCF-7 

(Um 2016) 

Bcl-2 family 

proteins as key 

regulator of cancer 

Bcl-2 family 

proteins 

Key regulator of cancer cell 

apoptosis, invasion and 

metastasis through 

mitochondrial respiration and 

reactive oxygen species 

(Zeng et al. 

2014) 

Nanoparticles based 

drug delivery 

systems 

Nanoparticles 

Able to overcome drug 

resistance in cancer cells 

mainly by avoiding the 

activation of efflux pumps in 

these cells. 

(Zhang et al. 

2012a) 

Mechanism of 

doxorubicin-

induced 

cardiotoxicity 

Doxorubicin 

Cardiomyocyte-specific 

Top2b gene (encoding 

topoisomerase-IIb) are 

involved in doxorubicin-

induced cardiotoxicity 

(Alkhatib and 

AlBishi 2013) 

Doxorubicin based 

nanoemulsion 
Doxorubicin 

Selectively and significantly 

inhibited cell proliferation of 

MCF-7 cells and increased 

cellular apoptosis 
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Authors 
Formulation/objec

tive  
Drug Major Observations 

(Bae et al. 

2013) 

Folate targeted 

nanoemulsion 

Perfluorocarbon/rh

odamine 

nanoemulsion 

1. Phospholipid-anchored 

folate decorated 

perfluorocarbon/ rhodamine 

nanoemulsion  

2. Targeted FR-expressing 

Nasopharyngeal Carcinoma 

(Jiang et al. 

2013) 

Pegylated lipid 

nanoemulsion 
Doxorubicin 

1. Development of safe and 

effective PEGylated lipid 

nanoemulsion for doxorubicin 

delivery to A549 tumor cells. 

2. LNEs were internalized into 

tumor cells in vitro and 

efficiently accumulate in 

tumor tissues in vivo by 

passive targeting 

(Goldman et al. 

2017) 
Liposomes 

multi-modal 

diagnostic agents-

indocyanine green, 

rhodamine, 

gadolinium, 

europium  

1. Developed 100 nm 

liposomes to target metastatic 

triple-negative murine breast-

cancer metastases. 

2. Liposomes were detected in 

the metastatic progression  

target breast cancer metastasis 

3. Elevated levels of drug 

found in the pre-metastatic 

niche, several days before 

metastases are visualized by 

MRI or histologically in the 

tissue 

(Pandey et al. 

2015) 

lactoferin (Lf) 

appended solid 
Paclitaxel 

1. Management of 

bronchogenic carcinoma 
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Authors 
Formulation/objec

tive  
Drug Major Observations 

lipid nanoparticles 2. Higher concentrations of 

PTX accumulated in lungs via 

Lf-coupled SLNs than plain 

SLNs and free PTX  

(Bellezza et al. 

2014) 

resistance of PC3 

prostate cancer 

cells to pro-oxidant 

damage 

α-tocopheryl 

succinate 

1. It inhibits oxidative 

phosphorylation of 

mitochondrial complexes I 

and II 

2. Induces the expression of 

Nrf2-driven 

antioxidant/detoxifying genes 

(Tomasina et 

al. 2013) 

folate-

functionalized 

nanoparticles for 

ovarian carcinoma 

Tripentone 

1. The system reaches SKOV3 

cells rapidly 

2. Internalized by a folate-

receptor mediated endocytosis 

pathway 

3. rapid delivery of the 

antitumor agent tripentone 

into cells 

(Fan et al. 

2013) 

Selenocystine 

(SeC), acts as an 

effective enhancer 

of 5-FU 

5-fluorouracil 

1. Selenocystine (SeC), a 

naturally occurring 

selenoaminoacid 

2. Effective enhancer of 5-FU-

induced apoptosis in A375 

human melanoma cells 

3. involve of DNA damage-

mediated p53 

phosphorylation, and AKT 

and ERK inactivation 

4. SeC significantly enhanced 
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Authors 
Formulation/objec

tive  
Drug Major Observations 

5-FU-induced loss of 

mitochondrial membrane 

potential through bcl-2 

proteins 

(Talekar et al. 

2012) 

EGFR and FR 

functionalized 

nanoemulsions 

Phosphatidylinosit

ol 3-kinase 

inhibitor 

1. 57% decrease in IC(50) 

value of PIK75 following 

treatment with EGFR targeted 

nanoemulsion and 40% 

decrease following treatment 

with FR targeted 

nanoemulsion  

2. Addition of ceramide 

enhanced the cytotoxicity of 

PIK75 

(Lammers et 

al. 2008) 

drug targeting to 

tumors 
Various 

Pitfalls and barriers for drug 

targeting was exhaustively 

reviwed along with clinical 

progress of targeted drug 

delivery 

(Zhang et al. 

2011) 

lipid nanoemulsions 

loaded with 

doxorubicin-oleic 

acid ionic complex 

Doxorubicin 

1. high encapsulation 

efficiency 

2. drug release pattern with 

rapid release at the initial stage 

3. higher growth inhibitory 

effect 

(Ganta et al. 

2010) 

long-circulating 

nanoemulsion 

(LNE) modified 

with poly(ethylene 

glycol) 

Chlorambucil 

1.4-fold higher area under the 

plasma concentration-time 

curve (AUC)  

1.3-fold longer half-life 

compared non modified LNE 
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Authors 
Formulation/objec

tive  
Drug Major Observations 

2.7-fold higher AUC 

7.6-fold longer half-life 

compared to chlorambucil 

solution 

(Mendes et al. 

2009) 
nanoemulsion 

Chemotherapeutic 

agents 

decreases toxicity of the 

chemotherapeutic agents 

without decreasing the 

anticancer action by 

administering nanoemulsion 

concentrates of antineplastic 

agent in breast carcinoma 

tissue after locoregional 

injection 

(Ohguchi et al. 

2008) 

folate-targeted 

nanoemulsion 
aclacinomycin A 

Selective FR-mediated uptake 

was achieved in a human 

nasopharyngeal tumor cell line 

 

(Padmavathi et 

al. 2006) 

paclitaxel and 

propolis as 

antioxidant  

Paclitaxel and 

propolis 

1. Effectively suppressed 

breast cancer,  

2. Decrease in the extent of 

lipid peroxidation (LPO)  

increase in the activities of 

enzymic antioxidants SOD, 

catalase and glutathione 

peroxidase (GPx)) and non-

enzymic antioxidants (reduced 

glutathione (GSH) 

(Borek 2017) 
high intake of anti-

oxidant-rich foods 
Antioxidants 

1. Selenium and vitamin E 

reduced the risk prostate and 

colon cancer 



Introduction and Review of Literature  

Department of Pharmaceutical Sciences, BBA University, Lucknow   40 

Authors 
Formulation/objec

tive  
Drug Major Observations 

2. Carotenoids reduce breast 

cancer risk  

3. Vitamins E and C have 

been shown to ameliorate 

adverse side effects associated 

with free radical damage 

(Mates and 

Sanchez-

Jimenez 2000) 

Free radicals induce 

DNA sequence 

changes  

Various 

Free radicals induce changes 

in DNA sequence that cause 

mutations, deletions, gene 

amplification and 

rearrangements 
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3. Research Envisaged 

The application potential of free radical scavengers such as antioxidants as cancer 

chemopreventive and chemotherapeutic agents has been supported by many 

epidemiological, preclinical, and clinical studies. Various experimental studies 

indicated that antioxidants and some phytochemicals selectively induce apoptosis in 

cancer cells but not in normal cells and prevent angiogenesis and metastatic spread, 

suggesting a potential role for antioxidants as adjuvants in cancer therapy.  

Nanotechnology-based drug delivery has become one of the most extensively studied 

fields in nanomedicine in the recent decade. Various targeting mechanisms, including 

passive targeting via EPR effect, receptor mediated active targeted and environment-

sensitive drug controlled release, have been applied widely in rationale design of 

targeting delivery systems.  

The present study envisages preparing and characterizing a targeted nano-carrier for 

delivery of anticancer drug. Also, combination of naturally existing antioxidants can 

be utilized to combat oxidative stress present in several tumors. That may potentiate 

the chemotherapeutic effect of an anticancer drug and may alleviate the associated 

free radical toxic effects of anticancer drug(s), will be investigated in different cell 

lines. By using this approach we may avoid systemic toxicity, improve safety and 

efficacy of drug(s), reduce dosing, improve solubility of lipophilic drug(s), improve 

patient acceptability etc. of selected drug candidate(s). Advances in experimental and 

computational methodologies will be helpful in shortening the processing time from 

formulation design to clinical use.  

4. Objectives of the work  

The objective of this study is the development and characterization of targeted lipidic 

nanocarrier system for site specific delivery of anticancer drug (s). The targeted drug 

nanocarrier should preferentially deliver anticancer drug to the desired site utilizing 

some guiding molecule thereby reducing inappropriate disposition of drug to the 

normal cells. Further, the naturally occurring antioxidants can be associated with 

these nanocarriers which may potentiate the anticancer molecules and also provide an 

antioxidant shield to the normal cells thereby lowering drug related side effects.  

The specific objectives were:  
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(1) To develop α-linolenic acid based targeted nanoemulsion and its evaluation for 

safety and efficacy cancer cell lines and cancer induced rat model.  

(2) To develop Perilla frutescence oil based targeted nanostructured lipid carrier(s) 

and their evaluation in cancer cell lines and cancer induced rat model for safety and 

efficacy.  

5. Hypothesis  

It was hypothesized that the current study would result in development of a stable, 

safe and effective nanoemulsion and nanostructured lipid carrier of doxorubicin. The 

attachment of targeting ligand would selectively and effectively transport the 

encapsulated drug specifically to the target site owing to overexpressed receptors on 

cancer cell surface. Thus, a higher drug concentration of anticancer drug would be 

attained at the required site. The incorporation of naturally occurring antioxidants as 

well as anticancer agents (α-linolenic acid and Perilla frutescence oil in this case) in 

developed system would help in potentiating the effect of anticancer molecule. Also, 

the antioxidant characteristics of the incorporated lipids would act against the drug 

induced toxic effects. This approach would maximize therapeutic benefits of 

anticancer agents in comparison to conventional formulations and would be expected 

to facilitate the management of cancer with higher safety and efficacy. 
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6. Plan of Work 
1. Literature Survey & Procurement of Materials  
2. Preformulation study 

 Identification and Characterization of Drug 
 Selection of analytical method 

3. Selection of excipients  
4. Preparation of nanocarrier system 

 Pharmaceutical considerations 
 Physiological considerations 
 Pharmacological considerations 
 Optimization of drug delivery systems  

5. In vitro Characterization of nanocarriers 
 Entrapment efficiency 
 Drug content and drug loading  
  in vitro release studies 
 Zeta potential and aggregation behavior 
 Size and size distribution studies 
 Shape (TEM) 
 Surface modification of nanocarrier  

6. Cell lines study 
 MTT assay 
 Cell Cycle Analysis 
 Cell proliferation study  
 Reactive Oxygen Species estimation 
 Mitochondrial membrane potential  
 Cellular uptake study 

7. Stability Studies 
8. In vivo Studies  

 Tumor volume 
 Tumor incidence 
 Animal weight 
 Animal survival  
 Biochemical Estimation 
 Western blotting 
 Whole mounts mammary gland 

9. Statistical analysis 
10. Computation and Compilation of work 
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1. Drug profile  

The drug selected for this study was Doxorubicin Hydrochloride which is an 

anticancer drug extensively used in chemotherapy of breast cancer, bladder cancer, 

Kaposi's sarcoma, lymphoma, and acute lymphocytic leukemia.  

1.2 The drug: Doxorubicin (Dox)  

Antineoplastic antibiotic obtained from Streptomyces peucetius. Doxorubicin is a 

hydroxy derivative of Daunorubicin. 

1.3. Chemical structure  

The structural formula of Dox is 

 

(7S,9S)-7-[(2R,4S,5S,6S)-4-amino-5-hydroxy-6-methyloxan-2-yl]oxy-6,9,11-

trihydroxy-9-(2-hydroxyacetyl)-4-methoxy-8,10-dihydro-7H-tetracene-5,12-dione  

1.4. Molecular formula: C27H29NO11 

1.5. Molecular weight: 543.53 g/mol 

1.6. Category: Antineoplastic, anticancer, anthracycline antibiotic 

1.7. Chemistry and Structure  

Doxorubicin is a glycoside antibiotic. It consists of the tetracyclic quinoid aglycone 

adriamycinone (l4-hydroxydaunomycinone) linked to the aminosugar daunosamine 

(Arcamone et al. 1972).  
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1.7. Mechanism of action  

The mechanism of action of doxorubicin is related to its capability to intercalate and 

bind to DNA and inhibit nucleic acid synthesis. Mechanism of activity of doxorubicin 

in various cell lines demonstrated rapid cell internalization, inhibition of cellular 

mitosis and chromatin binding and nucleic acid synthesis. Doxorubicin can induce 

mutations and chromosomal abnormality. It interferes with DNA replication by 

intercalation into it. Also, it hampers the topoisomerase II activity, enzyme that 

relaxes the negative supercoils for transcription process of DNA. It stabilizes the 

topoisomerase II complex that opens the DNA chain for replication thereby inhibiting 

the resealing of DNA double helix. Dox may also increase the generation of quinone 

type free radical which can cause cellular cytotoxicity (Frederick et al. 1990). 

1.8. Pharmacokinetics  

1.8.1. Absorption & Distribution: Half-life for distribution of doxorubicin is 5 

minutes. Volume of distribution is found to be 809 to 1214 L/m. 

1.8.2. Metabolism & Excretion: There are three major metabolic routes for 

doxorubicin, i.e., deglycosidation, one-electron reduction and two-electron reduction. 

However, approximately 50% of the total doxorubicin administered is eliminated 

unchanged. Two electron reductions are considered the primary metabolic pathway 

that yields a secondary alcohol, doxorubicinol. One electron reduction is mediated by 

various oxidoreductases to produce doxorubicin semiquinone radical. Deglycosidation 

is a minor metabolic pathway for doxorubicin metabolism. Doxorubicin and its 

metabolites are excreted through bile and urine.  

1.8.3. Protein binding: 74-76%  

1.9. Physicochemical properties: According to official monographs (USP) it is an 

orange-Red, crystalline solid, hygroscopic, 2% w/w soluble in water; soluble in 

aqueous alcohols; moderately soluble in anhydrous methanol; insoluble in non-polar 

organic solvents. 

1.10. Sotrage: According to monographs, it should be stored in well-closed 

containers and between 15o and 30oC. 
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1.11 Adverse Effects:  

Doxorubicin HCl can result in myocardial damage, including acute left ventricular 

failure. The risk of cardiomyopathy with doxorubicin is generally proportional to the 

cumulative exposure. Based on animal data, Dox can cause fetal harm when 

administered to a pregnant woman. Some common side effects (incidence rate 1-10%) 

are oral moniliasis, mouth ulceration, esophagitis, dysphagia, rectal bleeding, 

dehydration, weight loss, hyperbilirubinemia, hypokalemia, hypercalcemia, 

hyponatremia dizziness, depression, pruritus, skin discoloration, urinary tract 

infection, hematuria, vaginal moniliasis etc. 

1.12. Identification of drug 

1.12.1. Percentage purity  

Percentage purity assay was done according to official pharmacopoeia.  

1.12.2. Physical Appearance 

Drug sample is an orange coloured, crystalline powder.  

1.12.3. Melting point 

Melting point of doxorubicin was estimated using melting point apparatus. The drug 

sample was filled in three separate capillaries and melting temperature range was 

recorded to be 228-232oC.   

1.12.4. Fourier transforms infrared spectrum (FTIR) 

FTIR analysis of drug was done according to the official pharmacopoeia to check the 

purity of the drug. Scanning of the spectrum was performed from 4000 to 500 cm-1 

using Nicolet 6700, Thermoscientific, spectrophotometer (Fig. 1). The FTIR spectrum 

of sample showed three characteristic peaks at 3334.31 cm-1 –NH2, 2919.32 cm-1 –

OH carboxylic acid, broad peak around 3500 cm-1of –OH group attached to benzene 

ring, 2977.36 cm-1 –CH stretching and 1729.84 cm-1 for –CH bending of benzene 

ring,  1463.86 cm-1 C-H bending vibration of methyl group which were similar to the 

spectra in official monograph. Purity of the drug sample was thus confirmed. 
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Fig. 1. FTIR spectrum of doxorubicin 

1.12.5. NMR spectrum 

1H NMR spectrum was taken on Bruker II 400 NMR spectrometer at 400 mHz using 

DMSO-D6 as solvent (Fig.2).  

 

Fig. 2. 1HNMR spectrum of doxorubicin2. Excipient Profile 

2.1. α-Linolenic Acid (ALA)  

ALA is a polyunsaturated fatty acid. ALA is an ω3-fatty acid, essential for health as it 

cannot be produced inside human body.  

Physical appearance: Clear light yellow to yellow liquid 

Molecular Formula: C18H30O2 

Molecular Weight: 278.436 g/mol 
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Molecular Structure: 

 

(9Z,12Z,15Z)-octadeca-9,12,15-trienoic acid 

FTIR Characterization 

FTIR analysis of oil was performed to identify and characterized for purity.  

 

Fig. 3. FTIR spectrum of ALA 

Therapeutic effects 

Antioxidant, cardioprotective, cardiovascular diseases, atherosclerosis, lower risk of 

hypertension, anti-inflammatory, anticancer, antiproliferative, tumor inhibitory etc. 

2.2. Perilla frutescence seed oil   

Source:  Seeds of Perilla frutescens, contains 54-69% ω-3 fatty acids 

Physical appearance: Yellow oily liquid, specific gravity 0.92, Refractive index 1.49 

and ester value 28.6 
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Composition:  

Consisted of 91.2-93.9% neutral lipids, 3.9-5.8% glycolipids and 2.0-4.0% 

phospholipids; fatty acids like omega-3 fatty acids, omega-6 fatty acids and omega-9 

fatty acids; Rosmarinic acid, furan compounds such as vinylfuran, 5- 

methylfurfuraldehyde, 3-methylfuran, palmitic acid, stearic acid, Vitamin E etc.  

Characterization of oil (FAME analysis) 

Fatty acid methyl ester (FAME) was performed of oil samples after suitable 

derivation of fatty acids to methyl esters (Fig. 4). Methyl esters for the oil samples 

were prepared by solubilising 750 mg of oil in hexane (2 ml) and methanolic KOH 

(2N) (0.2 ml). The resultant mixture was then vortexed for 15 min. Both the phases 

were allowed to settle down and upper layer containing FAME was collected.  The 

above samples were filtered (0.2 µm syringe filters) and injected to gas 

chromatographic analysis (Perkin Elmer GC- clarus 480; Column : Elite-5 Length-30 

mt, Internal diameter- 0.25 mm). The detector employed was Flame ionization 

detector (250 ºC; carrier gas: nitrogen (10 psi); volume of injection 1µl; oven 

temperature: 150 (1 min), ramp 1-5 ºC/min to 230 ºC (5min), ramp 2-150 ºC/min to 

245 for 12 min). Cetyl alcohol was utilized as internal-standard. A validated GC 

method was employed for analysis  validated (Tripathi et al. 2017).  

 

Fig. 4. Gas chromatogram of Perilla frutescens seed oil 

The composition of fatty acids present in oil showed that saturated, monounsaturated 

(MUFA) and polyunsaturated fatty acids (PUFA) accounted for 13.4%, 15.5% and 
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70.3%, respectively, (Fig. 4) of the total fatty acid profile which was in corroboration 

with previous published literature (Tripathi et al. 2017, Yu et al. 2017). 

Therapeutic effects 

Perilla oil has been reported to have activities like cardiovascular preventive, cancer 

preventive, neurological benefits, anti-inflammatory, Antibacterial, Antiseptic etc.   

2.3. Folic Acid  

Folic acid is known as folate, folacin, and vitamin B9. Folate is required for the 

normal cellular metabolism and cell survival particularly during the period of rapid 

cell division which happen in cancerous cells. Folate receptors (FR) are therefore 

upregulated in different type of cancers such as lung, colon, mammary gland, kidney 

and brain. 

Molecular Weight  :441.404 g/mol 

Molecular Formula  :  C19H19N7O6 

Physical form: Yellowish-orange crystalline solid, odorless 

Melting Point: 248-252 °C 

FTIR Spectra: 

 

Fig. 5. FTIR spectrum of folic acid 
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2.4. Biotin  

Biotin or vitamin B7 is composed of an ureido (tetrahydroimidizalone) ring fused 

with a tetrahydrothiophene ring. Mammalian cells lack biotin synthetic pathway, 

therefore, depend on sources like plants and bacterial systems for the same. The 

mammalian cells accomplish uptake through biotin transporter (high-affinity for 

biotin) and also through SMVT. The main transporter for biotin uptake is SMVT, 

which is overexpressed in several aggressive tumors such as leukemia, ovarian, colon, 

lung, renal and breast tumor. 

Molecular Weight  : 244.309 g/mol 

Molecular Formula  : C10H16N2O3S 

Physical form: Colorless, crystalline Solid  

Melting Point: 230-234 °C 

FTIR Spectra:  

 

Fig. 6. FTIR spectrum of biotin 

2.5. Lecithin  

Lecithin complex mixture of acetone-insoluble phosphatides that consists chiefly of 
phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, and 
phosphatidylinositol, combined with various amounts of other substances such as 
triglycerides, fatty acids. Lecithin is taken as a medicine and is also used in the 
manufacturing of medicines. It is amphiphilic in nature and has been used as 
dispersing, emulsifying, and stabilizing agents.  
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Physical form: Vary greatly in their physical form, from semisolids to powders, 
depending upon the free fatty acid content, brown to light yellow. 

Saponification value: 196 

Iodine number: 95–100 for liquid; 82–88 for powder  

Stearic acid 

Stearic acid is also widely used in cosmetics, medicinal and food products. Stearic 
acid is extensively utilized in oral, parenteral and topical lipidic formulations.  

Molecular Weight  :  284.47 g/mol 

Molecular Formula: C18H36O2 

Melting Point: 69-70 °C 

Physical form: hard, white or faintly yellow-colored, glossy, crystalline solid or a 
white or yellowish white powder with a slight odor. 

FTIR Spectra: 

 

Fig. 7. FTIR spectrum of stearic acid 

2.6. Tween 80 

Tween 80 is a nonionic surfactant and emulsifier derived from polyethoxylated 
sorbitan and oleic acid, and is often used in foods. It is a viscous, water-soluble 
yellow liquid. It is safe and well-tolerated emulsifier with HLB of 15.  

Molecular Weight  :  604.822 g/mol 

Molecular Formula  :  C32H60O10 

Physical form: Yellow to orange colored, oily liquid 
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Viscosity: 300-500 cP at 25°C 

FTIR Spectra: 

 

Fig. 8. FTIR spectrum of Tween 80 

2.7. Cholesterol  

Cholesterol is the principal sterol (a combination steroid and alcohol) found in the 
body tissues of all higher animals. Cholesterol is used in cosmetics and topical 
pharmaceutical formulations at concentrations of 0.3–5.0% w/w as an emulsifying 
agent. It imparts water-absorbing power to an ointment and has emollient activity.  

Molecular Weight  : 386.67 g/mol 

Molecular Formula  : C27H46O 

Physical form: white or faintly yellow, almost odorless, powder, or granules  

Melting Point: 147-150 °C 

FTIR Spectra: 

 

Fig. 9. FTIR spectrum of cholesterol 
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3. ANALYTICAL METHODS 

3.1. Establishment of calibration plot of Dox using UV-spectrophotometer 

Standard plots (n=3) for the pure drug were constructed in methanol and phosphate 

buffer (pH 7.4) to conduct in vitro drug release studies and solubility analysis of the 

drug in various oils and surfactants. Stock solution of the drug (100µg/ml) was 

prepared in methanol and phosphate buffer pH 6.8 individually. The drug solutions in 

different media were scanned in range of 200 to 400 nm on UV/VIS 

spectrophotometer for wavelength of maximum absorption (λmax 485) (Fig.10; Table 

1 & 2). The regression of the observed data was performed and regression equation 

along with r2 values derived for further use (Fig. 11 & 12). 

 

Fig. 10. UV spectra of Dox in methanol  

Table 1. Concentration and average absorbance of doxorubicin in methanol 

S. No. 
Concentration 

(µg/ml) 
Absorbance (mean±SD) 

1. 0 0.000±0.000 
2. 1 0.028±0.006 
3. 5 0.105±0.008 
4. 10 0.179±0.010 
5. 20 0.376±0.007 
6. 30 0.551±0.007 
7. 40 0.718±0.009 
8. 50 0.859±0.016 
9. 60 1.025±0.011 
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Fig. 11. Standard curve of Dox in methanol 

Table 2. Concentration and average absorbance of Dox in phosphate buffer pH 7.4. 

S. No. Concentration 
(µg/ml) 

Average 
Absorbance (mean±SD) 

1. 0 0.000±0.000 
2. 1 0.030±0.007 
3. 5 0.115±0.005 
4. 10 0.189±0.009 
5. 20 0.401±0.008 
6. 30 0.591±0.005 
7. 40 0.743±0.007 
8. 50 0.898±0.011 
9. 60 1.105±0.009 

 

Fig. 12. Standard curve of Dox in phosphate buffer pH 7.4 
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The UV-Vis spectrophotometer method employed for doxorubicin analysis showed 

linearity in the concentration ranges of 1.0-60.0 µg/mL in phosphate buffer and 

methanol with r2 = 0.9969 and 0.9966, respectively.  

3.2. Standard curve of Dox in plasma 

3.2.1. Method  

1 mg/mL stock solution of doxorubicin was prepared in acetonitrile. Working 

solutions of 0.02, 0.05, 0.2, 1.0, 2, 10, 20, 50, 100, 200, 400, and 500 µg/mL were 

prepared using stock solution. Blank plasma and working solutions were kept in 

separate tubes and vortexed for 30 min. The tubes were centrifuged at 10,000 rpm for 

10 min. The supernatant was isolated into different tubes and dried to for 8 h to get 

residue at 40°C. Later, the contents of respective tubes were reconstituted with 50 µL 

of acetonitrile, vortexed for 15 min and 20 µL of the resultant solution injected for 

HPLC analysis. The final concentration of working solutions were 0.01, 0.025, 0.1, 

0.5, 1, 5, 10, 25, 50, 100, 200, and 250 µg/mL, respectively (Table 3). Quality control 

(QC) samples were also prepared at concentrations of 0.1, 30.0 and 200.0 µg/mL, 

representing low QC, medium QC and high QC samples (LQC, MQC and HQC), 

respectively. Each of the caliberant and QC samples were prepared in triplicate for 

each concentration of the range. For test samples, 100 µL of test plasma and 100 µL 

blank acetonitrile were taken and processed through a method similar to the 

previously stated method.  

Short and long term stability studies of QC samples were carried out in the same 

experiment. Short term stability studies were performed after 8, 12, and 24 h intervals. 

The same samples were stored at 4°C and long term stability studies were also 

examined at 2, 4, 8, 15, 30, and 60 days intervals. AUC of each peak was determined 

for comparing the stability of the compound through HPLC. Intra and inter day 

variations were measured at various time points. 

HPLC with UV-detectors were selected as analytical tools for analysis of drug. 

Chromatography was performed with Waters HPLC system (model Water2489). The 

validated HPLC method was utilized (M/s Waters 2489, Milford, Massachusetts, 

USA). The system was equipped with Spherowsorb C18, 3.5 µm, 4.6×250 mm 

column, having flow rate 1.0 mL/min and ambient temperature. The mobile phase 

consisted of water at pH 3 adjusted with 85% w/v phosphoric acid and acetonitrile 
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(30:70) and the total run time was 10 min. The HPLC was run through Empower 

software ver.2 and absorbance was measured at 233 nm wavelength using Waters 

2489 UV-Vis detector.  For analysis of plasma samples, plasma was mixed with 

mobile phase, vortexed and centrifuged (5000 rpm, 10 min). The supernatant was 

extracted and collected in 2 ml centrifuge tube. The extracted supernatant was dried 

and reconstituted with the mobile phase, filtered through a 0.22µm membrane filter 

and then analyzed via HPLC (Fig. 13).  

 

Fig. 13   

Table 3. Standard curve data of Dox in plasma 

S. No. Conc. (µg/ml) Average AUC (mean±SD) 
1. 0.01 4136 
2. 0.025 8894 
3. 0.1 25122 
4. 0.2 49150 
5. 0.5 116787 
6. 1 231976 

Table 4. Short-term and Long-term Stability of optimized formulation in rat plasma  

Concentration 
(ng/mL) 

Short-term stability Long-term stability 

Mean ± SD 
(ng/mL) RSD (%) Mean ± SD 

(ng/mL) RSD (%) 

10 9.88±0.86 8.704453 9.78±0.97 9.9182 

50 49.77±1.42 2.853124 49.81±1.09 2.18 

500 499.63±1.36 0.272534 499.02±11.11 2.22 
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Fig. 14. Standard curve of Dox in plasma 

The HPLC method employed for doxorubicin analysis in plasma showed linearity in 

the concentration ranges of 0.01-1.0 µg/mL in rat plasma with R2 value of  0.999 (Fig. 

14). 

Table 5. The Intra-day and Inter-day Precision of RSV-SNES in rat plasma 

Concentration 
(ng/mL) 

Intra-day precision (n=3) 
Inter-day precision 

(n=3) 

Mean ± SD 
(ng/mL) 

RSD (%) 
Mean ± SD 

(ng/mL) 
RSD (%) 

10 10.02±0.51 5.09 10.19±0.48 4.71 

40 40.01±1.22 3.05 39.89±1.12 2.81 

100 99.89±1.38 1.38 100.09±1.73 1.73 

200 200.03±3.41 1.70 200.07±2.88 1.44 

500 498.99±2.52 0.51 498.17±2.52 0.51 

1000 999.93±1.49 0.15 1000.07±2.91 0.29 

3.2.2. Discussion 

Results observed from stability studies of plasma samples suggested that the 

formulations were stable after both short and long term storage (Table 4). The 

percentage relative standard deviation (%RSD) was up to ~10% which indicated that 

the optimized formulations were stable in plasma after long term storage. Intraday and 
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interday precision data was found within range of 5% (Table 5), demonstrated that 

the optimized method was accurate and precise for determination of doxorubicin 

concentration in rat plasma.  
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1. Introduction  

Nowadays, tumor is one of the most prominent causes of death in developing as well as 

developed countries. Of various cancers, mammary gland carcinoma is one of the most 

detected cancers in females. Lung cancer has surpassed the incidences of breast cancer; 

however, mammary gland carcinoma still remains a leading factor for cancer deaths in 

females (Siegel et al. 2017, Wang et al. 2014).  

Doxorubicin (Dox) is an anthracycline anticancer drug obtained from the fungus 

Streptocococcus peuceticus var. caesius. It is one of the most potent chemotherapeutic 

agents in modern day breast anticancer therapies. It is one of the most potent 

chemotherapeutic agent amongst modern day breast anticancer therapies. Anticancer 

activity of Dox is due to its activity against topoisomerase II which plays a vital role in 

the negative supercoiling of DNA. Dox intercalates into the DNA causing the alteration 

in stereochemical conformation of the double-helical structure. Therefore, Dox inhibits 

DNA and RNA polymerases and obstructs the DNA replication and transcription (Trivedi 

et al. 2011, Wang et al. 2014). There are evidences that the treatment with Dox initiates 

cell signalling pathways through regulation of different proteins like bcl2, bax, BAD, 

MMP-9, caspase-9 etc., that lead to programmed cell death known as apoptosis (Karroum 

et al. 2012, Ogretmen and Safa 1996, Park et al. 2004, Vimala et al. 2014).  

Α-Linolenic acid (ALA) is a ω-3 fatty acid which is an essential polyunsaturated fatty 

acid (PUFA). It cannot be produced by the body and must be supplemented through 

dietary resources. It has been established that ALA reduces the progression of mammary 

gland carcinoma, curtails histological changes and improves the survival rate in animal 

models (Calder 2012, Iyengar et al. 2013, Roy et al. 2017).  

Of late, lipidic drug delivery systems have extensively proved their worth as one of the 

highly promising systems for delivering the drug to the designated locations. Among the 

lipidic systems, lipid based nanoemulsions are effectively utilized to improve efficacy of 

the anticancer drugs and subsequently reduced side effects (Tripathi et al. 2016, Tripathi 

et al. 2017). Development in the targeted delivery approaches has further improved the 

potency of such systems to deliver the drug molecules specifically to the cancer cells 

thereby avoiding dose related toxicity (Jiang et al. 2013, Kandadi et al. 2012, 

Kouchakzadeh et al. 2017, Mizushima 1996).  
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In the present study, ALA based nanoemulsion (NE) was envisaged and systematically 

developed using Quality by Design (QbD) concept for the targeted delivery of Dox to the 

DMBA induced mammary gland carcinoma. Further, the drug induced cardiotoxicity is a 

major limiting feature for clinical use of Dox which may be attenuated by the 

concomitant administration of ALA. Therefore, it has been envisaged to use ALA as the 

oil phase along with lecithin and Tween 80 as emulgents and cholesterol as a co-

emulgent to develop a NE. The NE shall be prepared by emulsification followed by 

sonication process. NE shall be surface decorated with folate as a targeting ligand with 

help of the N-hydroxysuccinimide (NHS). The surface decorated NE would be 

characterized for physicochemical properties like globule size, zeta potential, drug 

entrapment, drug loading, drug release profile and TEM. Subsequently, in vitro 

evaluations like cellular cytotoxicity, cellular proliferation, reactive oxygen species 

(ROS) generation, mitochondrial membrane potential (MMP) changes and cell cycle 

analysis would be performed. Thereafter, the in vivo efficacy of the surface decorated NE 

would be evaluated in DMBA induced mammary gland carcinoma in female rats by 

monitoring the tumor progression through animal survival, animal weight variations, 

biochemical parameters i.e., thiobarbituric acid reactive substances (TBARS), protein 

carbonyl, superoxide dismutase (SOD), catalase and glutathione GSH levels as well as 

carmine staining of the mammary glands, upregulation/downregulation of various 

apoptotic regulators like B-cell lymphoma 2 (bcl2), bcl2-associated X (bax), caspase-9 

and matrix metalloproteinase-9 (MMP-9), cardiotoxicity and biodistribution studies.  
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2. Materials  

S. No. Materials Source 

1.  Doxorubicin Miracalus Pharma, India 

2.  Methanol  ThermoFischer Scientific 

(Qualigens) 3.  Hydrochloric acid S.D. Fine chemicals Ltd., Mumbai, 

India 4.  Ethanol S.D. Fine chemicals Ltd., Mumbai, 

India 5.  Methanol ThermoFischer Scientific 

(Qualigens) 6.  Acetone  ThermoFischer Scientific 

(Qualigens) 7.  Isopropyl alcohol ThermoFischer Scientific 

(Qualigens) 8.  Acetonitrile HPLC grade ThermoFischer Scientific 

(Qualigens) 9.  Methanol HPLC grade ThermoFisher Scientific 

(Qualigens) 
10.  

Linolenic acid (omega 3 fatty acids) 

 
Rolex Chemicals Mumbai, India 

11.  Seasame oil Sugandhco Pvt. Ltd, India 

12.  Soya bean oil Sugandhco Pvt. Ltd, India 

13.  Perilla oil  Sugandhco Pvt. Ltd, India 

14.  Oleic acid Fisher Scientific Pvt. Ltd., 

Mumbai, India 15.  Tween 20 HiMedia Laboratories (Mumbai) 

16.  Span 20 HiMedia Laboratories (Mumbai) 

17.  Tween 80  HiMedia Laboratories (Mumbai) 

18.  Span 80 HiMedia Laboratories (Mumbai) 

19.  Kolliphor EL 40 HiMedia Laboratories (Mumbai) 

20.  Lecithin  HiMedia Laboratories (Mumbai) 

21.  Cholesterol  HiMedia Laboratories (Mumbai) 

22.  Isopropyl myristate HiMedia Laboratories (Mumbai) 

23.  PEG 200 HiMedia Laboratories (Mumbai) 

24.  PEG 400 HiMedia Laboratories (Mumbai) 

25.  PEG 600 HiMedia Laboratories (Mumbai) 
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26.  Sodium hydroxide SDFCL Pvt. Ltd., Mumbai, India 

27.  N-hydroxysuccinimide (NHS) Sigma Aldrich, USA 

28.  N,N'-Dicyclohexylcarbodiimide (DCC) Sigma Aldrich, USA 

29.  
Poly(ethylene glycol) bis(amine) (PEG-

bis-amine 
Sigma Aldrich, USA 

30.  2-mercaptoethanol Sigma Aldrich, USA 

31.  Propidium Iodide Sigma Aldrich, USA 

32.  RNase A Sigma Aldrich, USA 

33.  
Eagle’s Minimum Essential Medium 

(EMEM) 
Sigma Aldrich, USA 

34.  Fetal Bovine Serum Sigma Aldrich, USA 

35.  Hank's Balanced Salt Solution (HBSS) Sigma Aldrich, USA 

36.  
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide) 
Sigma Aldrich, USA 

37.  2, 7-dichlorofluorescin diacetate Thermo Fisher Scientific, USA 
38.  Alamar blue® reagent Thermo Fisher Scientific, USA 
39.  Rhodamine 123 (Rh-123)  Thermo Fisher Scientific, USA 

40.  
Radio Immuno Precipitation Assay 

(RIPA) lysis buffer 
Thermo Fisher Scientific, USA 

41.  Antibodies Santa Cruz, USA 
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3. Methods  

3.1. Preformulation study 

3.1.1. Solubility studies  

Excess of drug was added to 2 mL of excipient taken in 30 mL culture tubes, in triplicate 

and shaken for 40 h at 120 oscillations per minute at 37 ± 1 °C using a wrist action 

shaker. The equilibrated samples were centrifuged at 10,000 rpm for 10 minutes to 

separate the undissolved drug. An aliquot of 500 µL of the supernatant was taken and 

diluted suitably with methanol and analyzed using UV–visible spectrophotometer (M/s 

Labtronics-LT 2910) at 485 nm. The concentration of Dox in the methanolic phase was 

calculated using the following equation 1 (Tripathi et al. 2016). 

0.0175
factorDilution     Absorbance  Observed)g.mL( . 1- 

Conc
                  ... (1)

 

3.1.2. Lipids  

Selection of lipid was based on drug solubilizing capacity of lipid in nanoemulsion 

system. Lipid phases studied were oleic acid, isopropyl myristate, sesame oil, soyabean 

oil, perilla oil, and linolenic acid. 

3.1.3. Surfactants  

The surfactant was selected on the basis of its ability to form stable microemulsion region 

with the selected oil and drug solubilizing capacity. The surfactants selected for the 

current study were Tween 80, Tween 20, lecithin, cholesterol, span80, PEG-200 were 

chosen amongst various commercially available excipients.  

3.1.4. Pseudo-Ternary Phase Diagram 

Pseudo-ternary phase diagrams were constructed for oil and mixture of emulgent and co-

emulgent using 18 ratios for each combination ranging from 1:9 to 9:1 (Singh et al. 

2016a, Tripathi et al. 2016). This was done so that the boundaries of microemulsion zone 

and different phases can be properly delineated. Slow titration with distilled water was 

conducted for each combination of oil, Surfactant and cosolvent. The amount of water 
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was varied between 5 and 95% of total volume at 5% intervals. After every addition of 

water, visual observation was made on the basis of following (Fig. 1) 

 If transparent mixture was obtained on addition, it was taken as an o/w or w/o 

microemulsion on the basis of percentage of oil or water in the total mixture. If 

the percent oil was relatively more, it was recorded as w/o microemulsion, and if 

percent water was more, then it was recorded as o/w microemulsion. 

 If a transparent gel was obtained, it was classified as microemulsion gel.  

 If milky or cloudy appearance was observed then it was classified as an emulsion. 

 If a milky gel was obtained then it was classified as an emulgel. 

 

Fig. 1. Formation of different phases (i.e., nanoemulsion, microemulsion, microgel, 

emulsion and emulgel) as observed during pseudo-ternary phase diagrams 

Pseudo-ternary phase diagrams were constructed for the regions of microemulsion, 

microemulsion gel, emulsion and emulgel using PCP-Disso software ver 3.0 (developed 

by Paradkar, Poona College of Pharmacy, Pune, India). 
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3.1.5. Selection of co-emulgent 

Co-emulgent was selected on the basis of water absorption capacity for different 

combinations of lipids, emulgents and co-emulgents (Singh et al. 2016a). Combinations 

of ALA with cholesterol, span 80, and PEG 200 were mixed with Smix in equal weight 

ratios and titrated via drop by drop addition of aqueous phase. The amount of aqueous 

phase at which the system became turbid was considered as the end point. Further, NE 

formulations of each of the combinations, as described above, were kept at elevated 

temperature (40±2 °C) for a month to access the stability of the system.  

3.2. Experimental design 

On the basis of above data, the most suitable range of critical material attributes (CMAs), 

viz., lipid (200-600 mg), emulgent (500-900 mg), cholesterol (100-200 mg) was selected. 

The aqueous phase was added to maintain total weight upto 2000 mg. The design of 

experiments (DoE) i.e., 3-factor 3-level Box–Behnken design (BBD) was selected for 

scientific and systematic optimization of NE (Singh et al. 2011, Tripathi et al. 2016, 

Tripathi et al. 2017). A total of 15 experimental trials loaded with drug in each were 

formulated which were characterized for critical quality attributes (CQAs), viz., globule 

size, drug loading, entrapment efficiency and drug release in 72 h. The different 

permutation combinations advised as per experimental design were formulated and 

evaluated for different CQAs and data for each CQA obtained are portrayed in Table 1.  

3.4. Preparation of Nanoemulsion 

Lipid nanoemulsion of Dox (Dox-NE) was prepared by emulsification followed by 

ultrasonication technique. Dox (10 mg), Smix (lecithin, Tween 80 in ratio 1:1) and 

cholesterol added in ALA maintained at 60°C and mixed with continuous stirring at 1000 

rpm. The aqueous phase was added to the oil phase with continuous stirring to get a 

coarse emulsion. Furthermore, the mixture was sonicated at 20 kHz, 750 Watt, 40% 

amplitude using probe sonicator, (M/s Labsonic®M, Sartorius, Germany) for 10 min.  
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Table 1. DoE layout plan for Dox loaded nanoemulsions as per the BBD 

Factor Critical Material 
Attributes (CMAs) Unit 

Levels 

low intermedi
ate high 

X1 Total lipid  mg 200 400 600 
X2 Smix  mg 500 700 900 
X3 Cholesterol mg 100 150 200 

Response Critical Quality 
Attributes (CQAs)  Goal  

Y1 Particle Size nm Minimize  

Y2 
Entrapment Efficiency 
(EE) % Maximize  

Y3 Drug Release % Maximize  

Y4 Drug loading  %  Maximize  

Code Drug  
(mg) 

Lipid 
(mg) 
(X1) 

Smix (mg)  
(X2) 

Cholesterol (mg)  
(X2) 

NE1 5 200 500 150 

NE2 5 600 500 150 

NE3 5 200 900 150 

NE4 5 600 900 150 

NE5 5 200 700 100 

NE6 5 600 700 100 

NE7 5 200 700 200 

NE8 5 600 700 200 

NE9 5 400 500 100 

NE10 5 400 900 100 

NE11 5 400 500 200 

NE12 5 400 900 200 

NE13 5 400 700 150 

NE14 5 400 700 150 

NE15 5 400 700 150 
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3.5. Globule size determination  

The emulsion globule size of nanoemulsion (approximately 100-fold dilution with 

distilled water) was analyzed employing NanoPlus zeta/nano particle analyzer (M/s 

Micromeritics Instrument Corporation, USA). The instrument contains a 4mW He-Ne 

laser light source operating at a wavelength of 633 nm and work on the principle of non-

invasive backscatter optics (NIBS) (Singh et al. 2011, Tripathi et al. 2016, Tripathi et al. 

2017).  

The measurements were made at detection angle of 90° and the measurement position 

within the cuvette was automatically determined by the software. The instrument 

recorded the intensity of fluctuation of laser beam and correlated it with the particle size 

distribution of emulsion droplet. 

3.6. Entrapment efficiency and Drug loading  

 The drug loading and entrapment efficiency were determined using reported procedure 

with some modifications (Kandadi et al. 2012). Briefly, the entrapment was measured by 

keeping 1 mL of drug loaded NEs in dialysis membrane (12-14 kDa MWCO) for 2 h, and 

the dialyzed drug (free drug) was estimated using UV-Vis spectrophotometer at 485 nm 

(Eq. 2). The amount of Dox in the aqueous phase was calculated. Further, drug loading in 

NEs was determined after dissolving 1 mL of NE (from donor compartment) in 10-mL 

chloroform/methanol 1:1 mixture. After suitable dilution, absorbance was taken using 

UV-Vis spectrophotometer at 485 nm, and percent drug loaded was calculated (Eq. 3). 

ݕ݂݂ܿ݊݁݅ܿ݅ܧ ݐ݊݁݉݌ݎܽݐ݊ܧ =  ்௢௧௔௟ ௪௘௜௚௛௧ ௢௙ ஽ை௑ ௗ௜௔௟௬௭௘ௗ  
்௢௧௔௟ ௔௠௢௨௡௧ ௢௙ ஽ை௑

 Eq. (2)...                           100ݔ

݃݊݅݀ܽ݋ܮ ݃ݑݎܦ =  ்௢௧௔௟ ௪௘௜௚௛௧ ௢௙ ஽ை௑ ௜௡ ௗ௢௡௔௥ ௖௢௠௣௔௥௧௠௘௡௧
்௢௧௔௟ ௔௠௢௨௡௧ ௢௙ ௗ௥௨௚ା௧௢௧௔௟ ௔௠௢௨௡௧ ௢௙ ௘௫௖௜௣௜௘௡௧௦

  Eq. (3)...                100ݔ

3.7. Drug diffusion study from nanoemulsion  

The drug diffusion was performed by loading NE formulations into dialysis bag (3.5 kDa 

MWCO). The dialysis bag was placed in 100 mL diffusion media (PBS, pH 7.4) 

maintained at 37±0.5 °C with stirring rate of 400 rpm. Sample aliquots (1 mL) were 

withdrawn at different time intervals up to 72 h and replaced with equal amount of fresh 
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media. The drug concentration in the samples was analyzed using UV-visible 

spectrophotometer at 485 nm after suitable dilutions. 

3.8. Mathematical model development and optimization of NE  

The observed data obtained from the above studies was applied to fit the second-order 

polynomial equations, the multiple linear regression analysis (MLRA) with added 

interaction terms to establish the correlation between the CMAs with the CQAs through 

Design Expert 8.0 software (Trail version, M/s Stat-Ease, Minneapolis, USA). The 

coefficients which were found to be highly significant using the Student’s t-test, were 

considered in developing the polynomial equations (Eq. 4).  

3
2
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2
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2

39
2

28
2

173163252143322110 XXXXXXXXXXXXXXXXY    

…Eq. (4) 

where, Y represents the CQAs; β0 the intercept; β1 to β11 are the coefficients of various 

model terms. The response surface analysis was carried out for understanding the factor-

response relationship and possible interaction(s) among them. Search for the optimum 

formulations was carried out by “trading-off” various CQAs by numerical optimization 

using overlay plots with suitable application of constraints on CQAs (Singh et al. 2011, 

Tripathi et al. 2016, Tripathi et al. 2017).  

3.9. Surface modification of nanoemulsion 

3.9.1. Preparation of Folate NHS ester  

Activation of folic acid was performed as per previously reported method (Bae et al. 

2013, Lee and Low 1994, Liu et al. 2011). Folic acid (300 mg, 0.68 mmol) and 

triethylamine (0.15 mL, 1.0 mmol) were dissolved in 10 mL dry dimethyl sulfoxide 

(DMSO), to which DCC (140 mg, 0.68 mmol) was added. The mixture was stirred for 1 h 

at room temperature in the dark, and NHS (115 mg, 1.0 mmol) was added. The reaction 

was stirred overnight at room temperature in the dark. The dicyclohexylurea precipitate 

(a side product of the reaction) was filtered via glass wool and folate-NHS ester was 

precipitated using diethylether. The yellow precipitate (active ester of folic acid) was 

filtered, washed several times with dry tetrahydrofuran, dried under vacuum, and stored 

as a yellow powder (Scheme 1).  
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Scheme 1: Synthesis of Folate NHS ester; Scheme 2: Synthesis of PEG-NH2 conjugated 

α-linolenic acid (ALA-PEG-NH2); Scheme 3: Synthesis of folate attached α-linolenic 

acid (f-PEG-ALA). 
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3.9.2. Activation of fatty acid 

The ALA (100 mg, 0.36 mmol) was dissolved in DMSO and then DCC (74.11 mg, 0.36 

mmol) (ALA: DCC, 1:1 molar ratio) was added to the above solution. Subsequently, the 

mixture was stirred in dark for 12 h to complete the reaction. Thereafter, PEG-bis-amine 

(1257 mg, 0.36 mmol) (ALA:DCC:PEG-bis-amine, 1:1:1 molar ratio) was added to the 

above mixture and the reaction was stirred for 3 h to obtain PEG-amino derivative of 

fatty acid with primary amine at terminals i.e., ALA-PEG-NH2 (Scheme 2). The 

dicyclohexylurea precipitate, by product of reaction, was filtered via glass wool and the 

filtrate was precipitated using diethylether and dried under vacuum to collect ALA-PEG-

NH2 (Bae et al. 2013, Lee and Low 1994, Liu et al. 2011).  

3.9.3. Folate modified nanoemulsion  

Folate-NHS ester (20 mg/mL) suspended in phosphate buffer saline (PBS pH 7.4) was 

poured in equimolar ratio into NE prepared with mixture of activated ALA (ALA-PEG-

NH2) and ALA (1:20 w/w; 19 mg, 381 mg, respectively) for surface conjugation as per 

Scheme 3. This mixture was stirred gently overnight at room temperature. To complete 

the reaction 2-mercaptoethanol (10 mmol) was added in to the above mixture. 

Subsequently, folate decorated doxorubicin loaded NE (f-Dox-NE) was dialyzed (12–14 

kDa MWCO) to remove unreacted 2-mercaptoethanol and folate-NHS ester (Bae et al. 

2013, Lee and Low 1994, Liu et al. 2011).  

3.10. Characterization of surface modification nanoemulsion 

3.10.1. FTIR characterization 

Synthesis of folate-NHS, ALA-PEG-NH2 and f-Dox-NE was confirmed by FTIR spectra 

recorded by adsorbing the samples on KBr disk using PerkinElmer FT-IR Spectrometer. 

Conjugation of folate to fatty acid (f-PEG-ALA) was characterized after freeze drying of 

f-Dox-NE by FTIR analysis.  

3.10.2. 1H-NMR characterization 

The conjugation of folate to ALA through PEG was further characterized through 1H-

NMR spectroscopy (Bruker Avance 400, FT-NMR) using DMSO-D6 as solvent. 

Chemical shifts (δ) were expressed as parts per million (ppm) relative to the NMR 

solvent signal (d6-DMSO) using tetramethylsilane as internal standard. 
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3.10.3. Estimation of Folate Content attached to the surface 

The amount of folate attached onto the surface of nanoparticles prepared by SESE, DESE 

or dialysis methods was determined by UV spectrophotometer. Analysis was carried out 

in CH2Cl2/DMSO (1:4) solvent. The nanoparticles were evaluated by measuring the 

absorbance of the sample at 358 nm (folic acid ε = 15,760 M-1.cm-1) (Stella et al. 2000).  

3.10.4. Physicochemical characterization of Folate modified nanoemulsion 

Particle size, drug loading, entrapment efficiency, zeta potential and drug release 

comparisons of folate modified nanoemulsion were carried out as per methods previously 

described.  

3.10.5. Robustness to dilution 

Robustness to dilution for the optimized nanoemulsion was determined by suitably 

diluting (100, 500, 1000 folds) the optimized formulation with phosphate buffer pH 7.4 

and observed for precipitation and cloudiness, if any, after 24 h.  

3.10.6. Thermodynamic stability studies 

To assess the stability of the optimized nanoemulsion, the formulation was subjected to 

various thermodynamic studies (Singh et al. 2018, Tripathi et al. 2017). 

3.10.6.1. Centrifugation study 

The optimized nanoemulsion (1 g) was diluted to 100 mL and centrifuged at 5000 rpm 

for 15 min and analysed for any instability manifested through phase separation, 

creaming or cracking, if any. 

3.10.6.2. Freeze thaw cycle 

Three freeze-thaw cycles were performed for the optimized nanoemulsion maintaining 

the temperatures between –21 and +25 °C, and observed for instability, if any.  

3.10.7. Transmission electron microscopy studies of f-Dox-NE  

The TEM analysis (TEM Fei Tecnai 200 Kv, Electron Optics) of f-Dox-NE was 

performed for morphological characterization of emulsion droplets. The sample was 

diluted with deionized water (1:25). A drop of above solution was placed on copper grids, 
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stained with phosphotungstic acid (1%) for 30 sec, and finally observed under electron 

microscope.  

3.10.8. Stability of formulations in plasma and intravenous infusion solutions  

Stability of NEs were measured in various media viz., rat plasma, phosphate buffer pH 

7.4, normal saline (0.9% w/w NaCl). Each NE was diluted with above stated media and 

incubated for 24 h at 37 °C. No change in particle size taken as confirmation of stability 

on storage. Aliquots of 1 mL of samples were taken at different time intervals i.e., 1, 4, 

12 and 24 h and analyzed using NanoPlus analyzer. Aliquots of 10 ml of each sample 

were withdrawn for analysis at 1, 2, 4, 6, 8 and 24 h respectively, and observed visually 

for globule aggregation. Further, the aliquots were diluted 1000-fold with distilled water 

and evaluated for any significant change in globule size using Nanoplus particle size 

analyzer. No particle aggregation and no change in globule size distribution towards 

higher size range was observed, which was taken as an indicator for stability on storage 

(Ganta et al. 2016).  

3.10.9. Stability studies 

The stability studies on the f-dox-NE formulations were performed by filling the same in 

amber coloured glass vials and storing them at 5±3 °C (Refrigerator), 25±2 °C/60±5% 

RH, 40±2 °C/75%±5% RH, as per the ICH Q1A(R2) guidelines(stability chamber -M/s 

Thermolab, India). The formulations, kept in air-tight amber colored glass vials, were 

assayed periodically at 0, 1, 3 and 6 months respectively, for globule size, similarity 

factor (F2 values, for dissolution comparison) and drug content (Singh et al. 2018, Singh 

et al. 2016b, Tripathi et al. 2016). 

3.11. In vitro studies  

3.11.1. Cell culture conditions  

MCF-7 cells were purchased from the American Type Culture Collection (ATCC, 

Manassas, VA, USA) and cultured in EMEM (Eagle’s Minimum Essential Medium) with 

10% v/v fetal bovine serum (FBS) and 1% v/v antibiotic (Penicillin/streptomycin), 

maintained in a humidified 95% O2/5% CO2 atmosphere at 37 °C. Cells were grown until 

60- 70% confluency was obtained in the flasks and trypsinized with a solution 0.25% v/v 
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Trypsin with 2.25 mmol EDTA in HBSS. Trypan blue exclusion method was employed 

to determine the viable cells (Alkhatib and AlBishi 2013, Doroshow 1986).  

3.11.2. Cell cytotoxicity study (MTT assay)  

Cell cytotoxicity of Dox, Dox-NE, f-Dox-NE and ALA-NEs was performed using the 

MTT assay. In this assay, the conversion of this salt by mitochondrial enzymes reflects 

the number of viable cells. The MCF-7 cells were seeded into 96-well plates (density 

1.0×103 cells per well) and incubated for 24 h, maintained at 95% O2/5% CO2 humidified 

atmosphere conditions at 37 °C to allow adhesion of cell to surface. Freshly prepared 

samples of formulations were used to treat cells adhered to the wells at the concentration 

ranging from 0 to 50μg/mL equivalent Dox (n=3). Plain PBS was taken as an untreated 

control. The culture cells were further incubated for 48 h. 20 µL of MTT solution (5 

mg/mL MTT in PBS) was added to each well and cells were further incubated for 4 h, at 

37 °C, leading to formation of blue MTT-formazan crystals. Viable cells internalize MTT 

into their mitochondria and metabolize it into blue formazan crystals. Following 

incubation, the MTT reagent was dissolved in 200 μL of DMSO. The optical density was 

assessed at 540 nm by ELISA plate reader (M/s Biotek, USA) (Lee et al. 2005, Singh et 

al. 2016a, Vimala et al. 2014, Wang et al. 2014).  

3.11.3. Cell Cycle Analysis through Fluorescence-activated cell sorting (FACS) 

Analysis  

MCF-7 cells (1x106 cells mL-1) were suspended in 1 mL of PBS in centrifuge tube. The 

cells were centrifuged at 200g for 5 min at room temperature. PBS was removed and cell 

pellet was resuspended in 500 µL of PBS. Cells were fixed by adding 4 mL of 70% (v/v) 

cold ethanol to the cell suspension and kept overnight at 4 °C. Cell suspension was 

centrifuged at 400 g for 5 min and the supernatant (ethanol solution) was removed. Again 

the cells were washed in 5 mL of PBS and centrifuged at 400g for 5 min. Supernatant 

was removed and cells were resuspended in 1 mL of DNA staining solution (500 μL/ 106 

cells; 200 mg of PI in 10 mL of PBS + 2 mg of DNase free RNase A) and incubated for 

at least 30 min at room temperature in the dark. The samples were analyzed by flow 

cytometer (488-nm laser line for excitation, FACS Calibur, M/s BD Biosciences, 

Franklin Lakes, NJ) in PI/RNase A solution without washing the cells at a low flow rate 

under 500 events/second. The percentage of cells in different phases of cell cycle was 
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analyzed by ModFit LT 3.0 software (Verity Software House). The cells without 

treatment were considered as control (Musa et al. 2015, Riccardi and Nicoletti 2006, Roy 

et al. 2017).  

3.11.4. Cell proliferation studies 

The cell proliferation assay was performed by Alamar blue® method. The MCF-7 cells 

were plated in 96 well culture plate (approximately 3000 cell/well) and incubated at 37 

°C in EMEM with 10% FBS and 1% antibiotic with 5% CO2 for 24 h. The cells were 

treated with different samples at concentration 3.31µg/mL equivalent of Dox for 24 h. 

After incubation Alamar blue® was added at a final concentration of 5% v/v and plates 

were allowed to stand at 37 °C for 4 h. The plated were read at 570/600 nm in a plate 

reader (M/s Biotek, USA) and cell proliferation was calculated using colorimetric 

measurements. The cells without treatment were considered as control (O'Brien et al. 

2000). 

3.11.5. Reactive Oxygen Species estimation 

MCF-7 cells were plated in 96 well culture plates (approximately 3000 cell/well) and 

incubated at 37 °C with 5% CO2 for about 24 h. The cells were treated at different 

concentration (0-200 μg/mL) of samples for 24 h. After incubation DCFDA was added 

(final concentration 10 μmol) and the plate was incubated for 30 min in dark. DCFDA 

was removed and wells were washed once with PBS and finally cells were suspended in 

100μl of PBS. The plate was read at 485/528 nm (Excitation/ Emission) at 100% 

sensitivity in a multimode reader (Synergy H1, M/s Biotech Inc, USA) and readings were 

presented as relative fluorescence unit for ROS generation. The cells without treatment 

were considered as control (Figueroa et al. 2018, Ottonello et al. 2001, Roy et al. 2017).  

3.11.6. Mitochondrial membrane potential (MMP) 

The MCF-7 cells were plated in 96 well culture plate (approximately 3000 cell/well) and 

incubated at 37 °C in EMEM (Eagle’s Minimum Essential Medium with 10% FBS and 

1% antibiotic) with 5% CO2 for about 24 h. The cells were treated at different 

concentration (0- 200 µg/mL) of samples for 24 h. After incubation Rhodamine 123 (Rh 

123) was added (final concentration 10 µM) and the plate was incubated for 30 min in 

dark. Subsequently, the medium was removed and wells were washed once with PBS and 



Folate Targeted Doxorubicin Loaded Nanoemulsion 
 

Department of Pharmaceutical Sciences, BBA University, Lucknow    85 
 

finally 100µL of PBS was added to each well. The plate was read at 507/529 nm 

(Excitation/ Emission) at 100% sensitivity in multimode reader (Synergy H1, Biotech 

Inc, USA) and readings were presented as relative fluorescence unit for mitochondrial 

membrane potential (MMP). The cells without treatment were considered as control (Al-

Qubaisi et al. 2013, Musa et al. 2015, Roy et al. 2017). 

3.12. In vivo study  

Female albino wistar rats, weighing 120-150 g were used for the experiment. Animals 

were housed in standard condition (25°C, 12h light/dark cycle) in polypropylene cages. 

The animals were fed with standard pellet diet and water ad libitum. The experiment was 

performed according to the CPCSEA guidelines for laboratory animals and ethics, 

Department of animal welfare, Government of India (SDCOPVS/AH/CPCSEA/01/0028).  

3.12.1. Treatment Schedule for anticancer study 

Animals were randomized and divided into seven groups of 10 animals each (Table 2). 

Mammary gland carcinoma in each group (except Group I) was induced by single tail 

vein injection of DMBA (8 mg/kg i.v.) on day 1. The drug/formulations were 

administered (10 mg/kg e.q. Dox) thrice/weeks in last six weeks of total 16 weeks of in 

vivo studies. A gap of 10 weeks was provided to develop the cancer in animals. Tumor 

incidence and size were monitored by measuring the diameter of mammary glands of rats 

by using Vernier calliper. Tumor progression was further monitored by weight and 

survival of animals during the study. The blood samples were collected under mild 

chloroform anaesthesia through retro orbital puncture for further analysis. The blood 

samples were incubated at 37 ºC for 1 hr and centrifuged at 10,000 rpm for 20 min to 

collect serum and the serum samples were stored at -20 °C till further use. Animals were 

sacrificed on the 112th day after treatment and mammary tissues were removed and stored 

at -80 °C till further evaluation (Roy et al. 2017).  

3.12.2. Biochemical Estimation  

The mammary gland tissue (10 % w/v) was homogenized in 0.15 mol. KCl and 

centrifuged at 10,000 rpm. The supernatants were scrutinized for biochemical parameters 

including TBARS, superoxide dismutase SOD, catalase, GSH and protein carbonyl. All 

the experiments were performed in triplicate and were subjected to statistical analysis 
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using Graph Pad Prism (ver. 5.01, San Diego, California) (Alshabanah et al. 2010, 

Kaithwas and Majumdar 2012, Roy et al. 2017). 

Table 2. Treatment groups selected for in vivo anticancer activity 

Sr. No. Groups Treatment 
1. Group I (negative control) received normal saline 

2. Group II (toxic control) received normal saline and 
DMBA 

3. Group III ( plaebo formulation) NE with ALA + DMBA 
4. Group IV (standard drug) Dox solution + DMBA 
5. Group V (marketed formulation) Marketed formulation + DMBA 
6. Group VI (test 1) Dox-NE+DMBA 

7. Group VII (test 2) f-Dox-NE + DMBA 

3.12.3. Western blot analysis 

The mammary gland tissues were lysed in RIPA lysis buffer and total protein lysates 

were obtained and the protein content was quantified with the help of Bradford reagent. 

Equal amount of protein was separated by SDS-PAGE from each sample and transferred 

to nitrocellulose membranes. Subsequently, the membranes were blocked and 

immunoblotting was performed with appropriate antibodies viz., bcl2 (mouse 

monoclonal, SC-7382), bax (mouse monoclonal, SC-23959), Caspase-9 (mouse 

monoclonal, SC-56073) and MMP-9 (goat polyclonal, sc-6840). β-actin (MA5-15739-

HRP) was used as a standard reference in this study. Nitrocellulose membranes were 

incubated with an appropriate secondary antibody conjugated to horseradish peroxidise 

(HRP) followed by detection of protein using enhanced chemiluminescence (Western 

Bright ECL HRP substrate, Advansta, US). Quantitative analysis of protein expression 

was performed by scanning densitometry (ImageJ, NIH) (Arya et al. 2017, Roy et al. 

2017, Trivedi et al. 2011, Vimala et al. 2014).  

3.12.4. Microscopy of whole mounts of mammary glands through carmine staining  

The mammary glands obtained from rats were stretched onto a glass slide and kept in a 

fixative solution composed of 60:30:10 ratio of ethanol: chloroform: acetic acid. Then, 

slides were stained with a carmine solution for 2 days, washed with 90%, 70%, 35% and 

15% v/v ethyl alcohol for 1 h, respectively, and finally washed with distilled water three 
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times at 5 min interval. The tissue samples were dehydrated in alcohol with ascending 

concentrations and then dipped in xylene for two days and stained with a carmine alum 

solution to prepare whole mounts. The whole mounts were examined under the 4X 

microscope and evaluated for the number of alveolar buds/terminal end buds (AB/TEB) 

(Moraes et al. 2009, Moraes et al. 2007, Roy et al. 2017).  

3.12.5. Cardiotoxicity  

Doxorubicin is an effective antitumor agent. However, its clinical use is limited because 

of its toxicity in the heart (Cai et al. 2010). Dox has been reported to induce 

cardiotoxicity at cumulative dose of 15 mg/kg over a period of 6 weeks in rats. The study 

was designed according to the previously published report (Trivedi et al. 2011). Briefly, 

the animals were divided into four groups of 6 animals each. Group I served as control 

and received normal saline, Group II received Dox 4 mg/kg solution, Group III received 

ALA-NE as vehicle control, and Group IV received f-Dox-NE (4 mg/kg eq. Dox). All 

treatments were given once a week via intraperitonial injection route for 5 weeks. 

Animals were sacrificed after 1 week of receiving the last injection of Dox and heart 

tissues were removed. Biochemical estimation for lipid peroxidation (MDA levels) and 

GSH content was measured from tissue homogenates.  

3.12.6. Biodistribution of Doxorubicin 

Biodistribution of Dox was examined by injecting f-Dox-NE, Dox-NE, standard drug 

solution and marketed formulation at 10 mg/kg Dox equivalent dose through tail vein of 

DMBA induced rats. Different organs, viz., mammary glands, liver, heart, kidney, spleen 

were removed post injection (at time intervals 4, 12, 24 and 48 h) and washed to remove 

the blood, weighed and homogenized and the Dox concentration was measured through 

the validated HPLC method (M/s Waters 2489, Milford, Massachusetts, USA). The 

system was equipped with Spherowsorb C18, 3.5 µm, 4.6×250 mm column, having flow 

rate 1.0 mL/min and ambient temperature. The mobile phase consisted of water at pH 3 

adjusted with 85% w/v phosphoric acid and acetonitrile (30:70) and the total run time 

was 10 min. The HPLC was run through Empower software ver.2 and absorbance was 

measured at 233 nm wavelength using Waters 2489 UV-Vis detector (Dharmalingam et 

al. 2014, Lee et al. 2005).  
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3.13. Statistical analysis 

One-way ANOVA with Bonferroni multiple comparison tests were used to find out 

significant statistical differences between the groups. Values of *p<0.05, **p<0.01, 

***p<0.001 were considered as statistically significant. Statistical analysis was 

performed using Graph Pad Prism software (ver. 5.02).  
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4. Results  

4.1. Preformulation studies 

4.1.1. Solubility studies  

The drug solubility plays an important role for the development of effective and stable 

NE formulations using various lipids. Dox displayed maximum solubility in isopropyl 

myristate (30.55±3.25 mg/mL) followed by the ALA (25.33±3.78 mg/mL) amongst 

various lipids. Isopropyl myristate being synthetic in nature was not included in further 

development studies. Dox also showed highest solubility in lecithin (55.49±4.76 mg/mL) 

followed by Tween-80 and cholesterol among various emulgents and co-emulgents 

studied (Fig. 2, Table 3). Cholesterol was used as co-emulgent as well stabilizer for the 

nanoemulsion globules.  

Table 3: Solubility of doxorubicin in different oils and emulgents 

S. No. Name of 
Excepient 

Solubility 
(mg/ml) S. No. Name of 

Excepient 
Solubility 
(mg/ml) 

1.  Sesame oil 12±3 2.  Lecithin 54±4 
3.  Oleic acid 20±3 4.  IPM 31±3 
5.  Soybean oil 15±3 6.  Cholesterol 45±4 
7.  Perilla oil 22±2 8.  Tween-20 35±4 
9.  Linolenic Acid 25±3 10.  Span-80 21±3 
11.  Tween-80 51±5 12.  PEG-200 29±4 

4.1.2. Construction of pseudo-ternary phase diagrams  

Pseudo-ternary phase diagram (TPD) is a prerequisite to demarcate the region of NE and 

to comprehend a stable nanoemulsion formed using various lipids and emulgents. The 

TPD enables us the selection of best possible combinations for best stable NE. Most of 

the diagrams constructed using the natural lipids like perilla oil, sesame oil, oleic acid and 

soybean oil showed very narrow range of the nanoemulsion region and gel formation 

which was undesirable for a nanoemulsion formulation (Fig. 3 [A-E]), hence excluded 

from further studies. The TPD of ALA with Smix (lecithin and Tween 80; 1:1) displayed 

maximum nanoemulsion region (Fig. 4 [B]).  
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The smaller nanoemulsion region with the natural oils contributes to their poor emulsion 

formation capacities. However, this problem can be mitigated by adding some synthetic 

lipids like IPM. However, these may be undesirable for the parenteral route. Taking into 

consideration the delivery system, route of administration, safety, nature of excipients, 

solubility of the drug and TBD, ALA was selected as lipid phase and lecithin and Tween-

80 as Smix in equal weight ratio (1:1). The lipid and emulgents were considered as critical 

material attributes (CMAs) for nanoemulsion.  

 

Fig. 2. Plot representing solubility of Dox in various excipients of the nanoemulsion. 

[Data presented as mean±SD, n=3]  

4.1.3. Selection of co-emulgent 

The stability and solubility and water absorption capacity suggested that cholesterol was 

the best co-emulgent among different studied emulsifiers. The nanoemulsion system 

formulated by cholesterol depicted highest water absorption capacity and highest stability 

even after storage of one month. Hence, cholesterol was taken as the co-emulgent (CMA) 

for formulation optimization studies (Table 4).  

4.2. Mathematical model development  

A mathematical model was developed by using second-order quadratic model through 

multiple linear regression analysis (MLRA) to fit the observed data (Table 5). An 

excellent goodness of fit of the observed data was monitored for the generated 
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coefficients of model equations for each of the CQAs of the product i.e., drug release, 

globule size, entrapment efficiency (EE) and drug loading. High values of various 

coefficients i.e., R2 (p < 0.05 in all the cases), insignificant lack of fit, and low values of 

the predicted sum of squares indicated that the model was best fitted (Singh et al. 2011, 

Tripathi et al. 2016).  

 

Fig. 3. Pseudoternary phase diagrams of different lipids viz., oleic acid, perilla oil, 

sesame oil, soyabean oil and isopropyl alcohol with lecithin.  
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Fig. 4. Pseudoternary phase diagrams of the lipid (α-linolenic acid-ALA) with different 

emulgents (A) lecithin only, (B) lecithin: Tween 80 (1:1) and (C) lecithin: Tween 80 

(1:2)  

Table 4: Different co-emulgent with their water absorption capacity and stability  

S. No. Co-emulgent Name Water absorption Stability 
1. Cholesterol 26.55% Stable 
2. PEG 200 12.35% Stable 
3. Span 80 19.67% Unstable 

The effects of various selected excipients (CMAs) on the various CQAs of NE were 

presented through response surface analysis (RSM). The response surface plots (Fig. 5 A-

D) explicitly describe the effects of lipid, emulgent and co-emulgent on various CQAs of 

the nanoemulsion.  

The lipid, emulgent and co-emulgent conferred significant (p<0.001) effect on globule 

size of the nanoemulsion (Fig. 5A). The lowest value for globule size was observed at 

middle levels of the lipid emulgent and co-emulgents. Further, significant interaction 
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among different excipients (except emulgent and cholesterol) was observed when data 

were fitted with modified quadratic model Table 6A.  

Table 5. Physicochemical parameters for Dox loaded nanoemulsions prepared as per the 

BBD.  

Code 
Drug  

(mg/g of 
formulation) 

Lipid 
(mg) 
(X1) 

Smix 
(mg)  
(X2) 

Cholesterol 
(mg)  
(X2) 

Globule 
Size (nm) 

(Y1) 

Drug 
Release 
(%) (Y2) 

Drug 
loading 
(%) (Y3) 

Entrapment 
efficiency 
(%) (Y4) 

NE1 5 200 500 150 250.4±3.5 80.12±5.13 0.37±0.02 86.77±3.21 

NE2 5 600 500 150 380.5±2.8 70.36±3.94 0.49±0.02 72.12±4.36 

NE3 5 200 900 150 70.6±4.5 95.52±2.63 0.32±0.08 95.22±4.84 

NE4 5 600 900 150 300.5±4.2 75.44±3.54 0.47±0.01 82.99±3.16 

NE5 5 200 700 100 139.7±6.1 89.21±4.11 0.29±0.03 85.47±4.93 

NE6 5 600 700 100 312.6±5.9 70.33±3.33 0.38±0.04 67.44±4.67 

NE7 5 200 700 200 68.2±4.1 92.21±2.74 0.45±0.03 99.29±2.16 

NE8 5 600 700 200 230.3±3.4 78.71±5.52 0.48±0.02 89.52±3.55 

NE9 5 400 500 100 280.5±5.1 75.23±6.15 0.38±0.04 72.44±3.63 

NE10 5 400 900 100 120.6±3.9 90.32±4.35 0.41±0.02 78.63±2.12 

NE11 5 400 500 200 210.9±2.2 82.33±3.63 0.46±0.03 80.61±3.74 

NE12 5 400 900 200 80.2±3.1 93.61±4.21 0.39±0.03 86.71±4.51 

NE13 5 400 700 150 57.4±2.4 92.77±4.74 0.44±0.02 96.12±3.36 

NE14 5 400 700 150 55.1±3.2 94.33±3.93 0.47±0.01 94.33±2.49 

NE15 5 400 700 150 59.4±3.1 91.43±4.51 0.45±0.03 97.21±3.65 
[Data presented as mean±SD, n=3] 

As revealed in Fig. 5B, at the middle level of excipients, the drug release was found to be 

maximum when analyzed through the quadratic model, indicating significant effect 

(p<0.05) of the selected excipients on drug release. Here, ALA, cholesterol and 

emulgents played a vital role in regulating the drug release behavior of NE (Table 6B). In 

case of drug loading (Fig. 5C and Table 6C) ALA and cholesterol showed a significant 

effect (p<0.05). As the concentration of ALA and cholesterol were increased the drug 

loading increased linearly, with the effect being more prominent for ALA. However, Smix 

showed no significant effect on drug loading efficiency of NE (p>0.05). ALA, Smix and 

cholesterol each demonstrated a significant role in the drug entrapment in various NE 
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(p<0.01). Significant positive interaction between lipid and emulgent was observed 

(p<0.05) which is recorded in Fig. 5D and Table 6D. Data was appropriately fitted using 

modified quadratic equations as revealed by non-significant lack of fit (p>0.05) from the 

ANOVA data of each CQAs. 

 
Fig. 5. Response surface plots showing the influence of lipid, emulgents mixture (Smix) 

and co-emulgent on (A) globule size and (B) drug release of the nanoemulsion.  
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Fig. 5. Response surface plots showing the influence of lipid, emulgents mixture (Smix) 

and co-emulgent on (C) drug loading and (D) entrapment efficiency (EE) of the 

nanoemulsion 
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Table 6A. ANOVA table for modified quadratic model fitting of particle size of 

nanoemulsions 

Source Sum of 
Squares df Mean 

Square 
F 

Value 
p-value  

 Prob > F 
Model 1.35475 9 0.150528 132.0554 < 0.0001 Significant 
A-ALA 0.3588 1 0.3588 314.769 < 0.0001 Significant 
B-Smix 0.260141 1 0.260141 228.2168 < 0.0001 Significant 

C-
Cholesterol 0.069185 1 0.069185 60.69484 0.0006 Significant 

AB 0.050665 1 0.050665 44.44789 0.0011 Significant 
AC 0.007928 1 0.007928 6.955135 0.0461 Significant 
BC 0.000654 1 0.000654 0.57387 0.4829 Not significant 
A2 0.320483 1 0.320483 281.1545 < 0.0001 Significant 
B2 0.278571 1 0.278571 244.3855 < 0.0001 Significant 
C2 0.09164 1 0.09164 80.39389 0.0003 Significant 

Residual 0.005699 5 0.00114    
Lack of Fit 0.005235 3 0.001745 7.50723 0.1198 Not significant 
Pure Error 0.000465 2 0.000232    
Cor. Total 1.360449 14     P<0.05 was considered as significant 

Table 6B. ANOVA table for modified quadratic model fitting of Drug release from 

nanoemulsions 

Source Sum of 
Squares 

 
df 

Mean 
Square 

F 
Value 

p-value  
 Prob > F 

Model 1335.08 8 166.88 17.10 0.0013 Significant 
A-ALA 380.88 1 380.88 39.02 0.0008 Significant 
B-Smix 122.62 1 122.62 12.56 0.0122 Significant 

C-Cholesterol 329.99 1 329.99 33.80 0.0011 Significant 
AB 1.46 1 1.46 0.15 0.7119 Not significant 
AC 14.98 1 14.98 1.53 0.2617 Not significant 
A2 23.93 1 23.93 2.45 0.1685 Not significant 
B2 288.92 1 288.92 29.60 0.0016 Significant 
C2 225.84 1 225.84 23.13 0.0030 Significant 

Residual 58.57 6 9.76    
Lack of Fit 53.91 4 13.48 5.78 0.1530 Not significant 
Pure Error 4.67 2 2.33    
Cor Total 1393.65 14     P<0.05 was considered as significant 
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Table 6C. ANOVA table for modified quadratic model fitting of drug loading of 

nanoemulsions 

Source Sum of 
Squares df Mean 

Square F Value 
p-value  

 Prob > F 
Model 0.033 3 0.011 7.019 0.0066 Significant 

 A-ALA 0.019 1 0.019 12.014 0.0053 Significant 
 B-Smix 0.002 1 0.002 0.956 0.3493 Not significant 

 C-Cholesterol 0.013 1 0.013 8.088 0.0160 Significant 
Residual 0.017 11 0.002 

   
Lack of Fit 0.017 9 0.002 8.067 0.1151 Not significant 
Pure Error 0.000 2 0.000 

   
Cor Total 0.051 14 

    P<0.05 was considered as significant 

Table 6D. ANOVA table for modified quadratic model fitting of entrapment efficiency 

of nanoemulsions 

Source Sum of 
Squares df Mean 

Square F Value p-value 
 Prob > F 

Model 1133.18 8 141.65 58.95 < 0.0001 Significant 
A-ALA 496.13 1 496.13 206.48 < 0.0001 Significant 
B-Smix 264.50 1 264.50 110.08 < 0.0001 Significant 

C-Cholesterol 55.13 1 55.13 22.94 0.0030 Significant 
AB 25.00 1 25.00 10.40 0.0180 Significant 
AC 6.25 1 6.25 2.60 0.1579 Not significant 
A2 210.01 1 210.01 87.40 < 0.0001 Significant 
B2 84.78 1 84.78 35.28 0.0010 Significant 
C2 23.85 1 23.85 9.93 0.0198 Significant 

Residual 14.42 6 2.40    
Lack of Fit 9.75 4 2.44 1.04 0.5426 Not significant 
Pure Error 4.67 2 2.33    
Cor. Total 1147.60 14     P<0.05 was considered as significant 

4.3. Optimization of formulation and validation studies 

Search for the optimized formulation was performed by “trading-off” among various 

CQAs for the nanoemulsion. The goals like minimization of the globule size which is 

necessary for faster solubilization of drug, maximization of the entrapment efficiency, 

maximization of drug release, and drug loading was attempted. The optimized 
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formulation was chosen by graphical optimization methodology using overlay plot (Fig. 

3). The constraints were applied for the graphical optimization method using overlay plot. 

The constrains applied for the nanoemulsion optimization were globule size less than 100 

nm, entrapment efficiency more than 90%, drug release more than 80%, and drug loading 

more than 10% fixed. The optimized formulation was selected based upon the afore-

listed criteria. The composition of optimized NE (Dox-NE) was ALA-400 mg, lecithin-

350 mg, Tween 80-350 mg and cholesterol-150 mg, exhibiting observed values of the 

CQAs as globule size of 52.7 nm, entrapment efficiency 92.51±3.62%, drug release of 

94.86±1.87% in 72 h and drug loading 0.42±.08% (Fig. 6).  

 
Fig. 6. Overlay plot depicting the desirable region (design space) as highlighted area for 

the nanoemulsion. Inset flag presents the composition of optimized nanoemulsion (X1-

400 mg, X2 700 mg, X3- 150 mg) and predicted values of CQAs.  

Validation of the optimization methodology by comparing the observed responses with 

those of the predicted ones revealed the percent prediction error ranging between -0.18% 

and 10.63% for the Dox-NE, thus demonstrating high degree of the predictive ability of 

the design methodology (Table 7).   



Folate Targeted Doxorubicin Loaded Nanoemulsion 
 

Department of Pharmaceutical Sciences, BBA University, Lucknow    99 
 

Table 7. The observed and predicted values of CQAs for optimized formulation (Dox-

NE) 
Parameter Observed values Predicted values Percent variation 

Globule size 52.7 nm 56.95 nm 7.46 
Entrapment 

efficiency 92.51±3.62% 92.34 nm -0.18 

Drug release 94.86±1.87% 95.66% 0.84 
Drug loading 0.42±.08% 0.47% 10.63 

4.4. Characterization of surface modification nanoemulsion 

4.4.1. FTIR characterization  

Conjugation of the folic acid to ALA involved the formation of two amide bonds first 
between ALA and NH2-PEG-NH2 while other another was between ALA-PEG-NH2 and 
Folate-NHS. These conjugations were characterized through IR spectroscopy to confirm 
the linkages. Important peaks obtained for the folic acid were at 897.2 cm-1 (aromatic C–
H bending and benzene 1,4-disubstitution), 1478.9 cm-1 (CH–NH–CO amides bending), 
2996.4 cm-1 (alkyl C–H and O-H stretch) 1702.5 cm-1 (aromatic C-C bending and 
stretching), , 3439.3 cm-1 (N–H stretch of primary amine and amide, C-H stretch) and 
1310.11 cm-1 (C-O stretch ester) (Fig. 7A). For ALA characteristic peaks was observed at 
2923.7 cm-1 (carboxylic acid COOH and O–H unconjugated stretching), 2854.3 cm-1 
(alkyl C-H stretching), 1,708.8 cm-1 (C=C Alkenyl stretch), 1463.8 cm-1 (CH2, CH3 
deformation) (Fig. 7B). For the Folate-NHS ester, the peaks were observed at 3491.8 cm-

1 (amide N–H and C=O stretching), 2913.7 and 2996.1 cm-1 (carboxylic acid COOH and 
O–H unconjugated stretching), 1551.37 cm-1 (CH–NH–CO amides bending), 1663.8 cm-1 
(ketone C=O stretch), 697.4, 896.9, 931.29 cm-1 (aromatic C-H bending and stretching) 
that confirmed the formation of folic acid NHS ester (Fig. 7C). For the Folate-PEG-ALA, 
the peaks were observed at 3441.5 cm-1 (amide N–H and C=O stretching), 2913.8 and 
2997.08 cm-1 (carboxylic acid COO-H, alkane C-H stretching and O–H unconjugated 
stretching), 1712.5 cm-1 (aromatic C-C bending and stretching), 1,649.7.8 cm-1 (ALA 
C=C Alkene stretch), 1,436.9 cm-1 (CH–NH–CO amides bending), 1212.2 cm-1 (PEG C-
O-C stretching), 932.2, 897.8, 698.2 cm-1 (aromatic C-H bending and stretching), 
confirmed the attachment of the folic acid to ALA through PEG (Fig. 7D).  
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Fig. 7A. FTIR spectra of Folic Acid  

 
Fig. 7B. FTIR spectra of Fatty Acid (ALA) 
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Fig. 7C. FTIR spectra of folate conjugated NHS (F-NHS) 

 

Fig. 7D. FTIR spectra of folate conjugated fatty acid (f-PEG-ALA) 
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4.4.2. 1H-NMR characterization 

1H-NMR of folate attached nanoemulsion was performed and characteristic peaks were 

indentified and appropriately marked that confirmed the conjugation of folate to ALA. 

The peaks observed for ALA-PEG-NH2 was 1 (3.66, 2H, d, broad peak of protonated 

NH2 protons), 2 (3.31-3.46, 2H, dd, two adjacent peaks for PEG); 3 (7.85, 1H, m, 

CONH), 4 (2.14, 2H, t, methylene), 5 (1.18-1.46, 12H, m, methylene); 6 (5.28, 6H, m, 

ethene); 7 (2.66, 4H, s, methylene); 8 (2.13-2.19, 2H, m, methylene); 9 (0.78-0.80, 3H, t, 

methyl) (Fig. 8a). Important peaks of folate decorated ALA (ALA-PEG-folate) was 1 

(8.35, 1H, s, dihydropteridin NH); 2 (3.76, 2H, d, broad peak of protonated NH2 protons); 

3 (8.58, 1H, s, dihydropteridine CH); 4 (2.42, 2H, s, methylene); 5 (3.44, 3H, m, aliphatic 

NH); 6 (6.58 & 7.54, 4H, dd, aromatic CH); 7,11,13 (6.83, 3H, m, CONH); 8 (1.18, 1H, 

s, aliphatic CH); 9 (2.27, 4H, s, methylene); 10, 14 (2.14, 4H, t, methylene); 12 (3.35-

3.46, 2H, dd, two adjacent peaks for PEG); 15 (1.18-1.53, 12H, m, methylene); 16 (5.27, 

6H, m, ethene); 17 (2.66, 4H, s, methylene); 18 (2.10-2.18, 2H, m, methylene); 19 (0.70-

0.80, 3H, t, methyl). (Fig. 8b).  

4.4.3. Estimation of Folate Content attached to the surface 

The amount of folate attached to the Dox-NE surface was measured through UV-Vis 

absorption method. The content of folate attached to the NE surface was found to be 

10.33 µmol.g-1 of NE formulation.  

4.4.4. Physicochemical characterization of f-Dox-NE 

Folic acid was anchored to the Dox nanoemulsion surface with the help of the NHS and 

DCC. Surface modification through attachment of the folate over the NE droplets 

increased the globule size of Dox-NE to 55.2±3.3 nm from 52.7±2.8 nm; however, the 

surface charge was not changed (zeta potential -31±2 mV) due to involvement of 

covalent bond (amide) formation rather than ionic linkage or surface adsorption. The 

percent entrapment efficiency and percent drug loading of f-Dox-NE were found to be 

92.51 ± 3.62% and be 0.47±.03%, respectively.  
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Fig. 8. 1H-NMR spectrum of (a) PEG-NH2 attached ALA (ALA-PEG-NH2) (b) folate 

modified nanoemulsion (f-Dox-NE)  

4.4.5. Comparative study of In vitro drug diffusion  

There was significant improvement in Dox diffusion from nanoemulsion compared to the 

standard drug solution and marketed formulation. The cumulative drug diffused from 

standard and marketed formulation was 82.00±2.30% and 101.71±3.10% in 2 h, 

respectively. However, drug diffused from f-Dox-NE was only about 20% in the same 
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time period. The optimized NE (f-Dox-NE) showed cumulative Dox diffusion of 

55.47±3.40%, 70.22±5.02%, 86.97±3.50%, and 94.86±1.87% in 12, 24, 36, and 72 h, 

respectively (Fig. 9). f-Dox-NE presented sustained release pattern extended till 72 h. No 

significant changes were observed in the Dox diffusion profiles from NE before (Dox-

NE) and after (f-Dox-NE) the surface decoration of the NE with folate (p>0.05).  

4.4.6. Robustness to dilution 

To access the robustness of f-Dox-NE, it was diluted 100, 500 and 1000 times with PBS 

7.4, respectively. The f-Dox-NE exhibited robustness on dilution of the nanoemulsion 

with the PBS pH 7.4. Further, no sign of precipitation and cloudiness was evident even 

after 24 h.  

4.4.7. Thermodynamic studies of f-Dox-NE 

To ensure the stability of the formulation against different stresses, a NE must pass 

through the thermodynamic stability studies. The optimum formulation (f-Dox-NE) was 

found to be stable as there was no cracking, creaming, phase separation or drug 

precipitation after centrifugation and freeze-thaw cycles indicating stability of the 

nanoemulsion system.  

4.4.8. Transmission electron microscopy studies of f-Dox-NE 

All the globules of the optimized formulation (f-Dox-NE) displayed smooth surface and 

spherical shape with a size range of 20.80-65.99 nm as evident from TEM images (Fig. 

10).  

4.4.9. Stability of formulations in plasma and intravenous infusion solutions  

The stability of the optimized nanoemulsion (f-Dox-NE) was accessed visually for 

globule aggregation and by diluting the sample in plasma and infusion solutions. 

Observations were made for changes in globule size, if any, over 24 h at 37 °C. No 

particle aggregation and change in globule size was observed demonstrating that the 

formulation was non-aggregated and showed no sign of disruption even in presence of 

plasma proteins and electrolytes. 
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Fig. 9. Drug diffusion comparisons of standard drug, marketed formulation with Dox-NE 

and f-Dox-NE. [Data is presented as mean±SD (n=3)] 

 

Fig. 10. TEM image of f-Dox-NE depicting nanoemulsion globules 
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4.4.10. Stability studies 

The stability studies of f-Dox-NE confirmed the robust nature of the system under the 

specified stability conditions without any significant change in globule size, F2 values 

and drug content (Table 8).  

Table 8. Effect on the parameters of formulation during the stability studies  

Time 
(months) 

40±2 °C/75%±5% RH 25±2 °C/60±5% RH 5±3 °C 

Drug 
Content 
(mg/g of 

formulation) 

Globule 
Size 
(nm) 

f2 
value 
(%) 

Drug 
Content 
(mg/g of 

formulation) 

Globule 
Size 
(nm) 

f2 
value 
(%) 

Drug 
Content 
(mg/g of 

formulation) 

Globule 
Size 
(nm) 

f2 
value 
(%) 

0 5.08±0.12 55.2±3.3 95.6 5.08±0.12 55.2±3.3 97.4 5.08±0.12 55.2±2.4 95.1 

1 5.11±0.18 51.9±3.6 94.1 5.01±0.09 57.2±2.5 95.2 4.97±0.19 58.1±2.1 96.8 

3 4.98±0.14 54.1±2.8 95.6 4.89±0.21 52.2±3.4 96.6 4.98±0.13 55.1±3.2 95.2 

6 5.06±0.09 56.7±2.7 95.6 4.96±0.11 56.9±2.4 97.2 5.02±0.12 54.8±2.9 95.9 

4.5. In vitro studies  

4.5.1. Cell Cytotoxicity study (MTT assay)  

The percent cell viability against the drug treatment for different formulation viz., Dox 

solution (control), Dox-NE, f-Dox-NE and ALA-NE are presented in Fig. 11. IC50 

values of the Dox-NE, f-Dox-NE against MCF-7 cell line were calculated and recorded 

as 2.11 ± 0.21 μg.mL−1 and 1.49 ± 0.16 μg.mL−1, respectively. As a control, the IC50 

value of Dox was 3.31±0.20 μg.mL−1. For the placebo optimized nanoemulsion that 

contains ALA nanoemulsion without Dox (ALA-NE), the IC50 value observed was 

4865±448 μg.mL−1 (data not shown).  

4.5.2. Cell Cycle Analysis through FACS Analysis  

The distribution of MCF-7 cells when treated with varios formulation and drug were 

evaluated through fluorescence activated cell sorting (FACS) analysis and the percentage 

in various stages of the cell cycle are presented in Fig. 12. The cellular distribution in 

different phases of cell cycle for the control cells (no treatment) was 67.52% in S phase, 

7.70% in G1 phase and 24.78% in G2/M phase (Fig. 12A). However, in f-Dox-NE 

treated cells the cell distribution was 38.29% in G1 phase, 19.82% in S phase and 41.90% 

in G2/M phase. Upon incubation with standard drug (Fig. 12B) highest percentage of 
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cells were observed in the G1 phase (53.34%) followed by S phase (27.24%) and G2/M 

phase (25.00%), while the ALA-NE incubated group showed highest percentage of cells 

in G2/M phase (88.38%) of the cell cycle (Fig. 12C). Apoptotic cell population as 

visualized in ALA-NE and f-Dox-NE treated cell groups suggested that these 

formulations forced the cells to enter in the process of programmed cell death (Fig. 12 

C&D) (Musa et al. 2015). 

 
Fig. 11. Cell viability through MTT assay of the differently treated cells groups, 

Standard, marketed formulation, Dox-NE and f-Dox-NE (n=3).  

4.5.3. Cell proliferation studies  

The percent inhibition in the cell proliferation data revealed highest percent inhibition of 

the cellular proliferation for the f-Dox-NE (89.12±2.55%) and Dox-NE (71.40±2.43%) of 

the MCF-7 cells compared to the control cells (p<0.001) measured by the change in 

fluorescence intensity of reduced form of the Alamar Blue® (Fig 13A). The Dox-NE and 

f-Dox-NE showed significant cellular proliferation inhibition as compared to the standard 

drug (48.98±3.77%) and the marketed (53.34±4.02%) formulations (p<0.05) as well. The 

placebo formulation having ALA only (ALA-NE) showed 21.89±4.56% of the cell 

growth inhibition in comparison to the control treated group. The data of ALA-NE 

suggested that ALA has substantial anticancer and antiproliferative potential which is in 

corroboration with previously publish reports (Iyengar et al. 2013, Roy et al. 2017). 

Similar results could be inferred from the data of Alamar Blue® reduction (Fig. 13B). The 
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f-Dox-NE group showed least dye reduction indicating least cell viability and therefore 

caused the highest cellular mortality of the MCF-7 cell lines (O'Brien et al. 2000, Wang 

et al. 2018). The Alamar Blue® reduction data suggested that order of cellular mortality in 

the different groups was ALA-NE > Standard > marketed > Dox-NE > f-Dox-NE.  

4.5.4. Evaluation of reactive oxygen species (ROS) 

To investigate the cytotoxic effects of the ALA-NE, standard, marketed formulation, 

Dox-NE, f-Dox-NE, intracellular production of the ROS, was evaluated through 

measurement of DCFDA fluorescence. DCFDA, a fluorogenic dye is one of the most 

widely used techniques for directly measuring the oxidation-reduction state of the cell 

(Figueroa et al. 2018, Ottonello et al. 2001). After diffusion into the cell, the DCFDA is 

deacetylated by cellular esterases into a non-fluorescence form DCF. This form is again 

oxidized by ROS to fluorogenic DCF form which can be measured fluorometrically.  

The results of DCFDA fluorescence showed that the f-Dox-NE and Dox-NE caused 

significant (p<0.01) cellular mortality and hence lower fluorescence in comparison with 

standard and the marketed formulation was observed (Fig. 13C). Owing to the lower cell 

death and increased cellular proliferation in case standard and marketed formulation 

treated groups more dye is reduced as evidenced by higher fluorescence intensity.  

4.5.5. Mitochondrial membrane potential (MMP) 

Rhodamine-123 (Rh-123) dye displayed MMP-dependent uptake and selective 

accumulation into the mitochondria of the living cells accompanied by the red spectral 

shifts followed by the quenching of fluorescence, which makes it a suitable agent to 

monitor the mitochondrial membrane potential of the cells undergoing apoptosis. The 

effect of the formulations on the MMP change was elucidated using Rh-123 efflux, 

because apoptosis in the cells triggers a collapse of the MMP. This results in the lower 

uptake and retention of the Rh-123 in the mitochondria. The data of the MMP studies 

revealed that treatment with the various formulations, the f-Dox-NE and Dox-NE induced 

significant decrease of the MMP compared to the standard and the marketed formulation. 

The MMP data indicated that significant (p<0.01) mitochondrial dysfunction in the MCF-

7 cell lines was induced by the f-Dox-NE and Dox-NE (Fig. 13D) (Al-Qubaisi et al. 

2013, Musa et al. 2015).   
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Fig. 12. FACS analysis of the cell cycle phase distribution for the differently treated 

cells; (A) Control (no treatment), (B) Standard (Pure Dox), (C) ALA-NE (blank NE 

formulation with ALA) (D) f-Dox-NE; (E) Graph depicting the comparative account of 

the cells present in the different phases for treatment groups (A-D). 
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Fig. 13. In vitro studies on MCF-7 cell line of differently treated cells groups, i.e., control 

(no treatment), ALA-NE (blank NE with ALA only), Standard (Dox solution), f-Dox-NE 

(folate decorated Dox loaded NE). (A) % reduction in cell proliferation, (B) %Alamar 

Blue® reduction as compared to the control (no treatment), (C) DCFDA fluorescence 

units presenting the ROS levels, and (D) Rh-123 fluorescence unit depicting variation in 

the MMP. [Data presented as the Mean±SD, n=3. *** p<0.001, ** p<0.01, * p<0.05 with 

respect to control, **a p<0.01 with respect to the marketed and the standard groups]  

4.6. In vivo studies 

The results of the in vitro cell lines studies encouraged the authors to further validate the 
efficacy of the folate decorated nanoemulsion through the in vivo experiments. This was 
performed through DMBA induced mammary gland carcinoma in female wistar rats. The 
DMBA induced mammary gland carcinoma model was already established in our 
laboratory and also reported in several pieces of literatures (Alessandra-Perini et al. 2018, 
Haque and Pattanayak 2018, Kwon et al. 2018, Roy et al. 2017). DMBA i.e., 7,12-
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Dimethylbenz[a]anthracene is a highly lipophilic molecule. It requires metabolic 
activation before it can act as a carcinogen. It is activated in several tissues including 
mammary glands. In the mammary gland tissues, DMBA is converted to its epoxide form 
which is an active metabolite of DMBA. It has a capacity to damage the DNA molecule. 
This is the main event that induces carcinogenesis in mammary gland tissue. Due to the 
higher cellular proliferation index in types 1 and 2 lobules, higher metabolic activity is 
present in these lobules and therefore more epoxides are formed.  

4.6.1. Tumor Incidence and tumor burden 

Tumor incidence and total tumor burden are well-established methods to monitor the 
tumor progression in cancer-induced animal models. The tumor incidence observations 
revealed that 8 animals out of 10 developed cancer in the toxic group, while two animals 
died before the development of any physical signs of cancer. In case of ALA-NE treated 
group 7 animals displayed tumor after 12 weeks of study, while in standard and marketed 
treated groups 5 animals displayed cancer development. However, in case of Dox-NE and 
f-Dox-NE treated groups, the tumor incidence was markedly lower with 4 and 3 animals, 
respectively. 

Similarly, total tumor burden data depicted that toxic control group showed highest tumor 
volume followed by ALA-NE, standard, marketed and Dox-NE, while f-Dox-NE showed 
the least progression in tumor indicating highest efficacy against tumors (Table 9).  

Table 9. Tumor incidence and tumor burden of mammary gland carcinoma in DMBA 
induced female albino wistar rats  

Treatment Groups No. of rats with tumors/total rats  Total tumor burden (cm
3
)  

Control 0/10 - 
Toxic 8/10 412.67±43.22 
ALA-NE 7/10 250.39±20.72 
Standard Drug 5/10 185.48±21.31 
Marketed 
Formulation 5/10 180.89±18.15 

Dox-NE 4/10 127.81±12.44 
f-Dox-NE 3/10 95.61±11.23 

4.6.2. Weight variation 

Changes in weight of individual groups during course of study are recorded in Fig. 14. 
The plots for the test groups (group IV-VII) during study period showed significantly less 
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weight reduction from initial mean weight in animals as compared to the DMBA only 
administered group (Group II, toxic control) (p<0.05) Dox-NE and f-Dox-NE showed 
least weight reduction as compared to other groups. 

4.6.3. Animal survival studies  

The survival plot illustrated lowest animal deaths and highest percent animal survival for 
f-Dox-NE among treated groups at the end of the study with 80% animal survival after 
DMBA administration (Fig. 15). The f-Dox-NE revealed a marked reduction in animal 
mortality when compared with standard and marketed (p<0.01) formulation. When the 
effects of ALA-NE (Fig. 15) were compared to the toxic group a correlation of the 
anticancer potential of ALA was observed which is corroborated by the results of 
previous study [10]. The marginal advantage for the folate anchored NLCs (f-Dox-NE) 
over unmodified NLCs (Dox-NE) is clearly evident from the data which suggests 
targeted delivery of folate guided f-Dox-NE to the FR overexpressed in tumor cells.  

4.6.4. Biochemical estimation of antioxidant marker  

As illustrated in Tables 10, the mean levels for TBARs, protein carbonyl, glutathione 
GSH, SOD, and catalase were significantly disturbed in the DMBA treated groups as 
compared to the control group. A pronounced increase in the values of TBARs and 
protein carbonyl in the toxic control group as compared to the control group postulates 
the significant protein and lipid peroxidation after the DMBA treatment (Table 10). The 
f-Dox-NE and standard drug treatment successfully decreased the level of protein 
carbonyl (32.95±0.9 nmol/mL unit) and TBARs levels as compared to the toxic control.  

The level of GSH, SOD and catalase in the DMBA treated group (0.99±0.09 mg%, 
0.043±0.005 units of SOD/mg of protein and 12.78±0.31 nm of H2O2/min/mg of protein, 
respectively) were significantly (p<0.05) restored after treatment with the standard drug, 
marketed formulation and f-Dox-NE. Corresponding to the levels of GSH, SOD and 
catalase in the standard drug and the marketed formulation treated group; the f-Dox-NE 
treated group significantly restored the same (i.e., 1.22±0.05 mg %, 0.031±0.005 units of 
SOD/mg of protein, and 21.66±0.32 nm of H2O2/ min/mg of protein, respectively) which 
was comparable to the normal control. A notable restoration of the antioxidant defense 
system was observed in the ALA-NE treated group. 
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Fig. 14. Weight variation in animals treated with Control (normal saline), toxic control, 
ALA-NE, standard drug solution, Marketed formulation, Dox-NE, f-Dox-NE. [Data is 
presented as mean of group, n=10] 

 
Fig. 15. Survival graph with percent animal survived treated with Control (normal 

saline), toxic control, ALA-NE, standard drug solution, Marketed formulation, Dox-NE, 

f-Dox-NE. [Data is presented as mean of group, n=10] 
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Table 10. Effect of treatment groups on oxidative stress markers in DMBA induced rat 

mammary gland carcinoma  

Groups 

TBARs 
(nm of 

MDA/µg of 
protein 

Protein 
carbonyl 

nmol/mg of 
protein 

GSH 
(Mg %) 

SOD 
(units of 

SOD/mg of 
protein) 

Catalase 
(nmol of 

H2O2/ 
min/mg of 
protein) 

Control 0.20±0.02 40.35±1.08 1.20±0.08 0.034±0.003 22.03±0.81 

Toxic 0.49±0.14 55.56±6.75 0.99±0.09 0.043±0.005 12.78±0.31 

ALA-NE 0.39±0.12 49.04±3.80 1.10±0.08 0.035±0.002 16.52±0.22 

Standard 
Drug 0.30±0.13 41.51±2.33 1.15±0.10 0.030±0.002 18.55±0.33 

Marketed 
Formulation 0.31±0.15 40.51±2.85 1.15±0.12 0.028±0.004 17.67±0.45 

Dox-NE 0.25±0.06 44.64±1.37 1.18±0.07 0.025±0.003 20.44±0.57 

f-Dox-NE 0.22±0.06 42.05±1.80 1.22±0.05 0.031±0.005 21.66±0.32 

4.6.5. Western blotting  

To quantify the changes in the protein expression, the mammary gland samples of 

different groups were investigated by western blot analysis. The expression of anti-

apoptotic proteins (bcl2, MMP-9) was increased after the DMBA administration to rats. 

The opposite effect, i.e., downregulation of pro-apoptotic markers like bax and caspase-9 

was observed on the DMBA treated animals. The treatment of DMBA induced mice with 

different formulations i.e., Dox and f-Dox-NE offered the reinstatement of the anti-

apoptotic and pro-apoptotic markers (Fig. 16a). The densitometric data suggested that the 

treated groups restored the markers as compared to the toxic group favorably signifying 

apoptosis (Fig. 16b). Among the different treatment group, the f-Dox-NE showed the 

highest restoration of anti-apoptotic and pro-apoptotic markers in comparison to the 

standard drug group (p<0.05). Further, it has been reported earlier that the MMP-9 and 

members of the bcl-2 family protein, including bcl-2, bax, bad, bcl-XL etc. are critical for 

breast cancer cell migration, invasion, and cancer metastasis (Karroum et al. 2012, 

Ogretmen and Safa 1996, Vimala et al. 2014). The results obtained through western 
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blotting confirmed that the folate-decorated NE efficiently regulated breast cancer cell 

migration and invasion in cancer induced mice.  

 

 
Fig. 16. Regulation of mitochondrial associated protein signaling in mammary gland 

cells. (A) Protein extracted from individual groups [control, DMBA administered toxic, 

Standard and f-Dox-NE]. (B) Desitometric data for expression of individual protein in 

different groups. [Values are presented as Mean ± SD (n=3). The test groups were 

compared to the DMBA treated (Toxic) group (*p<0.05, **p<0.01, ***p<0.001)] 

4.6.6. Microscopy of whole mounts of mammary glands through carmine staining  

Angiogenesis and cellular proliferation are distinctive characteristics for the cancer 

growth and progression. The carmine staining represented that in the DMBA treated 
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group, there was marked increase in number of AB/TEB, demonstrating cellular 

proliferation in mammary gland. The AB/TEBs represents the largest bulbous structures 

present at the terminal ends of the mammalian epithelial tree. The analogous structures in 

case of human breast are the terminal ductal lobular units. The treated groups afforded a 

significant defense against cellular proliferation. As evident in the histogram, the effect of 

Dox-NE and f-Dox-NE was more efficient in diminishing the count of AB/TEBs as 

compared to the toxic (p<0.001), the standard and the marketed groups (p<0.05), 

respectively (Fig. 17) (Moraes et al. 2009, Moraes et al. 2007, Roy et al. 2017).  

4.6.7. Cardiotoxicity studies 

Cardiotoxic effect of Dox was evident with the profound elevation of MDA levels and 

the lowering of GSH levels in heart tissue as compared to the control. However, 

significant favorable improvement in the MDA and GSH levels were evident with the 

ALA-NE, f-Dox-NE treatment in respective groups (Fig. 18 A&B).  

4.6.8. Biodistribution of Doxorubicin  

Higher targeting efficiency of the delivery system is often anticipated for the successful 

outcome of anticancer therapy. A comparative account of the Dox concentration in the 

different organs is presented in Fig. 19. The Dox levels attained in the mammary 

carcinoma was highest in the case of the f-Dox-NE (45.23±2.51 µg/g organ in 4 h) 

followed by the Dox-NE (35.43±2.91 µg/g organ in 4 h) indicating the specific 

accumulation of the folate decorated NE in FR over-expressed mammary tumor cells 

(Fig. 19 C&D). The Dox levels in case of pure Dox and the marketed formulation were 

nearly similar (Fig. 19 A&B) and were significantly lower in comparison to f-Dox-NE 

(p<0.001) treated group. The Dox level was significantly higher at 4 h post injection and 

was barely detectable after 48 h (except for f-Dox-NE group), owing to the short half-life 

of the drug in the blood. Further, significant higher Dox levels were maintained in the 

mammary cancer cells for a period of upto 48 h (25.78±1.42 µg/g organ) in the f-Dox-NE 

(p<0.001); upto 12 h (25.55±2.22 µg/g organ) in the Dox-NE (p<0.001) treated groups 

vis-à-vis the pure Dox (15.55±2.25 µg/g in 12 h, 1.78±0.42 µg/g in 48 h) and the 

marketed formulation (14.54±2.21 µg/g in 12 h, 1.79±0.38 µg/g in 48 h) treated groups.  
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Fig. 17. Whole mount of the mammary gland tissue of the animal groups (A) control 

(normal saline), (B) toxic control, (C) ALA-NE, (D) standard drug solution, (E) marketed 

formulation , (F) Dox-NE, (G) f-Dox-NE. [TEB: Terminal end bud; AB: Alveolar bud] 

 Similar inference can be drawn for other time points as well. Among different organs, 

highest Dox concentration was observed in the liver followed by the spleen, the heart and 

the kidneys (Fig. 19 A-D). The Dox level in the heart tissue in f-Dox-NE treated group 

was lesser when compared to the other groups (p<0.05) (Fig. 19 A-D). The results are in 

corroboration with the cardiotoxicity results as described earlier. Overall, the Dox levels 

in different organs of the f–Dox-NE treated group were relatively lower than that of other 

animal groups, which was in accordance with the earlier published literature (Bae et al. 

2013, Liu et al. 2011). 
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Fig. 18. Effect of Dox treatment on (A) MDA levels and (B) GSH levels in rat heart 
tissue. Control, pure Dox, ALA-NE and f-Dox-NE. [Values are Mean ± SD, (n = 6); *** 
P<0.001 versus control and **a p<0.01 versus Dox treatment.]  

 
Fig. 19. Amount of Dox in different organs after i.v. administration through tail vein (10 
mg/kg Dox equivalent dose) of (A) Standard (B) Marketed formulation (C) Dox-NE (D) 
f-Dox-NE. [Values are presented as Mean ± SD (n=6); *** p<0.001 as compared to 
standard and marketed; ** p<0.05 as compared to other groups]  
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5. Discussion 

In the era of nanomedicine therapies, advancement in the targeted therapies, antibody 

therapies, small molecules drug conjugates etc. have attracted much interest of the 

formulation scientist. Targeted nanomedicine can also be best designated as a 

‘molecularly designed’ delivery system capable of carrying multiple drugs, identifying a 

particular site of action through through relevant receptors overexpressed on the target 

cell and specifically accumulating at the site (Jiang et al. 2013, Kandadi et al. 2012, 

Kouchakzadeh et al. 2017, Lammers et al. 2008, Liu et al. 2011, Mizushima 1996). Here, 

the aim was to develop a folate decorated ALA based nanoemulsion of doxorubicin for 

therapy of mammary gland carcinoma.  

For an ideal delivery system, the drug should remain in a solubilized form in the system 

during the course of storage as well as in the systemic circulation after administration into 

the human body. Lower drug solubility may lead to the supersaturation resulting in 

precipitation of the drug (Tripathi et al. 2016). Ternary phase diagram facilitated the 

finding of the compositions of the lipid and the emulgents leading to the formation of the 

nanoemulsion. The systematic and scientific tools like QbD and DoE are often invaluable 

in the development and optimization of the drug delivery system. Box-Behnken design 

served the objective of the optimization of delivery system and selection of the best 

possible composition scientifically as well as economically (Singh et al. 2011, Tripathi et 

al. 2016). Considering the delivery system, route of administration, safety, nature of 

excipients, solubility of the drug and TPD, ALA (as lipid phase), lecithin and Tween 80 

in equal weight ratio (as emulgent), cholesterol (as co-emulgent) were selected as CMAs 

(critical material attributes) for the nanoemulsion system. Quadratic mathematical model 

best explained the influence of the CMAs on the CQAs, i.e., globule size, entrapment 

efficiency, drug loading and drug release. The selected CMAs significantly influenced 

the performance of the final product. Cholesterol, selected as co-emulgent, has been 

shown to improve stability of the lipid nanocarriers and to control the drug release from 

the delivery system (Liu et al. 2017). The cholesterol and lecithin are nontoxic, 

biocompatible and natural components which can safely be used in the systemic delivery 

system. Non-ionic emulgents like Tween 80 are considered safer than their ionic 

counterparts and are frequently accepted for systemic administration (Singh et al. 2017a, 
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Singh et al. 2017b). The globule size of a nanoemulsion is a vital factor for the in vitro 

and in vivo performance because it modulates the rate and extent of the drug release, the 

solubility of the drug into the system and passage of oil globules through the biological 

membranes and blood capillaries. The TEM and globule size analysis results illustrated 

the successful formation of the nanoemulsion. The drug release studies depicted that the 

standard drug and the marketed formulation possess an immediate type of drug release 

profiles. In contrast, the Dox-NE and f-Dox-NE showed sustained release behavior owing 

to the slower diffusion of the drug from the lipidic environment thereby providing a 

therapeutic concentration for a longer time period, i.e., upto 48-72 h (Choudhury et al. 

2014, Singh et al. 2017a, Singh et al. 2017b). The developed nanoemulsions were 

thermodynamically stable and robust to the dilutions. During the formulation of NE, both 

ALA as well as ALA-PEG-NH2 were taken in 20:1 w/w ratio. Since ALA-PEG-NH2 

accounts for only 0.95% w/w of the formulation and ALA accounts for 30.50% w/w, its 

inherent qualities would nonetheless be displayed. ALA-PEG-NH2 would naturally align 

itself on the surface because of its hydrophilic linker (PEG) on which ligand (folate) 

would attach, while unmodified ALA being hydrophobic in nature, would naturally 

position itself within the core of oil droplets. The folate targeting ligand decoration was 

successfully performed and conjugation was affirmed by FTIR, 1H-NMR spectrum and 

folate content assay which was in corroboration with previous studies (Bae et al. 2013, 

Liu et al. 2011, Liu et al. 2017, Stella et al. 2000). Upon systemic administration, the 

physical stability of the nanoemulsion is susceptible to globule aggregation and physical 

disruption, leading to rapid clearance, abrupt drug release and dose dumping from the 

formulation. Whereas, a stable delivery system leads to longer systemic circulation and 

residence time, thereby increasing the possibility of higher tumor accumulation through 

enhanced permeability and retention (EPR) effect (Ganta et al. 2016, Kanoujia et al. 

2016, Singh et al. 2017a).  

In vitro studies like the cell cytotoxicity studies revealed 54.98% increment in the cell 

mortality after the DOX was encapsulated into the nanoemulsion as observed by the IC50 

values. Compared with the DOX and dox-NE, the f-dox-NE treatment exhibited 

significantly higher cellular mortality in the MCF-7 cells, i.e., 29.38% and 54.98% 

(p<0.01), which was probably related to folate mediated cellular interaction with the lipid 

cell membrane leading to the higher internalization of the drug delivery system into the 
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MCF-7 cells. The cell cycle analysis revealed marked cellular arrest of the MCF-7 cell 

lines in the G1 and G2/M phase in the f-Dox-NE treated cells while Dox only arrested 

most of the cells in the G1 phase. The incorporation of ALA and Dox in nanoemulsion 

system shifted the cellular population from G1 phase and increased the cell population in 

the G2 and S phase. This can be explained by the fact that ALA is known to arrest the 

cells, particularly in the G2/M phase. The combined effect of the DOX and ALA 

treatment was much stronger on cell cycle phase arrest than that of either the DOX or 

ALA. The cell proliferation study established that the folate decorated nanoemulsion 

permeated to a larger extent in the MCF-7 cells due to the overexpressed folate receptors. 

Further, better integration of the lipid-based carrier to the cellular membrane of the MCF-

7 cell lines were demonstrated by the higher cancer cell growth inhibition or cancer cell 

mortality (Huan et al. 2009, Weitman et al. 1992). The above statement was further 

supported by the lowest reduction of Alamar Blue® dye by f-dox-NE treated MCF-7 

cells. Further, different formulation treated group caused the higher cellular growth 

inhibition and cancer cell apoptosis in comparison to control cell population. Increased 

production and accumulation of reactive oxygen system in the MCF-7 cells resulted in 

damage of different cellular components like proteins, phospholipids, DNA etc. This 

damage to cellular components caused an increase in mitochondrial membrane 

permeability which ultimately leads the cancer cells to programmed cell death. It has 

been established that loss of MMP is often results into the initiation of the intrinsic 

apoptotic pathways in the mitochondria. The agents demonstrating anticancer activity are 

known to depolarize the mitochondrial potential in the cultured MCF-7 cell line (Al-

Qubaisi et al. 2013, Roy et al. 2017)s. These finding suggest the role of the mitochondria 

in apoptosis of the cancer cells. Recently, it has been demonstrated in that ALA posses 

strong anticancer potential that promotes the mitochondrial apoptosis in the DMBA 

induced mammary gland carcinoma (Roy et al. 2017).  

In vivo evaluation of the anticancer efficacy of the optimized nanoemulsion system was 

performed in mammary gland tumor induced in rats using DMBA as a cancer-inducing 

agent. The rat model was established and validated in our laboratory earlier (Roy et al. 

2017). The animal weight changes, animal survival and total tumor volume indicated 

mammary gland tumor induction and progression in DMBA administered animals. The 

reactive oxygen species are constantly generated during metabolic activity in aerobic 
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cells and are counterbalanced by antioxidant enzymatic bio-machineries. However, under 

stress conditions as in tumor, the ROS countering effects of these enzymatic bio-

machineries are suppressed. Marked damage to the cellular proteins and lipids was 

observed in DMBA administered animals when monitored for TBARS and protein 

carbonyl which are a peroxidative marker of the lipid and protein peroxidation marker, 

respectively. Similarly, increased ROS generation also compromised the antioxidant bio-

machineries of SOD, GSH and catalase as these work in coordination to neutralize the 

oxidative species through series of peroxidation, dismutation and oxidation reactions (Al-

Qubaisi et al. 2013, Roy et al. 2017).  

Several anti-apoptotic and pro-apoptotic protein expressions have been shown to be 

modulated in breast cancer. Among different proteins overexpressed, expression of Bcl-2 

and MMP-9 as anti-apoptotic proteins, and Caspase-9 and BAX as pro-apoptotic proteins 

were monitored in the present study. Also, Bcl-2 and MMP-9 are established as pro-

migratory proteins and are shown to be overexpressed in the mammary gland carcinoma 

which in turn promotes the cancer cell proliferation and metastasis (Ogretmen and Safa 

1996, Vimala et al. 2014). The results of western blotting assay indicated that Bcl-2 and 

MMP-9 are over-expressed in DMBA administered groups which were successfully 

restored by f-Dox-NE treatment which indicates the higher anticancer potential of the 

modified nanoemulsion. The MMP-9 regulates PKC and ERK1/2 signaling pathways 

(Karroum et al. 2012) and the Bcl-2 family proteins act through COX-Va, myosin Va and 

Twist1 (Ogretmen and Safa 1996, Um 2016, Vimala et al. 2014). The roles of these 

proteins are critical for the regulation of mammary cancer cell migration, invasion, and 

cancer metastasis (Karroum et al. 2012, Ogretmen and Safa 1996, Vimala et al. 2014).  

For examination of cellular proliferation and angiogenesis, the whole mount preparation 

was performed and cellular proliferation and angiogenesis was presented through an 

increase in the AB/TEBs and lobules count. The undifferentiated structures and higher 

AB/TEBs counts are considered as the point of the angiogenesis and malignant 

transformations. The treatment with the f-Dox-NE resulted in shrinking of the AB/TEB 

count to sizable amount indicating a positive modulatory effect on carcinoma and 

malignant transformation achieved by the targeted delivery of Dox and the ameliorative 

and cancer inhibitory potential of the ALA against cellular proliferation.  
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Doxorubicin is considered to be among first-line therapy drugs for benign as well as 

metastatic breast carcinoma. However, in recent decade the use of Dox is declining due to 

development of cardiotoxicity and drug resistance. It has been found that cardiotoxicity 

related to doxorubicin originates from the lipid and protein peroxidation in cardiac tissue 

(Trivedi et al. 2011). The f-Dox-NE treated group showed no significant alteration of 

markers of cardiotoxicity supporting the cardioprotective potential of ALA for cardiac 

cells and the targeted delivery reducing the inappropriate disposition of doxorubicin. 

There have been several reports regarding the involvement of numerous complex 

mechanisms that exert beneficial effects of ALA in cardiovascular diseases. These 

mechanisms involved anti-inflammation, regulation of cardiac ion channels, modulatation 

of membrane micro-domains and cell signaling pathways, reduction of triglyceride 

synthesis, and anti-thrombotic and anti-arrhythmic effects. ALA inhibits nuclear factor-κ 

B activity, downregulate sterol regulatory element binding protein-1c gene expression 

involve in inflammation and fatty acid synthesis (Adkins and Kelley 2010, Maehre et al. 

2015). The biodistribution studies further affirmed the cardiotoxicity data by indicating 

selective accumulation of the folate decorated nanoemulsion owing to folate receptor 

over-expression in mammary gland carcinoma. However, a significant fraction of the 

Dox in case of Dox-NE and f-Dox-NE was found to be selectively accumulated in the 

liver and spleen, indicating the involvement of mononuclear phagocytic system. 

However, the folate decoration showed no significant change in concentration of 

doxorubicin in the liver which may be explained by a higher uptake of the folate 

anchored nanoemulsion by the liver cells as it is a major storage organ of folate (Hu et al. 

2014, Shinoda et al. 1998).  

As discussed above, folate-mediated doxorubicin delivery was found to be safe and 

effective in controlling the cellular proliferation, invasion and metastasis in case of 

mammary gland carcinoma. The relative selectivity of folate anchored nanoemulsions for 

mammary cancer might be explained on the basis of high folate requirement for rapid 

cellular proliferation which happens in most of the cancerous cells. Therefore, folate 

receptors are highly upregulated in several cancers like lung, mammary gland, colon, 

kidney and brain. But obvious, the folate has high affinity (Kd~10-10M) for folate 

receptors. These receptors facilitated the selected binding and endocytosis of the delivery 

systems into the tumor cells. Attachment of folate to longer PEG chain (MW 3.4 kDa) 
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resulted in effective folate receptor-mediated association and internalization of folate 

decorated nanoemulsion in cancerous cells. Further, the superiority of f-Dox-NE and 

Dox-NE is better explained through the presence of ALA that ALA has an anticancer 

effect of its own towards highly proliferating cancer cells and being a polyunsaturated 

fatty acid it acts to counterbalance the ROS (i.e., pro-oxidants) for normal cells. Also, 

superior interaction of the lipid based carrier to the cellular membrane, leading to a 

higher internalization and better anticancer effect of the drug delivery system. 

6. Conclusion 

QbD based concept was successfully employed for development of a stable 

nanoemulsion as revealed by physicochemical characterization. FTIR and 1H NMR data 

established the anchoring of folate onto the surface of the nanoemulsion. ALA showed 

strong antioxidant, anticancer, cardioprotective activity and enhanced the anticancer 

potential of Dox. In vitro studies in breast cancer cell lines, MCF-7, demonstrated 

antiproliferative, cytotoxic effects and apoptotic potential of the developed formulation 

through reactive oxygen species and mitochondrial membrane mediated cell death. 

Western blotting successfully demonstrated that the modulation of the pro/anti-apoptotic 

and pro/anti-migratory proteins expression by the folate decorated nanoemulsion. Percent 

animal survival, animal weight reduction, tumor volume and cardiotoxicity data 

elucidated higher safety and efficacy of the nanoemulsion vis-à-vis marketed 

formulation. The folate attachment to the surface preferentially delivered the drug to the 

target site which was affirmed through biodistribution analysis. From the above pieces of 

evidences, we can conclude that the proliferative and metastatic actions are induced by 

DMBA and are curtailed by f-Dox-NE through activation of the mitochondria-mediated 

apoptotic pathway and downregulation of anti-apoptotic and pro-migratory proteins. 

Apart from being safe, ALA behaves like anti-inflammatory, antioxidant and anticancer 

agent. In light of the above studies, it can be concluded that a safe lipid like ALA, which 

has multiple health benefits due to the presence of ω-3 fatty acid can be can be a superior 

alternative to metallic, ceramic or polymeric nanoparticles. for anticancer therapy. 

Nanoformulations are already being used commercially and such translations could prove 

to be beneficial in the long run.  
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1. Introduction  

Lipid nanoparticles are generally made up of a solid matrix. In the case of solid lipid 

nanoparticles the liquid lipid of the conventional of o/w emulsions are replaced by a 

solid lipid. The particle so formed remains in its solid state at room temperature and 

during storage. The first generation of such particles, i.e., solid lipid nanoparticles 

(SLN) were developed two decades earlier. However, in the case of the second 

generation technology of SLNs, the particles are prepared by using a blend of two 

lipids, i.e., a solid lipid and a liquid lipid. The resulting blend is termed as 

nanostructured lipid carriers (NLCs). Generally SLNs and NLCs remained in their 

solid form at physiological temperature. The blend of the solid lipid and the liquid 

lipid tends to have a disorderly structure which results in several spaces in between 

the solid lipid and the liquid lipid. The solubility of the drug is normally higher in the 

case of liquid lipid (Fernandes et al. 2017, Singh et al. 2016b, Singh et al. 2016d). 

NLCs have been utilized as the newer generation of novel drug delivery systems for 

systemic drug delivery. NLCs improve selective accumulation of drug inside cancer 

and have shown enhanced safety for normal tissue (Cho et al. 2008, Kouchakzadeh et 

al. 2017, Oliveira et al. 2017). 

Tumor is one of the leading causes of mortality, worldwide (Siegel et al. 2017). Even 

though several advancements have been made in cancer therapy, the primary hurdle 

for clinical application of such drugs or delivery systems is their undesired side 

effects on normal tissue due to inappropriate drug disposition. Targeted drug delivery 

systems are superior because they overcome the problem of delivering a drug to a site 

where it not required. This in-turn also reduces the side effects of the drug which are a 

major disadvantage of chemotherapy. Recent findings suggest that biotin or biotin-

conjugates can be constructively targeted to the tumor cells with the help of 

overexpressed biotin-selective transporters (Ren et al. 2015). Biotin play a critical role 

in cellular signaling mechanism, gene regulation and chromatin structure (Zempleni et 

al. 2009). Human cells are incapable of biotin synthesis, therefore, depend on external 

sources for supply. The mammalian cells uptake these molecules through biotin 

selective transporters and SMVT. The biotin receptors are overexpressed in several 

aggressive tumors such as leukemia, ovarian, colon, lung, renal and breast tumor (Ren 

et al. 2015, Wu et al. 2016b, Zempleni et al. 2009) 
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Nature has always offered several agents which are used for their therapeutic effect 

since times immemorial. Perilla frutescens seed oil contains good quantities of ω3-

fatty acids (54-69%) and has been known to play significant role in altering the cell 

membrane fluidity, genetic expressions and cell signaling mechanisms. Further, ω3-

FA has shown the potential to inhibit tumorigenesis (D'Eliseo and Velotti 2016, 

Iyengar et al. 2013, Narisawa et al. 1994, Roy et al. 2017, Tripathi et al. 2017)  

In the current study, Perilla frutescens oil based NLCs were envisaged for the site-

specific delivery of doxorubicin in the DMBA induced mammary gland tumor. We 

envisaged employing Perilla frutescens oil as the liquid lipid to develop Dox loaded 

NLCs. Further, NLCs were biotinylated and characterized for various 

physicochemical properties, in vitro efficacy on MCF-7 cell line and in vivo efficacy 

in DMBA induced mammary gland carcinoma in female albino wistar rats.  
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2. Materials  

S. No. Materials Source 
1.  Doxorubicin Miracalus Pharma, India 

2.  Methanol  ThermoFischer Scientific 
(Qualigens) 

3.  Hydrochloric acid S.D. Fine chemicals Ltd., 
Mumbai, India 

4.  Ethanol S.D. Fine chemicals Ltd., 
Mumbai, India 

5.  Methanol ThermoFischer Scientific 
(Qualigens) 

6.  Acetone  ThermoFischer Scientific 
(Qualigens) 

7.  Isopropyl alcohol ThermoFischer Scientific 
(Qualigens) 

8.  Acetonitrile HPLC grade ThermoFischer Scientific 
(Qualigens) 

9.  Methanol HPLC grade ThermoFisher Scientific 
(Qualigens) 

10.  Seasame oil Sugandhco Pvt. Ltd, India 
11.  Rice brian oil Sugandhco Pvt. Ltd, India 
12.  Soya bean oil Sugandhco Pvt. Ltd, India 
13.  Perilla oil  Sugandhco Pvt. Ltd, India 

14.  Oleic acid Fisher Scientific Pvt. Ltd., 
Mumbai, India 

15.  Tween 20 HiMedia Laboratories (Mumbai) 
16.  Tween 80  HiMedia Laboratories (Mumbai) 
17.  Span 80 HiMedia Laboratories (Mumbai) 
18.  Lecithin  HiMedia Laboratories (Mumbai) 
19.  PEG 200 HiMedia Laboratories (Mumbai) 
20.  PEG 400 HiMedia Laboratories (Mumbai) 
21.  PEG 600 HiMedia Laboratories (Mumbai) 
22.  Sodium hydroxide SDFCL Pvt. Ltd., Mumbai, India 
23.  N-hydroxysuccinimide (NHS) Sigma Aldrich, USA 

24.  N,N'-Dicyclohexylcarbodiimide 
(DCC) Sigma Aldrich, USA 

25.  Poly(ethylene glycol) bis(amine) 
(PEG-bis-amine Sigma Aldrich, USA 

26.  2-mercaptoethanol Sigma Aldrich, USA 
27.  Propidium Iodide Sigma Aldrich, USA 
28.  RNase A Sigma Aldrich, USA 

29.  Eagle’s Minimum Essential Medium 
(EMEM) Sigma Aldrich, USA 

30.  Fetal Bovine Serum Sigma Aldrich, USA 
31.  Hank's Balanced Salt Solution (HBSS) Sigma Aldrich, USA 

32.  MTT (3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide) Sigma Aldrich, USA 
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33.  2, 7-dichlorofluorescin diacetate 
(DCFDA) Thermo Fisher Scientific, USA 

34.  Alamar blue® reagent Thermo Fisher Scientific, USA 
35.  Rhodamine 123 (Rh-123)  Thermo Fisher Scientific, USA 

36.  Radio Immuno Precipitation Assay 
(RIPA) lysis buffer Thermo Fisher Scientific, USA 

37.  Antibodies Santa Cruz, USA 
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3. Methods  

3.1. Preformulation Studies 

3.1.1. Selection of Solid Lipid 

Various Solid lipid were screened and a suitable solid lipid selected on the basis of 

stability and particle size of prepared NLCs. NLCs were prepared using melt-

emulsification followed by sonication method using glyceryl monostearate and stearic 

acid as solid lipid and perilla oil as liquid lipid (total lipid 2%) and lecithin (3%) as a 

surfactant (Singh et al. 2016b, Singh et al. 2016c, Singh et al. 2016d).  

3.1.2. Selection of liquid lipid 

Liquid lipid was selected on the basis of solubility of the drug. Different lipids 

screened for use as liquid lipid was perilla oil, rice bran oil, soyabean oil, oleic acid 

and sesame oil. The procedure followed is described in section 3.3.1.1 of chapter III. 

3.1.3. Selection of Surfactant 

The surfactant was selected on the basis of water absorption capacities of a fixed 

amount of total lipid (50 mg) and surfactant (50 mg) (Singh et al. 2016b, Singh et al. 

2016c, Singh et al. 2016d). Different surfactants studied were lecithin, sodium 

deoxycholate and sodium cholate.  

3.1.4. Optimization of liquid and solid lipid ratio  

The ratio of liquid lipids and solid lipid were optimized by formulating the NLCs with 

different ratio of solid and liquid lipids, i.e., 50:50, 60:40, 70:30 and 80:20, and 

characterized for stability for a week and particle size recorded (Singh et al. 2016b, 

Singh et al. 2016c, Singh et al. 2016d).  

3.1.5. Selection of formulation technique  

Two different methods for preparation of NLCs were tried for the preparation of Dox 

loaded NLCs. 

3.1.5.1. Solvent evaporation technique  

Solid lipid (stearic acid) was melted and liquid lipid (Perilla frutescens oil) was added 

to it under continuous stirring in a water bath maintained at 70±2°C. To the above 

mixture doxorubicin (10 mg) triethanolamine (20 mg) and surfactant (lecithin, 5%) 

was added. Prepared lipid phase was dissolved in 10 ml of chloroform. Subsequently, 
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the above organic solution was immediately poured into aqueous phase maintained at 

(70±2°C) under mechanical stirring at 1000 rpm to form a primary emulsion. The 

above mixture was subjected immediately to sonication to form a microemulsion. 

Finally, the dispersion was cooled at room temperature under continuous stirring to 

form NLC. 

3.1.5.2. Melt-emulsification followed by sonication method 

The Dox-loaded NLCs were prepared by melt-emulsification followed by sonication 

method (Singh et al. 2016b). Briefly, lipid phase consisting of solid lipid (stearic acid) 

and liquid lipid (Perilla frutescens oil), Dox (10 mg), triethanolamine (20 mg) and 

surfactant (lecithin) were melted at 60±5 °C to form a homogenous lipid phase. 

Meanwhile, the aqueous phase consisting of EDTA (8 mg) dispersed in distilled water 

was maintained at 70 °C. The aqueous phase was then added dropwise to the lipid 

phase to obtain coarse primary emulsion which was immediately subjected to 

sonication to form a microemulsion through a probe-type sonicator (Labsonic® M, 

Sartorius, Germany, at 80% amplitude and 6 cycles) for 20 min. Afterward, the 

dispersion was cooled in an ice water bath for quick congealing and stored at 4°C till 

further use (Singh et al. 2016b, Singh et al. 2016c, Singh et al. 2016d).  

3.2. Formulation development through Experimental design 

On the basis of above studies, critical factors (CMAs) affecting the formation of 

NLCs viz., lipid amount (solid and liquid lipids), surfactant amount (lecithin) and 

sonication time were selected for optimization of NLCs. The most suitable ranges of 

factors, like lipid quantity, amount of surfactant and sonication time (10-30 min) were 

identified based on the previous experiments performed in our laboratories and 

literature (Singh et al. 2017, Singh et al. 2016b, Singh et al. 2016c, Singh et al. 

2016d). Response surface methodology was employed for systematic development of 

formulation. Among different RSM design, the central composite design (CCD) with 

α=1 was selected for optimization purpose of NLCs as it enables the quantification of 

factor effects and interaction among factors. The selected design is capable of 

detecting the extent of nonlinearity through quadratic mathematical models. From 

CCD the composition of 17 experimental batches emerged (Table 1). These were 

prepared in the laboratory and subsequently evaluated. Various batches were 

characterized for CQAs of product, viz., drug content, particle size, entrapment 
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efficiency and drug release. The characterization data obtained for different batches 

was fitted with second-order polynomial equations using multiple linear regression 

analysis to establish a correlation between factors and responses through Design 

Expert 8.0 software (trial version, M/s Stat-Ease, USA) (Singh et al. 2011, Tripathi et 

al. 2016).  

Table 1. Layout of DoE plan and physicochemical parameters for Dox loaded NLCs 

prepared as per the CCD.  

Factor Factors  Unit 
Levels 

low intermediate high 
X1 Total lipid concentration % 1 2 3 

X2 
Surfactant 
concentration % 1 3 5 

X3 Sonication time  min 10 20 30 

Code Drug  
(mg) 

Lipid (mg) 
(X1) 

Smix (mg)  
(X2) 

Cholesterol (mg)  
(X2) 

NLC 1 10 1 1 10 

NLC 2 10 3 1 10 

NLC 3 10 1 5 10 

NLC 4 10 3 5 10 

NLC 5 10 1 1 30 

NLC 6 10 3 1 30 

NLC 7 10 1 5 30 

NLC 8 10 3 5 30 

NLC 9 10 1 3 20 

NLC 10 10 3 3 20 

NLC 11 10 2 1 20 

NLC 12 10 2 5 20 

NLC 13 10 2 3 10 

NLC 14 10 2 3 30 

NLC 15 10 2 3 20 

NLC 16 10 2 3 20 

NLC 17 10 2 3 20 

3.3. Determination particle size  

The particle size of NLCs was analyzed employing NanoPlus zeta/nano particle 

analyzer (M/s Micromeritics Instrument Corporation, USA). The instrument contains 
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a 4mW He-Ne laser light source operating at a wavelength of 633 nm and works on 

the principle of non-invasive backscatter optics (NIBS) (Singh et al. 2011, Tripathi et 

al. 2016, Tripathi et al. 2017).  

The measurements were made at detection angle of 90° and the measurement position 

within the cuvette was automatically determined by the software. The instrument 

recorded the intensity of fluctuation of laser beam and correlated it with the particle 

size distribution of NLCs. 

3.4. Entrapment efficiency and drug content  

The drug content and entrapment efficiency of Dox in NLCs were determined using 

reported procedure with some modifications (Mussi et al. 2014). The entrapment 

efficiency was measured by keeping NLCs (1 mL) in dialysis bag for 2 h. The amount 

of drug dialyzed was estimated using UV-Vis spectrophotometer (M/s Labtronics-LT 

2910) at 485 nm. The Doxorubicin entrapment and drug content was calculated using 

equation 1 and 2, respectively.  

Entarpment Efϐiciency (%) =  ୛୲ିWaq 
Wt

 Eq. (1)...                            100ݔ

Drug content (mg/g) =  ୛୐
୛୬୮

                   ...Eq. (2)  

where, Wt was the total amount of doxorubicin in NLCs, Waq was Dox in aqueous 

phase, WL was amount of drug loaded in nanoparticles, Wnp was total weight of 

nanoparticles.  

3.5. Drug diffusion study from NLCs  

Method followed has been previously mentioned in section 3.3.7 of chapter III.  

3.6. Preparation of biotinylated NLCs  

3.6.1. Formation of NHS ester of biotin: 

Activation of biotin was performed as per method described earlier (Lee and Low 

1994, Wu et al. 2016a). Biotin (16.13 mg), N,N'-Dicyclohexylcarbodiimide (DCC-

13.63 mg) and N-hydroxysuccinimide (NHS-7.6 mg) (1:1:1 molar ratio) in 

dimethylsulfoxide. The above solution was stirred for 2 h. Then solution was kept in 

dark place and reaction was allowed to complete overnight at room temperature. After 

completion of reaction the Biotin-NHS was precipitated by using acetone (Fig. 1, 

Scheme 1). The precipitate was separated and dried under vacuum. 
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3.6.2. Activation of fatty acid: 

The fatty acid was activated by attachment of PEG-bis-amine to form fatty acid with 

primary amine terminal. Stearic acid PEG-NH2 (ST-PEG-NH2) was prepared by 

dissolving stearic acid (18.79 mg) and DCC (13.63 mg) in DMSO and allowed to 

react overnight under stirring in dark (Fig. 1, Scheme 2). Then PEG-bis-amine 

(231.21 mg) was accurately weighed, added to the above reaction mixture and kept 

under stirred for 3 h to obtain activated form of stearic acid (ST-PEG-NH2). The 

dicyclohexylurea precipitate obtained as byproduct was separated and the filtrate was 

dried under vacuum to obtain ST-PEG-NH2 (Lee and Low 1994, Wu et al. 2016a).  

3.6.3. Attachment of Biotin to activated Stearic acid 

To form biotin decorated NLCs, biotin–NHS (35.95 mg) was dissolved in DMF added 

in excess molar amount in comparison to ST-PEG-NH2 (2:1) and added to the 

aqueous dispersion of NLC prepared with mixture of activated stearic acid (127.27 

mg) and stearic acid (1272.73 mg) in 1:10 w/w ratio. The reaction was allowed to 

react overnight under continuous stirring (Fig. 1, Scheme 3). Reaction was completed 

by adding 2-mercaptoethanol (10 mmol) to above reaction mixture (Lee and Low 

1994, Wu et al. 2016a). Subsequently, the reaction mixture was kept in a dialysis bag 

and dialyzed against distilled water for 2 h. After dialysis the product was lyophilized 

and stored at 4 °C for further use.  

3.7. Characterization of biotinylated NLCs  

3.7.1. FTIR characterization 

Method followed has been previously mentioned in section 3.10.1 of chapter III. 

3.7.2. 1H-NMR characterization 

Method followed has been previously mentioned in section 3.10.2 of chapter III. 

3.7.3. Biotin content assay  

The biotin content of biotinylated NLCs (b-Dox-NLCs) was determined by HABA-

avidin competitive binding assay (Wu et al. 2016a). HABA was dissolved in 5 mL 0.1 

M aqueous NaOH solution to produce 0.1 mmol solution. Side by side solution of 

avidin was prepared by adding 5 mg of avidin in 9.7 mL Of PBS pH 7.2. 300 µL of 

HABA solution was then added to avidin solution to obtain HABA-avidin complex. 

Now, 50 µL of biotin anchored NLCs (1 mg.mL-1) were added to HABA-avidin 
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solution and mixed gently. The change in UV-Vis absorption before and after addition 

of biotin anchored NLCs to HABA-avidin solution was recorded through UV-Vis 

microplate reader at 500 nm and amount of biotin was calculated per mg of NLCs. 

 

Fig. 1. Schematic representation of modification of fatty acid; Scheme 1: synthesis of 

biotin-NHS ester, Scheme 2: synthesis of PEG-NH2 conjugated stearic acid (ST-

PEG-NH2) and Scheme 3: attachment of biotin to PEG-NH2 conjugated stearic acid 

to prepare biotinylated NLCs. 

3.7.4. Physicochemical characterization  

Particle size, Entrapment efficiency, drug content and drug release of biotin decorated 

NLCs were done as per method previously stated.  
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3.7.5. Transmission electron microscopy studies of f-Dox-NE  
Method followed has been previously mentioned in section 3.10.7 of chapter III. 

3.7.5. Stability in plasma and intravenous infusion solutions  

Method followed has been previously mentioned in section 3.10.8 of chapter III. 

3.7.6. Stability studies 

Method followed has been previously mentioned in section 3.10.9 of chapter III. 

3.8. In vitro studies  

3.8.1. Cell culture conditions  

Method followed has been previously mentioned in section 3.11.1 of chapter III. 

3.8.2. Cell cytotoxicity study  

Method followed has been previously mentioned in section 3.11.2 of chapter III. 

3.8.3. Cell Cycle Analysis through FACS Analysis  

Method followed has been previously mentioned in section 3.11.3 of chapter III. 

3.8.4. Cell proliferation studies 

Method followed has been previously mentioned in section 3.11.4 of chapter III. 

3.8.5. Determination of reactive oxygen species  

Method followed has been previously mentioned in section 3.11.5 of chapter III. 

3.8.6. Determination of mitochondrial membrane potential 

Method followed has been previously mentioned in section 3.11.6 of chapter III. 

3.8.7. Cellular uptake through FACS analysis  

The MCF-7 cells were seeded into 96-well plates (3x103 cells per well) and incubated 

for 24 h and treated with Dox-NLCs, b-Dox-NLCs and Dox and Dox for 4 h, washed 

with PBS thrice, trypsinized, centrifuged, and re-suspended in PBS and analyzed 

through FACS analysis at 490/585 nm (M/s BD Biosciences, Franklin Lakes, NJ). 

Dead cells and debris were removed using forward scatter versus side scatter 

technique (Mussi et al. 2014). 
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3.9. In vivo study  

In vivo studies were performed according to the CPCSEA guidelines for laboratory 

animals and ethics, Department of Animal Welfare, Government of India, after 

getting approval from Institutional Animal Ethical Committee 

(SDCOPVS/AH/CPCSEA/01/0078). Albino wistar female rats weighing 120-150 g 

were housed in standard condition, fed with standard pellet diet and water ad libitum.  

3.9.1. Treatment schedule for different animal groups 

Animals were randomized and divided into six groups of 10 animals each. Group I 

(control) received normal saline, Group II (toxic control) received DMBA only, 

Group III (p-NLCs formulation) recived NLCs of ω3-FA, Group IV (standard drug) 

received Dox solution, Group V received marketed formulation, Group VI received 

Dox-NLCs and Group VII received b-Dox-NLCs (Table 2). Carcinoma was induced 

by single tail vein injection of DMBA (8 mg/kg) on ‘Day 1’ in each group (except 

Group I). The drug/formulations were administered (10 mg/kg e.q. Dox) thrice/weeks 

in last six weeks of total 16 weeks (or 112 days) of in vivo studies. A lag time of 10 

weeks or 70 days was provided to develop the tumor in animals. Tumor occurrence 

and size of tumor was verified by diameter of mammary glands of rats; changes in 

animal weight and duration of survival of animals throughout the study. The blood 

samples were collected through retro orbital puncture under mild chloroform 

anesthesia; serum was isolated and stored at -20 °C till further use. Animals were 

sacrificed humanely on completion of the study (112th day) after DMBA treatment 

and mammary gland tissues were removed and stored at -80 °C till further evaluation 

(Roy et al. 2017). 

Table 2. Treatment groups selected for in vivo anticancer studies 

Sr. No. Groups Treatment 
1. Group I (negative control) received normal saline  
2. Group II (toxic control) received normal saline and 

DMBA  
3. Group III (p-NLCs or plaebo 

formulation) 
NLCs with perilla oil + DMBA  

4. Group IV (standard drug) Dox solution + DMBA  

5. Group V (marketed formulation) Marketed formulation + DMBA  
6. Group VI (test 1) Dox-NLCs+DMBA  

7. Group VII (test 2) b-Dox-NLCs+ DMBA  
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3.9.2. Biochemical Estimation  

Method followed has been previously mentioned in section 3.12.2 of chapter III. 

3.9.3. Western blotting for different apoptotic markers 

Western blotting was performed for different apoptotic markers viz., Bcl-2, p16, 

BAX, MMP-9, caspase-9 using appropriate antibodies viz., bcl-2 (sc-7382), p16 (sc-

1207), BAX (sc-23959), caspase-9 (sc-56073) (all are mouse monoclonal) and MMP-

9 (sc-6840, goat polyclonal). Method followed has been previously mentioned in 

section 3.12.3 of chapter III.  

3.9.4. Microscopy of whole mounts of mammary glands through carmine 

staining  

Method followed has been previously mentioned in section 3.12.4 of chapter III. 

3.9.5. Hematoxyline & Eosin staining of mammary gland tissue  

A small piece of mammary gland tissue excised from different groups after completion of study was 

fixed in formalin solution and embedded in the wax. Sections (5μm) were prepared using microtome 

followed by staining with hematoxyline and eosin (H&E). The sections were visualized and 

photographed at 40X using digital microscope for pathological changes, if any (Roy et al. 2017). 

3.9.6. Cardiotoxicity  

Method followed has been previously mentioned in section 3.12.5 of chapter III.  

3.9.7. Biodistribution Studies 

Method followed has been previously mentioned in section 3.12.6 of chapter III. 

3.10. Statistical analysis  

Method followed has been previously mentioned in section 3.13 of chapter III.  
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4. RESULTS 

4.1. Preformulation Studies  

4.1.1. Selection of Solid Lipid 

Glyceryl monostearate and stearic acid was studied as solid lipid because both are 

naturally occurring and generally regarded as safe. Based on stability and particle size 

stearic acid was selected as solid lipid for development of NLCs. Between the studied 

solid lipids, the NLCs prepared with stearic acid were found in lower size range as 

compared to GMS, i.e., 331.69nm and 421.77 nm, respectively.  

4.1.2. Selection of liquid lipid 

The liquid lipid screened for the current study was Perilla frutescens oil, rice bran oil, 

soyabean oil, oleic acid and sesame oil. These oils are well known for their high ω3-

FA content along with strong antioxidant, anti-inflammatory, cardioprotective and 

tumor-inhibitory potential. On the basis of equilibrium solubility Perilla frutescens oil 

was selected as liquid lipid (Table 3).  

4.1.3. Selection of Surfactant 

Among different biological surfactants, lecithin demonstrated highest waster 

absoption capacity (21.54 % w/w) followed by sodium deoxycholate (16.67 % w/w) 

and sodium cholate (9.52 % w/w). 

Table 3. Solubility of drug in various liquid lipids 

Sr. No. Name of Excepient Solubility (mg/ml) 

1 Rice bran oil 21.3±3.1 

2 Perilla oil 22.6±2.2 

3 Soyabean oil 15.4±3.5 

4 Oleic acid 20.5±3.3 

5 Sesame oil 12.1±3.6 

4.1.4. Optimization of liquid and solid lipid ratio  

The particle size and stability of NLCs prepared with different ratio of solid and liquid 

lipid is given in Table 4. The data suggested that ratio of solid and liquid lipid in 

70:30 yielded NLCs that showed lowest particle size and was stable upto one week. 

Hence, ratio of solid and liquid lipid in 70:30 was selected for further development. 
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Table 4. Parameters of NLCs prepared with different ratio of solid and liquid lipid 

Sr. No. Ratio of liquid and solid lipid Particle Size (nm) Stability 
1 50:50 181.32  Unstable  
2 60:40  241.51 Unstable 
3 70:30  327.93 Stable 
4 80:20 391.24 Stable 

4.1.5. Selection of formulation technique 

Melt-emulsification followed by sonication method was selected for the preparation 

of NLCs as this method yielded stable NLCs with particle size (359.51 nm). While, 

solvent diffusion method yielded NLCs with particle size 447.39 nm and size of  

4.2. Preparation and optimization of NLCs as per experimental design 

MLRA method was employed to analyze the observed data (Table 5) for 

experimental trials suggested as per experimental design and second-order quadratic 

models were found to be the best fit for the current set of data. This model 

appropriately defined the relationship between factors and responses of the formulated 

NLCs (Singh et al. 2011, Tripathi et al. 2016, Tripathi et al. 2017). The response 

surface plots (Fig. 2 A-D) and ANOVA tables (Table 6A-D) explicitly described the 

effects of lipid concentration, surfactant and sonication time on various responses of 

NLCs.  

Table 5. Physicochemical parameters for Dox loaded NLCs prepared as per the CCD.  

Code Drug  
(mg) X1 X2 X3 

Particle 
Size (Y1) 

Entrapment 
Efficiency 

(Y2) 

Drug 
Release 

(Y3) 

Drug 
Content 

(Y4) 
NLC1 10 1 1 10 202.3±4.2 90.51±2.41 81.76±4.54 20.33±2.43 

NLC2 10 3 1 10 260.1±3.8 96.32±3.12 69.21±5.22 17.42±2.12 

NLC3 10 1 5 10 182.6±4.5 92.12±3.22 87.22±6.41 08.45±3.47 

NLC4 10 3 5 10 222.5±5.1 93.33±1.98 81.99±4.95 10.67±3.12 

NLC5 10 1 1 30 153.2±2.8 92.98±1.02 95.76±3.22 21.38±2.36 

NLC6 10 3 1 30 227.1±3.7 99.25±1.21 75.76±4.69 19.74±1.89 

NLC7 10 1 5 30 82.3±5.1 95.21±2.12 98.95±2.01 11.64±1.62 

NLC8 10 3 5 30 140.1±5.3 99.64±1.12 89.59±3.33 11.01±2.67 

NLC9 10 1 3 20 98.5±2.2 94.33±3.41 95.55±4.35 16.67±3.12 

NLC10 10 3 3 20 149.1±3.2 98.99±2.11 84.69±6.67 15.12±3.41 

NLC11 10 2 1 20 157.4±4.2 98.48±1.81 88.52±4.96 23.76±3.51 
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NLC12 10 2 5 20 89.2±3.3 99.12±11.01 87.34±2.33 13.33±4.44 

NLC13 10 2 3 10 170.1±2.5 95.89±2.18 90.79±3.32 16.67±4.22 

NLC14 10 2 3 30 91.3±1.9 99.53±1.11 98.33±1.99 19.21±3.50 

NLC15 10 2 3 20 102.2±1.9 99.36±1.02 97.34±1.83 18.78±4.12 

NLC16 10 2 3 20 98.1±2.5 99.22±1.21 95.47±2.51 19.11±1.21 

NLC17 10 2 3 20 96.4±1.7 98.78±2.01 98.67±2.11 18.94±2.45 

[Data presented as mean±SD, n=3] 

As displayed in Fig. 2A and Table 6A, a nonlinear relationship was observed 

between particle size and selected factors. All three factors selected showed a 

significant effect on particle size of NLCs. Also, a significant interaction between 

lipid and surfactant; and lipid and sonication time was observed. Increase in surfactant 

concentration and sonication time resulted in a nonlinear decrease in particle size. 

While an increase in lipid concentration resulted in increase in particle size. Effect of 

selected factors on drug release is portrayed in Fig 2B and Table 6B. A significant 

effect of lipid, surfactant and sonication time on drug release was observed. The 

increment in lipid concentration resulted in a sharp nonlinear decrease in the release 

as revealed in Fig 2B. However, opposite effect on drug release can be observed in 

case of increase in surfactant concentration. The sonication time revealed a positive 

effect on drug release. Also, a significant interaction between lipid and surfactant was 

observed as revealed in ANOVA Table 6B.  

As revealed in Fig. 2C, concentration of surfactant showed the most significant effect 

on drug content (calculated based on the data obtained for entrapment). With an 

increase in surfactant concentration, the drug content was found to decrease linearly. 

An increase in lipid concentration resulted in the increase in drug content up to middle 

levels, but further increments in lipid concentration resulted in a decrease in drug 

content of NLCs. Sonication time was found to increase the drug content of NLCs. 

Also, significant interaction between lipid and surfactant was observed (Table 6C). In 

case of entrapment efficiency, significant effect of total lipid and sonication time was 

observed (Fig. 2D). There was no significant effect of surfactant on entrapment 

efficiency (Table 6D). 
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Fig. 2 (A&B). Response surface plots showing the influence of total lipid (%), 

surfactant (%) and sonication time (min) on (A, 1-3) Particle size (nm) (B, 1-3) drug 

release (%) of the NLCs.  
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Fig. 2(C&D). Response surface plots showing the influence of total lipid (%), 

surfactant (%) and sonication time (min) on (C, 1-3) Drug content (mg/g of NLCs) 

(D, 1-3) entrapment efficiency (%) of the NLCs.  
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Table 6A. ANOVA table for quadratic model fitting of particle size  

Source 
Sum of 
Squares 

df 
Mean 

Square 
F 

Value 
p-value  

 Prob > F 
Model 49706.73 9 5522.97 206.70 < 0.0001 Significant 

A-Total 
Lipid 

7896.10 1 7896.10 295.52 < 0.0001 Significant 

B-Surfactant 8065.60 1 8065.60 301.87 < 0.0001 Significant 
C-Sonication 

Time 
11764.90 1 11764.90 440.32 < 0.0001 Significant 

AB 144.50 1 144.50 5.41 0.0530 Significant 

AC 144.50 1 144.50 5.41 0.0530 Significant 

BC 1250.00 1 1250.00 46.78 0.0002 Not significant 
A^2 1859.56 1 1859.56 69.60 < 0.0001 Significant 
B^2 1789.64 1 1789.65 66.98 < 0.0001 Significant 
C^2 2979.04 1 2979.04 111.49 < 0.0001 Significant 

Residual 187.034 7 26.72 
   

Lack of Fit 168.37 5 33.67 3.61 0.2311 Not significant 
Pure Error 18.67 2 9.33 

   
Corr. Total 49893.76 16 

    P<0.05 was considered as significant. 

Table 6B. ANOVA table for modified quadratic model fitting of Drug release 

Source 
Sum of 
Squares 

df 
Mean 
Square 

F 
Value 

p-value  
 Prob > F 

Model 1111.07 7 158.72 22.05 < 0.0001 Significant 
A-Total Lipid 336.52 1 336.52 46.75 < 0.0001 Significant 
B-Surfactant 116.21 1 116.21 16.15 0.0030 Significant 
C-Sonication 

Time 
224.96 1 224.96 31.26 0.0003 Significant 

AB 40.37 1 40.37 5.61 0.0420 Significant 
AC 16.73 1 16.73 2.32 0.1617 Not significant 
A^2 57.65 1 57.65 8.01 0.0197 Significant 
B^2 130.05 1 130.05 18.07 0.0021 Significant 

Residual 64.78 9 7.20 
  

Significant 
Lack of Fit 59.61 7 8.52 3.30 0.2525 Not significant 
Pure Error 5.17 2 2.58 

   
Corr. Total 1175.85 16 

    P<0.05 was considered as significant. 
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Table 6C. ANOVA table for linear model fitting of drug content  

Source 
Sum of 
Squares 

df 
Mean 
Square 

F Value 
p-value  

 Prob > F 
Model 288.80 7 41.26 108.18 < 0.0001 Significant 

A-Total Lipid 2.03 1 2.03 5.33 0.0463 Significant 
B-Surfactant 225.91 1 225.91 592.38 < 0.0001 Significant 
C-Sonication 

Time 
8.91 1 8.91 23.37 0.0009 Significant 

AB 4.71 1 4.71 12.36 0.0066 Significant 
AC 0.31 1 0.31 0.82 0.3893 Not significant 
A^2 25.01 1 25.01 65.58 < 0.0001 Significant 
C^2 2.08 1 2.08 5.45 0.0444 Significant 

Residual 3.43 9 0.38 
   

Lack of Fit 3.38 7 0.48 17.72 0.0544 Not significant 
Pure Error 0.05 2 0.03 

   
Corr. Total 292.23 16 

    P<0.05 was considered as significant. 

Table 6D. ANOVA table for quadratic model fitting of entrapment efficiency, P<0.05 
was considered as significant.  

Source 
Sum of 
Squares 

df 
Mean 

Square 
F Value 

p-value 
 Prob > F 

Model 147.20 9 16.36 95.92 < 0.0001 Significant 
A-Total Lipid 50.04 1 50.04 293.47 < 0.0001 Significant 
B-Surfactant 0.36 1 0.36 2.14 0.1870 Not significant 
C-Sonication 

Time 
34.11 1 34.11 200.06 < 0.0001 Significant 

AB 5.17 1 5.17 30.31 0.0009 Significant 
AC 1.70 1 1.70 9.98 0.0159 Significant 
BC 1.97 1 1.97 11.55 0.0115 Significant 
A^2 16.29 1 16.29 95.50 < 0.0001 Significant 
B^2 0.28 1 0.28 1.66 0.2380 Not significant 
C^2 5.37 1 5.37 31.48 0.0008 Significant 

Residual 1.19 7 0.17 
   

Lack of Fit 1.01 5 0.20 2.21 0.3407 Not significant 
Pure Error 0.18 2 0.09 

   
Corr. Total 148.40 16 

    P<0.05 was considered as significant. 
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4.3. Optimization of NLCs and overlay plots  

Graphical optimization method utilizing overlay plot was employed wherein certain 

constraints were applied on different responses for defining the design space and 

identifying the optimum formulation. The constraints for optimization of the NLCs 

were applied like, particle size should be lower than 150 nm, drug release should be 

more than 90%, EE more than 95% and drug content should be more than 15 mg/g of 

NLCs (Singh et al. 2011, Tripathi et al. 2016, Tripathi et al. 2017). The optimized 

NLCs formulation (Dox-NLCs) optimized by the software contained lipid-2% w/w 

(composed of 7:3 ratio of stearic acid to perilla oil), surfactant-3% w/w along with 

optimum duration for sonication 20 min (Fig. 2E). The predicted values for optimized 

NEs are presented in Table 7 which suggests a good agreement between predicted 

and observed values.  

 

Fig. 2E. Overlay plot depicting the desirable region (design space) as highlighted area 

for the NLCs. Inset flag presents the composition of optimized nanoemulsion [total 

lipid (X1) 2%, Surfactant (X2) 3% and Sonication time (X3) 20 min] and predicted 

values of CQAs.  
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Table 7. Predicted and observed values of responses for optimized NLCs (Dox-

NLCs) 

S. No. Parameters Predicted value Observed Value 

1. Particle size (nm) 97.86 100.5±2.3  

2. Drug release in 72 h (%) 95.64 96.67±1.87  

3. Entrapment efficiency (%) 99.12 99.31±1.27 

4. drug content (mg/g of NLCs) 18.77 19.84±2.8  

4.2. Preparation of biotinylated NLCs  

Here, biotin was used as a targeting ligand to decorate Perilla frutescens oil based 

nanostructured lipid carrier for doxorubicin targeted delivery mammary gland 

carcinoma in rat model.  

4.3. Characterization of biotinylated NLCs  

4.3.1. FTIR Characterization  

The attachment of biotin to NLCs was successfully affirmed by characteristic FTIR 

peaks of biotin, NHS ester of biotin and modified stearic acid. The synthesis of NHS 

ester of biotin was assessed through IR spectroscopy (Fig. 3A & Fig. 6, chapter II) 

with important peaks obtained at 3,4440 cm-1 imidazole band that overlaps with the 

(N–H) absorptions, –CH2 groups stretching at 2995 cm-1 and deformations at 2,921.7 

cm-1, C=O stretch at 1644.5 cm-1, N-H bending 1550 cm-1, –CH2 group bending at 

1435 cm-1 and (C–O) stretching of ester at 1026.9 cm-1 (strong two bands, 

overlapped). The spectra of biotinylated-PEG-stearic acid were characterized by 

bands at 3,440 cm-1 imidazole band overlapped with (N–H) stretch of secondary 

amide group, (C=O) stretch at 1712.84 cm-1, (C–O) stretching of PEG chain at 1210 

cm-1 and 1,042.95 cm-1, –CH2 group stretching at 2911.3 cm-1 and –CH2 group 

bending at 1435.76 cm-1 (Fig. 3B).  

4.3.2.1H-NMR characterization 

1H-NMR of biotin anchored NLCs were performed and characteristic peaks were 

appropriately marked (Fig. 4) which established the conjugation of biotin to stearic 

acid. Important peaks can be described as, oxohexahydrothienoimidazol ring of biotin 

shows 1H-NMR peaks at: a (6.30, s, 1H); b (6.38, s, 1H); c (4.11, t, 1H); d (4.28, q, 

1H); e (2.78, dd, 2H); f (3.06, q, 1H). Pentanoic chain of biotin shows proton signals 
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at: g, h, i (3.35-3.38, m, 6H, methylene); j (2.1, q, 2H). Two adjacent peaks for PEG 

were observed at: k (3.35-3.46, dd, 2H); Stearic acid shows proton signals at: l (2.1, q, 

2H); m (1.41-1.49, 28H, m, C3-16 methylene); n (1.24-1.32, m, 2H, C17 methylene); o 

(0.78-0.82, m, 3H, C18 methyl) (Fig 4.).  

 

Fig. 3A. FTIR spectra of NHS-Biotin  

 

Fig. 3B. FTIR spectra of biotin-PEG-stearic acid 

4.3.3. Biotin content assay  

The biotin content anchored to NLCs (b-Dox-NLCs) surface was observed to be 

5.85±0.64 µg.g-1of NLCs (Wu et al. 2016a).  

4.3.4. Physicochemical characterization  

Particle size of b-Dox-NLCs was found to be 105.2±3.5 nm. Biotinylation increased 

the size of NLCs from 100.5±2.3 nm to 105.2±3.5 nm. The surface charge of NLCs 
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did not changes as observed through zeta potential values, i.e., -35±2 mV. The 

anchoring of biotin to the NLCs surface was effected through formation of amide 

bond among –COOH group NH2 group of SA-PEG-NH2. Hence, zeta potential of the 

particles remained unaltered as it does not involve ionic interactions or surface 

adsorption phenomena. The drug entrapment efficiency for b-Dox-NLCs was 

observed to be 99.15±1.71% and drug content of b-Dox-NLCs were found to be 

19.67±2.6 mg.g-1 of NLCs.  

 

Fig. 4. NMR spectra of biotinylated stearic acid (b-PEG-SA) 

4.3.5. In vitro drug release comparison  

Drug release comparisons of the different formulation, i.e., biotinylated Dox-NLCs 

(b-Dox-NLCs) and Dox-NLCs with standard drug and the marketed formulation 

showed sustained and pH dependent drug release from the NLCs (Table 8 and Fig. 

5). The cumulative drug release for the standard drug solution and the marketed 

formulations was 82.41±2.40% and 101.52±3.11%, respectively, in 2 h indicating pH 

independent drug release from both the formulations. An immediate type of drug 

release was observed from standard and marketed formulations. However, b-Dox-

NLCs showed sustained and incomplete drug release which attained a plateau phase 

of 55.39±3.27% after 72 h. At lower pH of release media higher drug release i.e., 

81.63±4.5% at pH 6.8, 98.66±3.43% at pH 5.4 was observed. A sustained release 

behavior was demonstrated by the NLCs with an initial burst release (34.42±4.50% in 



Biotinylated Nanostructured Lipid Carriers for Doxorubicin Delivery 

Department of Pharmaceutical Sciences, BBA University, Lucknow    156 
 

2 h). As expected, lower pH (i.e., pH 5.4) resulted in acceleration of the drug release 

with more than 70% of the drug release from NLCs in first 24 h. The drug 

(98.67±2.43%) releases was found to be nearly complete from f-Dox-NLCs at pH 5.4 

in 72 h. No change in drug release between biotinylated and non-biotinylated NLCs as 

observed at physiological pH of pH 7.4.  

Table 8. Release parameters of standard, marketed formulation, Dox-NLCs and b-

Dox-NLCs at different pH  

Time 
(h) 

Standard 
(pH 7.4) 

Standard 
(pH 6.8) 

Marketed 
(pH 7.4) 

Marketed 
(pH 6.8) 

b-Dox-
NLCs 
(pH 7.4) 

b-Dox-
NLCs 
(pH 6.8) 

b-dox-
NLCs 
(pH 5.4) 

Dox-
NLCs 
(pH 7.4) 

1 81.97±4.5 85.97±4.5 101.54±5.
3 

101.54±5.
3 20.91±2.4 26.89±3.

4 
33.91±2.
9 

23.91±2.
4 

2 82.41±2.4 86.41±2.3 101.52±3.
1 

102.71±3.
1 27.24±3.5 34.42±4.

5 
42.78±3.
4 

28.24±3.
5 

3 82.65±3.3
3 

85.65±3.3
3 

100.22±2.
99 

101.22±2.
99 35.59±4.6 41.49±4.

6 
50.54±3.
1 

33.59±4.
6 

4 82.45±2.4
5 

85.45±2.4
5 

100.11±2.
23 

101.11±2.
23 

40.14±4.0
2 49.61±5 58.77±4.

1 
41.14±4.
02 

8   
  
  
  
  
  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  

42.82±4.3 55.88±4.
3 

64.43±3.
1 

41.28±4.
3 

12 43.47±3.4 63.47±3.
4 

72.12±5.
1 

43.74±3.
4 

24 49.22±5 72.22±5 83.11±3.
5 48.22±5 

36 51.21±2.7 79.18±2.
7 

92.67±4.
3 

51.98±2.
7 

48 55.79±3.5 80.79±3.
5 

97.11±2.
2 

56.29±3.
5 

60 55.26±4.2
1 

81.97±4.
03 

98.62±3.
21 

56.6±4.2
1 

72 55.39±3.2
7 

81.63±4.
05 

98.66±3.
43 

56.59±3.
27 

[All the data is presented as mean±SD, n=3] 

4.3.6. Transmission Electron Microscopy studies 

All the particles of the formulation (b-Dox-NLCs) displayed uniform and spherical 

shape within the size range of 25.0-90.92 nm (Fig. 6).  

4.3.7. Stability of formulations in plasma and intravenous infusion solutions  

A physically stable formulation is often expected for a drug delivery system for 

storage as well as longer circulation time and tumor accumulation through EPR effect. 

No particle aggregation and no significant change in particle size distribution of NLCs 

after storage with different formulations were observed, suggesting that the 

formulation was non-aggregated. There was no sign of disruption of b-Dox-NLCs in 

the presence of plasma proteins and electrolytes, either.  
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Fig. 5. Cumulative drug released for standard drug, marketed formulation, Dox-NLCs 

and b-Dox-NLCs. [Data is presented as mean±SD (n=6)] 

 

Fig. 6. TEM image of final formulation of b-Dox-NLCs depicting NLCs particles of 

uniform and spherical particles  
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4.3.8. Stability studies  

The stability study data for the b-Dox-NLCs after storage for six months under 

different conditions assured that the optimized formulation was robust and stable 

under the specified stability conditions as significant change was not evident in 

particle size, F2-values and drug content (Table 9) indicating formation of stable 

formulation (Singh et al. 2016d, Tripathi et al. 2016).  

Table 9. Effect on the parameters of formulation during the stability studies  

Time 
(months) 

40±2 °C/75%±5% RH 25±2 °C/60±5% RH 5±3 °C 

Drug 
Content 
(mg/g of 

formulation) 

Particle 
Size (nm) 

f2 
value 
(%) 

Drug 
Content 
(mg/g of 

formulation) 

Particle 
Size (nm) 

f2 
value 
(%) 

Drug 
Content 
(mg/g of 

formulation) 

Particle 
Size (nm) 

f2 
value 
(%) 

0 19.67±2.6 105.2±3.5 91.6 19.67±2.6 105.2±3.5 91.6 19.67±2.6 105.2±3.5 91.6 

1 20.11±2.3 107.1±3.1 89.7 19.71±2.8 104.6±2.8 93.4 19.41±2.9 104.8±2.9 81.5 

3 20.33±2.5 106.6±2.5 93.6 20.22±1.9 106.7±2.3 89.9 18.99±1.9 106.6±2.4 92.6 

6 18.97±1.6 109.2±3.7 85.2 19.57±2.1 106.9±3.6 88.6 19.47±2.4 104.5±3.1 89.9 

4.4. In vitro studies  

4.4.1. Cell Cytotoxicity study  

MTT assay was performed to establish the cytotoxicity of different formulations, i.e., 

standard, marketed, Dox-NLCs and b-Dox-NLCs towards MCF-7 cell lines. IC50 

values for b-Dox-NLCs, Dox-NLCs, Dox and marketed formulation against MCF-7 

cell lines were observed as 1.02±0.18, 1.80±0.32, 2.96±0.33 and 2.806±0.21 μg.mL−1, 

respectively (Fig. 7). The cytotoxicity of f-Dox-NLCs and Dox-NLCs was 

significantly higher as compared to marketed and standard formulations. For NLCs 

loaded with ω3-FA only (p-NLCs), the IC50 value was found to be 4465±267 

μg.mL−1(data not shown). The IC50 value for p-NLCs indicated that Perilla frutescens 

oil has cytotoxicity potential for MCF-7 cells.  
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Fig. 7. Percent cell viability accessed through MTT assay for different cells groups 

treated with Standard (Pure Dox solution), marketed formulation, Dox-NLCs and b-

Dox-NLCs. 

4.4.2. Cell Cycle Analysis through FACS Technique  

FACS analysis was performed to signify the phases of MCF-7 cellular arrest in 

various treated groups (Fig. 8 A-E). Cellular arrest in different phases of the cell cycle 

showed that control group receiving no drug treatments, the cells were arrested 7.70% 

in G1 phase, 67.52% in S phase and 24.78% in G2/M phase (Fig. 8A). For the 

standard treatment group receiving doxorubicin solution the cells were arrested at G1 

phase (46.56%), S phase (28.46%) and G2/M phase (25.00%) (Fig. 8B). For p-NLCs 

treated group cell distribution was found to be G1 phase (51.79%), G2 phase 

(16.47%) and S phase (31.74%) (Fig. 8C). The distribution of cells in b-Dox-NLCs 

treated cells were found to be 53.34% in G1 phase, 27.24% in S phase and 19.42% in 

G2/M phase (Fig. 8D). Apoptotic cell population was visualized in p-NLCs (9.02%) 

group suggesting that ω3-FA loaded NLCs were capable of inducing the apoptosis in 

the MCF-7 cell lines (Fig. 8C).  
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Fig. 8. FACS analysis of the cell treated with (A) Control (no treatment), (B) 

Standard (Dox solution), (C) p-NLCs (blank NLCs formulation with Perilla 

frutescens oil, no Dox), (D) b-Dox-NLCs representing cell distribution in different 

phase of cell cycle. (E) Percent population of cell in different phases.  
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4.4.3. Cell proliferation studies 

Chemical reduction of Alamar Blue® from its oxidised, non-fluorescent blue form to 

its reduced fluorescent red form owing to the natural metabolic activity in highly 

proliferating MCF-7 cell lines provided a tool to examine the actual state of cellular 

proliferation. Cellular metabolic activity was indicated by the reduction of the blue 

dye to its fluorescent red form (O'Brien et al. 2000, Wang et al. 2018). The inhibition 

of cellular proliferation and Alamar Blue® reduction data depicted highest percent of 

cell proliferation inhibition for b-Dox-NLCs and Dox-NLCs viz-à-viz control cells 

(p<0.001) (Fig. 9A&B). The b-Dox-NLCs and Dox-NLCs showed significant cell 

proliferation inhibition (p<0.001, p<0.01, respectively) as compared to standard and 

marketed formulations. The blank formulation having ω3-FA only (p-NLCs) showed 

18.88±2.66% of the cell growth inhibition in contrast to the control group (Iyengar et 

al. 2013, Roy et al. 2017). The order for inhibition of cellular proliferation data was 

found to be in following order, b-Dox-NLCs> Dox-NLCs>marketed>standard>p-

NLCs. Since, dead cells lack the metabolic activity therefore no change in color was 

observed and they also lack florescence suggesting that biotinylated NLCs were much 

more efficient to inhibit the MCF-7 cells. 

4.4.4. Determination of mitochondrial membrane potential 

MMP-dependent Rh-123 uptake and preferential accumulation into the mitochondria 

of the living cells followed by red spectral shifts and the quenching of fluorescence 

was employed to measure the changes of MMP of the MCF-7 cells undergoing 

apoptosis. The apoptosis in the cells results in the collapse of the MMP thereby 

lowering Rh-123 uptake and increased retention in the mitochondria (Al-Qubaisi et al. 

2013, Musa et al. 2015). The results MMP showed that the b-Dox-NLCs and Dox-

NLCs resulted in significantly (p<0.01) lower levels of Rh-123 fluorescence due to 

the higher cellular mortality in MCF-7 cells as compared to standard and the marketed 

formulation as shown in the Fig. 10. Further, b-Dox-NLCs were most effective in 

terms of reducing the number of MCF-7 cells as compared to non-biotinylated NLCs, 

standard, marketed and p-NLCs (p<0.05). 
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Fig. 9. Comparative presentation of in vitro data of formulations treated MCF-7 cell 

groups, i.e., control, p-NLCs, Standard, marketed, Dox-NLCs b-Dox-NLCs. (A) % 

reduction in cell proliferation, and (B) %Almar Blue® reduction, compared to control 

group. [Data presented as the Mean±SD, n=3. *** p<0.001, ** p<0.01 with respect to 

control, **a p<0.01 w.r.t. marketed] 
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Fig. 10. Comparative presentation of Rh-123 fluorescence unit depicting MMP of cell 

groups, i.e., control, p-NLCs, Standard, b-Dox-NLCs. [Data presented as the 

Mean±SD, n=3. *** p<0.001, * p<0.05 with respect to control, **a p<0.01 w.r.t. 

marketed] 

 

Fig. 11. Comparative presentation of DCF-DA fluorescence units presenting the ROS 

levels of cell groups, i.e., control, p-NLCs, Standard, b-Dox-NLCs. [Data presented as 

the Mean±SD, n=3. ** p<0.01, * p<0.05 with respect to control, **a p<0.01 w.r.t. 

marketed] 
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Fig. 12. Comparative presentation of relative fluorescence of FITC for cellular uptake 

determination of cell groups, i.e., control, p-NLCs, Standard, b-Dox-NLCs. [Data 

presented as the Mean±SD, n=3. ***b p<0.001 w.r.t. Dox and ***c p<0.001 w.r.t. 

Dox-NLCs] 

4.4.5. Determination of reactive oxygen species and mitochondrial membrane 

potential 

DCF-DA is a reduced form of dye which is a cell-permeant and non-fluorescent in 

nature which upon entering into the cell gets converted into its fluorescent form DCF, 

after cleavage of acetate groups by intracellular esterase followed by oxidation 

(Figueroa et al. 2018, Ottonello et al. 2001).  

The results of ROS estimation showed that the b-Dox-NLCs and Dox-NLCs resulted 

in significantly higher cellular mortality (p<0.01) indicated by lower levels of 

fluorescence as compared to standard and the marketed formulation as shown in the 

Fig. 11. Further, biotinylated NLCs were significantly more effective in terms of 

reducing the number of living cells as compared to non-biotinylated NLCs (p<0.05).  

4.4.6. Cellular uptake through FACS analysis 

The relative fluorescence of FITC for Dox, Dox-NLCs and b-Dox-NLCs treated 

groups (Fig. 12) demonstrated significant (p<0.001) cellular uptake of NLCs in 

comparison with doxorubicin solution. Biotin-anchored NLCs (b-Dox-NLCs) 

significantly increased the cellular internalization of Dox-loaded NLCs (p<0.01) when 
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compared with non-modified NLCs (Dox-NLCs) indicating biotin-mediated cellular 

uptake into MCF-7 cells.  

4.5. In vivo studies  

The positive outcomes of the in vitro studies prompted further investigation of in vivo 

anticancer efficacy of the developed carrier system in tumor-induced animal model. 

DMBA as a mammary gland carcinogen in rat has previously been established and 

validated in our laboratory. Mammary carcinoma induced with DMBA has been 

established to be morphologically and histopathologically similar to the human breast 

carcinoma (Alessandra-Perini et al. 2018, Haque and Pattanayak 2018, Kwon et al. 

2018, Roy et al. 2017).  

4.5.1. Tumor progression monitoring  

Tumor progression was monitored through total tumor volume, animal weight 

changes and animal survival studies in the cancer-induced animal models. Animal 

weight, percentage survival and total tumor burden demonstrated mammary gland 

cancer development and progression in DMBA treated animal groups.  

Significant weight reduction in mean weight of groups from day ‘0’ was observed in 

toxic control (~45%) and p-NLCs (~36%) treated groups as compared to the treated 

groups, i.e., b-Dox-NLCs (~5%), marketed (~15%) etc. from initial mean weights, 

respectively (Fig. 13A). This indicates the lower rates of tumor incidences in groups 

treated with b-Dox-NLCs and Dox-NLCs.  

Data of percentage animal survival throughout the study period suggested that highest 

animal survival was observed in the case of b-Dox-NLCs treated group followed by 

Dox-NLCs, standard and marketed drug treated groups. Results of the percent 

survival plot showed highest and lowest mortality in toxic and b-Dox-NLCs treated 

group, respectively (Fig.13B). Total tumor volume measured in the various groups is 

presented in Table 10. Data revealed that toxic group possessed highest tumor 

volume while b-Dox-NLCs treated group resulted in lowest tumor volume among 

different groups studied.  
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Fig. 13. (A) Mean body weight variation in animals groups (B) Kaplan-Meier plot 

representing percent animal survived throughout study [Data presented as mean±SD 

of group, n=10]. 

The effect of perilla oil (p-NLCs treated group), when correlated to the toxic group, 

the potential of ω3-FA content of Perilla frutescens oil in cancer prevention was 

clearly evident which was in corroboration with previous reports (D'Eliseo and Velotti 

2016, Iyengar et al. 2013, Narisawa et al. 1994, Roy et al. 2017).  
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4.5.2. Biochemical estimation  

It has been shown in different reports that treatment of animals with DMBA resulted 

in a significant disturbance in the biochemical machinery of cells. A Marked rise in 

the levels of biochemical markers in the toxic control group showed that significant 

lipid (TBARs) and protein (protein carbonyl) peroxidation occurs after DMBA 

administration. Treatment with different formulations successfully restored the levels 

of these biomarkers (Table 10).  

The DMBA treatment also resulted in significant changes in the equilibrium of 

antioxidant biochmicals like SOD, GSH, and catalase at a cellular level. The 

treatment of animals with formulations restored the levels of these biochemical’s 

indicating the efficacy of the formulations. The effect of different formulations on the 

restoration of the biochemical markers was observed in the following order, b-Dox-

NLCs>Dox-NLCs>marketed~standard>p-NLCs. 

Table 10. Effect of treatment groups on tumor burden and oxidative stress markers in 

DMBA induced rat mammary gland carcinoma  

Groups Tumor 
burden (cm3) 

TBARs 
(nm of 

MDA/µg 
of protein 

Protein 
carbonyl 

nmol/mg of 
protein 

GSH 
(Mg %) 

SOD 
(units of 

SOD/mg of 
protein) 

Catalase 
(nmol of 

H2O2/ 
min/mg of 
protein) 

Control - 0.21± 0.03 41.99±1.02 1.31±0.08 0.028±0.002 23.44±1.42 

Toxic 
Control 472.71±53.42 0.52±0.04 62.63±6.65 0.73±0.09 0.048±0.006 10.07±1.53 

p-NLCs 393.91±40.23
** 0.43±0.05 58.12±3.81 0.81±0.08 0.045±0.003 13.25±1.12 

Standard 
Drug 

217.66±39.44
*** 

0.34±0.04
* 49.11±2.23* 1.04±0.07

** 0.037±0.003* 18.52±2.02** 

Marketed 220.77±28.53
*** 

0.30±0.03
** 48.51±1.51* 1.07±0.08

** 0.036±0.003* 17.70±1.01** 

Dox-
NLCs** 

164.95±22.48
***a 

0.24±0.03
*a 43.04±1.01**a 1.18±0.07 0.029±0.002*

a 20.66±1.54*a 

b-Dox-
NLCs*** 

90.91±21.23*
**a 

0.21±0.02
**a 42.09±1.70**a 1.29±0.05

*a 
0.028±0.001*

*a 21.96±1.21**a 

* p<0.05, ** p<0.01, *** p<0.001 w.r.t. toxic group; *a p<0.05, **a p<0.01, ***a p<0.001 w.r.t. 

marketed formulation treated group; data presented as mean±SD, n=10 
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4.5.3. Western blot analysis  

Western blot analysis of the tissues separated from different animal groups was 

performed to evaluate the level of expression of different apoptosis modulating 

markers. The expression of anti-apoptotic markers i.e., bcl-2 (Ogretmen and Safa 

1996, Vimala et al. 2014), MMP-9 (Karroum et al. 2012) and pro-apoptotic markers, 

i.e., BAX (Vimala et al. 2014), caspase-9 (Park et al. 2004) and p16 (Elmore et al. 

2002, Hu et al. 2002) was estimated. It was found that levels of anti-apoptotic markers 

were upregulated while pro-apoptotic markers were downregulated after the DMBA 

administration to animals. Treatment with different formulations i.e., standard and b-

Dox-NLCs offered significant restoration of these markers to the extent of the 

efficacy as compared to the toxic group favorably indicated apoptosis (Fig. 14A). 

Densitometry data revealed the superiority of b-Dox-NLCs over Dox treatment in 

modulating the levels of different proteins (Fig. 14B). Further, the MMP-9, p16 and 

members of the bcl-2 family protein, including bcl-2, BAX etc. exhibited an 

important role in breast cancer migration and invasion (Elmore et al. 2002, Hu et al. 

2002, Karroum et al. 2012, Vimala et al. 2014). The result demonstrated that the 

biotin decorated NLCs can effectively reduce the mammary tumor cell metastasis in 

the disease induced rats.  

4.5.4. Microscopy of whole mounts and H&E stain of mammary glands  

The DMBA administration resulted in a significant increase in the number of 

AB/TEB in mammary gland tissue was as observed under a microscope, 

demonstrating the cellular proliferation in the mammary glands as depicted by 

carmine staining of tissue of toxic group. The treated groups presented significant 

defense against cell proliferation on DMBA treatment depicted by a lower number of 

AB/TEB count in treated groups. The effect of Dox-NLCs and b-Dox-NLCs was 

more prominent in lowering the AB/TEBs count as compared to standard and 

marketed formulation treatment (Fig. 15). Similar results were observed after H&E 

staining of mammary gland tissues of the different groups represented through ducts, 

adipocytes, LCT, DCT and tissue architecture. Treatment with NLC based 

formulations showed significant restoration of cellular architecture closer to normal 

tissues (Kaithwas and Majumdar 2012, Moraes et al. 2009, Moraes et al. 2007, Roy et 

al. 2017).   
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Fig. 14. (A) Immunoblot representing the regulation of mitochondria associated 

apoptosis modulating proteins isolated from mammary gland tissue of individual 

groups. (B) Level of proteins viz. BAX, caspase-9, bcl-2, MMP-9 and p16, extracted 

for individual groups i.e., control, toxic control, Standard and b-Dox-NLCs. β-Actin 

was used as loading control. [Values are presented as Mean ± SD (n=3). The test 

groups were compared to the toxic group (*p<0.05, **p<0.01, ***p<0.001).] 
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Fig. 15. Whole mount of the mammary gland tissue and histograms of H&E stain of 

the animal groups (A) Group I (Control), (B) Group II (toxic control), (C) Group III 

(p-NLCs, blank NLCs, no Dox), (D) Group IV (standard drug solution or Dox 

solution), (E) Group V (Marketed formulation), (F) Group VI (Dox-NLCs), (G) 

Group VII (b-Dox-NLCs). [TEB-Terminal end bud, AB-Alveolar buds; 1-ducts, 2-

adepocytes, 3-LCT, 4-MCT, 5-lyphocytes]. 

4.5.5. Cardiotoxicity studies 

Doxorubicin is known to induce cardiotoxicity due to dose-related lipid and protein 

peroxidation resulting in tissue necrosis in cardiac tissues. Dox administrations in 

experimental animals caused the significant changes in MDA and GSH levels in 
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cardiac tissues (Cai et al. 2010, Trivedi et al. 2011). However, b-Dox-NLCs treated 

group showed no significant changes in the levels of these markers indicating lack of 

any lipid or protein peroxidation in cardiac tissues (Fig. 16A&B). Also, p-NLCs that 

contain perilla oil, only, showed no change level of these markers and the MDA and 

GSH levels were unaltered.  

 
Fig. 16. Plot showing (A) MDA levels and (B) GSH levels in rat heart tissue after 

treatment with Control, p-NLCs, Dox and b-Dox-NLCs. All treatments were given as 

once a week for 5 weeks with equivalent Dox 4 mg.kg-1. [All the values are expressed 

as mean ± SD, (n = 6); ** p<0.01, *** p<0.001 versus control and **a p<0.01, ***a 

p<0.001 versus Dox treatment.] 

4.5.6. Biodistribution studies  

Higher targeting efficiency of the delivery system is often required for the successful 

outcome of anticancer drug therapy without affecting normal tissues. A comparative 

account of the Dox concentration in the different tissue/organs is presented in Fig. 17. 

The Dox levels attained in the mammary carcinoma was highest in the case of the b-

Dox-NLCs (55.03±2.55 µg/g organ in 4 h) followed by the Dox-NLCs (45.81±3.22 

µg/g organ in 4 h) indicating the specific accumulation of the biotin decorated NLCs 

in mammary tumor cells (Fig. 17 C&D). The Dox levels in case of pure Dox and the 

marketed formulation were nearly similar (Fig. 17 A&B) and were significantly lower 

in comparison to b-Dox-NLCs (p<0.001) treated group. The Dox level was 

significantly higher at 4 h post injection and was barely detectable after 48 h (except 

for b-Dox-NLCs group), owing to the short half-life of the drug in blood. Further, 

significantly higher Dox levels were maintained in the mammary cancer cells for a 

period of upto 48 h (20.77±1.33 µg/g organ) in the b-Dox-NLCs (p<0.001); upto 12 h 
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(20.15±2.56 µg/g organ) in the Dox-NLCs (p<0.001) treated groups vis-à-vis the pure 

Dox (14.53±2.22 µg/g in 12 h, 1.67±1.42 µg/g in 48 h) and the marketed formulation 

(17.55±2.01 µg/g in 12 h, 1.57±1.33 µg/g in 48 h) treated groups. Similar inference 

can be drawn for other time points as well. Among different organs, highest Dox 

concentration was observed in the liver followed by the spleen, the heart and the 

kidney. The Dox level in the heart tissue in b-Dox-NLCs treated group was lesser 

when compared to the other groups (p<0.05). The results are in corroboration with the 

cardiotoxicity results as described earlier. Overall, the Dox levels in different organs 

of the biotin decorated NLCs were relatively lower than that of other animal groups, 

which was in accordance with the published literature (Dharmalingam et al. 2014, Lee 

et al. 2005).  

 
Fig. 17. Level of Dox in different organs (mammary gland, heart, liver, spleen, and 

kidney) after i.v. administration through tail vein (10 mg/kg Dox equivalent dose) of 

(A) Dox-NE (B) b-Dox-NLCs, (C) Standard (Pure Dox solution), and (D) Marketed 

formulation, in DMBA (8 mg/kg) induced rats. [Values are presented as Mean ± SD 

(n=6); *** p<0.001 as compared to standard and marketed; *a p<0.05 as compared to 

other groups].   
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5. Discussion  

In the era of nanomedicine therapies, advancement in targeted therapies, antibody 

therapies, small molecules drug conjugates etc. have earned more and more interest of 

formulation scientists in the current period. Targeted drug delivery systems modified 

with molecular ligand are capable of selective delivery and accumulation of one or 

multiple drugs loaded or encapsulated into the system to the targeted disease or site 

through relevant receptors overexpressed on the target cells or tissue (Jiang et al. 

2013, Kandadi et al. 2012, Kouchakzadeh et al. 2017, Lammers et al. 2008, Liu et al. 

2011, Mizushima 1996). In the present study, biotin was exploited as a targeting 

molecule to surface modify Perilla frutescence oil based nanostructured lipid carriers 

for doxorubicin targeted delivery to mammary gland carcinoma using in rat animal 

model.  

For the preparation of NLCs melt emulsification followed by sonication was selected 

that produced the stable and smaller nanoparticles. Between the solid lipids, stearic 

acid yielded lowest particle size ranges. Particle size and stability data suggested that 

solid lipid and liquid lipid in range ratio of 70:30 produced stable and narrower 

particles and hence selected for further studies (Singh et al. 2016b, Singh et al. 2016c, 

Singh et al. 2016d). QbD concept was successfully employed for development and 

optimization of NLCs. Central composite design was employed, 17 experimental 

trials were performed and optimized formulation was identified using overlay plot. 

The optimized formulation contained 2% w/w of total lipid, 3% w/w surfactant, 

triethanolamine 20 mg and along with 20 min of sonication time (Singh et al. 2011, 

Tripathi et al. 2016, Tripathi et al. 2017).  

The attachment of biotin to NLCs was successfully affirmed by characteristic FTIR 

peaks and NMR spectrum of modified stearic acid and HABA/avidin assay. HABA is 

a dye that shows UV maxima (λmax) at 350 nm. It can bind to avidin to form HABA 

avidin complex, in the same binding site that is used by biotin to form an avidin-biotin 

complex. HABA after formation of a complex with avidin gives maximum UV 

absorption maxima at 500 nm. The affinity of HABA is much weaker (Kd, 10-6 M)) as 

compared to the affinity of biotin to avidin (Kd, 10-15 M). Therefore, addition of 

biotinylated NLCs to the solution of avidin/HABA complex, HABA is competitively 

and quantitatively replaced by biotin from avidin/HABA complex, and this 
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replacement was quantitatively observed by a decrease in absorbance maxima at 500 

nm (Bae et al. 2013, Lee and Low 1994, Wu et al. 2016a).  

SA-PEG-NH2, a hydrophilic moiety, would naturally align itself on the surface of 

NLCs with PEG-NH2 chain protruding out on which biotin was attached. Since SA-

PEG-NH2 accounts for approximately 2.5% w/w of the formulation, the inherent 

qualities of stearic acid would nonetheless be displayed.  

Incorporation of liquid lipid enabled a higher drug loading and controlled release of 

the drug. Higher liquid lipid content was able to dissolve drug in the matrix as well as 

prevented expulsion of drug from nanoparticles. Addition of triethanolamine resulted 

in the formation of Dox free base from doxorubicin hydrochloride, thereby improving 

the lipophilicity and solubility of Dox in the lipid phase. Further, an addition of 

anionic polyunsaturated fatty acid (ω3-FA content of Perilla frutescence oil) has 

shown to increase the entrapment of drug to lipid matrix via the formation of 

hydrophobic ion pairing (HIP) with amphiphilic Dox as described below.  

DOX-NH3
+ + N(CH2CH2OH)3 ↔ DOX-NH2 + NH+(CH2CH2OH)3Cl   

DOX-NH2 + R-COOH ↔ DOX-NH3
+R-COO      

R-COOH + N(CH2CH2OH)3 ↔ R-COO      + NH+(CH2CH2OH)3 
 

The HIP strategy involves modification of the lipophilicity of the drugs of 

amphiphilic or ionizable nature by shielding their charge with a lipophilic counter-ion 

without involving chemical modification. Further, the interaction between the 

lipophilic tails of ion pairs and the solid lipid matrix may lead to disorderly 

arrangement of the lipid crystalline structure. Also, the charges of both the ions are 

masked or shielded through long hydrocarbon moieties attached to the ionic groups, 

consequently, hydrophobicity higher than that of both the respective molecules 

separately, occurs (Mussi et al. 2013, Oliveira et al. 2017).  

Dox released from NLCs at physiological conditions was found to be slower and 

incomplete in comparison to release at relatively lower pH, i.e., pH 6.8 and pH 5.4. 

The acidic environment causes the dissociation of Dox and ω3-fatty acids ion-pairs 

and erosion of lipid matrix resulting into faster release of Dox from lipid matrix. 

Faster release at lower pH is a desirable characteristic for drug delivery to the tumor 

as relatively acidic microenvironment has been observed inside tumors which might 
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facilitate site specific delivery (Cai et al. 2010, Lee et al. 2005, Tannock and Rotin 

1989). The TEM and particle size analysis results showed the successful formation of 

nanostructured lipid carriers. There was no particle aggregation and no significant 

change in particle size distribution which confirmed the formation of a physically 

stable formulation. Accelerated stability studies demonstrated the formation of a 

robust and stable formulation which would retain its characteristics even after storage 

for a longer period of time. 

Cellular cytotoxicity studies through MTT assay revealed higher mortality as reflected 

through IC50 values of biotinylated NLCs followed by Dox-NLCs, Dox and marketed 

formulations. FACS analysis of the cells treated with different formulation showed 

that Dox treatment arrested most of the cells in G1 phase followed by S phase and G2 

phase. The NLCs containing Perilla frutescens oil, only, arrested the cells in G2/M 

phase while b-Dox-NLCs arrested cells in G1 as well as G2 phase of cell cycle. 

Cellular proliferation, ROS and MMP studies demonstrated the superiority of biotin 

anchored NLCs in promoting cellular apoptosis and thereby resulting in higher 

cellular mortalities in comparison to formulations. Anticancer agents have been 

shown to depolarize the mitochondrial associated potential which leads to the 

initiation of the mitochondria mediated apoptotic pathway in tumor cells. The cellular 

uptake studies further supported the above results for higher cellular mortality and 

cytotoxicity of b-Dox-NLCs when compared to Dox. The above inferences can better 

be explained through positive interaction of lipidic nanoparticles with lipid cell 

membrane in case of both Dox-NLCs and b-Dox-NLCs. The relatively higher 

cytotoxicity in case of b-Dox-NLCs can be best justified through receptor ligand 

interaction of biotin overexpressed receptor followed by cellular internalization. 

Several studies have reported the anti-tumorigenic potential of ω3-fatty acids that can 

induce the mitochondrial apoptosis in mammary gland carcinoma which may provide 

another possible explanation for higher cellular mortality after b-Dox-NLCs treatment 

(Figueroa et al. 2018, Huan et al. 2009, Lee et al. 2005, Musa et al. 2015, O'Brien et 

al. 2000, Ottonello et al. 2001, Riccardi and Nicoletti 2006, Roy et al. 2017, Singh et 

al. 2016a, Vimala et al. 2014, Wang et al. 2014, Weitman et al. 1992). 

The positive outcomes observed through in vitro studies provided strong evidences to 

further explore the delivery system for in vivo anticancer efficacy of biotin decorated 

NLCs systems in DMBA induced breast tumor in rat as animal model. A reduction 
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(48%) in mean animal weights was observed in case of toxic group. In case of other 

groups p-NLCs treated group showed 36.71% reduction, standard group 10.74% 

reduction, marketed formulation 15.32% reduction, Dox-NE 13.38% reduction, while 

b-Dox-NLCs showed least reduction in weight of animal from day ‘0’ of the study. In 

line with above data, highest number of animals survived after completion of study in 

case of f-Dox-NLCs treated groups. The lowest percentage survival was observed in 

case of toxic group. Further, total tumor burden demonstrated the induction and 

progression of mammary gland cancer in DMBA treated animal groups was found to 

be highest in case toxic group. While b-Dox-NLCs treated group demonstrated lowest 

toxicity. Aerobic cells constantly produce reactive oxygen species which are counter 

balanced by antioxidant enzymatic biochemicals like, GSH, SOD and catalase. 

However, under the stress conditions like tumor, these enzymatic biochemicals are 

suppressed (Kaithwas and Majumdar 2012, Roy et al. 2017). Pronounced damage of 

the cellular proteins and lipids was observed in DMBA administered animals as 

depicted through TBARS, a peroxidative marker of the lipid and protein carbonyl, the 

protein peroxidation marker. Similarly, increased ROS generation also compromised 

the antioxidant bio-machineries as indicated through SOD, GSH and catalase levels, 

as these biochemical’s act in close coordination to neutralize the oxidative species 

through series of peroxidation, dismutation and oxidation reactions (Al-Qubaisi et al. 

2013, Kaithwas and Majumdar 2012). The b-Dox-NE treatment significantly restored 

these biomarkers viz-à-viz marketed and standard formulation.  

The results of western blotting assay demonstrated the overexpression of anti-

apoptotic and pro-metastatic markers like bcl-2 and MMP-9; and downregulation of 

pro-apoptotic and anti-metastatic proteins such as Caspase-9, p16 and BAX on 

DMBA administration to the rats. Treatment with b-Dox-NLCs and Dox leads to 

restoration of these proteins to a level closer to the control group. The effect was far 

more pronounced in the former group (b-Dox-NLCs). Role of bcl-2, MMP-9, p16 and 

BAX are critical for metastasis of mammary cancer cells (Elmore et al. 2002, Hu et al. 

2002, Karroum et al. 2012, Lee et al. 2005, Singh et al. 2016a, Vimala et al. 2014, 

Wang et al. 2014). MMP-9 act through PKC and ERK1/2 signaling pathways 

(Karroum et al. 2012) and bcl-2 family proteins viz., bcl-2 and BAX act through COX 

Va, myosin Va and Twist1 (Ogretmen and Safa 1996, Um 2016, Vimala et al. 2014). 

Upregulation of p16 have been shown to inhibit cdks (accelerate cellular 
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proliferation), through deregulation of cyclin D1, which in turn dephosphorylates RB. 

This result in the deactivation of the transcription factors E2F, involved in DNA 

synthesis and cell cycle progression (Elmore et al. 2002, Hu et al. 2002). ω3-FA 

stabilizes HIF-1 α and down-regulates FASN that initiate mitochondrial apoptosis in 

mammary gland carcinoma (Roy et al. 2017). The treatment with b-Dox-NLCs 

resulted in lowering of AB/TEB count, restoration of cellular architecture and 

morphology manifested through decrease in micro-vessel formation and absence of 

enlarged capillaries. These observations suggested a tumor modulatory effect 

mediated by the targeted delivery of Dox and the ameliorative activity of the ω3-FA 

content of Perilla frutescens oil (Kaithwas and Majumdar 2012, Moraes et al. 2009, 

Moraes et al. 2007, Roy et al. 2017). The biodistribution and cardiotoxicity data 

further confirmed the selective accumulation of the biotin guided NLCs to biotin 

receptors which are overexpressed in mammary gland carcinoma. Higher uptake of 

NLCs by liver and spleen may possibly be explained through the involvement of 

mononuclear phagocytic systems as well as higher capture by liver cells as it acts as a 

major storage organ for biotin.  

As evident from previous discussion, biotin attached delivery system effectively 

regulated the cancer proliferation, invasion and migration in mammary gland 

carcinoma. The mammalian cells are incapable of themselves synthesizing the biotin; 

therefore it is taken up through transport systems like high-affinity biotin transporter 

or sodium-dependent multivitamin transporter (SMVT). The overexpression of 

SMVT as well as increased biotin uptake capacity in the cancer cells may be a 

possible explanation for selective uptake of biotin decorated NLCs for mammary 

cancer. Attachment of biotin through a relatively long PEG chain linker resulted in 

effective ligand-receptor association and internalization of the complex in cancer 

cells. The above findings would further be described by the facts; firstly that ω3-FA 

of Perilla frutescens oil has cancer ameliorative and inhibitory effect. Also, these act 

as antioxidants for normal cells, thereby preventing the drug induced toxicities. 

Secondly, biotinylation of NLCs directed the system specifically to mammary gland 

cancer cells and facilitated endocytosis of the delivery systems to the cancer cells. 

Finally, the acidic microenvironment of the tumor cells facilitated drug release from 

NLCs would further enhance site specific drug delivery. The combined effects of the 

above should effectively address mammary gland carcinoma.  
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6. Conclusion 

Systematic development and exhaustive evaluation of Perilla frutescens oil based 

NLCs was attempted for site specific delivery of doxorubicin to DMBA induced 

mammary gland cancer. Biotin anchored NLCs were successfully developed and 

investigated for different physicochemical parameters that confirm the formation of 

NLCs with drug extended release. Quaternary ammonium compound (triethylamine) 

helped in improvement of entrapment of amphiphilic molecule, i.e., doxorubicin in 

lipidic matrix of NLCs through hydrophobic ion pairing with fatty acids. CCD helped 

in successful development of NLCs as revealed by physicochemical evaluations.  

ω3-FA as well as other content of Perilla frutescence oil showed strong antioxidant 

activity for normal cells as well as enhanced the anticancer potential of Dox in cancer 

cells. The anti-proliferative and apoptotic potential of the NLCs formulation were 

confirmed through the activity against MCF-7 cell lines. The developed NLCs 

revealed higher cytotoxicity towards MCF-7 tumor cells as shown through ROS and 

MMP data suggesting mitochondria mediated apoptosis. Western blotting studies 

revealed an upregulation of pro-apoptotic and anti-migratory proteins by NLCs 

treatment. In vivo anticancer studies in DMBA induced rat mammary gland model 

suggested higher safety and efficacy of NLCs viz-à-viz marketed formulation. 

Biodistribution studies affirmed that the biotinylated NLCs selectively accumulate in 

the tumor. Therefore, we can conclude that the NLCs can act as a potential alternative 

to the conventional formulations in mammary gland carcinoma therapy.  
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Summary and Conclusion 

The current study aims at development and characterization of lipidic nanocarrier 

system for targeted drug delivery to breast cancer. The targeted delivery approach was 

employed for improvement of the potency of such systems to deliver the drug 

molecules specifically to the cancer cells thereby avoiding dose related toxicity. 

Naturally occurring agents with antioxidant and tumor inhibitory potential (α-

linolenic acid (ALA) and Perilla frutescence oil in current study) was incorporated in 

lipidic systems potentiated the effect of anticancer molecules extensively utilized in 

breast cancer chemotherapy, i.e., doxorubicin. Also, antioxidant property of these 

lipids helped in reducing the drug induced toxic effects. This approach maximized the 

therapeutic benefits of anticancer agents in comparison to conventional formulations.  

The anticancer drug selected for current study was doxorubicin as it is utilized as first 

line therapy of benign as well as metastatic breast carcinoma. Further, doxorubicin 

therapy is restricted due to the development of cardiotoxicity and drug resistance. 

Doxorubicin was characterized for identification and purity by FTIR, NMR and UV 

spectroscopy. 

Drug solubility of the drug was performed in various lipids, emulgents and co-

emulgents. The excipients with highest solubility for drug were selected for 

development of nanoemulsion system. For NLCs, solid lipid, liquid lipids and 

surfactant was selected on the basis of stability, particle size, solubility and water 

absorption capacities.  

Based upon solubility, stability and water absorption capacities, the α-linolenic acid, 

lecithin, Tween 80, and cholesterol were selected for the development of 

nanoemulsion. Similarly for development of NLCs, stearic acid, perilla oil, and 

lecithin were selected based on stability and water absorption capacities.  

Pseudo-ternary phase diagram was constructed for selection of ratio of emulgents, i.e., 

by titrating different ratios of emulgents with aqueous phase. Lecithin and Tween 80 

in 1:1 ratio showed highest nanoemulsion region with ALA as lipid phase. Water 

absorption capacity suggested that cholesterol among different co-emulgents produces 

nanoemulsion with highest stability and lowest globule sizes. For NLCs, solid lipid 

and liquid lipid in ratio of 70:30 yielded NLCs with lowest particle size and stability.  
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For the optimization purpose of nanoemulsion various factors selected include α-

linolenic acid as lipid phase, lecithin and Tween 80 (1:1) as surfactant mixture and 

cholesterol as co-emulgent. 3-factor 3-level Box Behnken design (BBD) was selected 

for optimization of nanoemulsion which suggested 17 experimental trails with 

different combination of factors. Similarly, stearic acid and perilla oil (70:30) as lipid 

phase, lecithin as surfactant and sonication time were selected as factors for 

optimization using central composite design (CCD) (α=1) with 15 experimental trials. 

All the trials for nanoemulsion and NLCs were separately formulated and 

characterized for response variables like, particle size, dug release, entrapment 

efficiency and drug loading/drug content. 

The observed data for both the systems were analyzed mathematically for model 

development to fit the data using quadratic equations that generated best fitted 

equations. Response surface methodology (RSM) best demonstrated the relationships 

among selected factors and responses along with interactions among factors, if any 

and was therefore selected. The RSM suggested significant effect of lipids surfactants 

and co-surfactant on different responses i.e., particle size, dug release, entrapment 

efficiency and drug loading/drug content of nanoemulsion and NLCs. 

Triethanolamine was added to NLCs that enhanced the entrapment of amphiphilic 

doxorubicin to the system by hydrophobic ion interactions best known as hydrophobic 

ion pairing (HIP) phenomenon.  

Further, the design space was created and optimized formulation was identified by 

putting some criteria for different response factors. The criteria applied for the 

nanoemulsion optimization were globule size less than 100 nm, entrapment efficiency 

more that 90%, drug release more that 80% and drug loading more that 10% fixed. 

The criteria for optimization of the NLCs were applied like, particle size should be 

lower than 150 nm, drug release should be more than 90%, EE more than 95% and 

drug content should be more than 15 mg/g of NLCs.  

The formulation composition optimized for nanoemulsion (Dox-NE) was ALA-400 

mg), Lecithin-350 mg, Tween 80 (350 mg) and cholesterol-150 mg), where as the 

composition of NLCs (Dox-NLCs) was lipid-2% w/w (composed of 7:3 ratio of 

stearic acid to perilla oil), surfactant-3% w/w (lecithin) along with optimum 
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concentration of sonication time as 20 min. Good correlation was observed between 

observed values and predicted values of response variables of both the systems.  

The folate was successfully anchored on the surface of nanoemulsions with help of 

NHS (N-hydroxysuccinimide) and DCC (N,N'-Dicyclohexylcarbodiimide) as 

observed by characteristic peaks for different groups and structural compositions in 

FTIR and NMR spectrum. Folate content analysis supported the anchoring of folate to 

the surface and the amount of folate attached was found to be 10.33 µmol.g-1 of NE 

formulation (f-Dox-NE). The physicochemical characterization of f-Dox-NE revealed 

the globule size of 55.2±3.3 nm, zeta potential -31±2 mV, entrapment efficiency of 

92.51 ± 3.62% and percent drug loading of 0.47±.03%, respectively.  

The biotin was successfully attached on the surface of NLCs with help of NHS and 

DCC as represented by characteristic peaks in FTIR and NMR spectrum. Biotin 

content analysis supported the anchoring of biotin to the surface of NLCs and folate 

content was found to be 5.85±0.64 µg.g-1of NLCs (b-Dox-NLCs). The 

physicochemical characterization of b-Dox-NLCs revealed the globule size of 

105.2±3.5 nm, zeta potential -35±2 mV, entrapment efficiency of 99.15±1.71% and 

drug content of 19.67±2.6 mg.g-1 of NLCs, respectively.  

There was significant improvement in doxorubicin release from the optimized 

nanoemulsion when compared with the standard drug and marketed formulation. f-

Dox-NE exhibited sustained release behaviour with 94.86±1.87% drug release in 72 

h. b-Dox-NLCs showed sustained and pH dependent drug release with faster drug 

release as the pH was lowered, i.e., 55.39±3.27% at pH 7.4, 81.63±4.5% at pH 6.8 

and 98.66±3.43% at pH 5.4 in 72 h. No significant change in the doxorubicin release 

profiles was observed before and after surface decoration in both the formulations.  

The f-Dox-NE and b-Dox-NLCs were found to be stable and robust as observed from 

different stability indicating studies like, dilution stability, thermodynamic stability as 

well as stability in plasma and intravenous infusion solutions. The accelerated 

stability studies as per ICH guidelines also exhibited stable formulations.  

In vitro cell lines studies performed in the MCF-7 cell lines showed superiority of f-

Dox-NE and b-Dox-NLCs as observed from cell cytotoxicity assay, cell cycle 
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analysis, cellular proliferation studies, mitochondrial membrane potential and reactive 

oxygen species studies. 

MTT assay showed that cell cytotoxicity potential for f-Dox-NE and b-Dox-NLCs 

were 54.98% and 63.64%, respectively, higher as compared to marketed formulation. 

Also, the placebo formulation without having drug showed significant cell 

cytotoxicity potential as exhibited by IC50 values for ALA-NE and p-NLCs, i.e., 

4865±448 and 4465±267 μg.mL−1, respectively.  

Cell cycle studies through Fluorescence-activated cell sorting (FACS) demonstrated 

that ALA-NE, Dox solution and f-Dox-NE arrested the MCF-7 cells in G2 phase, 

G1phase and G1&G2/M phase respectively. While, p-NLCs, Dox solution and b-

Dox-NLCs arrested the MCF-7 cells preferentially in G1-phase, G1-phase and 

G1&G2/M phase, respectively.  

Cell proliferation studies exhibited the inhibition of cellular proliferation for 

nanoemulsion was in order of ALA-NE < Standard < marketed < Dox-NE < f-Dox-

NE. While, the order for inhibition of cellular proliferation of different NLCs was 

found as p-NLCs < Standard < marketed < Dox-NLCs < b-Dox-NLCs. The data 

suggested that modified formulations exhibited highest cellular mortality as compared 

to marketed and standard formulations. Similarly, reactive oxygen species (ROS) and 

mitochondrial membrane potential (MMP) data suggested the superiority of the 

biotinylated NLCs and folate anchored nanoemulsions as compared to marketed and 

standard formulations. Cellular uptake studies demonstrated higher uptake of 

modified formulation in comparison to marketed formulation. 

The superiority of modified formulations as revealed through in vitro cell lines data 

indicated that surface modifications helped these formulations in better cellular 

internalization through overexpressed receptors and better interaction between lipidic 

formulations and lipidic cell membrane leading to higher concentration of cytotoxic 

drug inside cell and hence higher cell mortality. Also, the tumor inhibitory potential 

of incorporated lipid phase (ALA and perilla oil) further potentiated the effects of 

anticancer agent resulting in better efficacy of such formulations.  

In vivo studies were performed in female albino wistar rats, weighing 120-150 g. The 

experiment was performed according to the CPCSEA guidelines for laboratory 
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animals and ethics, Department of animal welfare, Government of India Animals 

were randomized and divided into seven groups of 10 animals each. Mammary gland 

carcinoma in each group (except control group) was induced by single tail vein 

injection of 7,12-Dimethylbenz[a]anthracene (DMBA) (8 mg/kg i.v.) on day 1. The 

drug/formulations were administered (10 mg/kg e.q. Dox) thrice/weeks in last six 

weeks of total 16 weeks of in vivo studies. A gap of 10 weeks was provided to 

develop the cancer in animals. Tumor incidence and size were monitored by 

measuring the diameter of mammary glands of rats, weight and survival of animals 

during the study.  

Toxic group evidenced highest tumor volume, tumor incidence, reduction in animal 

weight and mortality in animals followed by standard group, marketed group, Dox-

NE and f-Dox-NE. In case of nanoemulsion formulation reduction in animal weight 

reduction was found to be 44% for toxic group, 29.68% reduction for ALA-NE, 

17.35% for standard group, 23.38% for marketed formulation, 14.96% for Dox-NE 

and 10.15% for b-Dox-NE group. Similarly for NLCs formulation, toxic group 

showed mean reduction in animal weight of 48%, p-NLCs treated group showed 

36.71% reduction, standard group 10.74% reduction, marketed formulation 15.32% 

reduction, Dox-NE 13.38% reduction and b-Dox-NE group showed 5.47% reduction.  

In case of animal survival highest animal survived the study for f-Dox-NE groups 

followed by Dox-NE, marketed and standard treated groups. Toxic group showed 

lowest animal survival. Similar results were also observed in case of NLC 

formulation. Parallel trends were observed for tumor incidence and tumor volumes in 

both the formulations.  

Treatment of animals with DMBA resulted in significant disturbance in biochemical 

machineries of cells indicated by marked rise in the levels of biochemical markers 

like Thiobarbituric acid reactive substances (TBARS), protein carbonyl, glutathione 

(GSH), Superoxide dismutase (SOD) and catalase. Treatment with different 

formulation curtailed the levels of these markers and order of activity observed was f-

Dox-NE>Dox-NE> marketed~ standard>ALA-NE. Likewise, surface modified NLCs 

showed highest efficacy in reinstatement of the levels of these biomarkers.  

Western blotting data suggested that DMBA administration to the animals caused the 

elevation of antiapoptotic proteins like bcl-2, and MMP-9 and down-regulation of 
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pro-apoptotic markers such as bax and caspase-9. The treatment of animal with Dox 

and f-Dox-NE restored the level of these proteins towards normal but the effect was 

more profound in case of f-Dox-NE. Bcl-2 and MMP-9 have been shown to promote 

the breast tumor migration, invasion and metastasis. The level of these proteins were 

restored by treatment of animal with f-Dox-NE indicating that the formulation was 

able to inhibit tumor metastasis in DMBA administered animals. Treatment of DMBA 

treated group with b-Dox-NLCs resulted in downregulation of anti-apoptotic proteins 

bcl-2 and MMP-9 while upregulated the level of expression of pro-apoptotic proteins 

like BAX, caspase-9 and p16 indicating tumor inhibitory potential of the formulation. 

Further, the MMP-9, p16 and members of the bcl-2 family protein, including bcl-2, 

BAX etc. exhibited an important role in breast cancer migration, invasion and 

metastasis. The results demonstrated that the biotin decorated NLCs can effectively 

reduce the mammary tumor cell metastasis in the disease induced rats.  

Angiogenesis and cellular proliferation are distinctive characteristics for the cancer 

growth and progression represented through Alveolar buds/terminal end buds 

(AB/TEB) count and cellular architecture of mammary gland tissue. The DMBA 

administration resulted in significant increase in the number of AB/TEB and 

significant changes in ducts, adipocytes, Loose connective tissue, Dense connective 

tissue and tissue architecture in mammary gland tissues as depicted by carmine 

staining and H&E stain. Dox-NE and f-Dox-NE was more efficient in diminishing the 

count of AB/TEBs as compared to the standard and the marketed groups. Similarly, b-

Dox-NLCs treatment resulted in restoration of cellular architecture and lowering in 

the AB/TEBs count.  

Doxorubicin is known to exhibit cardiotoxicity due to dose related cardiac tissue 

damage and necrosis. Doxorubicin treatment resulted in significantly alterations in 

levels of MDA and GSH in cardiac tissue. Surface modified drug delivery treated 

groups showed no significant changes in the MDA and GSH levels of cardiac tissues. 

The results suggested preferential delivery by molecularly guided systems through the 

overexpressed receptor cancer site.  

The Dox levels attained in the mammary carcinoma was highest in the case of the f-

Dox-NE (45.23±2.51 µg/g organ in 4 h) followed by the Dox-NE (35.43±2.91 µg/g 

organ in 4 h) indicating the specific accumulation of the folate decorated 
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nanoemulsion in FR over-expressed mammary tumor cells. Further, significant higher 

Dox levels were maintained in the mammary cancer cells for a period of upto 48 h 

(25.78±1.42 µg/g organ) in the f-Dox-NE (p<0.001); upto 12 h (25.55±2.22 µg/g 

organ) in the Dox-NE (p<0.001) treated groups vis-à-vis the pure Dox (15.55±2.25 

µg/g in 12 h, 1.78±0.42 µg/g in 48 h) and the marketed formulation (14.54±2.21 µg/g 

in 12 h, 1.79±0.38 µg/g in 48 h) treated groups. Among different organs, highest Dox 

concentration was observed in the liver followed by the spleen, the heart and the 

kidney. Overall, the Dox levels in different organs of the folate decorated NE were 

relatively lower than that of other animal groups. Similar, results were observed in 

case biotinylated NLCs with highest concentration was maintained by b-Dox-NLCs in 

cancer tissue followed by Dox-NE, standard and marketed drug. The biodistribution 

data further affirmed the selective accumulation of the biotinylated NLCs to the biotin 

receptor which is over-expressed in the condition of mammary gland carcinoma.  

As summarized above, ligand guided drug delivery system was safe and effective in 

regulating the cancer proliferation, invasion and migration in mammary gland 

carcinoma. The mammalian cells are incapable of themselves synthesizing the some 

of the biomolecules and therefore it is taken up through some transport systems like 

high-affinity biotin transporter or sodium-dependent multivitamin transporter 

(SMVT) in case of biotin and high affinity folate receptor for folate uptake. The 

overexpression of these receptors and selective uptake capacity for these molecules in 

the cancer cells may be a possible explanation for selective uptake of molecularly 

decorated NLCs for mammary cancer. Attachment of targeting ligands through a 

relatively long PEG chain linker resulted in effective ligand-receptor association and 

internalization of the complex in cancer cells. Further, it has been demonstrated that 

ALA and perilla oil has cancer ameliorative and inhibitory effect, also, act as 

antioxidants for normal cells, thereby preventing the drug induced toxicities. Further 

prolonged drug release maintained higher concentration of anticancer molecules that 

resulted in higher cell cytotoxicity. The combined effects of the above would 

effectively address mammary gland carcinoma. Therefore, it can be concluded that 

being safe and effective, these formulations can be used as a better alternative to the 

conventional formulations in management of mammary gland carcinoma. Further, the 

translational potential of this drug delivery system could prove to be beneficial for 

patients after suitable clinical evaluations, as future scope.  
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