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Abstract 

Background 

Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related death 

worldwide. The destructive nature of the disease makes it difficult for clinicians to manage 

the condition. Hence, there is an urgent need to find new alternatives for HCC, as the role of 

conventional cytotoxic drugs has reached a plateau to control HCC associated mortality. 

Antioxidant compounds of plant origin with potential anti-tumor effect have been 

recognized as alternate modes in cancer treatment and chemoprevention. Resveratrol (RSV) 

is a model natural nonflavonoid drug known for its anti-cancer activity. However, its 

clinical application is limited due to its poor bioavailability. 

 

Objectives 

The current research work aims to formulate, optimize, and characterize RSV loaded 

cationic liposomes (RCL) for specific delivery in HCC. Hence the objectives of the study 

are: 

1. Formulation and optimization of RCL using 3
2
 factorial design. 

2. Characterization of prepared RCL drug delivery system. 

3. In-vitro cytotoxicity studies, cytocompatibility and cellular uptake studies of RSV and 

RCL. 

4. In-vivo pharmacokinetic profiling and anticancer pharmacodynamic study of RSV and 

RCL in NDEA induced HCC bearing rats. 

 

Methodology 

The resveratrol loaded cationic liposomes (RCL) were prepared by thin film hydration 

method. A 3
2 

factorial design was used for the optimization of the RCL using Design-

Expert® software. The prepared formulations were characterized for entrapment efficiency, 
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vesicle size, shape and zeta potential. The optimized RCL5 formulation was subjected to in-

vitro release study, in-vitro cell culture studies (cytocompatibility, cytotoxicity and cell 

uptake studies). In-vivo Pharmacokinetic and pharmacodynamic (prophylactic and 

therapeutic treatment modalities) studies of RSV and optimized RCL were performed in N-

nitrosodiethylamine (NDEA carcinogen) induced HCC in rats. 

 

Results 

The optimized liposomes formulation (RCL5) was spherical with a vesicle size (VS) of 

145.78 ± 9.9 nm, zeta potential (ZP) of 38.03 ± 9.12 mV, and encapsulation efficiency (EE) 

of 78.14 ± 8.04%. In-vitro drug release of RSV from RCL5 at pH 5.5 and 7.4 showed a 

faster release trend at pH 5.5 when compared to pH 7.4. Cell compatibility studies of RSV 

and RCL5 was evaluated against mouse fibroblast culture (L929) which showed no 

significant difference in cell viability, which confirms its cytocompatibility. In-vitro 

cytotoxicity studies in HepG2 cells demonstrated an improved anticancer activity of RCL5 

in comparison with free RS. These outcomes were supported by a cell uptake study in 

HepG2 cells, in which RCL5 exhibited a higher uptake than free RS. Furthermore, confocal 

images of HepG2 cells after 3 and 5 h of incubation showed higher internalization of 

coumarin 6 (C6) loaded liposomes (CL) as compared to those of the free C6. 

Pharmacokinetic evaluation of RCL5 demonstrated increased localization of RSV in 

cancerous liver tissues by 3.2- and 2.2-fold increase in AUC and Cmax, respectively, when 

compared to those of the free RSV group. A pharmacodynamic investigation revealed a 

significant reduction in hepatocyte nodules in RCL5 treated animals when compared to 

those of free RSV. Further, on treatment with RCL5, HCC-bearing rats showed a significant 

decrease in the liver marker enzymes (alanine transaminase, alkaline phosphatase, aspartate 

transaminase, total bilirubin levels, γ-glutamyl transpeptidase, and αfetoprotein), in 

comparison with that of the disease control group. These findings were supported by 



xxii  

histopathological analysis, which demonstrated that NDEA induced detrimental effect on rat 

livers was successfully reversed with the treatment of RL5 formulation.  

 

Conclusion 

These results implied that delivery of RSV loaded cationic liposomes substantially 

controlled the severity of HCC and that they can be considered as a promising nanocarrier in 

the management of HCC. 

 

Keywords: Resveratrol; cationic liposomes; hepatocellular carcinoma; cell uptake; 

pharmacokinetic; pharmacodynamic 
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1. INTRODUCTION 

1.1. BACKGROUND 

Non-communicable diseases (NCDs) are now responsible for the majority of 

worldwide deaths and cancer is anticipated to become the foremost reason of 

mortality and the only significant obstacle to increased life expectancy in each 

country of the world, in the 21st century. As per the GLOBOCAN 2018 report, cancer 

accounts for 20.3, 14.4, 57.3 and 7.3 percent mortality rate in Europe, USA, Asia and 

Africa respectively (1). Among all the cancers, hepatocellular carcinoma (HCC) is the 

fourth leading cause of cancer related deaths with 8.2% in the year 2018, which is 

approaching closer to lung cancer every year, accounting for 18.6% of total death.  

Given its asymptomatic nature in the early stages of the disease, most HCC cases are 

diagnosed at advanced stages especially in developing countries where screening 

processes are insufficient, which have led to total of 841,080 new cases and 781,631 

deaths in the year 2018 worldwide (2). 

Barcelona Clinic Liver Cancer Staging and Treatment Strategies 

The Barcelona Clinic Liver Cancer (BCLC) staging system was developed by Llovet 

and colleagues in the late 1990s, to help stratify patients with HCC based on survival 

outcomes and to direct patients to the best available therapy. The classification system 

combines multiple variables (eg, tumor stage, liver function, performance status, 

cancer-related symptoms) in an algorithm and recognizes 5 stages for the disease 

(Figure 1). The BCLC staging system has been adopted as a standard by the American 

Association for the Study of Liver Diseases (AASLD) and the European Association 

for the Study of the Liver. Patients with very early HCC (stage 0) are candidates for 

tumor resection or radiofrequency ablation (Figure 1). Early-stage HCC (stage A) can 
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be treated with curative-intent radical therapies such as resection, liver 

transplantation, percutaneous ethanol injection, or radio frequency ablation. 

Intermediate-stage HCC (stage B) is generally treated with transarterial 

chemoembolization. Advanced HCC (stage C) is treated with systemic agents. End-

stage HCC (stage D) patients have a survival of less than 3 months either due to poor 

liver functions or very advanced HCC and may benefit from palliative care. Patients 

who fail or are not eligible for a certain treatment modality should be offered an 

alternative option within the same stage or the next BCLC stage (3). 

 

Figure 1: Barcelona Clinic Liver Cancer staging system and corresponding 

treatment options [adapted from ref]. first-line (1L); second-line (2L);Eastern 

Cooperative Oncology Group (ECOG); metastasis stage (M); nodal stage (N); 

percutaneous ethanol injection (PEI); performance status (PS); radiofrequency 

ablation (RFA); tumor stage (T); transarterial chemoembolization (TACE) 

[adapted from (3,4)]. 
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Hepatitis B and Hepatitis C viral infections dominate as the attributable cause in a 

lion’s share of HCC cases, but additional causes which are involved are iron overload, 

alcohol consumption, obesity as well as environmental and chemical carcinogens (5). 

Currently surgical resection and liver transplantation are considered the single 

curative treatment modalities, however less than twenty percent of liver cancer 

patients are prime invasive candidates because of hepatic decompression, 

multifocality, tumor size, and vascular invasion. The reappearance rates are possibly 

as high as fifty percent in between several years of surgery for those undertaking 

resection (6). Radiotherapy and conventional chemotherapy both have been found to 

be ineffective or less effective in severe malignancy (7). Considering the limited 

treatment options and negative diagnosis of liver cancer, protective control 

approaches and notably chemoprevention, has been measured to be the best strategy 

in dropping the present prevalence of the disease (8). The discovery of monoclonal 

antibodies has contributed greatly to open a new avenue in the management of 

cancers. Currently, sorafenib (Nexavar) is the only USFDA approved drug for 

systemic administration in the management of advanced HCC. Active efforts have 

been made in the past to develop similar therapies with some of the ongoing phase III 

trials focused on shedding light on the cancer therapy with better outcomes and 

minimal/no side-effects (9). Hence, HCC critically demands crucial attention to 

improve therapeutic strategies. 

In the human body, liver is the principal detoxifying organ that helps in eliminating 

the metabolic byproducts/toxins to achieve homeostasis. However, the vital organ is 

susceptible to accumulation of reactive oxidative species (ROS) due to imbalance 

between pro-oxidant and antioxidant compounds. Scientific literature suggests that 

there is a significant co-relation between the increased levels of oxidative stress 
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generated by these reactive oxygen species (ROS) and the severity of chronic liver 

diseases. It should be noted that HCC occurs in the background of chronic liver 

disease, due to which it is often difficult to diagnose at an initial stage (10).  

Antioxidant compounds of plant origin with potential anti-tumor effect have been 

recognized as an alternative mode in cancer chemoprevention. Different 

phytochemicals, including nutrients and dietary agents have been found to be 

effective against numerous types of cancers (11). Additionally, natural bioactive 

compounds in comparison with synthetic compounds normally have better safety 

profiles, are well accepted by the public (opinion) and are relatively inexpensive. 

However, its establishment as an active therapeutics, is hindered due to its low water 

solubility, weak absorption in-vivo, and rapid hepatic first pass metabolism (12). 

Among the various available groups of natural products and plant metabolites, 

polyphenols particularly have added wide attention as preventive agents and strong 

therapeutic in the management of various diseases (13). 

Active Natural compound Resveratrol 

Plant polyphenol resveratrol (RSV) a phytoalexin (plant antibiotic and antioxidant) 

found in more than seventy plant species including peanuts, grapes, pines, berries, and 

various herbs such as Polygonum cuspidatum and Vitis vinifera L., plays an important 

role as an antioxidant (14), antitumor (15), antiaging (15), antidiabetic (16), anti-

inflammatory (17), cardiotonic (17) and antiobesity (17). RSV (chemical name: 3,5,4'- 

trihydroxystilbene), molecular formula C14H12O3, having low molecular weight 

(228.25g/mol) lipophilic compound mainly occurs in a delicate trans (Z)-resveratrol 

form, which transformed to cis (E) form because of isomerization under UV light 

exposure (Figure 2) (18). As per the definition of European Pharmacopeia, the water 
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solubility of RSV is 3mg/100mL having log P value of 3.1, makes it ―almost 

insoluble‖ in an aqueous medium (19,20). On the topic of in-vivo evidence, direct 

application of RSV in the treatment of human cancer possess certain limitations 

owing to the rapid metabolism and swift elimination from systemic circulation 

resulting in low bioavailability (<1% oral viability) and low biological half-life (30-45 

min) (18,21). 

Since RSV is a naturally occurring compound, it has been highly studied for various 

inflammation-associated illnesses, containing neurodegenerative diseases, ischemic 

injury, cancer, and viral infections, as well as control uninvited effects of oxidative 

stress and significantly extend the lifespan of mammals (5). RSV appears to have 

multiple anti-tumor effects on different cancer by affecting cellular growth and 

proliferation, apoptosis, invasion, inflammation, metastasis and angiogenesis (22). 

Additionally, RSV has been widely envisioned as therapeutic molecule, and proven as 

an effective chemopreventive and chemotherapeutic agent against human cancer (23). 

 

Figure 2: Synthesis of trans-resveratrol, Carbon dioxide (CO2) 
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Drug delivery systems (DDS) 

DDS is an interesting field of pharmaceutical research which mainly encompasses the 

process of releasing the drug/pay loads at the specified cite and at a specific rate. 

Current advances have proved multimodal capabilities of targeted drug delivery 

systems (TDDS), which offers improved therapeutic efficacy and reduce drug 

toxicity. The breakthrough potential of nanoparticle delivery systems attracts the 

attention of pharmaceutical industry to expand commercial drug markets. By 

encapsulating the therapeutic entity inside a TDDS serves various advantages (24,25) 

like: 

1. Improved patience compliance 

2. Improved product shelf life 

3. Reduced costing 

4. Reduced drug toxicity and  

5. Better therapeutic efficacy 

 Therefore, developments of techniques which are focused on TDDS are on 

rise in the present pharmaceutical drug delivery research. Emergence of 

nanotechnology in the field of drug delivery is well known for its potential to 

effectively deliver multiple therapeutic agents at targeted diseased tissue and proved 

for its improved therapeutic and diagnostic potential.  

Nanocarrier in drug delivery systems:  

Nanocarriers are solid, colloidal particles with a size in the range of 10-1000 nm. 

These are well appreciated for their application in various sectors and specifically 

healthcare system where it increasing and replacing conventional systems (25). 
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Various nanocarrier involved in drug delivery systems represented in figure 3 are 

mentioned below. 

1. Polymeric nanoparticles 

2. Dendrimers 

3. Liposomes 

4. Inorganic/metallic nanoparticles 

5. Hybrid nanoparticles 

6. Micelles 

7. Magnetic and bacterial nanoparticles 

8. Solid lipid nanoparticles 

9. Self nanoemulsifying drug delivery system 

 

Figure 3: Typical representation of various types of nanocarrier for drug 

delivery [adapted from (25)]. 
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Benefits of nanocarrier drug delivery system (DDS): 

1. Improves the aqueous solubility of drug 

2. Imparts protection to drug from photo degradation, acidic environment, etc. 

3. Provides sustained release of the drug 

4. Improves the bioavailability of drug 

5. Improved targeting ability of the drug (active or passive targeting) 

6. Reduction in side effects of the drug 

7. Offer appropriate choices for various routes of drug administration 

8. Allows rapid formulation and development of drugs. 

Liposomes 

Lipid vesicles were the first Nanoscale DDS, defined in the 1960s and later turned out 

to be famous as liposomes (Bangham et al. 1965). Ability to incorporate different 

substances and having fundamental feature to mimic the biological cellular 

membranes make liposomes to be a model DDS (26).  

 Liposomes formation of bilayer in continuous parallel packing is grounded on 

hydrophobic interactions in which hydrophilic head groups located in the direction of 

the aqueous atmosphere (Figure 4). The architecture of liposomes strengthen due 

to the Vander Waals forces and hydrogen bonds. Wherein, Vander Waals force 

organized the hydrocarbon chain and hydrogen bond creates the interaction between 

the polar heads of lipids in the aqueous environment which makes the stable 

organization of liposomes. 

 In addition, liposome vesicles have the capability to entrap the hydrophilic 

drug molecules in the internal aqueous phase whereas hydrophobic molecules can be 

entrapped between the lipid bilayer which is called as hydrophobic domains (27). 

Physical-chemical properties of liposome vesicles can be altered by controlling 
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functionality, size and surface charge by simply adding of different lipid molecules 

which are commercially available. Liposomes proposed a notable benefit among other 

nanocarriers carriers that involve much more chemical modifications and controlled 

synthesis (27). 

 

Figure 4: A representative scheme of Liposomes 

 As a DDS, liposomes offer various advantages comprising ability to 

encapsulate large drug payloads, capacity of self-assembly, biocompatibility, 

protecting the encapsulated agents from metabolic processes, increased efficacy and 

therapeutic index by improving its pharmacokinetics effect (28). 

Injectable DDS application in cancer therapy has witnessed significant advances in 

the last decade. These approaches comprise the use of different nanoparticles and 

liposomes as biological carriers and drug conjugates. In the field of nanomedicine, the 

design of site specific nano-scaled devices and their cellular targets interactions are 

rapidly evolving. Typical classes of nanomedicine like liposomes are currently 

prepared using different approaches at the nanosize range. Doxil was the first 
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doxorubicin liposomes formulated by using polyethylene glycol (PEG) approved by 

USFDA, whereas Ambisome was produced for the fungal infection treatment (29).  

Types of liposomal drug delivery  

In general, liposomal DDS are having four key types—conventional liposomes, 

sterically-stabilized liposomes, ligand-targeted liposomes, and a combination of the 

above (Figure 5). Conventional liposomes were the 1
st 

generation of liposomes to be 

developed. Liposomes comprise of a lipid bilayer that can be composed of neutral 

(phospho) lipids, cationic or anionic lipid, and cholesterol, which surrounds an 

aqueous volume (Figure 5A). 

Conventional liposomes have the ability to decrease the in-vivo toxicity of 

loaded compounds, by the way of altering pharmacokinetics and improve the 

targetability to diseased tissue relative to free drug. However, the delivery have many 

problems including fast drug release, insufficient drug loading and prone to swift 

elimination from the bloodstream, thereby limiting its therapeutic efficacy (28).  

This shorter circulation in the blood was owing to opsonization of liposomes by 

plasma protein and enhanced uptake by RES system macrophages, mainly in the liver 

and spleen (26). To enhance the circulation time in the blood and stability of 

liposomes, sterically-stabilized liposomes has been explored. PEGylation with 

hydrophilic polymer, polyethylene glycol (PEG), helps to obtained sterically-

stabilized liposomes (Figure 5B). Steric barrier formation enhances the potency of 

loaded drugs and helps liposomes escape the RES. This not only reduces the side 

effects of the drug but also providing accumulation at pathological sites (28). Ligand-

targeted smart liposomes propose a huge potential for in-vivo delivery of therapeutic 

molecule to the actively target sites (cell type or organs), which are specific ligands 

over-express on cells (e.g., receptors or cell adhesion molecules) at disease site (24). 
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Glycoproteins, monoclonal antibodies, carbohydrates, antibody fragments, 

peptides/proteins, and vitamins, are usually grafted on the liposome to actively target 

the cancer site (Figure 5C) (28). The inadequate in-vivo results of immune liposomes, 

owing to its low pharmacokinetics and immunogenicity, liposomes of newer 

generation have developed a blend of the above formulated design to expand 

liposomal targeting which involves ligand mediated active targeting, triggered release 

in response to various stimulations. Overall as a DDS, liposomes propose a dynamic 

and versatile technology for improving the therapeutics efficacy of drugs in various 

diseases. 

 

Figure 5: Diagrammatic representation of the different types of liposomal drug 

delivery systems, adapted with permission (28), under CC By 4.0 license . 
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 The density and nature of the charge on the liposomes surface significantly 

altered the mechanism and interaction of liposomes with cells. Through altering the 

composition of lipid, both of these parameters can be amended. Charge components 

can be included in the liposomes that confer the gross neutral, positive or negative 

charge. Dearth of surface charge on liposomes (neutral liposomes) shows lack of 

physical stability and increases the aggregation of liposomes. Additionally, 

liposomes having neutral charge resulted in less cell interaction which could be the 

reason for fast drug release in the extracellular space from the liposomes (26). 

Conversely, compared with neutral liposomes, charged liposomes present several 

advantages. For example, charge containing liposomes generates the zeta potential 

either positive or negative resulted in repulsion and avoids aggregation. Felgner et al. 

in 1987, first described the cationic liposomes for gene delivery, based on the 

electrostatics between positively charged lipids and negatively charged nucleic acids 

(30). Carrier system like cationic liposomes are used for the anticancer agents 

delivery to tumor endothelial cell by interacting with anionic molecules, like 

proteoglycans anionic phospholipids, and glycoproteins, in the tumor 

microvasculature (26). Physiological difference between cancer and normal tissue 

can however be manipulated to improve selective drug delivery in cancer cells based 

on vascular endothelial pores, heterogeneous blood supply and heterogeneous 

architecture for successful cancer treatment. It leads to prolonged retention of the 

drug in tumor mass and thereby limits the severe side effects on normal tissues (31). 

Anionic phospholipid; mainly phosphatidylserine (PS) is presented on the external 

surface of viable vascular endothelial cells in tumors, probably due to oxidative 

stress in the tumor microenvironment (32). These exposed anionic moieties become 

an easy target and attract cationic liposomes for targeting of liposomes (Figure 6B).  
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Figure 6: Schematic figure depicting the accumulation of cationic liposomes in 

tumor microenvironment. 

Liposomal targeting to tumors 

Two main strategies of liposomes for targeting tumor sites are spontaneous/passive 

and active targeting via functionalized liposomes to identify several overexpressed 

biomarkers on cells, and triggered release of a therapeutic payload on local stimuli 

(33). 

Passive targeting 

The normal endothelium having a gap size of 5-10 nm between the cells, whereas 

depending on the cancer type it ranges from 100 - 780 nm in tumor capillaries. 

Owing to this leaky nature, nanosized and biomacromolecules DDS easily get passed 

through the tumor-associated blood vessels, and ingress into the interstitial space 
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(Figure 6A). Lack of sufficient lymphatic drainage in the solid tumors, 

macromolecules and nanoparticles will get accumulated in the tumor 

microenvironment. Systemic circulation of the liposome for a longer period allows 

its prolonging interaction with the target (33). Coating of the liposomes with 

polymers such as PEG enhances its circulation in blood and protects them from 

recognition by the RES. To produce the `steric stabilization' effect, liposomes 

surface was coated with PEG. This hydrophilic layer coating of liposomes avoids its 

aggregation and interaction with the blood components (34). Thus, attaching of 

polymers like PEG onto the surface of liposomes resulted in prolongs blood 

circulation and decreases it uptake by mononuclear phagocytic system cells 

(macrophages) (33). 

Active targeting 

In order to reduce the off-target effects actively targeted liposomes are designed. 

These are prepared by conjugating with monoclonal antibodies, small molecule 

ligands, aptamers, and peptides on the surface of liposomes. After accumulation of 

the liposomes in the tumor microenvironment it gets endocytosed due to its attraction 

with cell specific receptor (Figure 7) (33). 
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Figure 7: Surface receptor mediated endocytosis [adapted from (33)]. 

 

 

1.2 REVIEW OF LITERATURE 

According to the WHO, cancer is the 2
nd

 foremost cause of mortality globally, with 

practically 9.5 million cancer-related deaths stated in 2018. Among cancers, HCC 

accounting 781,631 deaths in the year 2018 globally (3). Conventional cytotoxic 

drugs have reached a plateau to control this mortality rate in this life-threatening 

disease. The ongoing efforts with immunotherapy are promising but still needs further 

evidence to prove their effectiveness in HCC. Further, the asymptomatic nature of the 

disease makes it very difficult for the clinicians to manage the disease (35). 

Dietary polyphenols have been reported to hold anti-cancer and anti proliferative 

effect on malignancies including HCC (36). In this context, RSV has emerged as the 

lead promising molecule. Multiple in-vitro anticancer studies of RSV on Hep G2, Hep 

3B and Huh-7 cells demonstrated the inhibition of cell proliferation, cell cycle arrest 
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and apoptosis via up-regulated p21/WAF1 expression and down-regulated the 

expression of cyclin E, cyclin A, and cyclin-dependent kinase 2 (37).  

Bishayee et al., (2009) first time evaluated the inhibitory effect of RSV using a two-

stage model of rat hepatocarcinogenisis in Sprague-Dawley rats. They observed a 

dose dependent suppressive effect of RSV on hepatocarcinogenesis by decreasing the 

incidence, total number and multiplicity of visible hepatocyte nodules. 

Immunohistochemical results indicated the increase in apoptotic cells and decrease in 

cell proliferation in the RSV-supplemented rats livers. Up regulation in the pro-

apoptotic protein Bax expression, and down regulation in the expression of anti-

apoptotic Bcl-2 was suggested as the possible mechanism through which RSV exerts 

its action. The authors suggested that additional studies on the effect of RSV on other 

signaling pathways xenobiotic metabolism systems are needed to confirm the anti-

HCC activity (38). Pangeni et al., (2014) extensively reviewed the therapeutic 

properties of RSV reported in the literature. They also discussed about the limitations 

such as poor water solubility, low stability, high photosensitivity and low 

bioavailability which restricted its application in-vivo. Authors suggested to prevail to 

these limitations of RSV by using different novel drug delivery system approaches 

have been formulated to bring this potential candidate to the first line of disease 

treatment. Further new strategies to improve the bioavailability should be researched 

and subjected to clinical trail to approve the usefulness (22). Le Bu et al., (2013) 

formulated RSV loaded chitosan nanoparticles with the surface modified by biotin 

and avidin to improve the physicochemical properties and investigated the 

targetability in HCC. Pharmacokinetic study revealed the improved RSV 

bioavailability and liver targeting index as compare to free drug solution. Moreover, 

cytotoxicity experiments indicated enhanced inhibitory rate towards HepG2 cell lines 
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as compared to free drug. These finding proposed that biotin and avidin modified 

nanoparticles are promising drug delivery system for HCC treatment (39). Bilensoy 

(2010) extensively reviewed the, cationic nanosize carrier systems as a therapeutic 

choice for targeting tumor due to its better cell internalization and strong cellular 

interaction. Author suggested, cationic polymer vectors due to its electrostatic 

interaction with the negative charge of tumor membrane could be an option for cancer 

therapy. Additional studies are required to clarify the use of cationic liposomes in 

cancer therapy (40). Manjarika et al., (2017) developed novel stearylamine bearing 

cationic liposomes for targeting cancer. Cationic liposomes composed of 

phosphatidylcholine and stearyl amine were used to target the externalized 

phosphatidylserine, an anionic phospholipid on tumors vasculature. Authors reported 

the induction of the apoptosis and showed anticancer effects against majority cancer 

cell lines owing to its strong affinity of cationic liposomes with phosphatidylserine. 

These findings suggested that stearyl amine bearing cationic liposomes has potential 

anticancer activity (31). 

Though there are various reports for the use of resveratrol encapsulated liposomes in 

cancers such as cervical cancer (41), skin cancer (42–44), Glioblastoma (45), breast 

cancer (46) and prostate cancer (47). However, the efficacy of resveratrol (RSV) 

loaded cationic liposomes (RCL) was never assessed for its use in the treatment of 

HCC. Hence, the aim of the research is to develop and optimized the cationic 

liposomes on the ground of ZP, VS and EE(%) . The potential of optimized 

formulation was assessed with in-vitro cellular uptake, cytotoxicity assay, 

cytocompatibility, in-vivo pharmacokinetic profile and pharmacodynamic study in 

NDEA induced HCC bearing rats. 
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1.3 JUSTIFICATION 

Hepatocellular carcinoma (HCC) is the fourth leading cause of cancer-related death 

accounting for mortality of 8.2% in the year 2018, which is approaching closer to lung 

cancer every year, accounting for 18.6% of total death. Given its asymptomatic nature 

in the early stages of the disease, most HCC cases are diagnosed at advanced stages, 

which has led to total of 841,080 new cases and 781,631 deaths in the year 2018 

worldwide. Hence, HCC critically demands crucial attention to improve therapeutic 

strategies. Currently, HCC is treated with invasive surgical and chemotherapeutical 

approaches, which often leads to serious side effects such as hand–foot syndrome, 

gastrointestinal, skin and endocrine disorders. Furthermore, these conventional 

approaches have not been successful in reducing the overall mortality rate. The 

discovery of monoclonal antibodies has contributed greatly to open a new avenue in 

the management of cancers. Currently, sorafenib (Nexavar) is the only USFDA 

approved drug for systemic administration in the management of advanced HCC. 

Active efforts have been made in the past to develop similar therapies with some of 

the ongoing phase III trials focused on shedding light on the cancer therapy with 

better outcomes and minimal/no side-effects.  

Antioxidant compounds of plant origin with potential anti-tumor effect have 

been recognized as alternate modes in cancer chemoprevention. Different 

phytochemicals, including nutrients and dietary agents have been found to be 

effective against numerous types of cancers. Among the various available groups of 

natural products and plant metabolites, RSV a phytoalexin (plant antibiotic and 

antioxidant) found in peanuts, grapes, pines, berries, and various herbs such as 

Polygonum cuspidatum and Vitis vinifera L., plays an important role as an 
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antioxidant, antitumor, antiaging, antidiabetic, anti-inflammatory, cardioprotective 

and antiobesity. 

Looking towards the potential benefits of RSV, its use in prophylaxis and therapeutics 

would be of great importance in the treatment of HCC. However, direct application of 

RSV in the treatment of human cancer possess certain limitations owing to the rapid 

metabolism and swift elimination from systemic circulation resulting in low 

bioavailability and low biological half-life. Amid various possible approaches, 

liposomes nanometer scale systems are the most clinically acceptable system and 

provide various advantages including biocompatibility, higher stability, sustained 

release of drug, biodegradability and safety. Due to their unique properties and simple 

manufacturing process along with the use of relatively cost effective excipients offer 

high level of industrial scalability and applicability for drug delivery. 

Several reports confirmed the use of RSV loaded liposomes in cancer therapy. 

However, the applicability of the RCL in the treatment of HCC has not been 

described so far. In HCC, the physiological changes in the surface properties of liver 

tissue causes to generate large fenestration in endothelium and anionic charge due to 

exposed phosphatidylserine (PS). These anionic moieties are exposed to outer surface 

which makes it an easy target to attract cationic liposomes for active targeting of 

liposomes. With this background, the present study was stemmed to encapsulate RSV 

in a unique blend of lipid and charge generator for the formulation of cationic 

liposomes for selective delivery in HCC. 
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1.4 AIM AND OBJECTIVES 

Aim 

 The aim of the present research was to develop, statistically optimize and 

evaluate the targeting potential of resveratrol loaded cationic liposomes (RCL) in the 

treatment of NDEA induced hepatocellular carcinoma (HCC) in rats.  

Objectives 

1. Analytical RP-HPLC method development and validation. 

2. Formulation and optimization of RCL using 3
2
 factorial design. 

3. Characterization of prepared RCL drug delivery system. 

4. In-vitro cytotoxicity studies, cytocompatibility and cellular uptake studies of RSV 

and optimized RCL. 

5. In-vivo pharmacokinetic profiling and anticancer pharmacodynamic study of RSV 

and optimized RCL in NDEA induced HCC bearing rats. 
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2. Materials and Method 

Table 1: List of Instruments 

S.No Instrument name Model Make 

1 Electronic balance AUW 220D Shimadzu 

2 Magnetic stirrer RCT Basic IKA 

3 FTIR IRAffinity-1S Shimadzu 

4 Differential-scanning 

calorimetry 

DSC-60 Shimadzu 

5 High-Performance Liquid 

Chromatography 

LC-20AD 

Prominence 

Shimadzu 

6 pH meter Cyber Scan pH 510 Eutech Instruments 

7 Rotavapor R-210 Buchi 

8 Probe sonicator Rivotek™ Ultrasonic 

sonicator 

Riviera Glass Private 

Limited 

9 Bath sonicator CPX 1800 H-E Branson 

10 Inverted microscope TCM 400 Labomed 

11 Transmission electron 

microscope 

H-7500 Hitachi 

12 Zetasizer Nano ZS Malvern 

instruments 

13 Homogeniser RQT-127A Remi Laboratory 

Instruments 

14 confocal laser scanning 

microscope 

Olympus FV1000 Olympus 

15 Ultra-low temperature freezer U410-86 New Brunswick 

16 Freeze dryer Alpha 1-2 LD plus Christ 

17 CO2 incubator Galaxy 170R New Brunswick 

18 Microtiter plate reader Lisa Plus Rapid Diagnostic 

Pvt. Ltd. 

19 Micro centrifuge Spinwin MC-02 Tarson Products Pvt. 

Ltd. 

 

http://www.rivieraglass.co.in/
http://www.rivieraglass.co.in/
http://www.rivieraglass.co.in/
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Table 2: List of chemicals 

S.No Chemical Supplier 

1 Resveratrol Sami Labs Limited, Bangalore, India 

2 LIPOID S 100 Lipoid GmBH, Germany 

3 Ethanol absolute SD Fine-Chem Ltd, India 

4 Sodium cholate Sigma Aldrich, USA 

5 Cholesterol Loba Chemie Pvt. Ltd. Mumbai, India. 

6 Stearylamine (SA- 74750) Sigma Aldrich, USA 

7 Sodium hydroxide Merck, India 

8 Coumarin 6(442631) Sigma Aldrich, USA 

9 Mannitol Himedia Laboratories, India 

10 

3-(4,5-dimethylthiazol-2-yl)- 

2,5-diphenyltetrazolium 

bromide (MTT) 

Sigma Aldrich, USA 

11 
4',6-Diamidino-2-phenylindole 

(DAPI) 

Sigma Aldrich, USA 

12 Acetonitrile Fisher Scientific, India 

13 
Methanol Fisher Scientific, India 

14 Chloroform Fisher Scientific, India 

15 Formic acid Fisher Scientific, India 

16 Paraformaldehyde Qualigens, India 

 Fetal bovine serum HiMedia Laboratories Pvt. Ltd, India. 

17 
Pen strep (mixture of 

streptomycin and penicillin) 

HiMedia Laboratories Pvt. Ltd, India. 

18 
Dulbecco’s modified Eagle’s 

medium (DMEM) 

HiMedia Laboratories Pvt. Ltd, India. 

19 

Serum aspartate amino 

transferase (AST), serum 

alanine transaminase (ALT), 

alkaline phosphatase (ALP), 

total bilirubin (TB), gamma 

glutamyl transpeptidase (GGT) 

 

ERBA Diagnostics Mannheim GmbH 

(Manufactured by Transasia Bio-Medicals 

Ltd., Baddi, Himachal Pradesh, India). 

20 
Rat alpha- fetoprotein (AFP) 

ELISA kit 

Qayee-Biotechnology Co., Ltd (Shanghai, 

China) 

21 
HepG2 and normal mouse 

fibroblasts cell lines 

National Centre of Cell Sciences, Pune, 

India. 
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2.1 Identification of the pure drug 

2.1.1 Fourier transform infrared spectroscopy (FTIR) 

The FTIR spectrum of the pure resveratrol was recorded using FTIR spectrometer 

(IR Affinity-1S, Shimadzu, Japan) by mixing the resveratrol thoroughly with 

potassium bromide (KBr) and the spectra were noted in the range of 4000 – 400 cm
1
. 

2.1.2 Melting point determination 

The melting point of resveratrol was determined by using differential scanning 

colorimetry (DSC 823, Mettler Toledo). The sample (4−5 mg) was weighed, 

compressed into an aluminum pan, and scanned in the temperature range from 50 to 

300 °C at a heating rate of 10 °C/min under the influence of nitrogen. 

2.2 Analytical HPLC method for the estimation of RSV 

 

The Shimadzu HPLC system (LC-20AD prominence system, Kyoto, Japan) 

comprising of a pump, degasser, auto sampler, diode array detector and 

communication bus module coupled with a Shimadzu LC solution software (version 

1.25) was used to process the chromatogram. The analysis was carried out by using a 

reverse-phase C18 column (4.6 × 150 mm, particle size 5 µm, Phenomenex, USA) 

with isocratic mobile phase which was mixture of ACN: water (30:70 v/v). The flow 

rate was kept at 1.0 ml/min under a controlled temperature (30°C) and detection 

wavelength of 306 nm was used for the assay of RSV throughout the experiment. 

The injection volume was 10 µl and chromatographic run time was set at 12 min. 

2.2.1 Preparation of standard solutions 

Stock solution of 1mg/ml of RSV and carbamazepine as the internal standard (IS) 

were prepared by dissolving in methanol. From which six working solutions of RSV 

(2-12 µg/ml) and working solution of IS (20 μg/mL) were made by suitable dilution 

of RSV and IS solution in the mobile phase respectively. The experiments were 

performed in dim light to prevent the possibility of photochemical isomerization. 
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2.2.2 Validation studies 

As per the International Council for Harmonisation (ICH) guidelines, the RP-HPLC 

method was developed and validated (48) for several parameters such as system 

suitability, linearity, precision, recovery, robustness, limit of detection (LOD) and 

limit of quantification (LOQ). The linearity for analytical samples were evaluated by 

analyzing six different concentrations (2-12 µg/ml) of RSV in triplicates. A 

calibration curve was attained by plotting the concentration of the RSV versus peak 

area. The slope, y-intercept and correlation coefficient (r
2
) were calculated for 

defining the linearity. The intraday precision/repeatability was assessed by analyzing 

three different concentrations in triplicates within the same day. Intermediate/interday 

precision was performed by following the same method for three different days under 

the same experimental conditions. The % RSD of the peak area less than 2.0 % was 

set as acceptance criteria. Accuracy (recovery studies) was conducted by mixing 

known quantities of pure RSV to the pre-analysed sample and its percentage recovery 

was estimated by comparing the actual and measured concentrations. Percentage 

recovery within 80-120% and percent relative standard deviation (% RSD) less than 

2% were set as acceptance criteria. Limit of detection (LOD) and quantification 

(LOQ) was calculated based on the SD of the y- intercept and slope (S) values (LOD 

= 3.3 (SD/S) and LOQ = 10(SD/S). 

 

2.3 Preparation of resveratrol loaded liposomes 

 

On the basis of preliminary studies, RCL was optimized by using 3
2 

factorial design 

approach in which the molar ratio of soya lecithin: cholesterol (SL:Chol) and stearyl 

amine (SA) were selected as independent variables. The mean vesicle size (VS), zeta 

potential (ZP) and encapsulation efficiency (EE) were selected as dependent variables 
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(Table 3).The generated polynomial equation was used for the evaluation of the 

response.,  

Y = b0 + b1X1 + b2X2 + b12X1X2 + b11X1
2
+ b22X2

2
. 

Thin film hydration method was used for the preparation of RCL (49). Briefly, 20mg 

of RSV was dissolved with given molar ratio of SL and Chol in the mixture of organic 

solvent chloroform and methanol (2:1v/v). The organic solvent was evaporated on 

rotavapor R-210 under a reduced pressure (vacuum pump, V-700 Buchi, Switzerland) 

for 1 h at 40ºC to obtain a thin film. For removal of solvent traces, the film was 

purged with the nitrogen gas and kept in vacuum oven for overnight. For the 

formation of liposome vesicles, the lipid film was hydrated by using phosphate buffer 

(pH 6.4) as aqueous medium at 40ºC for 1 h. Formulated RCL were sonicated for 2 

min (15 s on/off pulse) using a high intensity probe ultrasonic generator (Rivotek, 

India) having probe diameter of 15mm. Following sonication, the resulting liposome 

dispersion was subject for centrifugation at 4ºC for 10 min on 2000 rpm to separate 

the undissolved RSV. RSV loaded liposomes were then filtered five times using 

syringe filters (0.44 µm and 0.22µm) successively to yield monodispersed RCL. 

Finally, 5% w/v mannitol (cryoprotectant) was mixed to RCL dispersion and 

lyophilized (CHRIST Alpha 1-2 LD plus, Germany) for further studies. For 

lyophilization, RCL dispersion was frozen at -80 ºC for 24 hours followed by freeze 

drying for 48 hours. The lyophilizer was set with -55ºC as condenser temperature and 

0.023 mbar as vacuum pressure. The lyophilized formulation was evaluated for the 

appearance of cake, reconstitution time, ZP, VS and EE (50). Liposomes containing 

coumarin6 (C6) (1µg/ml) were also formulated by using the similar procedure for 

carrying out the in-vitro qualitative cellular uptake studies. 
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Table 3. Factorial design (3
2
) applied by using different Independent and dependent 

variables 

Independent variables 
Levels 

Dependent variables 
-1 0 +1 

Molar ratio of SL and Chol 6:2 7:2 8:2 
Y1= Encapsulation efficiency 

(EE) 

Y2= Vesicle size (VS) and 

Y3= Zeta potential (ZP) 
Concentration of SA (mg) 2.5 5.0 7.5 

 

2.4 Characterization of RCL 

2.4.1 Vesicle size (VS), size distribution (PDI), zeta potential (ZP) and vesicle 

morphology 

Dynamic light scattering was used to measure VS, PDI and ZP of all RCL 

formulations and the surface morphology was examined by using a transmission 

electron microscopy. For TEM analysis, aqueous dispersion of RCL was stained with 

1% phosphotungustic acid (PTA) and was visualized under TEM. The liposome 

suspension was diluted with appropriate volume of distilled water for all the 

measurements. 

2.4.2 Entrapment efficiency (EE) 

The amount of RSV inside the liposomes was determined using an indirect method, 

which involves measuring the amount of free drug available in nano dispersion. RCL 

dispersion was centrifuged (Kubota 6500, Japan) at 2000 rpm (using rotor model AG-

1212) at 4°C for 10 min, and the supernatant was then separated. Pellet of 

unentrapped drug (free drug) was determined by using the developed HPLC method 

(Shimadzu, LC-20AD prominence system, Japan). Percent EE was determined as: 
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Percent EE= D– d / D ×100; where D: concentration of drug used for liposome 

formation; and d: concentration of free drug (51). 

 

2.4.3 In-vitro drug release studies of RCL 

In-vitro release of RSV from liposomes was performed by ready-to-use dialysis tubes 

(Spectrum Laboratories, Rancho Dominguez, CA, U.S.A.) having MWCO: 12,400 

Da, pore size of <10 nm, 10 cm length with membrane diameter of 10 mm with seal at 

one end and attached to a floatable cap. Release studies were performed in phosphate 

buffer saline (PBS) (pH 7.4- to simulate pH of blood) and PBS (pH 5.5- to simulate 

pH of tumor micro environment) both containing 0.1 % v/v polyethylene glycol 

(PEG-400) to solubilize the released drug. Briefly, RCL (5 ml equivalent to 4 mg 

RSV) was transferred to dialysis bag, which was immersed into a 200 ml bottle 

containing 100 ml of PBS (pH 5.5 and 7.4). Bottles were placed on a magnetic stirrer 

pre-equilibrated at 37 ± 0.5 ºC with stirring speed of 100 rpm. At specific time 

intervals, the aliquots (0.5ml) were withdrawn and replaced with equal amount of 

fresh PBS. All aliquots were filtered by using a 0.45 µm syringe filter and the amount 

of drug released was analysed by HPLC. In order to understand the kinetics and the 

drug release mechanism of optimized formulation (RCL5) different kinetics models 

such as zero order, first order, Highuchi model, Korsemeyer-peppas model, and 

Hixon Crowell model were evaluated (52,53). 

 

2.5 Freeze-drying 

In order to perform the DSC and FTIR studies of optimized RCL, liposomes were 

lyophilized using mannitol 5% w/v as cryoprotectant. Samples were frozen using - 

20°C followed by -80°C freezer for 24h and then subjected to lyophilization using 

freeze dryer (Christ, Germany). Primary drying was performed by using standard 
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conditions as -55ºC as condenser temperature and 0.023 mbar as vacuum pressure and 

for main drying was set with -60 °C as condenser temperature and 0.0054 mbar as 

vacuum pressure. The dried powder was stored in a desiccator for further studies. 

 

2.5.1 DSC 

For differential scanning colorimetry (DSC) studies, dried samples of raw materials 

and optimized RCL were analysed by using a DSC (DSC-60, Shimadzu, Japan). 

Briefly, each sample (4 – 5 mg) was weighed, compressed into an aluminum pan and 

scanned under nitrogen atmosphere (40 ml/min) in the temperature range from 50 to 

300 ºC at a heating rate of 10 ºC/min. DSC thermograms of pure RSV, lyophilized 

RCL, soya lecithin, stearyl amine, cholesterol and mannitol were recorded. 

 

2.5.2 Fourier transform infrared spectroscopy (FTIR) 

FTIR analysis of each chemical components of formulation and lyophilized liposomes 

were analyzed by using FTIR spectrophotometer. The grounded samples were mixed 

thoroughly with KBr and the spectrum was noted in the range of 4000 – 400 cm
-1

. 

 

2.5.3 Stability studies of liposomes 

The stability stabilities of liposome dispersion and lyophilized formulation, different 

characteristics like EE, VS, and ZP were observed according to ICH guidelines at 

storage condition (2-8°C), for a period of 3 months (50,54). 

2.6 In-vitro cell culture studies 

The human liver cancer epithelial cell line (HepG2) and mouse fibroblast cell lines 

(L929) were procured from the National Centre for Cell Sciences (NCCS), Pune, 

India. The cells were cultured in growth medium comprised of Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) and 
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1% Pen step antibiotic solution and maintained under 5% CO2 atmosphere at 37°C. 

The growth medium was changed on alternate day (55). 

2.6.1 In-vitro Cytocompatibility assay 

The cytocompatible behavior of RSV and RCL5 on normal mouse fibroblasts (L929) 

cell lines was assessed by using standard MTT assay. Briefly, cells were seeded at the 

density of 10000 cells/well in the 96 well plate and incubated for 24 h in a CO2 

incubator to allow cell adhesion. The media was discarded and swapped with fresh 

media with varying concentrations of RSV and RCL5 (250, 125, 62.5,31.25, 15.63 

and 7.81µg/ml) equivalent to free RSV and the same amount of media without any 

test compound was used for control wells followed by incubation for a period of 24 h. 

After the completion of incubation period, the media in each well was discarded and 

wells were gently washed with PBS. Cells were then treated with 100 µl of MTT 

solution (0.5 mg/ml in phosphate buffer saline) and the plate was incubated at 37°C 

for 4 h. After 4 h, the supernatant was discarded and DMSO (100 µl) was added to 

each well to dissolve formed formazan crystals and analyzed by plate reader (Lisa 

plus, India) to calculate percent cell viability (56). 

2.6.2 In-vitro cytotoxicity assay 

RSV and RCL5 cytotoxicity against HepG2 cell lines was performed as per the 

procedure mentioned in section 2.6.1. HepG2 cell lines were incubated with RSV and 

RCL5 of varying concentrations (250, 125, 62.5, 31.25, 15.63 and 7.81µg/ml) 

equivalent to free RSV for 24 and 48h. After the completion of incubation period, 

percent cell viability was estimated by MTT assay method. 
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2.6.3 Qualitative and Quantitative cell uptake assay  

For qualitative cell uptake analysis, coumarin 6 (C6) was used as a model fluorescent 

dye to evaluate the extent of cellular uptake of liposomes. HepG2 cells were seeded in 

6-well culture plates (50 000/well) and were incubated overnight for the attachment of 

the cells. The efficacy of cellular uptake as a function of RCL5 was evaluated by in-

vitro incubation of HepG2 cells with free C6 and C6 loaded liposomes (CLs) 

(equivalent to 1 μg/mL C6) for 3 and 5 h. The free C6 solution was prepared by 

solubilizing in 0.1% DMSO to yield a final concentration of 1 μg/mL. CLs were 

prepared by following the method mentioned in section 2.3 and replacing RSV with 

C6. After the given time of incubation of C6 and CL, the medium was aspirated and 

cells were washed with PBS five times, fixed with 4% paraformaldehyde (Merck), 

and were observed under a confocal laser scanning microscope (CLSM) (Olympus 

FV1000). For quantitative cell uptake analysis, HepG2 cells were treated with RSV 

and RCL5 (equivalent to 10 μg/mL RSV) and further incubated for 3 and 5 h to 

determine cell uptake over time. Media was removed, and cells were washed thrice 

with PBS and then lysed with 0.1% Triton X-100. Lysed cells were then extracted 

with ACN for the complete dissolution of internalized RSV. Finally, the cell lysate 

was centrifuged at 10000 rpm for 10 min and supernatant was analyzed by HPLC 

(57). 

 

2.7 Animal experiments 

Male Wistar rats of 220 ± 250g were supplied by the animal facility, KLE College of 

Pharmacy (KAHER), Belagavi, India. Protocols for all the animal studies were duly 

approved by the Institutional Animal Ethics Committee (KLECOP/IAEC/Res.22-

10/10/2015), KAHER, India. Rats were housed in groups of 6 at 25–30 °C with a 12 h 
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light-dark cycle and were allowed access to pellet diet (VRK Nutritional solutions, 

Pune, Maharashtra, India), and water ad libitum for one week before experiments. 

2.7.1 In-vivo organ toxicity studies 

Biochemical parameters of hepatic and renal functions such as alanine transaminase 

(ALT), aspartate transaminase (AST), Blood urea nitrogen (BUN) and creatinine was 

assessed by commercially available diagnostic kits (Erba Diagnostics, Inc., U.S.A.). 

Furthermore, histopathological evaluation of liver, kidney and spleen tissues were 

performed after staining with hematoxylin and eosin (H&E). 

 

2.7.2 Pharmacokinetic study 

For in-vivo pharmacokinetic study, hepatocellular carcinoma (HCC) in rats was 

induced by using NDEA solution administered intragastrically at a dose of 10mg/kg 

bodyweight with the frequency of 5 times a week for 12 week (58). HCC induced 

animals were randomly divided in 2 groups (n=3 for each time point); and were 

administered with 20 mg/kg body weight of RSV and equivalent RCL5. Free RSV 

was solubilized in a mixture of 1% DMSO and 1% Tween-80 solution in phosphate 

buffer saline (PBS). Experimental rats were anesthetized and blood samples (1 mL) 

were collected in heparinized tubes via cardiac puncture at 15, 30, 60, and 120 min 

and sacrificed by cervical dislocation. Major organs such as heart, spleen, liver, lung 

and kidney were excised, washed twice with ringer’s solution and immediately frozen 

until analysis. For estimation of RSV in rat plasma, blood samples were centrifuged at 

4,000 rpm for 10 min at 4 ºC for plasma separation and were preserved at –20 ºC for 

further sample analysis. On similar lines, RSV from frozen isolated organs was 

estimated by using optimized RP-HPLC method. Isolated organs were weighed, 

minced thoroughly and homogenized (RQT – 127AD, Remi Elektrotechnik Ltd., 

Vasai, India) in 50% aqueous acetonitrile. Homogenized samples were centrifuged 
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(12,000 rpm for 12 min) and the supernatant was preserved at -20ºC for further 

analysis. Separated biological sample (150 μl) was vortex-mixed with 150 μl of ACN 

(containing IS 20 µg/mL) for deproteinization followed by centrifugation at 12,000 

rpm for 12 min. Supernatants were separated, filtered through 0.22 μm membrane 

filter (Millipore) and finally analyzed by the HPLC system. The pharmacokinetic 

investigation was performed by using Kinetica software (Thermo-Scientific, USA) to 

estimate the parameters such as area under curve (AUC), peak plasma concentration 

(Cmax), half-life (t1/2), and mean residence time (MRT). 

 

2.7.3 Pharmacodynamics activity: prophylactic and therapeutic anti-cancer 

activity 

Hepatocellular carcinoma was induced in male Wistar rats weighing 200-250 g by 

intragastric administration of NDEA at a dose of 10 mg/kg body weight 5 times a 

week for 12 weeks. The experimental animals were divided into six groups (Table 4) 

comprised of six animals in each group. Group 2 (positive control group) consisted of 

two more rats for the confirmation of the induction of HCC at the end of 9th week of 

the experiment. At 13th week, rats in each group were sacrificed and liver specimens 

were removed and weighed. Plasma was collected from the blood by centrifugation at 

3000 rpm for 5 min at 4 °C for biochemical estimation of alanine transaminase 

(ALT), alkaline phosphatase (ALP), aspartate transaminase (AST), total bilirubin 

levels, gamma glutamyl transpeptidase (GGT) and alpha fetoprotein (AFP). After 

dissection, liver was isolated and the tumor nodules were counted and stored in 

buffered formalin for histopathological examination.  

 

 



2. Materials and Method 

 Page 33 
 

Table 4 Experimental groups used in the study to evaluate the effect of prophylactic 

and therapeutic treatment in HCC induced rats. 

 

 

Group I 

(normal group) 

Rats fed with standard diet and were administered with vehicle                   

(a mixture of 1% DMSO and 1% Tween 80 in PBS) twice a week. 

Group II 

(disease control) 

NDEA (carcinogen) intragastric administration until 12
th

 week 

Prophylactic treatment 

Group III 

received RSV 

NDEA administration until 12
th

 week +  

simultaneous intraperitoneal dosing of RSV (20 mg/kg body 

weight/twice a week)  

Group IV 

received RCL5 

NDEA administration until 12
th

 week +  

simultaneous intraperitoneal dosing of RCL5 (equivalent to RSV 20 

mg/kg body weight/twice a week)  

Therapeutic treatment 

Group V 

received RSV 

NDEA administration until 12
th

 week + 

intraperitoneal dosing of RSV (20 mg/kg body weight/twice a week) 

starting from 9
th

 week  

Group VI 

received RCL5 

NDEA administration until 12
th

 week + 

intraperitoneal dosing of RCL5 (equivalent to RSV 20 mg/kg body 

weight/twice a week) starting from 9
th

 week  
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3. STATISTICAL ANALYSIS 

The optimization the RCL formulations was accomplished using Design-Expert® 

software version 7.0.0. Statistical analysis of in-vitro tests was carried out by 

Student’s t-test using Prism software version 5.1 and data was expressed as the mean 

standard deviation (S.D.) of the mean. (*p< 0.05, **p<0.01 and ***p< 0.001). A 

value of P < 0.05 was considered statistically significant and ns represent not 

significant. The Statistical analysis of in-vivo results were performed by using 

GraphPad Prism software utilizing one-way ANOVA. 
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4. RESULTS 

4.1 Identification of RSV 

4.1.1 FTIR  

The infrared spectrogram of the pure RSV (figure 8) which revealed the intense 

absorption band of phenolic hydroxyl group at 3288 cm
-1

 and benzene ring absorption 

peaks of C=C at 1606 and medium absorption peak at 1514 cm
-1

. 

 

Figure 8: FTIR spectra of pure resveratrol 

 

 

4.1.2 Melting point 

DSC was used to determine the melting point of RSV. The DSC thermogram of RSV, 

shows a sharp endotherm at 256.45 °C, indicating the melting point of RSV (figure 9). 
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Figure 9: DSC thermogram of pure resveratrol 

4.2 Analytical HPLC method for the estimation of RSV 

The developed RP-HPLC method displayed the retention time of 6.1 and 11.2 min for 

RSV and IS respectively (Figure 10) and it was validated according to the ICH 

guidelines Q2 (R1) for various parameters. The system suitability parameters were 

found to be within the acceptance limits; tailing factor (T < 2.0), number of theoretical 

plates (N > 2000) and relative standard deviation of the peak area (%RSD < 2.0%). 

The calibration curve for RSV was linear (r
2
 = 0.9999) in the concentration range of 

2.0-12.0 µg/ml (Figure 10). The regression equation for calibration curve was y = 

80745x – 35857. The %RSD values for both intra- and interday precision were ranged 

from 0.670 to 1.676. The mean percentage recovery of RSV was in the range of 97.97 

and 102.80%. The LOD and LOQ values for RSV were found to be 0.008 µg/ mL and 

0.024 µg/mL respectively. During the method validation the slight modifications in 

the flow rate, column oven temperature and mobile phase ratio has insignificant effect 

on the chromatographic parameters such as tailing factor (T < 2.0), %RSD of the peak 

area (<2.0%), and theoretical plates (N >2000). 
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Figure 10: (A) HPLC chromatogram of resveratrol with internal standard 

(IS) and (B) Calibration curve of pure resveratrol. 

 

4.3 Preparation and optimization of RCL 

The resveratrol loaded liposomes was prepared by a thin film hydration method as 

described by Bangham et.,al (1965). The method was selected because it provides 

high entrapment efficiency for lipophilic drugs like RSV into liposomes. Using 

Design-Expert® software two-factor, 3-level (3
2
) factorial design was applied to 

optimize the 

RCL formulation. For optimization of liposomes Independent variables like (A) 

Molar ratio of SL: Chol (where Chol concentration is fixed on the basis of preliminary 

studies) and (B) concentration of stearyl amine (SA) were selected. Percent 
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entrapment efficiency (Y1), vesicle size (Y2), and zeta potential (Y3) were selected as 

the dependent variable. As per 3
2 

factorial design total nine formulations were 

formulated and evaluated for vesicle size, % EE and zeta potential is shown in                   

Table 5. 

Table 5. The independent variables, observed responses, %EE, VS, ZP of 

resveratrol loaded cationic liposomes according to factorial design 

Formulation 

code 

Independent 

variable 
Dependent variable 

A+ B Y1 Y2 Y3 

RCL1 -1 -1 49.26 ±9.72 153.33 ±7.50 07.57 ±3.66 

RCL2 -1 0 62.57±7.45 140.30 ±10.16 25.98 ±5.82 

RCL3 -1 1 58.91±7.06 134.73 ±5.09 29.26 ± 7.40 

RCL4 0 -1 62.76±6.17 176.43 ± 7.16 15.88 ± 4.27 

RCL5 0 0 78.14 ± 8.04 145.78 ± 9.9 38.03 ±9.12 

RCL6 0 1 65.31±5.59 138.18 ± 12.35 62.58 ± 4.13 

RCL7 1 -1 63.65±4.63 187.54 ± 7.29 11.73 ±2.58 

RCL8 1 0 70.74 ±5.99 152.46 ± 7.52 35.00 ± 7.04 

RCL9 1 1 65.85 ±7.54 148.91 ± 7.27 56.43 ± 9.14 

A: molar ratio of SL: Chol B: SA (mg) Y1: entrapment efficiency (%), Y2: vesicle 

size (nm) and Y3: zeta potential (ZP) 

Quadratic equation represents the effect of selected independent variables on EE. 

Y1 = 75.09 + 4.92A+ 2.40B – 1.86AB – 6.91A
2
 –9.53B

2
, 

The equation indicates that EE is directly proportional to both the independent 

variables A and B. The ANOVA results for the measured response are illustrated in 

Table 6 confirm the significance of the model from F value and P values. The Model 
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F-value of 10.52 suggests the model is significant (p< 0.04). There is only a 4.0% 

possibility that a "Model F-Value" this large could arise due to noise. The p-value 

(Prob>F) less than 0.0500 specify model terms are significant. Values greater than 

0.1000 indicate the model terms are not significant.  

Y2= 145.46 + 10.25A - 15.32B - 6.40AB -0.38A
2
 + 9.92B

2
,  

The equation indicates that VS is directly proportional to A (molar ratio of SL: Chol) 

and the negative sign indicates inversely proportionality to B (concentration of 

SA).The Model F-value of 20.39 suggests the model is significant (p< 0.016). There 

is only a 1.0% possibility that a "Model F-Value" this large could arise due to noise. 

Y3= 38.53 + 5.36 A + 20.41B + 3.40AB -9.84A
2
 + 1.05B

2 

Based on the result, the positive sign indicates that the ZP is directly proportional to A 

and B. The Model F-value of 52.44 suggests the model is significant (p< 0.004). 

There is only a 0.04% possibility that a "Model F-Value" this large could arise due to 

noise. Surface contour plots and response curve figure 11, demonstrated the effect of 

the A and B on the EE, VS and ZP. 
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Table 6: Results of ANOVA for measured response for EE, VS and ZP 

Parameters 
Degree of 

freedom 

Sum square 

value 

Mean square 

value 
F value p value 

R
2 

value 

For YEE 

Regression 5 470.40 94.08.07 10.52 0.0405 0.9460 

Residual  3 26.83 8.94 
 

Total 8 497.23 - 

For YVS 

Regression 5 2398.79 479.76 20.39 0.016 0.9714 

Residual  3 70.6 23.53 
 

Total 8 2469.39 - 

For YZP 

Regression 5 2914.69 582.94 52.44 0.0040 0.9887 

Residual  3 33.35 11.21 
 

Total 8 2948.04 - 

p-value: significant probability value, R
2
: multiple correlation coefficient 
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Figure 11: 2D-contour (A, C and E) and 3D-Response (B, D and F) surface 

presenting the effect of SL: Chol molar ratio and SA concentration on EE, VS 

and ZP of RCL formulations. 
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4.4 Evaluation of RCL 

As per the applied factorial design, nine formulations were prepared from which 

optimized RCL was selected on the basis of maximum entrapment efficiency, lowest 

vesicle size, and high zeta potential (Figure 12). Finally, the optimized liposomes was 

lyophilized by using cryoprotectant mannitol and used for DSC and FTIR analysis. 

After a thorough evaluation, it was found that RCL5 (SL:Chol ratio 7:2 and SA 5mg) 

fulfilled the requisites of an optimum formulation. EE, VS, ZP and PDI of the 

optimized resveratrol loaded liposomes (RCL5) was found to be 78.14 ± 8.04%, 

145.78 ± 9.9 nm, 38.03 ± 9.12mV and 0.359 ± 0.03 respectively. The vesicle size 

distribution and ZP of optimized liposomes (RCL5) were shown in figure 13. 

 

Figure 12: (A) Percent entrapment efficiency, (B) vesicle size (nm) and (C) zeta 

potential (mV) of RCL1 – RCL9 by varying the ratio of SL:Chol and SA 

concentration. All results are expressed in mean ± SD (n=3). 
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Figure 13: The vesicle size distribution (A) and zeta potential (B) of optimized 

resveratrol loaded cationic liposomes (RCL5). 

Morphological examination of liposomes was evaluated by TEM after negative 

staining using phosphotungstic acid and images clearly showed spherical morphology 

with uniform size distribution (Figure 14). In addition, TEM images of RCL5 also 

confirm the nanosize. The results are consistent with the results achieved with the 

particle size measurements by zeta sizer. 

 

Figure 14: TEM photomicrographs of optimized RCL5 
 

 

4.5 Freeze drying  

The lyophilized RCL5 cake was found to be intact and fluffy in nature with a 

reconstitution time less than 35 s.  
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4.5.1 DSC 

Figure 15 represent the DSC thermograms of RSV, SL, SA, Cholesterol, mannitol and 

freeze-dried RCL5. RSV thermogram exhibited a sharp endotherm at 256.45ºC which 

indicates the crystalline state of RSV and confirms its melting point. DSC of pure SL 

exhibited endothermic peaks at 20.5°C indicates the transition temperature (Tm), 

which serves as the basis for optimize the temperature required for the film 

formulation of lipids. Further, SA and Chol thermograms showed a strong endotherm 

at 52 °C and 149°C corresponding to their melting points respectively confirming 

their purity. RCL5 however shows clear peak of mannitol at 166.0 ºC which was used 

as a cryoprotectant for lyophilization and resveratrol peak was absent. 

 

 

Figure 15: Differential scanning calorimetry thermograms of resveratrol, stearyl 

amine, Mannitol, soyalecithin, cholesterol and lyophilized resveratrol loaded 

liposomes (RCL5). 
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4.5.2 FTIR 

FTIR spectroscopic studies were performed to analyze the drug and 

polymer/excipients interaction. Figure 16A shows the infrared spectrogram of the 

pure RSV which revealed the intense absorption band of phenolic hydroxyl group at 

3288 cm
-1

 and benzene ring absorption peaks of C=C at 1606 and medium absorption 

peak at 1514 cm
-1

. Figure 16B shows the FTIR spectrum of SL (LIPOID S100), in 

which characteristic peaks at 2954 cm
-1

 (Hydroxyl stretching); 2900 and 2856 cm
-1

 

(C-H stretching of long fatty acid chain); 1739 cm
-1

 (carbonyl stretching of the fatty 

acid ester); 1246 cm
-1

 (P = O stretching band); 1097 cm
-1

 (P-O-C stretching) and 972 

cm
-1

 (N
+
(CH3)3 stretching were observed. FT-IR spectrum of Cholesterol (Figure 

16C) displayed a characteristic band between 2866–2931 cm
−1 

representing 

asymmetric and symmetric stretching vibrations of CH2 and CH3 groups and broad 

and intense band nearly at 3377.36 cm
−1 

due to -OH stretching. Additional band at 

1463 and 1375 cm
−1

 is due to asymmetric stretching vibrations and bending vibration 

of -CH2 and -CH3 groups. FT-IR spectrum of SA (Figure 16D) showed peaks at 2916 

and 2,850 cm
−1

 owing to -C – H stretching and 1463 cm
−1

 owing to -N-H bending. 

Further, a sharp peak at 1,315 cm
− 1

 could be attributed to C – N stretching and 721 

cm
-1 

representing -N-H wagging vibration. FT-IR spectrum of mannitol (Figure 16E) 

showed a broad characteristic peak at 3280 cm
− 1

 assigned to the hydroxyl group. FT-

IR spectra of lyophilized RCL5 (Figure 16F) showed characteristics peaks of 

mannitol, Chol, and SA but did not show any characteristics peaks of RSV, which 

indicates the entrapment of RSV inside the liposomes. 
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Figure 16: FTIR spectra of (A) pure resveratrol; (B) soya lecithin (LIPOID 

S100); (C) cholesterol; (D) stearyl amine; (E) mannitol; (F) lyophilized RCL5. 
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4.6 Stability studies 

The storage stability studies of optimized RCL5 in both dispersion and lyophilized 

form (reconstitute with water) were tested on storing them at 4 °C for 3 months. Table 

7 summarizes there was no significant difference in the VS, ZP and EE after 3 months 

which indicates a good long term stability of formulation. 

Table 7: Stability studies of optimized liposomes RCL5 at 4 °C for 3 months 

Parameter→ Vesicle size (nm) Zeta potential (mV) EE (%) 

Storage condition 

↓ 

Initial 

After 3 

months 

Initial 

After 3 

months 

Initial 

After 3 

months 

RCL5, liquid 

dispersion at 4ºC 

142.17 ± 

6.20  

149.14 ± 

12.62 

37.3 ± 

4.53 

34.43 ± 

4.80 

76.57 ± 

2.51 

72.77 ± 

3.05 

RCL5, 

Lyophilized at 

4ºC 

143.76 ± 

4.77 

147.80 ± 

10.30 

36.66 ± 

2.65 

35.03 ± 

3.27 

76.44 ± 

2.27 

75.36 ± 

0.929 

Values are expressed as Mean ± SD (n=3). 

4.7 In-vitro release study of RCL 

In-vitro drug release profile of RSV from liposomes at pH 5.5 and 7.4 were obtained 

by plotting the graph of cumulative percentage of the drug released with respect to 

time (Figure 17). Initially, a burst release phase, releasing approximately 30% of RSV 

in both pH medium was observed in first 2h followed by sustained and complete drug 

release in 48h. Faster release of RSV at pH 5.5 (tumor microenvironment) was 

observed as compared to pH 7.4. The release data was subjected for model fitting 
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using the zero order, first order, Higuchi, Korsemeyer-Peppas and Hixon-crowell 

models (Figure 17). The Hixon-crowell model showed the highest R
2
 value for RCL5 

at pH 5.5 (R
2
 value: 0.937) and pH 7.4 (R

2
 value: 0.971) indicating it as the best fit 

model for RSV release from liposomes at both pH.  

 

Figure 17: (A) In-vitro drug release of RSV from liposomes at pH 5.5 and 7.4 

showed faster release trend at pH 5.5 when compared to pH 7.4.; The release 

data subject to different release model (B) Zero order release, (C) First order 

release, (D) Higuchi model, (E) Kosmeyer-pepas model, and (F) Hixon-crowell 

model.  

4.8 In-vitro cytocompatibility assay 

Figure 18 revealed the in-vitro cytocompatibility of RSV, blank liposomes and RCL5 

against L929 cell line after 24 h incubation. The L-929 cells viability after treatment 

with RSV and RCL in the concentration range of 7.812 - 250 µg/ml showed 

approximately 90% of viable cells, which is insignificant difference as compared to 

untreated cells, confirms its cytocompatibility. 
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Figure 18: In-vitro cytocompatibility of RSV, BL and RCL5 on L-929 normal 

mouse fibroblast cells for 24 h. 

4.7 In-vitro cytotoxicity assay 

Cytotoxicity studies of RSV, BL and RCL5 were tested on HepG2 cell line over 

a period of 24 and 48h using MTT viability assay at different drug concentration 

(Figure 19). The HepG2 cells viability was considerably decreased after 

treatment with free drug and optimized liposomes. BL was found to be 

biocompatible and showed no significant cytotoxicity against HepG2 when 

compared to control. RSV and RCL5 showed dose and time dependent changes 

in which RCL5 demonstrated significantly higher cytotoxicity against HepG2 

when compared to RSV. The IC50 values of RSV at 24h and 48h time point 

were 84.49 μg/mL, 68.23 μg/mL and, 63.65μg/mL, 42.26 μg/mL for RCL5 

respectively. 
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Figure 19: In-vitro cytotoxicity effects of BL, RSV, and RCL5 on HepG2 cells 

(A) for 24 h and (B) for 48 h. Data are mean ± SD (n=3). Significant difference 

specified as *** p < 0.001, ** p <0.01,* p<0.05 between RSV vs RCL5. 

 

4.8 In-vitro quantitative and qualitative cellular uptake studies 

 

The results indicated that cells treated with RCL5 showed significant (p<0.01) 

accumulation of RSV as compared to cells treated with free RSV after 3 and 5 h 

incubation. HPLC analysis of cell extract after 5 h showed 54.16 ± 9.61% and 74.98 ± 

6.33 % cellular internalization of free RSV and RSV from RCL5, respectively (Figure 
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20). The in-vitro qualitative cellular uptake of C6 and CL in HepG2 cell lines was 

visualized by CLSM scanning microscope. CL was prepared by the similar method as 

reported in the methodology section, except that C6 was used in place of RSV. 

Images of HepG2 cells treated with C6 and CL for 3 and 5 h were shown in Figure 

21. Almost negligible fluorescence was observed in the cells treated with C6 after 3 h. 

In contrast, CL incubated with HepG2 cells for both time points observed rapid 

internalization as confirmed by the persistent fluorescence signals recorded. 

 

 

Figure 20: Quantitative uptake of RSV and RCL5 byHepG2 cells after 3 and 

5h. Significance difference was specified as ** p ≤ 0.01 between RSV vs RCL5 
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Figure 21: Confocal microscope fluorescence images presenting the in-vitro 

cellular uptake of free C6 and C6 loaded liposomes in HepG2 cell lines after 3 

and 5 h. Aming to observe the intracellular distribution, green fluorescence 

dye coumarin-6 was incorporated into the liposomes and blue fluorescence dye 

DAPI was used after the incubation of coumarin-6. Scale bar is 50 μm. 
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4.9 In-vivo toxicity studies 

RSV and RCL5 were subjected to toxicity profiling by using different markers. For 

nephrotoxicity, creatinine and BUN levels in plasma were evaluated whereas for 

hepatotoxicity, ALT and AST levels were determined. Untreated animals served as 

control for the comparison. As shown in figure 22, animals treated with RSV and 

RCL did not induce toxicity in the liver, spleen and kidney. The biochemical 

evaluation was further corroborated with histopathological examinations suggesting 

nontoxic behavior of free RSV and RCL5. Histological sections of liver, kidney and 

spleen (Figure 23), demonstrated normal parenchymal cell physiology indicating no 

signs of inflammation and necrosis. 

 

 

Figure 22: Biochemical markers (A) AST and ALT (B) BUN and (C) creatinine 

levels in plasma after 7 days administration of RSV and RCL. Values are 

expressed as Mean ± SD (n = 3) 
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Figure 23: Histopathological examinations of liver, spleen and kidney sections 

suggesting nontoxic behavior of free RSV and RCL5. 

 

4.10 In-vivo pharmacokinetic studies 

Results of pharmacokinetic evaluation of RCL5 after intraperitoneal injection in 

Wistar rats are shown in Table 8. Higher concentration of RSV from RCL5 in the 

plasma and liver was achieved when compared to the animal group, which received 

free RSV. In terms of distribution, cationic liposome was concentrated maximum in 

the liver followed by spleen (Cmax 2.82 µg/ml, half-life of 30 min) as compared to 

other organs. 
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Table 8. Pharmacokinetic parameters of RSV and RCL in rat plasma and organs 

following i.p. administration 

Parameters Cmax AUCtotal (μg/ml*min) T1/2 (min) MRT (min) 

Blood 
RCL5 2.15 225.98 56.24 95.70 

RSV 1.74 125.06 48.86 83.58 

Liver 
RCL5 3.51 223.54 35.75 72.16 

RSV 1.50 69.85 37.36 58.29 

Spleen 
RCL5 2.83 74.32 18.92 40.99 

RSV 2.50 113.15 18.65 38.66 

Lung 
RCL5 0.49 10.56 - - 

RSV 1.10 19.66 - - 

Heart 
RCL5 0.39 19.01 33.09 56.00 

RSV 0.22 23.40 65.40 102.00 

Kidney 
RCL5 2.34 63.53 29.30 39.70 

RSV 2.82 132.25 26.25 45.07 

 

4.11  Anticancer efficiency of RSV and RCL5 in experimentally HCC induced 

animal model. 

Prophylactic and therapeutic, anticancer properties of RCL5 was assessed in NDEA 

induced HCC rats. Morphology of liver (Figure 24), histopathology, relative body/liver 

weight ratio, tumor nodules, liver enzyme levels (alanine transaminase (ALT), alkaline 

phosphatase (ALP), aspartate transaminase (AST), total bilirubin levels, gamma 

glutamyl transpeptidase (GGT) and alpha fetoprotein (AFP) were assessed in all groups 

to compare the efficiency of RCL5 with free RSV. The liver specimens of all the 

groups were investigated for its morphology on 13
th

 week (Figure 24A-F). Normal 

group liver tissue appears normal with no macroscopically detectable pathological 
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changes (Figure 23A). Disease control group liver tissues (Figure 24B) demonstrated 

significant changes in terms of color, consistency, and the surface texture. Tissue 

appeared pale pink in color with increased size and corrugated surface with multiple 

macroscopic nodules (yellow arrows). Prophylactic and therapeutic RSV treated groups 

(Figure 24C & E) demonstrated very few nodules (yellow arrows) and lesions. 

Prophylactic and therapeutic RCL5 treated group (Figure 24D & F) in rats showed 

marked reduction in the number of nodules and damaged caused by NDEA. 

 

Figure 24: Representative images of rat’s livers: (A) Control group; (B) NDEA 

treated group; (C) Prophylactic RSV treated group; (D) Prophylactic RCL5 

treated group; (E) Therapeutic RSV treated group; (F) Therapeutic RCL5 treated 

group. 

 

Administration of RSV and RCL5 to HCC-initiated rats (group III–VI) exhibited very 

few hepatic nodules (Figure 25A) in comparison with NDEA alone treated rats                

(group II). The marked suppression in the development of tumor was noticed with 

significant (P<0.05) changes in liver morphology, when rats treated with RCL5 in both 
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preventive and therapeutic condition (group IV and VI) as compare to NDEA 

administered rat. NDEA treated rats showed marked raise in AST, ALT, ALP total 

bilirubin and GGT levels in serum as shown in figure 25C-G, which is an indicative of 

damage in liver. RCL5 treatment to HCC-induced rats displayed a significant reduction 

in the AST, ALT, ALP and GGT levels in serum as compared to the NDEA induced 

HCC (group II). The effect of RSV and RCL5 on alfa-fetoprotein levels in NDEA 

induced liver damage is shown in figure 25H. Preventive and curative treatment with 

RCL5 showed significant decrease (P<0.001) in AFP levels compared to group II HCC 

bearing rats.  

 

 

Figure 25: (A) number of nodules; (B) liver/body weight ratio; Results of 

biochemical estimation of serum levels:(C)serum alanine transaminase (ALT); (D) 

alkaline phosphatase (ALP); (E) aspartate transaminase (AST); (F) total bilirubin 

levels; (G) gamma glutamyl transpeptidase (GGT) and (H) alfa-fetoprotein (AFP). 

Data are shown as mean ± SD of six animals, 
# 

P<0.001 vs normal group;                        

(
*** 

P<0.001, 
** 

P<0.01, 
* 

P<0.05 and ns: no significant) vs disease control group. 
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Figure 26: Histopathological images of rat’s livers: (A) Control group; (B-E) 

Toxicant group;(F)Prophylactic RSV treated group; (G) Prophylactic RCL 

treated group; (H)Therapeutic RSV treated group; and (I) Therapeutic RCL 

treated group 
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5. DISCUSSION 
 

Identification of the pure drug was done by FTIR and DSC to check the identity of 

RSV obtained from Sami Labs Limited, Bangalore, India. The FTIR spectra of RSV 

show all the characteristic peaks at different wave numbers corresponding to the 

various functional groups exist in the RSV. A sharp endotherm peak of RSV displays 

at 256.45 °C conforming its glass transition temperature/melting point. FTIR 

spectrum and melting point of RSVwere in conformity with the literature reports. 

Thus the results confirmed that the obtained drug was RSV. 

A simple and precise RP-HPLC method validated as per ICH guidelines was used for 

the estimation of RSV. All the parameters were found to be within the acceptable 

limits. 

Physicochemical properties and stability are the key factors to be considered while 

developing a new drug delivery system in all the formulation stage, especially those 

proposed for parenteral administration. This ensures acceptable bioavailability of 

administered drugs and biocompatibility. In the present investigation, the RCL 

obtained from the factorial design (3
2 

level) confirmed that the independent variables 

such as (A) Molar ratio of SL: Chol (where Chol concentration is fixed on the basis of 

preliminary studies) and (B) concentration of SA had a significant effects on 

dependent variables such as EE, VS and ZP. 

Percent entrapment efficiency (%EE) states the total quantity of drug that is 

successfully entrapped inside the liposomes. To analyze the %EE is one of the 

essential parameter which determines the drug holding capacity and decisive delivery 

potential of a system. Although both hydrophilic and hydrophobic drugs can be 

entrapped into the liposome vesicles, however it was mentioned in the literature that 
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%EE is considerable higher for hydrophobic drugs as compared to lyophobic drugs 

(59). The EE of the liposomal formulation was dependent on the molar ratio of soya 

lecithin and cholesterol as well as the amount of stearyl amine used in their 

preparation. Increasing in the SL:Chol molar ratio from 6:2 to 8:2 increased in the 

drug EE. The positive effect of phospholipid concentration on %EE attributed to the 

lipophilic interaction of the hydrophobic drug with the vesicle membrane and thus 

increases the % EE (60).  

Furthermore, the accessibility of lipid phase could be increased with the increase in 

the concentration of phospholipid for drug molecule, resulted in accommodation in 

the lipid bilayers (61). At the same time stearyl amine plays an important role which 

may affect the EE of RSV in liposomes could be due to alters in the membrane 

permeability or the electric charge density (62). A nonlinear increase in the 

encapsulation efficiency of RSV was observed in the liposomes. At low levels of SA 

tended to enhance the EE till its intermediate levels, followed by curvilinear decline at 

its higher levels could be due to the changes in the lateral packing of the liposomes 

bilayer at higher concentration of stearyl amine (62).  

The average size and size distribution of liposomes are important parameters 

especially when the liposomes are intended for therapeutic use by inhalation or 

parenteral route (63). Moreover, the Liposomes particle size is one such property that 

affects the half-life of liposomes in the vascular system and may range from few 

minutes to many hours. The particle size has an influence on the vesicles removal 

from circulation by the reticuloendothelial system (RES), phagocytosis by kupffer 

cells, distribution and accumulation in specific organs (28). Smaller liposomes (0.1-1 

µm) are located principally in the liver and spleen whereas liposomes larger than 3 

µm are deposited in the lungs (64). In the present research, the vesicle size of 
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optimized liposomes was below 300 nm, signifying that these vesicles have lesser 

uptake into the RES and decreased rate of the clearance from plasma. In addition, 

nanoparticle of appropriate size (upto 4,000 kDa/500nm) can permit through the 

vessel walls of the tumor and move into the neoplastic lesion due to EPR effect (28). 

The concentration of soya lecithin has direct positive effect on vesicle size of RCL 

formulations. Increasing the phospholipid concentration resulted in the formation of 

larger liposomes which could be due to the propensity of SL molecules coalescence 

leading to rise in VS (65). 

All the formulations were analyzed for ZP during formulation development process. 

ZP is a useful tool to indicate vesicle surface charge, which is used to predict the 

stability of colloidal dispersion. In general, ZP is the balance between the surface 

positive and negatives charges and is directly proportional to the magnitude of the 

potential (66). Based on the result, ZP is directly proportional to the stearyl amine 

concentration and our experiments are supported by literature which states that the 

increase in the concentration of SA consequently increases the ZP. In the present 

investigation, the observed ZP of optimized liposomal formulation was 38.03 ± 9.12 

mV and in all the formulation ZP was maintained towards positive side due to the 

charge imparted by SA. Cationic lipid SA is an amphiphilic molecule which have a 

lipophilic region (hydrocarbon chain) and a hydrophilic region comprising of positive 

charged polar amine group. Previous reported literature by Casals et al., clearly shows 

that SA is asymmetrically distributed in the lipid bilayer which was predominantly on 

the outer surface as compared to the inner core. High positive zeta potential value of 

the formulated liposomes confirms that significant SA is available on the outer 

surface imparting the cationic charge on the liposomes (67,68). Parameter like PDI 

used to assess vesicle size distribution or the homogeneity of the nanoparticles. It is 
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also used to evaluate the stability and efficiency of the preparation technique. Small 

values of PDI (less than 0.10) state a homogenous population, while high values of 

PDI (greater than 0.3) specify a vesicles of heterogeneous population (69). In the 

present study, the PDI of all liposomal formulations were near about 0.3 indicating 

the narrow size distribution with high degree of homogeneity.  

Morphological examination of liposomes was evaluated by TEM after negative 

staining using phosphotungstic acid and images clearly showed spherical morphology 

with uniform size distribution. The reason for the formation of sphere-shaped 

morphology may be attributed to the hydrophobic nature of the lipids. When lipids 

exposed to an aqueous environment led to the spontaneous formation of closed 

bilayers exposing the polar hydrophilic later to the outer surface of liposomes 

(24). The shape and surface morphology of the liposome was found to be smooth with 

no vesicular aggregation which indicates the stability of the prepared liposomes. 

These results can be attributed to the inclusion of a charge inducer (SA) in liposomes 

which projects the amine group towards aqueous phase. 

To check the physical state of the drug loaded into the nanoparticles was confirmed 

by using DSC analysis. DSC is the most preferred thermal analytical technique 

extensively used in many pharmaceutical industries, analytical, quality assurance and 

R & D laboratories to investigate the numerous physicochemical phenomena such as 

melting, purity, polymorphism, crystallization, glass transition, drug–excipients 

compatibility, degradation and stability determinations. The thermograms of RCL5 

showed the disappearance of RSV endothermic melting peak, which specifies that 

conversion of the crystalline drug to an amorphous state when encapsulated into the 

liposomal system. This also suggests that the RSV is entirely loaded inside the lipid 
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matrix of liposomes. The results are corroborated with Abdellatif et.al, wherein the 

endothermic peak of sertaconazole nitrate was disappeared after entrapped inside the 

vesicular system due to its alteration from crystalline state to amorphous state (70). 

However, RCL5 shows clear peak of mannitol at 166.0 ºC which was used as a 

cryoprotectant for lyophilization. 

FTIR studies were done to confirm further the entrapment of RSV into the liposomal 

systems. The FTIR spectra of RCL5 showing all the peaks related to soya lecithin, 

stearyl amine and mannitol which suggest no alteration of these used excipients. 

Furthermore, the absence of characteristic peaks of RSV from the FTIR spectra of 

RCL5 can indicate effective entrapment of RSV into nanocarrier systems. These 

results corroborate with the study, where the disappearance of RSV peaks was 

associated with nano-encapsulation (71). Results concluded that as the RSV 

molecules were protected in the inner core of the spherical amphiphilic nanovesicles 

and the IR radiation could not be passed through the entrapped molecules. 

Physical unstability of liposomal nanodispersions might become apparent after an 

aggregation or fusion of unstable liposomes during the process of formulation and or 

upon long-term storage resulted in an increase in particle size. The increase in the 

diameter of liposomes, resulting in a short half-life due to rapid uptake by the RES 

system with subsequent clearance (26,28). Therefore, preparing stable liposomes with 

small and uniform size distribution is the most significant aspect in drug product 

development. After 3 months of storage at 4 ºC of optimized liposome formulation in 

both dispersion and lyophilized form (reconstitute with water), there was no 

significant difference in the VS, ZP and EE which indicates a good long term stability 

of formulation. 
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The in-vitro drug release studies were carried out to provide valuable information on 

the in-vivo performance of the nanovesicular formulations (liposomes). In-vitro drug 

release profiles of RSV from RCL5 at pH 5.5 (simulate pH of tumor micro 

environment) and 7.4 (simulate pH of blood) showed sustained and complete drug 

release in 48h. No significant difference was found for the release of RSV from RCL5 

over the entire study period. A comparative faster release of RSV at pH 5.5 (tumor 

microenvironment) could be due to use of heterogeneous lipids (SL and SA) used in 

the formulation of liposomes. SL (Lipoid S 100: lipid mixture) (72) and SA has 18 

carbon chain as their backbone. Liposomes prepared with heterogenous lipids when 

exposed to decreased pH leads to an increase in the membrane permeability and 

ultimately release the payloads. Our results are in corroboration with the studies 

performed by Karve et al., wherein they assessed the release behaviour of vesicles 

formulated by different sets of lipids (DPPC (16 carbon containing lipid; 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine,) and DSPA (18 carbon containing; 1,2-

Distearoyl-sn-glycero-3-phosphate, sodium salt) lipids, DPPC and DPPA lipids, and 

DSPC and DSPA lipids) in different pH. Vesicles prepared with different chain 

lengths (DPPC and DSPA) showed increased membrane permeability and higher 

release of encapsulated calcein at lower pH when compared to the vesicles prepared 

by lipids with same chain length (DPPC - DPPA and DSPC - DSPA) (73). 

The drug release mechanism can be defined as the way of the release of payload from 

the nanocarrier. It is dependent on the nature of the polymer/lipid used in the 

formulation and the release conditions which can follow several mechanisms such as 

dissolution, diffusion, swelling, erosion and degradation (74). To examine the release 

mechanism of RSV from the RCL5, five kinetic models were applied to fit the release 

data. Based on the analysis, the Hixson-Crowell model showed the highest R
2
 value 
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for RCL5 at pH 5.5 (R
2
 value - 0.937) and 7.4 (R

2
 value - 0.971). Hence the release of 

RSV from RCL5 follows Hixson-Crowell model which occurs through surface 

dissolution and is dependent on the surface area and the diameter of vesicle (75,76).  

Cytocompatibility is the key parameter to be assessed for any bio-nanomaterial 

proposed for in-vivo drug delivery system. In the present investigation, 

cytocompatibility of RSV and RCL5 was evaluated against primary mouse fibroblast 

culture (L929) using colorimetric MTT assay. The results confirmed the 

cytocompatible nature of RSV, BL and optimized RCL5 against L929 cell lines (~ 

90% cell viability) indicating their suitability as a drug carrier system. Literature 

suggest that drugs are often recognized as biocompatible with cell viability more than 

80 percent (77). 

Before the beginning of the in-vivo experiment it is important to evaluate the in-vitro 

cytotoxicity of the developed formulation for their possible anticancer use. Cytotoxic 

activity of RSV, blank liposomes and RCL5 against HepG2 were assessed by using 

MTT assay. The results showed no toxic effect of blank liposomes in HepG2 cell 

lines when compared to control. RSV and RCL5 showed dose and time dependent 

changes in which RCL5 demonstrated significantly higher cytotoxicity against HepG2 

when compared to RSV. The reason for improved activity of RCL5 in comparison to 

RSV could be because of enhanced uptake of liposomes and improved solubility of 

RSV in nanoliposomes formulation. Further, negative charge on cancer cell is more 

likely to attract positively charged liposomes which increase the cell uptake of 

nanovesicles (78). Similar outcomes were reported by Manjarika et al., wherein they 

developed SA based camptothecin loaded cationic liposomes. They reported that 

camptothecin loaded cationic liposomes demonstrated a manifold enhancement in the 
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anticancer therapeutic efficacy both in-vivo and in-vitro in comparison with free 

camptothecin. This enhanced anticancer effect of liposomes was due to the attraction 

between the SA containing cationic liposomes towards the exposed PS group present 

on liver cancer cells (31). These results are also supported by the existing literature 

which suggests that cationic liposomes have been demonstrated for selective delivery 

of anti-cancer drugs to the tumor vasculature based on electrostatic charges on the 

diseased cancer tissues (40).  

In order to find out the mechanism of improved cytotoxicity of RSV nanovesicular 

formulations, cellular uptake studies were performed on HepG2 cell lines using HPLC 

and confocal laser scanning microscopy (CLSM). The time dependent cellular uptake 

showed enhanced cellular internalization of optimized liposomes as compared to 

native RSV solution throughout the incubation time. Particle size, shape, and surface 

charge are the physico-chemical properties of the nanocarriers which strongly 

influencing the cellular uptake efficacy of nanocarriers (79). Small size nanoparticle 

(10-500 nm) is one of the key parameter and has the ability to enter without restraint 

into the cell and is advantageous for passive targeting to tumor tissue by enhanced 

permeation and retention effect (27,80). In the present research, we found enhanced 

uptake of RSV in HepG2 cell for the optimized RCL5 formulation compared to the 

native RSV solution. We found same results in qualitative study, wherein liposomes 

loaded with C6 co-localized into the subcellular region of HepG2 cells leading to the 

enhanced therapeutic efficacy which was demonstrated by MTT assay. The improved 

intracellular internalization of RCL5 in our study could be due to their nano size and 

cationic charge on the liposomes (mechanism explained for figure 6). Cationic 

nanoparticles with net positive surface charge emerge as a promising option owing to 

their very strong cellular interaction and desirable cellular uptake (40). Apart from PS 
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on the surface of cancerous cells, it also contains strong negatively charged elements 

such as chorionic gonadotropin, sialic acid and anionic residues of RNA as compared 

to normal cell surfaces (81,82). Based on this fundamental electrostatic interaction, 

cationic liposomes have a high tendency to accumulate in cancer cells through 

endocytosis (81). 

Toxicity testing of new compounds is essential for drug development process. The 

preclinical toxicity testing on various biological systems reveals the species, organ 

and dose specific toxic effects of an investigational product. Toxicity profiling was 

carried out for RSV and RCL5 formulation using different toxicity markers. 

Nephrotoxicity was determined by evaluating the BUN, and plasma creatinine levels 

whereas, plasma ALT and AST levels were evaluated for hepatotoxicity. After one 

week treatment of RSV and its liposomal formulation (RCL5) did not induce toxicity 

in the liver, spleen and kidney. The biochemical evaluation was further corroborated 

with histopathological examinations suggesting nontoxic behavior of free RSV and its 

liposomal formulation. Histological results of liver, kidney and spleen demonstrated 

normal parenchymal cell physiology indicating no sign of inflammation and necrosis. 

Liposomes drug delivery system (DDS) are excellent candidates to circumvent the 

non-ideal properties of drugs. Assessment of pharmacokinetic profile of RCL5 in 

comparison with free RSV was performed by using standard protocols. Higher 

concentration of RSV from RCL5 in the plasma and liver was achieved when 

compared to the animal group which received free RSV. Increase in the plasma 

concentration of RSV in animals treated with RCL5 could be due to opsonization and 

phagocytosis of the liposomes. Moreover, the positive charge on the liposomes slow 

down the absorption rate due to the electrostatic interaction with the negative surface 
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of the peritoneal mesothelium, consequently with a low uptake of positive liposomes 

by peritoneal macrophages (83). Tissue distribution and clearance of the RSV 

followed by intraperitoneal injection of RCL5 is mainly dependent on the vesicle size 

distribution for the optimized liposomes. Results shows that administration of cationic 

liposomes showed maximum RSV concentration in liver followed by spleen (Cmax 

2.82 µg/ml) with the half life of 30 min as compared to other organs. Maximum 

concentration of RSV in liver for animals which received RCL5 could be due to EPR 

effect and/or electrostatic interaction. Electrostatic interaction between the negatively 

charged hepatocellular cancer cells and positively charged liposomes makes this drug 

delivery system as a potential way of targeting anticancer drugs to liver cancer. 

Generally, liver is comprised of phosphatidylserine (PS) which is positioned 

internally (unexposed) in normal liver tissue and is mediated by a membrane protein 

or ATP-dependent transporter, amino phospholipid translocase (32,84). This 

symmetry of PS phospholipid is lost in cancer tissues because of decreased functional 

activity of enzyme - translocase or oxidative stress in the tumor micro environment or 

activation of the scramblase enzyme. The loss of symmetry exposes the PS on the 

surface of cancer tissue which is the salient and universal feature of cancerous cells 

specifically endothelial cells (ECs) (85,86). Exposure of PS on the surface of cells, 

known as the death knell, generates a negative charge on liver cancer tissue (31,87). 

Pharmacokinetic evaluation therefore serve as a clear indicative of this mechanism 

explaining the use of cationic liposomes as a potential targeting approach to the 

hepatocellular carcinoma. 

Prophylactic and therapeutic, anticancer properties of RSV and RCL5 were assessed 

in NDEA induced HCC rats. N-nitrosodiethylamine (NDEA) a hepatocarcinogen, is 

known to cause perturbations in the nuclear enzymes involved in deoxyribonucleic 
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acid (DNA) repair/replication and is normally used as a carcinogen to induce liver 

cancer in animal models. Experimental, clinical, and epidemiological studies have 

provided evidence supporting the role of reactive oxygen species in the etiology of 

cancer. NDEA has been suggested to cause oxidative stress and cellular injury due to 

the enhanced formation of free radicals (88,89). Aiming to previse the ability of the 

liposomes, it was found that RCL5 administered either prophylactically or 

therapeutically significantly (P<0.001) reduced the number of neoplastic lesion 

without causing any changes in the body weight as compare to NDEA administered 

rat. Though free RSV treated group animals showed decrease in the number of 

nodules but the results are not significant as the group treated with liposomes. 

This result corroborates with earlier findings wherein, RSV significantly decrease the 

incidence and number of nodules in chemically induced HCC animal model (6). RSV 

has shown to inhibit the hepatic carcinogen-activating enzymes such as cytochrome 

P450 1A1(CYP1A1) and CYP3A/2 in-vitro and in-vivo. The resultant effects of these 

enzyme modulation by RSV could be due to the reduced exposure of cells to 

carcinogensdue to inhibition of carcinogen activation and/or elevated carcinogen 

detoxification and elimination (5). Administration of NDEA in rats leads to a 

noticeable rise in levels of serum AST, ALT, ALP total bilirubin and GGT levels, 

which is an indication of hepatocellular damage. Metabolism of NDEA in the liver 

induces oxidative stress due to formation of reactive oxygen species (ROS), 

which results in cellular damage and trigger hepatocyte proliferation, thus leading to 

the development of HCC (88). Prophylactic and therapeutic treatment with RCL5 to 

HCC-bearing rats exhibited a significant reduction in the activities of ALT, AST, 

ALP and GGT as compared to the disease control group. In several diseases raise in 

serum alpha fetoprotein (AFP) levels has been stated including hepatocellular 
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carcinoma (88). Like serum protein, AFP is similar in structure, size and amino acid 

composition to serum albumin; however it is measurable only in minute quantities in 

the serum of normal adults. It was observed that, exposure of hepatotoxic agents 

showed elevation in serum concentration of AFP protein in adults. The results showed 

that preventive and curative treatment with RCL5 significantly decrease (P<0.001) the 

AFP levels as compared to group II HCC bearing rats.  

To improve the objectivity and reproducibility of the diagnostic pathology, 

Histopathological examinations of liver tissues offered another robust testimony for 

RCL beneficial effects in fighting NDEA-induced HCC. Commensurate with 

histological outcomes of previous research, administration of NDEA brought severe 

histopathological alterations in the liver tissue (90), possibly owing to the occurrence 

of multinucleate cells and tumor cells that shows genetic anomalies and abnormal 

divisions related with the malignant variations. Evidently, RSV and RCL5 therapies 

(prophylactic & therapeutic) give rise to marked attenuation in the NDEA-induced 

alterations in the liver histological architecture and with a relative superiority to RCL5 

over free RSV.These results are well in agreement with those reported by Rajasekaran 

et al., that prophylactic and curative treatment of RSV showed substantial reduction in 

cell crowding, alteration in the cellular architecture, and decreased in the liver size 

compared with the NDEA exposed rats (91). In another study, RSV targeted multiple 

cellular targets like invasion, metastasis, angiogenesis, cellular proliferation and 

growth - apoptosis, which avoid or slow the advancement of various inflammation-

related illnesses, including cancer (6). Based on all in-vitro and in-vivo studies, RCL5 

demonstrated improved drug accumulation and has promising anticancer activity and 

adequate tolerability in NDEA induced HCC in rats. 
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6. SUMMARY 
 

Resveratrol is a pleiotropic molecule with wide range pharmacological effects such as 

antiaging, antidiabetic, cardioprotective, antiobesity, antioxidant, and antitumor 

activities. Mounting evidence suggested that RSV has huge remedial potential in the 

prevention and treatment of various cancers including cervical cancer, skin cancer, 

glioblastoma, and prostate cancer. The high therapeutic potential and the multi-

targeting ability of RSV makes it a perfect candidate for the treatment of HCC. 

However, the reduced aqueous solubility and susceptible to oxidative decomposition 

were the major hindrances for its formulation development. In the present research, 

resveratrol loaded cationic liposomes (RCL) was formulated and evaluated for their 

potential in the treatment of HCC. Summary of the present research is described as 

mentioned below. 

1. The preliminary identification of the RSV was done by FTIR and DSC studies. A 

reversed phase-HPLC method validated in agreement with ICH guidelines was used 

for the quantification of RSV. Preliminary screening studies were performed to select 

the levels of formulation variables that can influence the characteristics of liposomes. 

The RCL was successfully formulated and optimized by using 3
2 

factorial design 

(two-factor, three-level) (3
2
) in Design-Expert® software. The two independent 

variables/factors (SL:Chol molar ratio and SA concentration) were assessed each at 3 

altered levels (low, medium and high). The contour graphs and response surface plots 

were produced to understand the relationship between the dependent and independent 

variables. According to factorial design, nine formulations were prepared and the 

optimized batch was selected based on the optimum vesicle size, zeta potential and 

higher entrapment efficiency. Morphological examination of liposomes was evaluated 
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by TEM which clearly showed spherical morphology with uniform size distribution. 

Finally, 5%w/v mannitol (cryoprotectant) was mixed to optimized RCL5 dispersion 

and lyophilized (CHRIST Alpha 1-2 LD plus, Germany) for further studies. DSC 

thermograms and FTIR spectroscopic studies confirmed the loading of RSV in 

liposomes. In-vitro drug release of RSV from optimized RCL5 at pH 5.5 and 7.4 was 

performed by using ready-to-use dialysis tubes and the release data was subjected in 

different release kinetic models. The results showed sustained and complete drug 

release in 48h and Hixon-crowell model was indicated as the best fit model for RSV 

release from liposomes owing to its maximum R
2
 value. Optimized RCL5 formulation 

was found to stable in both dispersion and lyophilized form after 3 months of storage 

at 4 ºC. 

2. The in-vitro cytocompatibility against normal mouse fibroblast (L929) and 

cytotoxicity against HepG2 cell line of RSV, BL and optimized RCL5 was 

investigated by MTT assay. Absence of cytotoxicity against L929 cell lines confirms 

its cytocompatibility. In cytotoxicity assay RSV and RCL5 showed dose and time 

dependent changes in which RCL5 confirmed significantly higher cytotoxicity against 

HepG2 in comparison with free RSV. These findings are also supported by the cell 

uptake study which suggested improved uptake of RCL5 as compare to free drug. 

3. In in-vivo toxicity studies, animals treated with RSV and RCL5 did not induce 

toxicity in the liver, spleen, and kidneys. The biochemical evaluation was further 

corroborated with histopathological examinations, suggesting a nontoxic behavior of 

free RSV and RCL5. 

4. In-vivo pharmacokinetic evaluation of RCL5 demonstrated localization of 

encapsulated RSV in liver cancerous tissues by 3.2- and 2.2-fold increase in AUC and 
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Cmax, respectively, when compared to those of the free RSV. A pharmacodynamic 

investigation revealed a significant reduction in hepatocyte nodules and liver marker 

enzymes in RCL5 treated animals when compared to free RSV. Findings were 

supported by histopathological analysis, and demonstrate that NDEA induced 

detrimental effect on rat livers was successfully reversed with the treatment of RCL5 

formulation. 
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7. CONCLUSION 
 

In spite of its well-known application in cancer therapeutics, use of RSV is restricted 

due to its physiological properties such as poor bioavailability and low half-life. 

Liposomes are one of the potential formulation systems approved by FDA for 

application in cancer therapeutics. In the present investigation, we attempted to 

improve the bio-availability and the kinetic profile of RSV by using cationic 

liposomes as a carrier for HCC. RCL was successfully prepared and optimized using 

3
2
 factorial design. The optimized liposomal formulation (RCL5) showed spherical 

morphology with uniform size with appropriate vesicle size, zeta potential and greater 

entrapment efficiency. The DSC and FT-IR studies revealed the successful 

entrapment of RSV into the liposomal vesicular formulation. The in-vitro 

biocompatible nature of RCL was confirmed by the nonexistence of cytotoxicity 

against fibroblast (L929) cell lines. In-vitro cell culture assay showed an improved 

quantitative and qualitative internalization of cationic liposomes in HepG2 cells, 

resulting in better killing ability towards tumor cell when compared to the free drug. 

This may possibly due to high affinity of positive charged liposomes towards negative 

charge of phosphatidylserine exposed on cancer cells. In-vivo pharmacokinetic 

studies, RCL5 treated animal showed enhanced drug concentration in liver cancer 

tissue as compared to animals treated with free drug. In-vivo pharmacodynamic 

investigation demonstrated that RCL exerted both chemopreventive and therapeutic 

effect on NDEA initiated HCC. According to our result, it can be concluded that the 

RCL delivery system has a promising potential to treat HCC and will require 

preclinical efficacy study in large groups to prove the concept.  
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ABSTRACT: Hepatocellular carcinoma (HCC) is one of the leading causes
of cancer-related death worldwide. The destructive nature of the disease
makes it difficult for clinicians to manage the condition. Hence, there is an
urgent need to find new alternatives for HCC, as the role of conventional
cytotoxic drugs has reached a plateau to control HCC associated mortality.
Antioxidant compounds of plant origin with potential anti-tumor effect have
been recognized as alternate modes in cancer treatment and chemo-
prevention. Resveratrol (RS) is a model natural nonflavonoid drug known for
its anti-cancer activity. However, its clinical application is limited due to its
poor bioavailability. The current research work aims to formulate, optimize,
and characterize RS loaded cationic liposomes (RLs) for specific delivery in
HCC. The optimized liposomes formulation (RL5) was spherical with a
vesicle size (VS) of 145.78 ± 9.9 nm, ζ potential (ZP) of 38.03 ± 9.12 mV,
and encapsulation efficiency (EE) of 78.14 ± 8.04%. In vitro cytotoxicity studies in HepG2 cells demonstrated an improved anti-
cancer activity of RL5 in comparison with free RS. These outcomes were supported by a cell uptake study in HepG2 cells, in which
RL5 exhibited a higher uptake than free RS. Furthermore, confocal images of HepG2 cells after 3 and 5 h of incubation showed
higher internalization of coumarin 6 (C6) loaded liposomes (CL) as compared to those of the free C6. Pharmacokinetic and
pharmacodynamic (prophylactic and therapeutic treatment modalities) studies were performed in N-nitrosodiethylamine (NDEA-
carcinogen) induced HCC in rats. Pharmacokinetic evaluation of RL5 demonstrated increased localization of RS in cancerous liver
tissues by 3.2- and 2.2-fold increase in AUC and Cmax, respectively, when compared to those of the free RS group. A
pharmacodynamic investigation revealed a significant reduction in hepatocyte nodules in RL5 treated animals when compared to
those of free RS. Further, on treatment with RL5, HCC-bearing rats showed a significant decrease in the liver marker enzymes
(alanine transaminase, alkaline phosphatase, aspartate transaminase, total bilirubin levels, γ-glutamyl transpeptidase, and α-
fetoprotein), in comparison with that of the disease control group. Our findings were supported by histopathological analysis, and we
were first to demonstrate that NDEA induced detrimental effect on rat livers was successfully reversed with the treatment of RL5
formulation. These results implied that delivery of RS loaded cationic liposomes substantially controlled the severity of HCC and
that they can be considered as a promising nanocarrier in the management of HCC.

KEYWORDS: Resveratrol, cationic liposomes, biocompatibility, hepatocellular carcinoma, pharmacokinetics, pharmacodynamics

1. INTRODUCTION

Noncommunicable diseases (NCD) are one of the significant
causes of mortality in the 21st century, in which cancer stands
on top of the list, reducing the life expectancy to significant
levels worldwide. As per the GLOBOCAN 2018 report, cancer
accounts for 20.3, 14.4, 57.3, and 7.3% mortality rates in
Europe, USA, Asia, and Africa, respectively.1 Hepatocellular
carcinoma (HCC) is the fourth-leading cause of cancer-related
deaths, which has led to a total of 841 080 new cases and
781 631 deaths in the year 2018 worldwide. Hence, there is an
alarming need to improve novel drug delivery strategies in
HCC.1

Currently, HCC is treated with invasive surgical and
chemotherapeutical approaches, which often lead to serious
side effects such as hand−foot syndrome and gastrointestinal,

skin, and endocrine disorders.2 Furthermore, these conven-
tional approaches have not been successful in reducing the
overall mortality rate. Currently, sorafenib (Nexavar) is the
only USFDA approved drug for systemic administration in the
management of advanced HCC. Active efforts have been made
in the past to develop similar therapies, with some of the
ongoing phases III trials focused on shedding light on cancer
therapy with better outcomes and minimal/no side effects.3
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In the human body, the liver is the main detoxifying organ
responsible for eliminating the metabolic byproducts/toxins to
achieve homeostasis. However, the liver is susceptible to the
accumulation of reactive oxidative species (ROS) due to
imbalance between pro-oxidant and antioxidant compounds.
Scientific literature suggests that there is a significant
correlation between the increased levels of oxidative stress
generated by these reactive oxygen species (ROS) and the
severity of chronic liver diseases. It should be noted that HCC
occurs in the background of chronic liver disease, making it
often difficult to diagnosis at an initial stage.4

Antioxidant compounds of plant origin with potential anti-
tumor effects have been recognized as alternate modes in
cancer chemoprevention. Different phytochemicals, including
nutrients and dietary agents, have been found to be effective
against numerous types of cancers. Among the various
available groups of natural products and plant metabolites,
resveratrol (RS), a phytoalexin (plant antibiotic and anti-
oxidant) found in peanuts, grapes, pines, berries, and various
herbs such as Polygonum cuspidatum and Vitis vinifera L., plays
an essential role as an antioxidant,5 anti-tumor,6 anti-aging,7

anti-diabetic,8 anti-inflammatory,9 cardioprotective,10 and anti-
obesity.11

Looking toward the potential benefits of RS, its use in
prophylaxis and therapeutics would be of great importance in
the treatment of HCC. However, the use of free RS in the
treatment of human cancer possesses certain limitations owing
to the rapid metabolism and swift elimination from systemic
circulation, resulting in low bioavailability (<1% oral viability)

and low biological half-life (30−45 min).12,13 Among several
nanoparticles (poly-lactic-co-glycolic acid,14,15 gold,16,17 sil-
ver,18 liposomes,19 etc.) approaches, liposomes are the most
successfully nanoscale formulations used to deliver therapeutic
drugs and imaging agents. Encapsulating drugs in lipids offers
structural properties similar to the natural cellular biomem-
brane, which provides several advantages including biocompat-
ibility, higher stability, sustained release of the drug,
biodegradability, safety, and industrial scalability.20−22 Though
there are reports for the use of RS loaded liposomes (RLs) in
cancers such as cervical cancer,23 skin cancer,24−26 glioblasto-
ma,27 breast cancer,28 and prostate cancer,29 the efficacy of RL
was never assessed for its use in the treatment of HCC. In
HCC, the physiological changes in the surface properties of
liver tissue generate large fenestration in the endothelium and
anionic charge due to exposed phosphatidylserine (PS). These
anionic moieties are exposed to the outer surface, which makes
it an easy target to attract cationic liposomes for active
targeting of liposomes. A schematic diagram depicting the
probable targeting mechanism is shown in Figure 1.30,31

With this background, the present study aimed to
encapsulate RS in a unique blend of a lipid and cationic
charge generator for the formulation of cationic liposomes for
selective delivery in HCC. The performance of optimized RL5
was evaluated with in vitro cytotoxicity assay, cellular uptake, in
vitro cytocompatibility, in vivo pharmacokinetic profile, and
pharmacodynamic study in NDEA induced HCC-bearing rats.

Figure 1. Depicting the mechanism of accumulation/targeting of cationic liposomes in the liver cancer. (A) Enhanced permeability and retention
effect (EPR) in which the RLs with appropriate sizes (<200 nm) extravasate through large fenestrations between the tumor blood capillary
endothelium (leaky endothelium) and enters the interstitial space. The gaps between the cancer endothelial cells are in the range 100−780 nm as
opposed to those of a healthy endothelium, which are 5−10 nm. (B) Targeting of RLs based on the electrostatic interaction between anionic liver
cells and cationic liposomes. In the plasma membrane of normal healthy cells, lipids are asymmetrically distributed across the inner and outer
leaflets, with phosphatidylserine (PS) being the most abundant anionic phospholipid located predominantly on the inner leaflet. Due to the
activation of the scramblase enzyme or oxidative stress in the tumor microenvironment, the symmetry of plasma membrane is lost, resulting in the
exposure of PS on the surface, which is a unique feature of cancerous cells. RS loaded cationic liposomes are an easy way to target the anionic
moiety of plasma membrane due to electrostatic interaction between them.
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2. MATERIALS AND METHODS
2.1. Materials. RS (>98%) was supplied by M/s Sami

Laboratories (Bangalore, India). Lipoid S100 soyalecithin (N94%
phosphatidylcholine, SL) was provided by Lipoid GmbH, Ludwig-
shafen, Germany. Cholesterol (Chol) was purchased from Loba
Chemie Pvt. Ltd., Mumbai, India. HPLC-grade acetonitrile was
purchased from M/s Merck, Mumbai, India, and N-nitrosodiethyl-
amine (NDEA-N0258), coumarin6 (442631), and stearylamine (SA-
74750) were purchased from Sigma-Aldrich, Bangalore, India. Serum
aspartate amino transferase (AST), serum alanine transaminase
(ALT), alkaline phosphatase (ALP), total bilirubin (TB), total
protein (TP), and γ-glutamyl transpeptidase (GGT) kits were
purchased from ERBA Diagnostics Mannheim GmbH, Bangalore
India. Rat α-fetoprotein (AFP) ELISA kit was purchased from Qayee-
Biotechnology Co., Ltd., New Delhi, India. HepG2 cell lines and
normal mouse fibroblasts were obtained from the National Centre of
Cell Sciences, Pune, India. Fetal bovine serum (FBS), Pen-Strep (a
mixture of streptomycin and penicillin), and Dulbecco's modified
eagle medium (DMEM) were procured from HiMedia Laboratories
Pvt. Ltd., Bangalore, India.
2.2. Preparation of Resveratrol Entrapped Cationic Lip-

osomes. On the basis of preliminary studies, a 32 factorial approach
(Design Expert Software (version 7, State-Ease Inc.) was used to
optimize the RLs, in which the molar ratios of soya lecithin/
cholesterol (SL/Chol) and SA were selected as independent variables.
The mean vesicle size (VS), ζ potential (ZP), and encapsulation
efficiency (EE) were selected as dependent variables (Table 1). The
generated polynomial equation was used for the evaluation of the
response,

= + + + + +Y b b X b X b X X b X b X0 1 1 2 2 12 1 2 11 1
2

22 2
2 (1)

RLs were prepared by a thin film hydration method, as described
by Bangham et al. in 1965.32 Briefly, RS (20 mg), SA, SL, and Chol
were solubilized in the mixture of organic solvent chloroform and
methanol (2:1 v/v). The organic solvent was evaporated on rotavapor
R-210 under reduced pressure (vacuum pump, V-700 Buchi) for 1 h
at 40 °C to obtain a thin film. The film was then treated with a stream
of nitrogen gas and kept in a vacuum overnight to remove any final
traces of solvents. The lipid film was hydrated at 40 °C with 20 mL of
phosphate buffer (pH 6.4) to aid in the formation of liposomes.
Formulated RLs were sonicated for 2 min on an ice bath using a high
intensity probe ultrasonic generator (Rivotek) with a probe diameter
of 15 mm (15 s on/off pulse). Following sonication, the resulting
liposome dispersion was centrifuged (Kubota 6500) at 2000 rpm at 4
°C for 10 min to separate the undissolved RS. RLs were then filtered
five times using syringe filters (0.44 and 0.22 μm) successively to yield
monodispersed RLs. Finally, cryoprotectant (mannitol 5% w/v) was
added to RL dispersion and lyophilized (CHRIST Alpha 1−2 LD
plus) for further studies. For lyophilization, the RL dispersion was
frozen at −80 °C for 24 h, followed by freeze-drying for 48 h. The
lyophilizer was set with −55 °C as the condenser temperature and
0.023 mbar as the vacuum pressure. The lyophilized formulation was
evaluated for the appearance of the cake, reconstitution time, ZP, VS,
and EE.33

2.3. Characterization of Liposomes. Dynamic light scattering
(zetasizer Nano-ZS90, Malvern Instruments) was used to measure
VS, PDI, and ZP of all RL formulations, and the surface morphology

was analyzed by using a transmission electron microscope (TEM;
Philips CM12 Electron Microscope). For TEM analysis, the aqueous
dispersion of RL5 was stained with 1% phosphotungustic acid
(sequential two-droplet method) and was visualized under TEM. For
Fourier transform infrared spectroscopy (FT-IR, Shimadzu), each
chemical components of the formulation and lyophilized RL were
analyzed using a KBr pellet technique. For differential scanning
colorimetry (DSC) studies, dried samples of raw material and
optimized RLs were analyzed by using a DSC 823 instrument
(Mettler Toledo,). Briefly, each sample (4−5 mg) was weighed,
compressed into an aluminum pan, and scanned in the temperature
range from 50 to 300 °C at a heating rate of 10 °C/min.

2.4. Estimation of Entrapment Efficiency (EE) and Drug
Loading (DL). The EE of RLs was determined using an indirect
method,34 which involves measuring the amount of free drug available
in nano dispersion. RL dispersion was centrifuged (Kubota 6500) at
2000 rpm (using rotor model AG-1212) at 4 °C for 10 min, and the
supernatant was then separated. The pellet of the unentrapped drug
(free drug) was determined by using a reverse-phase HPLC
method.13 The EE and DL35 were calculated by the formulas
shown below.

= − ×percent EE
(WT WF)

WT
100

(2)

= ×percent DL
WR
WL

100
(3)

where WT is the weight of RS used for liposome formation, WFis the
weight of unencapsulated RS, WR is the weight of RS in liposomes,
and WL is the total weight of lipid and RS added in formulation.

2.5. In Vitro Drug Release and Release Kinetic Studies of RL.
In vitro release of RS from liposomes was performed by ready-to-use
dialysis tubes (Spectrum Laboratories, Rancho Dominguez, CA)
having a MWCO of 12 400 Da, a pore size of <10 nm, and 10 cm
length with a membrane diameter of 10 mm with a seal at one end
and attached to a floatable cap. Release studies were performed in
phosphate buffer saline (PBS) (pH 7.4- simulated blood pH) and PBS
(pH 5.5- simulated tumor micro environment pH), both containing
0.1% v/v polyethylene glycol (PEG-400) to solubilize the released RS.
Briefly, RL5 (5 mL equivalent to 4 mg RS) was transferred to dialysis
bag, which was immersed into a 200 mL bottle containing 100 mL of
PBS (pH 5.5 and 7.4). Bottles were placed on a magnetic stirrer pre-
equilibrated at 37 ± 0.5 °C with a stirring speed of 100 rpm. At
specific time intervals, the aliquots (0.5 mL) were withdrawn and
replaced with an equal amount of fresh PBS. All aliquots were filtered
by using a 0.45 μm syringe filter, and the amount of RS released was
analyzed by HPLC.36,37 In order to understand the drug release
mechanism of optimized formulation (RL5), different kinetics models
such as zero order, first order, Higuchi model, Korsmeyer -Peppas
model, and Hixson Crowell model were evaluated. The best model
was evaluated on the basis of the maximum value of the correlation
coefficient (R2).36

2.6. Stability Studies of RL. RL5 dispersion and lyophilized
formulations were stored at 4 °C over a period of 3 months for
stability studies. Both RL5 dispersion and lyophilized form were
evaluated for VS, ZP, and EE for confirmation of stability.33,38 After 3
months, the dispersion was centrifuged for 10 min at 2000 rpm and
the supernatant liposomes were evaluated for the entrapped RS.

Table 1. Independent and Dependent Variables Used in the 32 Factorial Design Approach for Optimizing Liposomal
Formulationa

levels

Independent variables −1 0 +1 Dependent variables

molar ratio of SL/Chol 6:2 7:2 8:2
vesicle size (VS), ζ potential (ZP), and encapsulation efficiency (EE)concentration of SL and Chol (mg) based on molar ratio 343:57 350:50 357:43

concentration of SA (mg) 2.5 5.0 7.5
aConcentrations of all the excipients are mentioned for the final batch of 20 mL with 20 mg of resveratrol (RS). SL, soya lecithin; Chol, cholesterol;
SA, stearyl amine.

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://dx.doi.org/10.1021/acsbiomaterials.0c00429
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

C

pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.0c00429?ref=pdf


Liposomes were dissolved in chloroform and methanol mixture to
solubilize the lipids and RS. The solution was then diluted with
acetonitrile (a component of HPLC solvent system), followed by
centrifugation and filtration by using syringe filter (0.45 μm) for
HPLC analysis.
2.7. In Vitro Biocompatibility Studies. 2.7.1. Blood Compat-

ibility (Hemolysis Assay). The blood biocompatibility of RL5 was
confirmed by an erythrocyte lysis test.39 Fresh blood was collected
into the heparinized tubes from rats and centrifuged at 2500 rpm for
10 min at 4 °C for separation of red blood cells. The pellet was
washed thrice with PBS and then finally resuspended in PBS and used
for hemolysis assay. An equal volume (1 mL) of erythrocyte
suspension and liposomal dispersion was mixed and incubated for 1
h at 37 °C under constant shaking. After 1 h, the mixture was
subjected to centrifugation and the supernatant was analyzed at 540
nm for percent hemolysis using an UV−vis spectrophotometer (UV-
1800 Shimadzu Corporation, Kyoto, Japan). The separated super-
natant from the centrifuged blood sample was considered as blank and
supernatant derived from the blood sample treated with 1% Triton w/
v (hemolytic agent) was taken as the positive control. The
experiments were performed in triplicates, and the percent hemolysis
was calculated by using formula shown below:

= −
−

×percent hemolysis
TA BA

PCA BA
100

(4)

where TA is test absorbance, BA is blank absorbance, and PCA is
positive control absorbance.
2.7.2. Cytocompatibility Assay. The cytocompatible behavior of

RS and RL5 was assessed using standard MTT (3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Briefly, normal
mouse fibroblasts (L929) cell lines were grown in a mixture of
Dulbecco’s modified eagle medium (DMEM), fetal bovine serum
(FBS, 10%), and Pen-Step antibiotics (1%) in a CO2 incubator
(Eppendorf, New Brunswick, Galaxy 170R) at 37 °C with 95%
humidity. Seeding of L929 cell lines at the densities of 1 × 104 cells/
well in the 96 well plate was carried out, and the plates were incubated
for 24 h in a CO2 incubator to allow for cell adhesion. The media was
discarded and swapped with fresh media with varying concentrations
of RS and RL5 (250, 125, 62.5, 31.25, 15.63, and 7.81 μg/mL), and
the control wells were treated with equivalent volumes of media
without any test compound, followed by incubation for a period of 24
h. After the completion of the incubation period, the media in each
well was discarded and wells were gently washed with PBS. Cells were
then treated with 100 μL of MTT solution (0.5 mg/mL in phosphate
buffer saline), and the plate was incubated at 37 °C for 4 h. After 4 h,
the supernatant was discarded and DMSO (100 μL) was added to
each well to dissolve formed formazan crystals and analyzed by plate
reader (Lisa plus) to calculate the percent cell viability.40,41

2.8. In Vitro Cytotoxicity Assay. The cytotoxicity of RS and RL5
against HepG2 cell lines was performed as per the procedure
mentioned in section 2.7.2. HepG2 cell lines were incubated with RS
and RL5 of varying concentrations (250, 125, 62.5, 31.25, 15.63, and
7.81 μg/mL) equivalent to free RS for 24 and 48 h. After completion

of the incubation period, percent cell viability was estimated by MTT
assay method.

2.9. Quantitative and Qualitative Cell Uptake Assay. For
qualitative cell uptake analysis, coumarin 6 (C6) was used as a model
fluorescent dye to evaluate the extent of cellular uptake of liposomes.
HepG2 cells were seeded in 6-well culture plates (50 000/well) and
were incubated overnight for the attachment of the cells. The efficacy
of cellular uptake as a function of RL5 was evaluated by in vitro
incubation of HepG2 cells with free C6 and C6 loaded liposomes
(CLs) (equivalent to 1 μg/mL C6) for 3 and 5 h.42 The free C6
solution was prepared by solubilizing in 0.1% DMSO to yield a final
concentration of 1 μg/mL.43 CLs were prepared by following the
method mentioned in section 2.2 and replacing RS with C6. After the
given time of incubation of C6 and CL, the medium was aspirated and
cells were washed with PBS five times, fixed with 4% paraformalde-
hyde (Merck), and were observed under a confocal laser scanning
microscope (CLSM) (Olympus FV1000). For quantitative cell uptake
analysis, HepG2 cells were treated with RS and RL5 (equivalent to 10
μg/mL RS) and further incubated for 3 and 5 h to determine cell
uptake over time. Media was removed, and cells were washed thrice
with PBS and then lysed with 0.1% Triton X-100. Lysed cells were
then extracted with ACN for the complete dissolution of internalized
RS. Finally, the cell lysate was centrifuged at 10 000 rpm for 10 min
and supernatant was analyzed by HPLC.42

2.10. In Vivo Organ Toxicity Studies. Biochemical parameters
of hepatic and renal functions such as alanine transaminase (ALT),
aspartate transaminase (AST), blood urea nitrogen (BUN), and
creatinine were assessed by commercially available diagnostic kits
(Erba Diagnostics, Inc.). Organs such as liver, kidney, and spleen
tissues of rats were stained with hematoxylin and eosin (H&E) for
histopathological assessments.

2.11. Pharmacokinetic Study and Hepatic Accumulation of
RS by HPLC. Animal studies were approved by the Institutional
Animal Ethical Committee (KLECOP/IAEC/Res.22-10/10/2015),
KLE College of Pharmacy, Belagavi, India. Studies involving animals
were conducted in strict accordance with Animal Research: Reporting
of In Vivo Experiments (ARRIVE) guidelines.44 For in vivo
pharmacokinetic study, male Wistar albino rats (200 ± 20 g) were
obtained from our institution’s animal housing facility and were
housed in cages at room temperature 25 ± 2 °C and relative humidity
of 50−60% under a 12 h light/dark cycle. Rats were fed with a pellet
diet (VRK Nutritional Solutions, Pune, Maharashtra, India), with
water, ad libitum for 1 week before experiments. NDEA was used to
induce HCC in 6−7 week old healthy male rats. NDEA solution
reconstituted in saline was administered intragastrically at a dose of 10
mg/kg body weight with the frequency of 5 times a week for 12
weeks.45 HCC induced animals were randomly divided in two groups
(n = 3 for each time point) and were administered with 20 mg/kg
body weight of RS and equivalent RL5. Free RS was solubilized in a
mixture of 1% DMSO and 1% Tween-80 solution in phosphate buffer
saline (PBS).46 On the basis of the permissible limit (less than 10
mL) for intraperitoneal injection,47 the injection volume was kept
around 1 mL considering the weight of the rats. Experimental rats
were anaesthetized, and blood samples (1 mL) were collected in

Table 2. Experimental Groups Used in the Study to Evaluate the Effect of Prophylactic and Therapeutic Treatment in HCC
Induced Ratsa

Group I (normal group) rats fed with standard diet and were administered with vehicle (a mixture of 1% DMSO and 1% Tween 80 in PBS) twice a week.
Group II (disease control) NDEA (carcinogen) intragastric administration until the 12th week

prophylactic treatment
Group III received RS NDEA administration until 12th week + simultaneous intraperitoneal dosing of RS (20 mg/kg body weight/twice a week)
Group IV received RL5 NDEA administration until 12th week + simultaneous intraperitoneal dosing of RL5 (equivalent to RS 20 mg/kg body weight/twice

a week)
therapeutic treatment

Group V received RS NDEA administration until 12th week + intraperitoneal dosing of RS (20 mg/kg body weight/twice a week) starting from 9th week
Group VI received RL5 NDEA administration until 12th week + intraperitoneal dosing of RL5 (equivalent to RS 20 mg/kg body weight/twice a week)

starting from 9th week
aNote: RS, resveratrol; RL5, optimized RS loaded liposomes; NDEA, N-nitrosodiethylamine.
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heparinized tubes via cardiac puncture at 15, 30, 60, and 120 min and
sacrificed by cervical dislocation. Major organs such as heart, spleen,
liver, lung, and kidney were excised, washed twice with ringer’s
solution, and immediately frozen until analysis. Isolated organs were
weighed, minced thoroughly, and homogenized (RQT-127AD, Remi
Elektrotechnik Ltd., Vasai, India) in 50% aqueous acetonitrile.
Homogenized samples were centrifuged (12 000 rpm for 12 min),
and the supernatant was preserved at −20 °C for further analysis. For
estimation of RS in rat plasma, blood samples were centrifuged at
4000 rpm for 10 min at 4 °C for plasma separation and were
preserved at −20 °C for further sample analysis. RS from frozen
isolated organs and plasma were estimated by using a modified HPLC
method.48 Separated biological samples from both tissue homogenate
and plasma (150 μL) were vortex-mixed with 150 μL of ACN for
deproteinization, followed by centrifugation at 12 000 rpm for 12 min.
Supernatants were separated, filtered through 0.22 μm membrane
filter (Millipore), and finally analyzed by the HPLC system. The
pharmacokinetic investigation was performed by one compartmental
model using Kinetica software (Thermo-Scientific) to estimate the
parameters such as area under curve (AUC), peak plasma
concentration (Cmax), half-life (t1/2), and mean residence time
(MRT).49

2.12. Pharmacodynamics Activity: Prophylactic and Ther-
apeutic Anti-Cancer Activity. The experimental animals were
divided into six groups (Table 2) with six animals in each group.
Group 2 (NDEA induced HCC rats: disease control) consisted of two
more rats to ensure the successful generation of HCC at the end of
the ninth week of the experiment. At the 13th week, rats in each
group were sacrificed and liver specimens were removed and weighed.
Plasma was collected from the blood by centrifugation at 4000 rpm
for 10 min at 4 °C for biochemical estimation of alanine transaminase
(ALT), alkaline phosphatase (ALP), aspartate transaminase (AST),
total bilirubin levels, γ-glutamyl transpeptidase (GGT), and α-
fetoprotein (AFP). After dissection, the liver was isolated and the
tumor nodules were counted and stored in buffered formalin for
histopathological examination.

3. RESULT AND DISCUSSION

3.1. Formulation and Optimization of RS Loaded
Cationic Liposomes. Physicochemical properties and
stability are the key factors to be considered while developing
a new drug delivery system in all the formulation stage,
especially those proposed for parenteral administration. In the
present investigation, the RLs obtained from the 32 factorial
design confirmed that the independent variables such as (A)
the molar ratio of SL/Chol and (B) the concentration of SA
had a significant effect on dependent variables such as EE, VS,
and ZP (Table 3). The quadratic equation generated from
Design-Expert Software (Stat-Ease Inc., Minneapolis, MN) for
EE is

= + + − − −EE 75.09 4.92A 2.40B 1.86AB 6.91A 9.53B2 2

(5)

The positive sign indicates that EE is directly proportional to
both the independent variables. The literature reveals that the
increase in the concentration of SL subsequently increases EE,
the reason for which could be attributed to the fact that
lipophilic drugs like RS tend to easily dissolve in lipid resulting
in a higher EE.50 SA at the same time alters the membrane
permeability or the electric charge density, resulting in
enhanced EE of the liposomes.51

= + − − −
+

VS 145.46 10.25A 15.32B 6.40AB 0.38A
9.92B

2

2 (6)

where the positive sign indicates that VS is directly
proportional to A (molar ratio of SL/Chol) and the negative
sign indicates inversely proportional to B (concentration of
SA). The reduction in the VS could be due to the ability of SA
to generate a net positive charge on the surface of RLs. An
increase in the surface charge increases the intervesicular
Brownian moment, keeping the particles stable. It also avoids
the ripening of vesicles over time, which could be a key reason
for a smaller VS.52,53 The equation further advocates that VS
was directly proportional to the concentration of SL, for which
the reason could be attributed to the propensity of SL
molecules to coalescence, leading to an increase in VS.54

Hence, an optimum concentration of SL and SA is a prime
requirement to obtain stable monodisperse nanoliposomes.

= + + + −
+

ZP 38.53 5.36A 20.41B 3.40AB 9.84A
1.05B

2

2 (7)

All the formulations were analyzed for ZP as a part of the
formulation development process. ZP is a useful tool to
indicate the vesicle surface charge, which is used to predict the
stability of colloidal dispersion. In general, ZP is the balance
between the surface positive and negative charges and is
directly proportional to the magnitude of the potential.55 On
the basis of the result, the positive sign indicates that the ZP is
directly proportional to A and B. Our experiments were
supported by the literature, which states that an increase in the
concentration of SA consequently increases the ZP. In the
present investigation, the ZP in all the formulations was
maintained on the positive side, owing to the charge imparted
by SA. Cationic lipid SA is an amphiphilic molecule, which has
a lipophilic region (hydrocarbon chain) and a hydrophilic

Table 3. Observed Responses from 32 Factorial Design of Resveratrol Loaded Liposomesa

independent variable dependent variable

formulation code A B EE (%) VS (nm) ZP (mV) DL (%)

RL1 −1 −1 49.26 ± 9.72 153.33 ± 7.50 07.57 ± 3.66 2.38 ± 0.45
RL2 −1 0 62.57 ± 7.45 140.30 ± 10.16 25.98 ± 5.82 2.99 ± 0.34
RL3 −1 1 58.91 ± 7.06 134.73 ± 5.09 29.26 ± 7.40 2.80 ± 0.32
RL4 0 −1 62.76 ± 6.17 176.43 ± 7.16 15.88 ± 4.27 3.02 ± 0.28
RL5 0 0 78.14 ± 8.04 145.78 ± 9.9 38.03 ± 9.12 3.71 ± 0.36
RL6 0 1 65.31 ± 5.59 138.18 ± 12.35 62.58 ± 4.13 3.10 ± 0.26
RL7 1 −1 63.65 ± 4.63 187.54 ± 7.29 11.73 ± 2.58 3.06 ± 0.21
RL8 1 0 70.74 ± 5.99 152.46 ± 7.52 35.00 ± 7.04 3.33 ± 0.25
RL9 1 1 65.85 ± 7.54 148.91 ± 7.27 56.43 ± 9.14 3.12 ± 0.34

aNote: (A) molar ratio of SL/Chol, (B) concentration of SA (mg). Each value represents the mean ± SD, n = 3. The composition of each batch is
given in Table 1. The optimized values are represented in bold.
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Figure 2. 2D contour and 3D response plots (design expert software) for (A and B) entrapment efficiency, (C and D) vesicle size, and (E and F) ζ
potential, respectively. The 32 level factorial design demonstrated the significant influence of lipid and cholesterol molar ratio and stearyl amine
concentration on ζ potential, vesicle size, and encapsulation efficiency. SL, soya lecithin; Chol, cholesterol; SA, stearyl amine.

Figure 3. (A) Percent entrapment efficiency of RL1−RL9 by varying the ratio of SL/Chol. On the basis of the design of experiments, RL5
formulation was selected, owing to its highest EE for further in vitro cell uptake and animal study. (B) Graph showing the hydrodynamic diameters
of RL1−RL9 in deionized water at pH 7.0. The figure shows that all formulations were in the range 134.73 ± 5.09−187.54 ± 7.29 nm, from which
the optimized formulation RL5 was found to be 145.78 ± 9.9 nm in diameter. (C) Bar graph showing the ζ potential of RL1−RL9 in deionized
water at pH 7.0. All formulations were in the range 7.57 ± 3.66−62.58 ± 4.13 mV, from which the optimized formulation RL5 was found to be
38.03 ± 9.12 mV, representing a stable RL dispersion. (D) Surface morphology of RL5 was confirmed and determined by TEM, which clearly
showed spherical morphology with uniform size distribution. (E) DSC thermogram of RS, exhibiting a sharp endotherm at 256.45 °C, indicating its
melting point, and conforming its crystalline nature, whereas SA, Chol, mannitol, and soya lecithin exhibited sharp endotherm peaks at 52, 149,
166.0, and 20.5 °C, respectively, corresponding to their melting points. The endotherm peak almost disappeared in the thermogram of RL5,
suggesting that RS was entrapped in liposomes. RL5 shows clear peak of mannitol at 166.0 °C, which corresponds to crystallized mannitol. (F) In
vitro drug release of RS from RL5 at pH 5.5 and 7.4 showed a faster release trend pH 5.5 when compared to pH 7.4. SL, soya lecithin; Chol,
cholesterol; SA, stearyl amine, RL, resveratrol loaded cationic liposomes.
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region comprising a positively charged polar amine group. The
previous reported literature by Casals et al., clearly shows that
SA is asymmetrically distributed in the lipid bilayer, which was
predominantly on the outer surface as compared to the inner
core. A high positive ζ potential value of the formulated
liposomes confirms that a significant SA is available on the
outer surface, imparting the cationic charge on the lip-
osomes.56,57 The application of ANOVA (Table S1) on the
outcomes confirms the significance of the model from F and P
values. The surface response curve and contour plots (Figure
2) reveal the effect of SL and SA on EE, VS, and ZP. The
evaluation of liposomes suggested that RL5 demonstrated
desirable properties, i.e., more than 78% EE, ZP of 38 mV, and

the VS of less than 150 nm when compared with other
formulations. Finally, the optimized liposomes RL5 were
lyophilized by using cryoprotectant mannitol. The lyophilized
RL5 cake was found to be intact and fluffy in nature with a
reconstitution time less than 35 s.

3.1.1. Evaluation of Optimized Liposomes Formulation.
VS, ZP, PDI, and EE of optimized liposomal formulation RL5
were found to be 145.78 ± 9.9 nm, 38.03 ± 9.12 mV, 0.359 ±
0.03, and 78.14 ± 8.04% (Figure 3A−C) respectively. Results
revealed that VS, EE, and ZP values of liposomes were directly
related to the concentration of SL and SA used in the
formulation. The morphological examination of liposomes
evaluated by TEM clearly showed a spherical morphology with

Figure 4. (A) FT-IR spectrum of RS, which revealed the intense absorption band of phenolic hydroxyl group at 3288 cm−1, benzene ring
absorption peaks of CC at 1606 cm−1, and medium absorption peak at 1514 cm−1. (B) FT-IR spectrum of SL (LIPOID S100), in which
characteristic peaks at 2954 cm−1 (hydroxyl stretching), 2900 and 2856 cm−1 (CH stretching of long fatty acid chain), 1739 cm−1 (carbonyl
stretching of the fatty acid ester), 1246 cm−1 (PO stretching band), 1097 cm−1 (POC stretching), and 972 cm−1 (N+(CH3)3 stretching
were observed. (C) FT-IR spectrum of Chol displayed a characteristic band between 2866−2931 cm−1 representing asymmetric and symmetric
stretching vibrations of CH2 and CH3 groups and a broad and intense band nearly at 3377.36 cm−1 due to OH stretching. The additional bands
at 1463 and 1375 cm−1 is due to asymmetric stretching vibrations and bending vibration of CH2 and CH3 groups. (D) FT-IR spectrum of SA
showed peaks at 2916 and 2850 cm−1, owing to CH stretching, and 1463 cm−1, owing to NH bending. Further, a sharp peak at 1315
cm−1 could be attributed to CN stretching and a peak at 721 cm−1 representsNH wagging vibration. (E) FT-IR spectra of mannitol showed
a broad characteristic peak at 3280 cm−1 assigned to the hydroxyl group. (F) FT-IR spectra of lyophilized RL5 showed characteristics peaks of
mannitol, Chol, and SA but did not show any characteristics peaks of RS, which indicates the complete entrapment of RS inside the liposomes.
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an uniform size distribution (Figure 3D) of vesicles. The
reason for the formation of spherical morphology could be due
to the hydrophobic nature of the lipids, which, when exposed
to an aqueous environment, led to the spontaneous formation
of closed bilayers, exposing the polar hydrophilic layer to the
outer surface of liposomes. The shape and surface morphology
of the liposomes was found to be smooth with no vesicular
aggregation, which indicates the stability of the prepared
liposomes.
DSC thermograms of RS, SL, SA, Chol, mannitol, and

freeze-dried RL5 are shown in Figure 3E. The DSC
thermogram of RS exhibited a sharp endotherm at 256.45
°C, which indicates the crystalline state of RS and confirms its
melting point. The melting peak almost disappeared in the
thermogram of RL5, suggesting that RS was entrapped in
liposomes and the formulation changed from the crystalline
state to the amorphous state. The DSC of pure SL exhibited
endothermic peaks at 20.5 °C, indicating the transition
temperature (Tm), which served as the basis for optimizing
the temperature required for the film formulation of lipids.
Further, SA and Chol thermograms showed strong endotherms
at 52 and 149 °C, corresponding to their melting points,
respectively, confirming their purity. These peaks were
however not observed in the thermograms of RL5, which
signifies the interaction between RS and other lipid
components of the bilayer. RL5, however, shows a clear peak
of mannitol at 166.0 °C, which was used as a cryoprotectant
for lyophilization.
FT-IR spectroscopic studies were performed to analyze the

drug and polymer/excipients interaction. The FT-IR spectra of
lyophilized RL showed characteristics peak of mannitol but did
not show any characteristics peaks of RS, which indicates the
complete entrapment of RS inside the liposomes (Figure 4).
The clear peak of amine groups at 1450 cm−1 in the FT-IR
spectra of lyophilized RL5 could be attributed to the coating of
SA onto the liposomes.
3.2. In Vitro Release Study of RL5. In vitro drug release

profiles of RS from RL5 at pH 5.5 and 7.4 were obtained by
plotting the graph of cumulative percentage of the drug
released over time (Figure 3F). During the release study, 0.1%
(v/v) of PEG was added in release medium PBS (pH 5.5 and
7.4) to solubilize the released RS. Initially, a burst release
phase, releasing approximately 30% of resveratrol in both pH
medium was observed in the first 2 h, followed by sustained
and complete drug release in 48 h. No significant difference
was found for the release of RS from RLs over the entire study
period. A comparative faster release of RS at pH 5.5 (tumor
microenvironment) could be due to use of heterogeneous
lipids (SL and SA) used in the formulation of liposomes. SL
(Lipoid S 100: lipid mixture)58 and SA have an 18 carbon
chain as their backbone. Liposomes prepared with heteroge-
neous lipids when exposed to a decreased pH lead to an
increase in the membrane permeability and ultimately released
the payloads. Our results are in corroboration with the studies
performed by Karve et al., wherein they assessed the release

behavior of vesicles formulated by different sets of lipids
(DPPC (16 carbon containing lipid; 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine,) and DSPA (18 carbon containing;
1,2-distearoyl-sn-glycero-3-phosphate, sodium salt) lipids,
DPPC and DPPA lipids, and DSPC and DSPA lipids) in
different pH. Vesicles prepared with different chain lengths
(DPPC and DSPA) showed an increased membrane
permeability and higher release of encapsulated calcein at a
lower pH when compared to the vesicles prepared by lipids
with same chain length (DPPC−DPPA and DSPC−DSPA).59
The drug release mechanism can be defined as the way of the
release of payload from the nanocarrier. It is dependent of the
nature of the polymer/lipid used in the formulation and the
release conditions, which can follow several mechanisms such
as dissolution, diffusion, swelling, erosion, and degradation.36

To examine the release mechanism of RS from the RL5, five
kinetic models were applied to fit the release data. On the basis
of the analysis (Figure S1A−E), the Hixson−Crowell model
showed the highest R2 value for RL5 at pH 5.5 (R2 value:
0.937) and 7.4 (R2 value: 0.971). Hence, the release of RS
from RL5 follows the Hixson−Crowell model, which occurs
through surface dissolution and is dependent on the surface
area and the diameter of vesicle.60,61

3.3. Stability Studies. Physical stability of liposomes is
indirectly proportional to the vesicle size and directly
proportional to the ζ potential of the dispersion. Aggregation
of vesicles, which represents poor stability, could be observed
during formulation processing and/or upon storage. The
increase in the diameter of liposomes results in a rapid uptake
by the reticuloendothelial system with subsequent clearance,
resulting in a short half-life. Therefore, preparing stable
liposomes with small and uniform size distribution is the
most significant aspect in drug product development. Table 4
represents the storage stability studies conducted for optimized
RL5 after storage at 4 °C for 3 months in both dispersion and
lyophilized forms (reconstituted with water). After 3 months of
storage at 4 °C, there was no significant difference in the VS,
ZP, and EE, which indicates a desirable stability of the
formulation.

3.4. In Vitro Biocompatibility Studies. 3.4.1. Blood
Compatibility (Hemolysis Assay) Studies. Outlining the
mechanism of liposomal interaction with red blood cells
(RBCs) is an important step toward establishing the
plausibility of using liposomes as delivery tools for biomedical
applications. Formulations are expected to be inert and
biocompatible with cells, blood, and blood components. In
the present investigation, RL5 formulation (equivalent to 20
mg/mL RS) and free RS (20 mg/mL) were evaluated for
hemolysis as compared to positive control (1% w/v Triton in
PBS) and negative control (0.1% v/v DMSO in PBS), as
depicted in Figure S2. Percent hemolysis values below 10%
were considered to be nonhemolytic.62 It was observed that
formulated cationic RL5 caused 1.88% hemolysis, which is
under the permissible limit (less than 10% lysis). Hemolysis
assay suggests that the concentration of SA used in the

Table 4. Stability Studies of Optimized Liposomes RL5a

parameter → vesicle size (nm) ζ potential (mV) EE (%)

storage condition ↓ initial after 3 months initial after 3 months initial after 3 months

RL5, liquid dispersion at 4 °C 142.17 ± 6.20 149.14 ± 12.62 37.3 ± 4.53 34.43 ± 4.80 76.57 ± 2.51 72.77 ± 3.05
RL5, lyophilized at 4 °C 143.76 ± 4.77 147.80 ± 10.30 36.66 ± 2.65 35.03 ± 3.27 76.44 ± 2.27 75.36 ± 0.929

aThe data is expressed as mean ± SD (n = 3). The data were evaluated by Student’s paired t-test, which showed no significant difference.
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Figure 5. (I)(A) Cytocompatibility of RS and RL5 determined by evaluating the cytotoxicity against normal mouse fibroblast cell lines (L929)
using colorimetric MTT assay. RS and RL5 were found to be biocompatible at the concentration range 7.812−250 μg/mL. (B and C) Graph
showing cytotoxicity studies of BL, RS, and RL5 on HepG2 cell lines over a period of 24 and 48 h, and cell viability was estimated by MTT assay at
different drug concentrations. BL were found to be biocompatible and showed no significant cytotoxicity against HepG2, whereas RS and RL5
showed dose- and time-dependent changes in which RL5 demonstrated a significantly higher cytotoxicity against HepG2 compared to that of RS.
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formulation of RL5 is blood biocompatible and can be used for
in vivo administration.
3.4.2. Cytocompatibility Assay. Cytocompatibility is the

key parameter to be assessed for any bionanomaterial proposed
for in vivo drug delivery system. In the present investigation,
the cytocompatibility of RS and RL5 was evaluated against
primary mouse fibroblast culture (L929) using colorimetric
MTT assay. Cytotoxicity of samples was compared with
control (untreated) cells that were considered as 100% viable
(Figure 5IA). Fibroblast cells were treated with RS and RL5 at
varying concentrations of 250, 125, 62.5, 31.25, 15.62, and
7.812 μg/mL and were evaluated for cell viability after 24 h.
Both RS and RLs showed no significant difference in cell
viability, which confirms its cytocompatibility.
3.5. Cytotoxicity Assay. Cytotoxicity studies of blank

liposomes, free RS, and RL5 were tested on a HepG2 cell line
over a period of 24 and 48 h using MTT viability assay at
different drug concentrations (Figure 5IB,C). The half-
maximal inhibitory concentration (IC50) was calculated by
using Graph Pad Prism version 7.0, which signifies a
quantitative measure of the concentration of a drug required
to inhibit a given biological process by half. Blank liposomes
were found to be biocompatible and showed no significant
cytotoxicity against HepG2 when compared to control. RS and
RL5 showed dose- and time-dependent changes in which RL5
demonstrated a significantly higher cytotoxicity against HepG2
when compared to RS. The IC50 of RS and RL after 24 h of
exposure were found to be 84.49 and 63.65 μg/mL,
respectively. After 48 h of incubation, the IC50 values of RS
and RL were 68.23 and 42.26 μg/mL, respectively. Our results
are in corroboration with the studies performed by Su et al.,
which showed that the IC50 values of free RS were around
68.4 and 34.2 μg/mL after 48 and 72 h, respectively.63 The
reason for improved activity and lower IC50 of RL5 in
comparison to those of RS could be because of the enhanced
uptake of liposomes and improved solubility of RS in
nanoliposomes formulation.64 Further, the negative charge
on hepatocytes is more likely to attract positively charged
liposomes, which increases the cell uptake of nanovesicles.65,66

Similar outcomes were reported by De et al., wherein they
developed SA based camptothecin loaded cationic liposomes.
They reported that camptothecin loaded cationic liposomes
demonstrated a manifold enhancement in the anti-cancer
therapeutic efficacy both in vivo and in vitro in comparison with
free camptothecin. This enhanced anti-cancer effect of
liposomes was due to the attraction between the SA containing
cationic liposomes toward the exposed PS group present on
liver cancer cells.67

3.6. Qualitative and Quantitative Cell Uptake Assay.
Cellular uptake efficiency was evaluated quantitatively by
HPLC and qualitatively by CLSM. The cellular uptake showed
an enhanced cellular internalization of RL5 as compared to
that of RS throughout the incubation time (P < 0.01). HPLC
analysis of cell extract after 5 h showed 54.16 ± 9.61 and 74.98

± 6.33% cellular internalization of RS and RL5, respectively
(Figure 5ID). By intending to evaluate the cellular internal-
ization of developed liposomes, we developed CL and
evaluated it using CSLM. C6 is a derivative of coumarin and
is obtained from the plant origin. Owing to its fluorescent and
lipophilic nature, it is used as a model fluorescent agent to
qualitatively check the internalization of developed liposomes
via fluorescence in both in vitro or in vivo experimental
systems.68 In our research investigation, CLSM results confirm
that the HepG2 cells demonstrated a higher uptake of CL as
compared to free C6, which was evident from confocal images
of cells after 3 and 5 h of incubation (Figure 5IIL,P). An
intense green fluorescence of CL was observed around the
nucleus within the cytoplasm of HepG2 cells, whereas free C6
demonstrated a weak fluorescence signal (Figure 5IIC,G).
Upon incubation of CL with HepG2 cells, the increased
fluorescence intensity in the HepG2 cell membrane could be
due to the accumulation of CL into the lysosomal compart-
ment along with diffusion into the cytoplasm. Similar results
were demonstrated by Parvathaneni et al., in which free C6
showed a reduced cell internalization than its corresponding
CL.69 This difference could be attributed to the relatively
enhanced lipophilic nature of CL than C6. Out of the several
reasons, lipophilic nature, solubility of test compound, and the
time of incubation with cells are the key factors determining
the uptake of the compound by cells. The literature suggests
that C6, when suspended in aqueous media, is known to have a
lesser uptake when compared with that of C6 solubilized in
DMSO. This means that solubility of the compound is directly
proportional to the cell uptake.70,71

Cationic nanoparticles with a net positive surface charge
emerge as a promising option owing to their very strong
cellular interaction and desirable cellular uptake.30 As
explained above, apart from PS on the surface of cancerous
cells, it also contains strong negatively charged elements such
as chorionic gonadotropin, sialic acid, and anionic residues of
RNA as compared to normal cell surfaces.72,73 On the basis of
this fundamental electrostatic interaction, cationic liposomes
have a high tendency to accumulate in cancer cells through
endocytosis.72

3.7. In Vivo Toxicity Studies. The toxicity profiling of RS
and RL5 were carried out using different toxicity markers.
BUN, and plasma creatinine levels were determined for
evaluating nephrotoxicity, while plasma ALT and AST levels
were determined for evaluating the hepatotoxicity. Untreated
animals served as the control for the comparison. As shown in
Figure S3I, animals treated with RS and RL5 did not induce
toxicity in the liver, spleen, and kidneys. The biochemical
evaluation was further corroborated with histopathological
examinations, suggesting a nontoxic behavior of free RS and
RL5. Histological sections of liver, kidney, and spleen (Figure
S3II) demonstrated normal parenchymal cell physiology,
indicating no signs of inflammation and necrosis.

Figure 5. continued

The half-maximal inhibitory concentration (IC50) values of RS after 24 and 48 h of incubation were 84.49 and 68.23 μg/mL and for RL5 were
63.65 and 42.26 μg/mL, respectively. (D) Bar graph showing quantitative cell internalization of RS and RL5 in HepG2 cancer cells, which were
evaluated at 3 and 5 h time points by HPLC. The time-dependent cellular uptake showed augmented cellular internalization of RL5 as compared to
RS throughout the incubation time (p < 0.05). Results demonstrated 54.16 ± 9.61 and 74.98 ± 6.33% cellular internalization after 5 h of incubation
with RS and RL5, respectively. (II) Qualitative cell uptake study of C6 and CL showing time-dependent cellular uptake, wherein a higher uptake of
CL by HepG2 was observed as compared to that free C6 at 3 (A−D and I−L) and 5 h (E−H and M−P). Scale bar is 50 μm.
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3.8. In Vivo Pharmacokinetic and Tissue Distribution.
Liposome drug delivery systems (DDS) are excellent
candidates to circumvent the limitations of free RS. An
assessment of pharmacokinetic profile of RL5 in comparison
with that of free RS was performed by using standard
protocols. Results of the pharmacokinetic evaluation of RL5
after intraperitoneal injection in Wistar rats are shown in Table
5. The higher concentration of RS from RL5 in the plasma and
liver was achieved when compared to the animal group, which
received free RS. The increase in the plasma concentration of
RS in animals treated with RL5 could be due to opsonization
and macrophage uptake of liposomes.30 Furthermore, the
positive charge on liposome slows down the absorption rate
due to the electrostatic interaction between the positively
charged liposomes and the negatively charged peritoneal
mesothelium surface. The slow absorption is further prolonged
due to the low uptake of positive liposomes by peritoneal
macrophages.74 Vesicle size is known as one of the critical
parameters that impact the absorption, retention, and
lymphatic uptake of liposomes following intraperitoneal
injection.75 Hirano and Hunt et al. explained that the stability
of liposomes is important for the delivery of intact liposomes
after intraperitoneal injection. Poor stability of large liposomes
leads to fusion of liposomes and subsequent undesirable
leakage of payload in the peritoneal cavity.76 Lee et al. and
Dadashzadeh et al. also suggested that there is a possibility of
aggregation of cationic liposomes after intraperitoneal injection
due to an increase in vesicle size. Hence, size is considered as
an important factor for the efficient delivery of liposomes
through intraperitoneal injection.75,77 In terms of distribution,
cationic liposomes were concentrated maximum in the liver,
followed by the spleen (Cmax 2.83 μg/mL, half-life of 30 min)
as compared to other organs. This difference in the distribution
could be attributed to the EPR effect and/or electrostatic
interaction, as explained in Figure 1.65,67 Electrostatic
interaction between the positively charged liposomes and
negatively charged hepatocellular cancer cells makes the drug
delivery system a potential way of targeting anti-cancer drugs
to liver cancer. In a healthy condition, the liver comprises PS,
which is positioned internally (unexposed) in healthy liver
tissue and is mediated by a membrane protein or ATP-
dependent transporter, amino phospholipid translocase.78,79

This symmetry of PS phospholipid is lost in cancer tissues
because of decreased functional activity of enzyme-translocase
and/or oxidative stress in the tumor microenvironment or
activation of the scramblase enzyme. The loss of symmetry
thus exposes the PS on the surface of cancer tissue, which is a

salient feature of cancerous cells specifically endothelial cells
(ECs).31,80 The exposure of PS on the surface of cells, known
as the death knell, generates a negative charge on liver cancer
tissue.67,81 Pharmacokinetic evaluation, therefore, serves as
clear indicative of this mechanism, explaining the use of
cationic liposomes as a potential targeting approach to the
hepatocellular carcinoma.82−84

3.9. Anti-Cancer Efficiency of RS and RL5 in the
Experimentally Induced Animal Model. Prophylactic and
therapeutic anti-cancer properties of RL5 were assessed in
NDEA induced HCC rats. The morphologies of liver,
histopathology, relative body/liver weight ratio, tumor nodules,
and liver enzyme levels (alanine transaminase (ALT), alkaline
phosphatase (ALP), aspartate transaminase (AST), total
bilirubin levels, γ-glutamyl transpeptidase (GGT) and α-
fetoprotein (AFP)) were assessed in all groups to compare the
efficiency of RL5 with free RS. At the end of ninth week of the
experiment, two rats from the disease control group were
dissected and liver samples were examined through histo-
pathology to confirm successful induction of cancer in the liver.
The morphology of liver specimens was analyzed after 12
weeks of the experimental period for all the groups (Figure 6
IA−F). The administration of RS and RL5 to HCC-bearing
rats (Groups III−VI) showed very few hepatic nodules (Figure
6IIIB), as compared to the disease control group. The
preventive and therapeutic RL5 treated rats (Groups IV and
VI) showed a marked suppression in tumor development with
significant changes in liver morphology, as compared to the
disease control group.
Histological examination revealed that administration of

NDEA induced granular cytoplasm with a condensed nucleus
with the presence of Councilman bodies, mononuclear
inflammatory cells, Kupffer cell hyperplasia, and neoplastic
lesion (Figure 6 IIB−E). In both prophylactic and therapeutic
treatment groups, the administration of RS and RL5 showed
that RL5 was better than free RS in the prevention of damage
and reduced the number of neoplastic lesions (Figure 6IIF−I).
RS is known to prevent the progression of cancer by targeting
multiple cellular targets affecting the cellular proliferation and
growth: apoptosis, inflammation, invasion, angiogenesis, and
metastasis. Bishayee et al. demonstrated that RS inhibits
hepatic carcinogen-activating enzymes such as cytochrome
P450 1A1(CYP1A1) and CYP3A/2 in vitro and in vivo.85

Similar observations were reported by Dhir et al. and
Rajasekaran et al. which showed that RS significantly decrease
the number of nodules and progression of cancer in NDEA
induced HCC in rodents.86,87 NDEA administration to rats

Table 5. Pharmacokinetic Parameters of RS and RL5 in Rat Plasma and Organs Following ip Administration

parameters Cmax AUCtotal (μg/mL·min) T1/2 (min) MRT (min)

blood RL5 2.15 225.98 56.24 95.70
RS 1.74 125.06 48.86 83.58

liver RL5 3.51 223.54 35.75 72.16
RS 1.50 69.85 37.36 58.29

spleen RL5 2.83 74.32 18.92 40.99
RS 2.50 113.15 18.65 38.66

lung RL5 0.49 10.56
RS 1.10 19.66

heart RL5 0.39 19.01 33.09 56.00
RS 0.22 23.40 65.40 102.00

kidney RL5 2.34 63.53 29.30 39.70
RS 2.82 132.25 26.25 45.07

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://dx.doi.org/10.1021/acsbiomaterials.0c00429
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

K

pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.0c00429?ref=pdf


lead to a marked elevation in levels of serum AST, ALT, ALP
total bilirubin, and GGT levels, as shown in Figure 6IIIC−G,
which is an indication of hepatocellular damage. Metabolism of
NDEA in the liver causes damage to liver cells due to
generation of reactive oxygen species (ROS). This process
triggers uncontrolled proliferation of hepatocyte, ultimately
leading to the generation of HCC.88,89 RL5 treatment to HCC-
bearing rats showed a significant decrease in the activities of
AST, ALT, ALP, and GGT as compared to the disease control
group.
Serum α fetoprotein (AFP) is considered as one of the key

marker enzymes that is reported to increase in several diseases/
disorders including hepatocellular carcinoma.88 The effect of
RS and RL5 on α-fetoprotein protein levels in NDEA induced

liver damage is shown in Figure 6IIIH. Comparative AFP levels
estimation of HCC induced rats treated with RS and RL5
clearly shows that RL5 treated rats had lower AFP levels than
rats treated with free RS. Preventive and therapeutic treatment
with RS and RL5 showed a significant decrease (P < 0.001) in
AFP levels compared to those of disease control rats.
Overall, the cell uptake studies described above clearly

support the idea that cationic liposomes have an inherent
inclination toward PS groups present on the cancer cells, which
was evident by higher internalization of RL5 than RS. These
outcomes represent a novel strategy to target cancerous cells
and can be used as an effective platform for the delivery of
drugs and biological molecules for the treatment of HCC. The
outcomes corroborate with the in vivo results discussed above,

Figure 6. (I) Representative images of rat’s livers: (A) normal group liver tissue appears normal with no macroscopically detectable pathological
changes. (B) Disease control group liver tissues demonstrated significant changes in terms of color, consistency, and the surface texture. Tissue
appeared pale pink in color with increased size and corrugated surface with multiple macroscopic nodules (yellow arrows). (C) Prophylactic RS
treated group demonstrated very few nodules (yellow arrows) and lesions. (D) Prophylactic RL5 treated group in rats showed marked reduction in
the number of nodules and damaged caused by NDEA. (E and F) Therapeutic RS and RL5 treated groups in rats showed reduction in the number
of nodules. (II) Histopathological images of rat’s livers: (A) Normal group showed normal hepatic lobule between the central vein and normal
peripheral interlobular septum with the portal area comprising a portal vein, hepatic arteries bile ducts, and lymphatic vessels. (B−E) Disease
control group showed injuries mainly as enlarged hepatocytes with granular cytoplasm with condensed nucleus (ballooning degeneration) with the
presence of Councilman body (red arrows) and infiltration by mononuclear inflammatory cells (black arrows), kupffer cell hyperplasia (blue
arrows), and neoplastic lesion, which is multicentric in origin (green arrows), was seen. (F) Prophylactic RS treated group showed neoplastic
lesions with inflammatory cells, revealing the moderate improvement over the NDEA treated animals. (G) Prophylactic RL5 treated group showed
hepatocyte maintaining normal architecture. (H) Therapeutic RS treated group showed neoplastic lesions. (I) Therapeutic RL5 treated group
showed inflammatory cells in portal tract with moderate improvement over those of the disease control group. (III) (A) Liver/body weight ratio
significant reduction in the liver/body weight ratio after administration of RS and RL5 as compared to disease control group. (B) Number of
nodules on liver in each group; prophylactic and therapeutic RLs treated groups showed a significantly (P < 0.001) less number of nodules. (C−H)
Enzyme estimations: the activities of serum alanine transaminase (ALT), alkaline phosphatase (ALP), aspartate transaminase (AST), total bilirubin
levels, γ-glutamyl transpeptidase (GGT), and α-fetoprotein (AFP) were measured to assess the degree of hepatic cell damage. The data were shown
as mean ± SD of six animals and statistically analyzed by one way ANOVA. Statistical significance was considered at #P < 0.001 when compared
with the normal group; ***P < 0.001, **P < 0.01, *P < 0.05, and ns: no significance when compared with the disease control group.
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which not only shows improvement in the therapeutic
efficiency of the optimized RL5 compared to free RS but
also confirms the biocompatible nature of the liposomes.
Looking forward, it would be worth performing an experiment
in combination with sorafenib (USFDA approved drug) to
evaluate the effect of combination therapy.

4. CONCLUSION

In spite of its well-known application in cancer therapeutics,
the use of RS is limited due to its physiological properties such
as poor bioavailability and low half-life. Liposomes are one of
the potential formulation systems approved by the FDA for
application in cancer therapeutics. In the present investigation,
we attempted to improve the bioavailability and the kinetic
profile of RS by using cationic liposomes as a carrier for HCC.
Optimized RL5 with a SL/Chol ratio of 7:2 and SA (5 mg)
demonstrated desirable VS (145.78 ± 9.9 nm), ZP (38.03 ±
9.12 mV), and EE (78.14 ± 8.04%) values. The in vitro
biocompatible nature of RLs was confirmed by the absence of
cytotoxicity against fibroblast (L929) cell lines and blood
erythrocytes. In vitro cell culture assay showed an enhanced
uptake of RL5 in HepG2 cells, resulting in enhanced tumor cell
killing ability when compared to free RS. This could be due to
the high affinity of positively charged liposomes toward the
negative charge of phosphatidylserine exposed on cancer cells.
In vivo pharmacokinetic and pharmacodynamic studies
revealed selective accumulation of RLs in liver cancer tissue,
which demonstrated both chemopreventive and therapeutic
effects on NDEA initiated HCC. Taken together, RS loaded
cationic liposomes delivery system has a promising potential
for the treatment of HCC and may provide a platform to
enhance the delivery of small molecule anti-cancer drugs.
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Portillo, M. P. Antiobesity Effects of Resveratrol: Which Tissues Are
Involved? Ann. N. Y. Acad. Sci. 2017, 1403 (1), 118−131.
(12) Sallem, F.; Haji, R.; Vervandier-Fasseur, D.; Nury, T.; Maurizi,
L.; Boudon, J.; Lizard, G.; Millot, N. Elaboration of Trans-Resveratrol
Derivative-Loaded Superparamagnetic Iron Oxide Nanoparticles for
Glioma Treatment. Nanomaterials 2019, 9 (2), 287.
(13) Jagwani, S.; Jalalpure, S.; Dhamecha, D.; Hua, G. S.; Jadhav, K.
A Stability Indicating Reversed Phase HPLC Method for Estimation
of Trans -Resveratrol in Oral Capsules and Nanoliposomes. Anal.
Chem. Lett. 2019, 9 (5), 711−726.
(14) Devulapally, R.; Foygel, K.; Sekar, T. V.; Willmann, J. K.;
Paulmurugan, R. Gemcitabine and Antisense-MicroRNA Co-
Encapsulated PLGA-PEG Polymer Nanoparticles for Hepatocellular
Carcinoma Therapy. ACS Appl. Mater. Interfaces 2016, 8 (49),
33412−33422.
(15) Chishti, N.; Jagwani, S.; Dhamecha, D.; Jalalpure, S.; Dehghan,
M. H. Preparation, Optimization, and in Vivo Evaluation of
Nanoparticle-Based Formulation for Pulmonary Delivery of Anti-
cancer Drug. Med. 2019, 55 (6), 294.
(16) Jadhav, K.; HR, R.; Deshpande, S.; Jagwani, S.; Dhamecha, D.;
Jalalpure, S.; Subburayan, K.; Baheti, D. Phytosynthesis of Gold
Nanoparticles: Characterization, Biocompatibility, and Evaluation of
Its Osteoinductive Potential for Application in Implant Dentistry.
Mater. Sci. Eng., C 2018, 93, 664−670.
(17) Dhamecha, D.; Jalalpure, S.; Jadhav, K. Doxorubicin Function-
alized Gold Nanoparticles: Characterization and Activity against
Human Cancer Cell Lines. Process Biochem. 2015, 50 (12), 2298−
2306.
(18) Jadhav, K.; Dhamecha, D.; Bhattacharya, D.; Patil, M. Green
and Ecofriendly Synthesis of Silver Nanoparticles: Characterization,
Biocompatibility Studies and Gel Formulation for Treatment of
Infections in Burns. J. Photochem. Photobiol., B 2016, 155, 109−115.
(19) Tang, M.; Svirskis, D.; Leung, E.; Kanamala, M.; Wang, H.; Wu,
Z. Can Intracellular Drug Delivery Using Hyaluronic Acid
Functionalised PH-Sensitive Liposomes Overcome Gemcitabine
Resistance in Pancreatic Cancer? J. Controlled Release 2019, 305,
89−100.
(20) H.R., R.; Dhamecha, D.; Jagwani, S.; Rao, M.; Jadhav, K.;
Shaikh, S.; Puzhankara, L.; Jalalpure, S. Local Drug Delivery Systems
in the Management of Periodontitis: A Scientific Review. J. Controlled
Release 2019, 307, 393−409.
(21) Zhang, N.; Chen, H.; Liu, A. Y.; Shen, J. J.; Shah, V.; Zhang, C.;
Hong, J.; Ding, Y. Gold Conjugate-Based Liposomes with Hybrid
Cluster Bomb Structure for Liver Cancer Therapy. Biomaterials 2016,
74, 280−291.
(22) Kushwah, V.; Jain, D. K.; Agrawal, A. K.; Jain, S. Improved
Antitumor Efficacy and Reduced Toxicity of Docetaxel Using
Anacardic Acid Functionalized Stealth Liposomes. Colloids Surf., B
2018, 172, 213−223.
(23) Wang, M.; Liu, Y.; Zhang, X.; Luo, L.; Li, L.; Xing, S.; He, Y.;
Cao, W.; Zhu, R.; Gao, D. Gold Nanoshell Coated Thermo-PH Dual
Responsive Liposomes for Resveratrol Delivery and Chemo-Photo-
thermal Synergistic Cancer Therapy. J. Mater. Chem. B 2017, 5 (11),
2161−2171.
(24) Cosco, D.; Paolino, D.; Maiuolo, J.; Marzio, L. Di; Carafa, M.;
Ventura, C. A.; Fresta, M. Ultradeformable Liposomes as Multidrug

Carrier of Resveratrol and 5-Fluorouracil for Their Topical Delivery.
Int. J. Pharm. 2015, 489 (1−2), 1−10.
(25) Caddeo, C.; Teskac,̌ K.; Sinico, C.; Kristl, J. Effect of
Resveratrol Incorporated in Liposomes on Proliferation and UV-B
Protection of Cells. Int. J. Pharm. 2008, 363 (1−2), 183−191.
(26) Caddeo, C.; Nacher, A.; Vassallo, A.; Armentano, M. F.; Pons,
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ABSTRACT
Aim: The aim of the study was to develop and validate a simple and precise reverse-phase 
High Performance Liquid Chromatography (RP-HPLC) method for quantitative analysis 
of trans-resveratrol in human and rat plasma. Methods: HPLC method was developed 
by using Phenomenex Luna C18 column (150 x 4.6 mm, 5 µm) and the optimized 
mobile phase comprised of acetonitrile/water in isocratic mode (30:70, v/v) with the 
flow rate of 1.0 mL/min. Trans-resveratrol was detected at a UV wavelength of 306 nm. 
Developed method was validated as per International Conference on Harmonization (ICH) 
M10 guidelines. Results: The proposed method was found simple, precise and linear with 
regression coefficient of 0.999 which could analyse the samples in nanograms levels 
with mean percent recovery in the acceptable range of 94.44 – 97.44%. The method 
was precise at the intra-day and inter-day levels as reflected by the relative standard 
deviation values (less than 3.36%). Trans resveratrol was found to be stable in plasma 
under different storage conditions. Conclusion: The present investigation demonstrated 
that the developed method was succesfully applied to accurately determine trans-
resveratrol in human and rat plasma and therefore can be applicable for pre-clinical and 
clinical studies.
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INTRODUCTION
Recently, various food constituents, mainly 
polyphenols have gained wide attention 
either as a potential therapeutic or as pro-
phylactic agent in the management of  
several diseases.1 Resveratrol (3,5,4’- tri-
hydroxystilbene), a well-known naturally 
occurring lipophilic polyphenol is first iso-
lated from white hellebore and also pres-
ent in wide range of  other plant products 
including cranberry, grapevine, blueberry, 
bilberry and peanut.2,3 Resveratrol has two 
isomers cis and trans from which, the trans-
resveratrol is the therapeutically active form 

(Figure 1) responsible for health-promoting 
pharmacological effects like antioxidant, 
anti-aging, cardioprotective, neuropro-
tective, anti-inflammatory and anticancer 
properties.4 Although trans-resveratrol has 
shown promising results in several diseases 
but its unfavorable pharmacokinetic prop-
erties such as low bioavailability, extensive 
metabolism and short half-life limits its use 
in clinical applications.5 Currently, trans-res-
veratrol has been widely incorporated as a 
nutritional supplement in the day-today life 
and to consume it as a drug, it is important 
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to develop an appropriate drug delivery systems which 
can overcome the problems related to its pharmacoki-
netic. Several HPLC methods are reported in the lit-
erature to quantify trans resveratrol in human and rat 
plasma.2,5-9 However, the reported RP-HPLC methods 
present several limitations such as long run times, high 
flow rates, complicated gradient elutions and buffer 
solutions in mobile phase. The necessity for develop-
ment of  a reliable analytical method for drug assay in 
biological fluids is a prerequisite for pharmacokinetic 
studies in animal models and human subjects. 
With this background, the aim of  the study was to 
develop a simple, rapid and selective RP-HPLC method 
in accordance with U.S. Food and Drug Administration 
and ICH guideline10,11 to quantify trans-resveratrol in 
human and rat plasma.

MATERIALS AND METHODS

Materials
Trans-resveratrol (99% pure) and carbamazepine were 
obtained as free samples from Ms. Sami Labs Ltd., Ban-
galore, India and Alkem Laboratories Ltd., Mumbai, 
India, respectively. HPLC-grade acetonitrile (ACN) and 
methanol were procured from Merck, Mumbai, India. 
Whole human blood was obtained from K.L.E.S. Dr. 
Prabhakar Kore Hospital and Medical Research Centre 
blood bank, (Nehru Nagar, Belagavi-590010, Karna-
taka, India) and was processed to obtained blank plasma. 
Deionized water used in the tests was prepared by filter-
ing water through Millipore Direct-Q®-3 purification 
system (18.2 MΩ/cm) Millipore (Molsheim, France). 

Instrument 
The HPLC system (LC-20AD prominence system, Shi-
madzu, Kyoto, Japan) consisted of  an LC-20AD pump, 
SIL-20 AC HT autosampler, SPD-M20A diode array 
detector and CBM-20A communication bus module, 
which was functioned by using computer based Shi-

madzu LC solution (version 1.25) software program 
to analyse the chromatograms. A reverse phase Luna 
C18 column (150 x 4.6 mm i.d., 5 µm particle size, Phe-
nomenex, USA) equipped with a guard column (ODS; 
4 x 3.0 mm ID, Phenomenex, CA, USA) with a similar 
particle size was used for separation.

Chromatographic conditions
System was operated with isocratic elution of  ACN: 
Deionized water (30:70 v/v) as mobile phase at a flow 
rate of  1.0 mL/min under a controlled temperature 
(30°C) condition. Solvents were prepared by degas-
sing in bath sonicator for 10 min followed by filteration 
through 0.45 µm membrane Millex HV polyvinylidene 
fluoride membrane filters (Millipore, Bedford, USA) by 
using vaccum pump. Drug samples (20 µl ) was injected 
in HPLC system and detected at 306 nm. 

Method validation
Developed method was validated for its selectivity, lin-
earity, system suitability, Limit of  Detection (LOD), 
Limit of  Quantitation (LOQ), precision, accuracy and 
stability.

Human and rat plasma samples preparations
Animal experiments was approved by the Institutional 
Animal Ethical Committee, KLE College of  Pharmacy, 
Belagavi, India. Human and rat blood samples were 
centrifuged at 3000 rpm for 10 min at 4°C for plasma 
separation.12 The stock solution of  the drug was spiked 
in rat and human plasma to get final concentrations of  
2, 4, 6, 8, 10, 12 µg mL-1 (trans-resveratrol). Protein pre-
cipitation was performed by treating the spiked plasma 
samples (150 µL) with acetonitrile (100 µL) followed by 
centrifugation at 10000 rpm for 10 min at 4°C. Finally, 
the supernatant was carefully seperated and loaded into 
the HPLC autosampler for analysis.13

Stability experiments
Trans-resveratrol stability was determined in the human 
and rat plasma at different storage conditions as follows: 
stability for up to 6 h at 25°C, freezer stability up to 7 
days (at -20°C) and freeze-thaw stability (at -20°C). In 
freeze-thaw stability, cycles were conducted for thrice 
and the samples were restored to the same condition 
after withdrawal of  aliquots for analysis. The peak areas 
of  the trans-resveratrol obtained at 0 h were used as the 
reference to determine the relative stability at various 
storage conditions. All the experiment were performed 
in triplicates and the samples were considered as stable 
if  the assay values were within the acceptable limit of  
accuracy (i.e. ± 15% standard deviation).14

Figure 1: Structure of trans-resveratrol.
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RESULTS AND DISCUSSION

Method development 
Preceding to the validation step, the proposed method 
was developed in order to provide a simple and opti-
mized procedure, with reduced time and cost of  analy-
sis. Therefore, different chromatographic parameters 
were considered, namely peak number of  theoretical 
plates (N), symmetry (as described by the tailing fac-
tor, T), resolution, HETP and retention factor (k′). Ini-
tially, the developed RP-HPLC method was optimized 
by altering the mobile phase composition to obtain 
symmetrical peak. Varying ratios of  solvents mainly 
consisting of  ACN and deionized water with or with-
out methanol was used to optimise the resolution of  
the peak. Solvent composition consisting of  methanol 
and water in the ratio of  50:50 v/v might yield clear 
trans-resveratrol peak but had a undesirable impact on 
the theoretical plate number whereas, solvent composi-
tion consisting of  ACN and deionized water 50:50 v/v 
yielded well resolved peak with minor tailing. For the 
separation of  trans-resveratrol, several proportions of  
ACN and water were tested ranging from 90:10 to 40:60 
and analysed to get sharp peak with negligible tailing 
and shorter retention time. Apart from the mobile phase 
selection, column temperature is one of  the key param-
eter that demonstrate the significant effect on retention 
time and peak shape of  trans-resveratrol. Experiments 
with colum temperature in the ranging from 25°C to 
45°C revealed that 30°C demonstrated clear peak shape 
and shorter retention time when compared to others. 
The developed HPLC system with Luna C18 column 
(150 x 4.6 mm i.d., 5µm) was validated by using a sol-
vent mixture of  ACN and deionized water (30:70) with 
isocratic elution at 1.0 mL/min. The injection volume 
was set up at 20 µL with column temperature of  30°C. 
Under these chromatographic conditions, trans-resvera-
trol was detected at wavelength of  306 nm with reten-
tion time of  6.1 min (Figure 2).
Method validation

System suitability and selectivity tests

System suitability test is an vital part of  the HPLC 
method development which defines the feasibility and 
acceptability of  the proposed method for the estima-
tion of  trans-resveratrol in the plasma. The results of  
the tested parameters along with their acceptance crite-
ria are summarized in Table 1. All the parameters such 
as retention factor (>2), tailing factor (< 2), resolution 
(>2) and theoretical plate number (>2000) were found 
to be within the acceptable limits demonstrating desir-
able resolution, peak symmetry, column efficiency and 

excellent chromatographic conditions which was used 
for further validation and sample analysis. Selectivity is 
described as the ability of  a method to separate the ana-
lyte from all possibly interfering substance. The selec-
tivity of  the method was examined by analyzing blank 
human and rat plasma detection and spiking with pure 
compound. Figure 2 shows that there were no interfer-
ence of  plasma in resveratrol elution.

Linearity and range
The linearity of  a method is defined as the relationship 
between the peak area and its corresponding concentra-
tions in the sample solutions. The developed method 
was found to be linear (Figure 3) over the range of  2 – 

Figure 2: Representative chromatogram obtained from a) pure 
trans resveratrol (6μg mL-1) b) blank human plasma c) human 

plasma spiked with pure trans resveratrol at 6μg mL-1 and 
internal standard (IS) carbamezapine at 20μg mL-1 d) blank rat 
plasma e) rat plasma spiked with pure trans resveratrol at 6μg 

mL-1 and internal standard (IS) carbamezapine at 20μg mL-1. 
Retention time of pure resveratrol and IS are 6.1 and 11.2 min, 

respectively.

Table 1: System suitability parameters.

Parameter
Human 
plasma

Rat 
plasma

Acceptance 
criteria

Retention time (Rt, 
min)

6.055 ± 
0.004

6.051 ± 
0.003 -

Peak area 171352.3 ±
1173.212

172503.7 ± 
1329.123 -

Tailing factor (T) 1.11 1.09 < 2.0

Theoretical plates 
(N) 8504.00 4454.00 > 2000

Resolution 26.21 10.92 >2

HETP 0.01 0.03

Smaller 
the value 
the higher 

column 
efficiency

retention factor (k’) 3.16 3.10 > 2

Values are express as mean ± standard deviation (SD); (n=6)
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12 µg mL-1 with correlation coefficient; r2= 0.999 (Table 
2) indicating acceptable linearity over the proposed con-
centration range.
LOD and LOQ
The LOD and LOQ were determined by diluting the 
known concentration of  the drug until a signal to noise 
ratio of  nearly 3:1 and 10:1 were obtained (Table 2). 
The lowest concentration of  trans-resveratrol detected 
in human and rat plasma was 0.030 and 0.032 µg mL-1 
respectively. Whereas, the limit of  quantitation in the 
human plasma and rat plasma was found to be 0.090 
and 0.099 µg mL-1 respectively.

Precision
The precision of  an analytical method indicates the 
closeness of  agreement between the series of  measure-
ments obtained from multiple samplings of  the iden-
tical sample under the similar analytical conditions. 
Both inter-day (at three consecutive days) and intra-day 
(repeatability) assays were performed at three different 
concentrations (in triplicates) and results are shown in 
Table 3. The percent relative standard deviation (%RSD) 
of  the total peak areas were <3.36% which indicates 
that the developed method is precise.

Accuracy
The accuracy of  the bioanalytical method is defined as 
the percent difference between the mean experimental 
value and true value. Accuracy was evaluated by con-
ducting a recovery experiment in pre-analysed biological 
fluid (human and rat plasma). The assay was performed 
by following standard addition method at three differ-
ent concentrations (50%, 100% and 150%) of  preana-
lysed trans-resveratrol samples in triplicates. The mean 
percent recovery of  trans resveratrol from biological 
fluid were in the range of  94.44 to 97.44 % with < 1 
% RSD. The results summarized in the Table 4. clearly 
indicate that the developed method displayed low vari-
ability and a strong agreement between experimental 
and true values.

Trans-resveratrol stability
Trans-resveratrol was stable for 6h at 23°C - 25°C and 
7 days at freezing condition (-20°C). Trans resveratrol 
was also stable for 3 freeze-thaw (F/T) cycles (Table 5).
Comparison with previous published methods
Comparative analysis of  methods described in the exist-
ing literature and the current study reveals the advan-
tage of  the developed method (Table 6). The developed 
method uses conventional solvents like water and ACN 
and has the flowrate of  1mL min-1 with retention time 
of  6 min which suggests that it is economic, cheap and 

Figure 3: Linearity curve of trans resveratrol in human and 
rat plasma found to be linear over the range of 2 – 12 µg mL-1 

with correlation coefficient; r2= 0.999.

Table 2: Statistical evaluation of the calibration data.
Parameters Human plasma Rat 

plasma

Linearity range (µg mL -1) 2 - 12 2 - 12

Slope 58424 30305

Intercept -7297 -11371

Correlation coefficient 0.999 0.999

Limit of detection (µg mL -1) 0.0301 0.0327

Limit of quantification (µg mL -1) 0.0909 0.0992

Table 3: Intraday and interday precision of  
resveratrol.

Samples
Resveratrol 

concentration 
(µg mL-1)

Intraday 
(n=6) 

Percent 
RSD

Interday (n=3) 
Percent RSD

Day 1 Day 2 Day 
3

Human 
plasma

2 1.042 1.208 1.690 1.684

6 1.430 1.368 1.315 1.02

10 1.652 1.120 1.515 1.304

Rat 
plasma

2 3.20 1.48 3.36 1.68

6 1.37 1.42 1.99 2.37

10 2.06 2.12 1.19 1.26
RSD (Relative standard deviation); n = number of replicate.

Table 4: Determination of accuracy based on  
percentage recovery (n=3).

Level of addition (%) Human plasma Rat plasma
50 94.44 94.68

Percent RSD 0.49 0.65

100 95.09 95.25

Percent RSD 0.27 0.36

150 97.44 96.29

Percent RSD 0.55 0.64
RSD (Relative standard deviation); n = number of replicate.
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Table 5: Stability data of trans-resveratrol in human and rat plasma.

Spiked concentration 
(µg/mL-1) Stability

Human plasma Rat plasma

Mean ± SDa (µg/mL-1), 
n= 3 Accuracy (%) b Mean ± SDa (µg/mL-1), 

n = 3 Accuracy (%) b

2 

0 h 1.934 ± 0.022 - 1.958 ± 0.015 -

3 F/T cycles 1.891 ± 0.027 95.33 1.771 ± 0.0132 92.37

6 h 1.920 ± 0.012 98.45 1.919 ± 0.009 95.87

7 days at
 -20°C 1.900 ± 0.016 92.39 1.941 ± 0.028 94.02

6 

0 h 5.973 ± 0.006 - 5.978 ± 0.022 -

3 F/T cycles 5.679 ± 0.023 95.07 5.837 ± 0.027 97.63

6 h 5.753 ± 0.056 98.74 5.878 ± 0.019 98.74

7 days at
 -20°C 5.190 ± 0.132 93.05 5.812 ± 0.028 97.21

10 

0 h 9.876 ± 0.039 - 9.225 ± 0.099 -

3 F/T cycles 9.325 ± 0.166 94.42 8.927 ± 0.202 96.76

6 h 9.753 ± 0.056 98.74 8.966 ± 0.239 97.19

7 days at
 -20°C 9.190 ± 0.132 93.05 8.872 ± 0.109 96.16

aBack calculated concentration, b (Mean assayed concentration/mean assayed concentration at 0 h) x 100.

Table 6: Comparison between HPLC methods reported in the literature.

No. Column Mobile phase Separation 
time (min) Limitations Applicability References

1 C18

Gradient elution
NH4CH3CO2 -5mM
CH3OH, Propan-2-

ol- 2%

18.6 Gradient elution; Longer run time; 
Expensive equipment

Human plasma and 
urine

9

2 C18 3% CH3COOH: 
CH3CN (20:80, v/v) 11.7

Gradient elution; High flow rate; 
Expensive equipment and hence 

uneconomical 

Rat plasma and 
tissue 7

3 C18
H3PO4 0.5% v/v

(pH 6.8): CH3OH:
(37:63 v/v)

3.94
Complete validation was not done; 
system suitability parameters were 

not mentioned

Spiked human 
plasma 15

9 C18

CH3OH: CH3CN: 
0.1% H3PO4 

(60:10:30 v/v)
4.34 Method validation in plasma clearly 

not given; stability studies not given
PLGA nanoparticle 
and human plasma 16

10 ODS 
Hypersil

CH3CN: 30µM PBS 
(pH 7.0)
(30:70)

5.5 No system suitability data given Rat plasma 5

14 C18
CH3CN: H2O

(30:70) 6.10
Economical, fast analysis, complete 

validation and stability studies of 
resveratrol in plasma

human and rat Present
method
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fast when compared to other methods. Use of  simple 
mobile phase without strong buffers/expensive HPLC 
grade solvents and a conventional C18 column makes the 
method versatile for the analysis of  trans-resveratrol.

Comparison with previous published methods
Comparative analysis of  methods described in the exist-
ing literature and the current study reveals the advan-
tage of  the developed method (Table 6). The developed 
method uses conventional solvents like water and ACN 
and has the flowrate of  1mL min-1 with retention time 
of  6 min which suggests that it is economic, cheap and 
fast when compared to other methods. Use of  simple 
mobile phase without strong buffers/expensive HPLC 
grade solvents and a conventional C18 column makes 
the method versatile for the analysis of  trans-resveratrol.

CONCLUSION
A simple, sensitive and rapid RP-HPLC method was 
successfully developed according to the ICH guideline 
for the estimation of  trans-resveratrol in human and rat 
plasma. The simple chromatographic conditions and 
pre-treatment procedure is easy and fast to perform. 
The acceptable limit of  selectivity, precision, accuracy 
and appropriate retention time only 6 min make it suit-
able for preclinical and clinical studies.
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SUMMARY
Developed RP-HPLC method was validated as per 
ICH (M10) guidelines for quantitative analysis of  
trans-resveratrol in human and rat plasma. Separa-
tion of  trans-resveratrol was carried out by using Phe-
nomenex Luna C18 column (150 x 4.6 mm, 5 µm) 
with optimized mobile phase comprised of  acetoni-
trile/water in isocratic mode (30:70, v/v) at the flow-
rate of  1.0 mL/min. Trans-resveratroldetected at UV 
wavelength of  306 nm with retention time of  6.1 min.
The developed bioanalytical method was rapid, simple 
and precise for the determination of  trans resveratrol 
in plasma.
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A Stability Indicating Reversed Phase HPLC Method for Estimation
of trans-Resveratrol in Oral Capsules and Nanoliposomes

Satveer Jagwani 1, 2, Sunil Jalalpure 1, 2*,
Dinesh Dhamecha 1, Gan Siew Hua 3, Kiran Jadhav 2

1 Dr. Prabhakar Kore Basic Science Research Center, KLE Academy of Higher
 Education and Research, Nehru Nagar, Belagavi-590010, Karnataka, India

2 KLE College of Pharmacy, KLE Academy of Higher Education and Research,
Nehru Nagar, Belagavi-590010, Karnataka, India

3 School of Pharmacy, Monash University Malaysia, Jalan Lagoon Selatan,
47500 Bandar Sunway, Selangor, Malaysia

Abstract: Trans-resveratrol, a naturally occurring lipophilic polyphenol present in various foods, is
well known for its therapeutic use. Owing to their exciting therapeutic potential, we developed a simple and
precise stability indicating reverse-phase high performance liquid chromatography (RP-HPLC) method as per
International Conference on Harmonization guidelines for quantitative analysis of trans-resveratrol in a
commercial nutraceutical product and in-house nanoliposomes formulation. The chromatographic separation
was attained on Phenomenex Luna C18 column (150 x 4.6 mm, 5 μm) at 30°C using UV detection at 306 nm.
The optimized mobile phase consisted of acetonitrile/water (30:70, v/v) at the flowrate of 1.0 mL/min under
isocratic mode of elution. The proposed method was found to be accurate, precise and linear with regression
coefficient of 0.999 which could analyse the samples with as low as in nanograms with percent recovery in the
acceptable range of 97.97 - 102.80 %. In addition, stress degradation study was also carried out wherein
analyte peak was found to be well resolved. Hence, the present investigation confirmed that the developed
method can be employed for the analysis of trans-resveratrol in different formulations, and also of huge
benefit in careful selection of experimental conditions and its implication for storage and formulation
development.

Key words: Trans-resveratrol; RP-HPLC; forced degradation studies; nanoliposomes.

Introduction
Recently, multifarious food constituents particu-

larly polyphenols have gained extensive attention
as either potential therapeutic or as preventive
agents in the management of various diseases 1.
Resveratrol (3,5,4'- trihydroxystilbene), a well
known naturally occurring low molecular weight
lipophilic polyphenol, is produced as the second-
ary metabolite by various plants in response to
environmental and pathogenic induced stress 2.

Resveratrol predominantly exists in a sensitive
trans-resveratrol form, which gets isomerized to
cis form on exposure to UV light 3-4 (Fig. 1). Trans-
resveratrol is the active form responsible for
cardioprotective, neuroprotective, anti-inflamma-
tory, antioxidant, anti-aging and anticancer prop-
erties 5.

Numerous chromatographic techniques such as
high performance liquid chromatography
(HPLC), liquid chromatography mass spectro-
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Figure 1. Synthesis of trans-resveratrol, Carbon dioxide (CO2)

metry (LC/MS), fluorometric and electrochemi-
cal detection methods have been reported for the
quantification of resveratrol in wine, grapes and
nanoformulations 6-13. However, the reported RP-
HPLC methods have several limitations includ-
ing long run times 14, high flow rates 15-16, compli-
cated gradient elutions 17 and buffer solutions in
mobile phase 7.

A wide range of resveratrol dosage forms (pow-
ders, tablets and capsules) are now commercially
available as nutritional health supplements. How-
ever, these dosage forms fail to provide therapeu-
tic benefits because of poor bioavailability, low
water solubility, rapid degradation at alkaline pH
and fast systemic clearance 18. In addition, the
sensitive nature of trans-resveratrol poses a con-
cern towards its stability during formulation and
analysis that may affect its therapeutic properties
19. To overcome these limitations, nanocarrier sys-
tems like liposomes 20, solid lipid nanoparticles
21, nanoemulsions 22, micelles 23, and nanoparticles
24 have been investigated. Amongst these nano-
carriers, liposomes are considered as the most

useful vesicular system. However, the success of
nanoformulation-based drug delivery systems
depends upon the particle size 25, zeta potential
26, and encapsulation efficiency (EE) 27. Estima-
tion of drug entrapment is one of the key attributes
in determining successful formation of nanolipo-
somes. In this regard, the present study focuses
on formulating in-house trans-resveratrol loaded
nanoliposomes followed by the evaluation of the
application of the developed method for estima-
tion of entrapment efficiency.

With this background, the present study (sche-
matically represented in figure 2) was stemmed,
to develop a simple, rapid and selective RP-HPLC
method in accordance with International Council
for Harmonization guideline (ICH, Q2(R1) 28 to
quantify trans-resveratrol in commercial nutra-
ceutical capsules and in-house resveratrol loaded
nanoliposomes. To our knowledge, there is no
single method that has been reported which can
analyse trans-resveratrol concentration in various
systems like commercial formulations and in-
house complex lipid formulation. Subsequently,
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Figure 2. Schematic representation of stability indicating RP-HPLC method development
validation and estimation of trans-resveratrol in oral capsules and nanoliposomes

the developed method was used to investigate the
degradation behavior of trans-resveratrol under
different conditions (acidic, basic, neutral, oxi-
dation, UV-light and thermal degradation) which
can aid in the careful selection of experimental
conditions and its implication for storage, formu-
lation development and analysis.

Materials and methods
Materials

Trans-resveratrol (99 % pure), Lipoid S 100 (94
% phosphatidylcholine) and carbamazepine do-
nated by Ms. Sami Labs Ltd., Bangalore, India;
Lipoid GmbH, Ludwigshafen, Germany and
Alkem Laboratories Ltd., Mumbai, India, respec-
tively. HPLC-grade acetonitrile (ACN) was pro-
cured from Merck, Mumbai, India. Deionized
water used in the test was prepared via Millipore
Direct-Q®-3 purification system (18.2 MÙ/cm)
Millipore (Molsheim, France).

Experimental
Equipment setup and HPLC conditions

The Shimadzu HPLC system (LC-20AD promi-
nence system, Kyoto, Japan) consisting of an LC-
20AD pump, SIL-20 AC HT autosampler, SPD-
M20A diode array detector and CBM-20A com-
munication bus module, which was operated by
using a computer based Shimadzu LC solution
(version 1.25) software program. A reverse phase
Luna C18 column (150 x 4.6 mm i.d., 5 μm par-
ticle size, Phenomenex, USA) equipped with a
security guard column having (ODS; 4 x 3.0 mm
ID, Phenomenex, USA) was used for separation.
The system was operated under an isocratic elu-
tion of ACN:water (30:70 v/v) at 1.0 mL/min
under a controlled temperature (30°C) condition.
The solvents were prepared by degassing in an
ultrasonic bath for 15 min followed by a vacuum
pump which allows filteration through a Millex
HV polyvinylidene fluoride membrane filter (0.45
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μm) (Millipore, Bedford, USA). Drug samples 10
μl was injected into the HPLC system and was
detected at 306 nm.

Preparation of calibration standards
Stock methonolic solution (1 mg mL-1) of res-

veratrol and carbamazepine as the internal stan-
dard (IS) were prepared. Six working solutions
of trans-resveratrol (2, 4, 6, 8, 10 and 12 μg mL-1)
and working solution of IS (20 μg mL-1) were pre-
pared by diluting trans-resveratrol and IS stock
solution in the mobile phase respectively. The
sample solutions were stored at 5ºC ± 3ºC until
further use. The experiments were performed in
dim light to prevent the possibility of photochemi-
cal isomerization.

Method validation
The developed method was validated for its se-

lectivity, linearity, system suitability, limit of de-
tection (LOD), limit of quantification (LOQ), pre-
cision, accuracy, stability, robustness and rugged-
ness as per ICH guideline (Q2R1).

Analysis of commercial dosage form
Commercially available resveratrol capsules 

(Resveratrol Plus capsules; marketed by Zenith
Nutrition and manufactured by Medizen Labs Pvt.
Ltd., Bangalore, India) were used for evaluating
the assay of resveratrol in capsules. Resveratrol
powder equivalent to 10 mg was accurately
weighed and dissolved in 10 mL of methanol in
amber volumetric flasks. The resulting mixture
was sonicated for 15 min followed by filtration
using a 0.45 μm syringe filter (Millipore, Bedford,
USA). The solution was finally diluted to yield a
solution of 10 μg mL-1. Recovery studies were
carried out by spiking the preanalyzed commer-
cial resveratrol samples with 50, 100 and 150 %
of resveratrol.

Preparation of an in-house nanoliposomes for-
mulation

Resveratrol loaded nanoliposomes were pre-
pared by a lipid film hydration method as previ-
ously described 29. Briefly, 20 mg of trans-
resveratrol and a previously optimized (not pub-
lished yet) phosphatidylcholine and cholesterol

mixture in the ratio of (7:2) was dissolved in
methanol and chloroform (1:2 v/v). The solution
was transferred to amber coloured round bottom
flask (RBF). Subsequently, the organic solvent
was evaporated under a reduced pressure for 1h
at 40ºC using a Rotavapour R-210 (V-700 Buchi,
Switzerland) to yield a thin lipid film. The lipid
film was then flushed with a stream of nitrogen
to remove any residual solvents.

The formation of nanoliposomes was achieved
by hydrating the thin lipid film with phosphate
buffer saline (PBS, pH 6.8) at 40ºC.
Nanoliposomes were then subjected to a size re-
duction for 2 min (15s On/off pulse interval) on
an ice bath using a probe sonicator (High Inten-
sity Ultrasonic Generator, Rivotek, India)
equipped with an S.S probe of 15 mm diameter.
The final nanoliposomes dispersion was centri-
fuged (Kubota 6500, Japan) at 3000 rpm, 4ºC for
20 min to separate any undissolved drug. The
develped HPLC method was used to analyze the
encapsulation efficiency (EE) of the inhouse lipo-
somal formulation. The formulated nanolipo-
somes were characterized for its particle size,
polydispersity index (PI) and zeta potential (ZP)
by using a Zetasizer Nano-ZS90 (Malvern Instru-
ments, United Kingdom). The morphological
characterization of the formulated nanolipo-
somes was done by using transmission electron
microscopy (TEM; Philips CM12 Electron Mi-
croscope, Netherlands).

Stability experiments
Stability of trans-resveratrol in the mobile phase

was determined at various storage conditions as
follows: stability for up to 6 h at 25 ± 2°C, freezer
stability up to 7 days at -20°C and freeze-thaw
stability at -20°C. In the freeze-thaw stability test,
the cycles were conducted thrice and were re-
stored in similar condition following withdrawal
of aliquots for analysis. The peak areas of trans-
resveratrol obtained at baseline were used as a
reference when determininig the relative stabil-
ity at various storage conditions 30. All experi-
ments were performed in triplicates and the
samples were considered as stable if the assay
values were within the acceptable limit of accu-
racy (i.e. ± 15 % standard deviation).
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Forced degradation studies
Accelerated stress degradation studies were per-

formed for 5 h under the optimized HPLC method
in various stress conditions as recommended in
the ICH stability guideline (Q1A (R2)). In order
to exclude the possible degradation effects of light
on resveratrol, all degradation experiments were
carried out in dim light except for the photo deg-
radation test. For each degradation study, four
samples were prepared 1) blank solution stored
under ambient condition 2) blank solution sub-
jected to degradation in a similar way as that of
drug solution 3) zero time (baseline) sample with
drug stored under ambient condition and 4) drug
solution subjected to degradation. For acidic deg-
radation study, 1 mL of drug solution was treated
with 1 mL of 1 molar (M) hydrochloric acid (HCl).
Prior to analysis, the mixture was refluxed at 80ºC
for 5 h followed by neutralization using 1 mL of
1 M sodium hydroxide (NaOH). For alkaline deg-
radation study, 1 mL of drug solution was treated
with 1 mL of 1 M NaOH. Prior to analysis, the
mixture was refluxed at 80ºC for 5 h followed by
neutralization using 1 mL of 1 M HCl. Oxidative
degradation was performed by treating the drug
sample with 1 mL of 30 % hydrogen peroxide
(H2O2) solution. On the other hand, dry heat deg-
radation was performed by placing an approxi-
mate quantity of drug (100 mg) in a sealed am-
poule and incubating the ampoule in a digital ther-
mostatic hot air oven maintained at 100ºC for 5
h. Finally, photochemical stability of the drug was
investigated at different time intervals (1, 3, 5 and
7 h) by exposing the drug solution directly to sun-
light. In accelerated studies, all samples were di-
luted appropriately in mobile phase and followed
by filteration prior to the HPLC analysis 31.

Results and discussion
Method development and optimization

In this study, a single stability indicating RP-
HPLC method was developed for an accurate es-
timation of trans-resveratrol in marketed capsules,
in-house nanoliposomes formulation and to in-
vestigate the degradation behavior of trans-
resveratrol under different harassic conditions.
The developed RP-HPLC method was optimized
by altering the flow rate, mobile phase composi-

tion and column oven temperature to obtain de-
sirable sharp and symmetrical peaks. Varying ra-
tios of solvents such as ACN, methanol and wa-
ter was used to optimise the peak resolution. Sol-
vent composition consisting of methanol and
water (50:50 v/v) yielded a tall trans-resveratrol
peak but had a negative impact on the theoretical
plate number. On the other hand solvent compo-
sition consisting of ACN and water (50:50 v/v)
yielded a well resolved peak with a minor tailing.
For the separation of trans-resveratrol, various
proportions of ACN and water were tested and
analysed to get a sharp peak with negligible tail-
ing and shorter retention time. Apart from mobile
phase selection, column temperature is another
key parameter that impacts separation. Experi-
ments with column temperatures range between
25°C and 45°C revealed that 30°C demonstrated
clear peak shape and shorter retention time when
compared to others and was therefore deemed to
be ideal for the analysis The developed HPLC
system attached to a Luna C18 column (150 x 4.6
mm i.d., 5 μm) was validated by using a mixture
of ACN and water (30:70) with an isocratic elu-
tion at 1.0 mL/min. The injection volume was set
up at 10 μL using the optimized column tempera-
ture 30ºC. Carbamazepine was used as the inter-
nal standard (IS) owing to its close structural re-
semblance to trans-resveratrol. Under these chro-
matographic conditions, trans-resveratrol and IS
was detected at 306 nm with retention times of
6.1 and 11.2 min (Fig. 3).

Method validation
System suitability tests

System suitability test is an integral part of the
HPLC method development which determines the
feasibility of the proposed method for estimating
trans-resveratrol concentration in routine pharma-
ceutical application (Table 1). All parameters such
as retention factor (1 and 10), tailing factor (< 2),
theoretical plate number (>2000) and percent rela-
tive standard deviation (RSD) (< 2 % of six con-
secutive injections) were within the acceptable
limits demonstrating desirable resolution, peak
symmetry, column efficiency and excellent chro-
matographic conditions which were used for fur-
ther validation and sample analysis.
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Figure 3. Representative chromatograms obtained from I(a) blank mobile phase and
I(b) spiked with 6μg mL-1 trans resveratrol (tR 6.1 min) and 20 μg mL-1 IS (tR 11.2 min)

Table 1. System suitability parameters

Parameter Acceptance criteria

Retention time (tR, min) 6.073 ± 0.006 -
Percent RSD of retention time 0.10 < 1 for n > 5
Peak area 480623.3 ± 411.1519 -
Percent RSD of peak area 0.08 < 1 for n > 5
Tailing factor (T) 1.08 < 2.0
Theoretical plates (N) 9497.90 > 2000
retention factor (k’) 2.63 > 2

Mean values ± standard deviation (SD); (n=6)

Linearity and range
The linearity of a method is defined as the rela-

tionship between the peak area and its correspond-
ing concentrations in the sample solutions. The
developed method was linear over the range of
2 - 12 μg mL-1with correlation coefficient; r2 =
0.999 (Table 2) indicating acceptable linearity
over the investigated concentration range.

LOD and LOQ
The LOD and LOQ were determined by dilut-

ing the known concentration of the drug until a
signal to noise ratio of approximately 3:1 and 10:1
were obtained (Table 2). The lowest concentra-
tion of trans-resveratrol was 0.008 μg mL-1

whereas, the lowest quantified concentration was
0.024 μg mL-1.

Precision
The precision of an analytical method indicates

the closeness of the agreement between a series
of measurements obtained from multiple sam-
plings of identical sample under similar analyti-

cal conditions. Both inter- (at three consecutive
days) and intra-day (repeatability) assays were
performed at three different concentrations (in
triplicates) and the results (Table 3) suggest that
the percent (RSD) of the total peak areas were
< 2 % indicating that the developed method is
precise.

Accuracy
The accuracy of an analytical method is defined

as the percentage difference of mean experimen-
tal value from the true value. Accuracy was evalu-
ated by conducting a recovery experiment in pre-
analysed commercial resveratrol capsules and
nanoliposomes. The assay was performed by fol-
lowing standard addition method at three differ-
ent concentrations (50 %, 100 % and 150 %) of
preanalysed trans-resveratrol samples in tripli-
cates. The mean percentage recovery of trans-
resveratrol, including the commercial dosage form
and in-house nanoliposomes formulation were
between 97.97 and 102.8 % with < 1 % RSD
(Table 4) which clearly indicates that there is low
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Table 2. Statistical evaluation of the calibration data

Parameters

Linearity range (μg mL -1) 2 - 12
Slope 80745
Intercept -35857
Correlation coefficient 0.999
SE of slope 2147.27
SE of intercept 5375.57
Limit of detection (μg mL -1) 0.0082
Limit of quantification (μg mL -1) 0.0246

SE: Standard error

Table 3. Intraday and interday precision of resveratrol

Resveratrol Intraday (n=6) Interday (n=3)
 concentration Percent Percent RSD

(μg mL-1)   RSD Day 1 Day 2 Day 3

2 1.676 0.994 1.416 1.473
6 1.028 0.960 1.158 1.120

10 1.345 0.781 0.670 1.103

RSD (Relative standard deviation)
n = number of replicate

Table 4 Determination of accuracy based on percentage recovery

Percent recovery
Level of addition (%) Mobile phase Commercial dosage form Nanoliposomes

50 97.97 100.39 101.65
Percent RSD 0.436 0.88 0.19
100 101.31 102.80 99.03
Percent RSD 0.176 0.19 0.50
150 99.88 98.22 100.83
Percent RSD 0.39 0.26 0.43

RSD (Relative standard deviation)

variability between the experimental and true val-
ues.

Robustness
Robustness is the ability of the developed

method to remain unaltered by minor deliberate
variations in the chromatographic parameters. In
the present study, robustness of the developed RP-

HPLC method was examined based on the per-
cent RSD values and system suitability param-
eters after introducing small variations in the
mobile phase ratio (± 2 %), flow rate (±0.2mL/
min) and column temperature (±5ºC) while main-
taining a constant concentration of trans-
resveratrol. The results indicated that slight varia-
tions in the chromatographic conditions did not
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affect the percentage RSD values and system suit-
ability parameters (Table 5) thus confirming that
the developed method is robust.

Characterization of nanoliposomes formula-
tion

In the present study, we have successfully de-
veloped trans-resveratrol loaded nanoliposomes
formulation by a thin film hydration method. Par-
ticle diameter, polydispersity index (PDI) and zeta
potential (ZP) of the optimized trans-resveratrol
were 149.7 nm, 0.39 and 29.1 mV respectively.
The low PDI values confirmed the homogenous
nature of the optimized formulation and corre-
spond to the monodispersed particles 32. ZP is a
key indicator for predicting vesicle stability.
Higher ZP values, either positive (+) or negative
(-) indicates a better stability of the nanovesicular
systems 33. The morphological appearance of the
developed nanoliposomes formulation was visu-
alized with TEM which confirmed spherical mor-
phology of the formulated vesicles (Fig. 4).

Analysis of commercial dosage form and
nanoliposomes

The developed RP-HPLC method was used to
determine trans-resveratrol concentration in com-
mercial available capsules and to determine (%
EE) of the newly optimized nanoliposomes for-

mulation. The concentration of trans-resveratrol
in commercial dosage form (capsules) matched
(98.8 %) with the labeled claim whereas, the EE
of the nanoliposomes was 75 %. The absence of
interfering peaks in the chromatogram of the mar-
keted capsule and in-house nanoliposomal formu-
lation indicates that the excipients used in the
capsules and in nanoliposomes formulation did
not interfere with the peak of interest indicating
that the proposed method is applicable for rou-
tine analysis of trans-resveratrol in quality con-
trol laboratories. The percentage recovery of the
drug in the capsule and nanoliposomes were
shown in 98 - 102 % range (Table 4).

Trans-resveratrol stability
Trans-resveratrol was stable at 6h (if maintained

at 23ºC - 25ºC), freezer condition at (-20°C) for
seven days and three freeze-thaw (F/T) cycles
(Table 6).

Forced degradation studies
The specificity and the stability indicating ca-

pability of the established method was judged by
the good separation of the drug peak from the
other degradation peaks. The study verified the
applicability of the method since the analyte peaks
were well separated from their degraded chemi-
cal entitites (Fig. 5). Treatment of trans-

Table 5. Robustness studies

Concentration (6 μg mL-1) Mobile phase
Conditions Changes Peak area Tailing factor Theoretical plate

Mobile phase (28:72) 471030.80 ± 432.84 1.0608 ± 0.001 10263.90 ± 9.73
(ACN: water) % RSD 0.0919 0.1388 0.0948

(32:68) 479158.70 ± 160.07 1.1050 ± 0.002 8704.50 ± 25.50
% RSD 0.03341 0.1954 0.2930

Flow rate(ml/min) 0.8 586780.70 ± 390.68 1.0758 ± 0.0008 10653.22 ± 27.40
% RSD 0.0660 0.0690 0.2570

1.2 399770.00 ± 148.36 1.0911 ± 0.0013 8311.18 ± 12.68
% RSD 0.0370 0.1210 0.1520

Temperature (°C) 25 474765.80 ± 866.27 1.0696 ± 0.0022 9581.10 ± 49.26
% RSD 0.1825 0.20195 0.5141

35 475285.80 ± 191.13 1.0923 ± 0.0015 9383.48 ± 24.79
% RSD 0.0402 0.1378 0.2642
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Figure 4. TEM image demonstrates the structure of trans-resveratrol loaded
nanoliposomes (magnification 25000 X, scale bar 200 nm)

resveratrol with HCl (1M) leads to a 68 % degra-
dation which was reflected by a degradation prod-
uct, whereas alkaline hydrolysis led to an expo-
nential increase in degradation resulting in 94 %
degradation with the formation of a single degra-
dation product (Table 7). The effect may be attri-
buted to low trans-resveratrol stability in an
alkaline pH, in which dissolution and degrada-
tion occurred at the same time, resulting in the
increased concentration of degraded products as
well as a decreased solubility 4. The comparatively
stable behavior of trans-resveratrol in an acidic

Table 6. Stability data of trans-resveratrol

Spiked concentration Stability Mean ± SDa Accuracy
(μg/mL-1) (μg/mL-1), n = 3 (%) b

2 0 h 2.088 ± 0.035 -
3 F/T cycles 2.038 ± 0.002 97.60
6 h 2.108 ± 0.008 100.96
7 days at-20°C 2.065 ± 0.012 98.89

6 0 h 6.407 ± 0.044 -
3 F/T cycles 6.310 ± 0.128 98.48
6 h 6.485 ± 0.027 101.21
7 days at-20°C 6.154 ± 0.157 96.05

10 0 h 10.258 ± 0.068 -
3 F/T cycles 10.970 ± 0.080 97.19
6 h 10.300 ± 0.124 100.41
7 days at-20°C 9.912 ± 0.025 96.63

aBack calculated concentration,
b (Mean assayed concentration/mean assayed concentration

medium when compared to an alkaline medium
may be attributed to the fact that the hydroxyl
groups present in trans-resveratrol were protected
from radical oxidation generated by positively
charged hydronium cation (H3O

+) group that is
released in an acidic condition. These results cor-
roborate with some previous findings 19 wherein
the pH dependence on degradation of trans-
resveratrol was stable for at least 42 h in neutral
aqueous buffers, 28 days in acidic media with an
initial half-life of 1.6 h at pH 10.0 if the solution
is kept protected from light. Our experiments re-
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vealed that degradation of trans-resveratrol was
also dependent on both pH and temperature. For
example, in an acidic media, the drug was stable
with temperature having minimal impact on deg-
radation. In contrast, in an alkaline pH and in high
temperatures, a high degradation rate occurs 19, 34.

In fact exposure of trans-resveratrol to oxida-
tive stress (i.e. in the presence of 30 % H2O2)
caused a 55.8 % degradation in the presence of
three degradation peaks which may be attributed
to the presence of oxygen in the medium and the
subsequent promotion of free radical formation 4.

Satveer Jagwani et al., / TACL 9(5) 2019 711 - 726 720

Figure 5. HPLC chromatogram of trans-resveratrol injected at 10 μg mL-1(Ia) blank sample
following acid degradation; (Ib) drug after acid degradation; (IIa) blank after basic degradation; (IIb)
drug after basic degradation; (IIIa) blank after oxidative degradation; (IIIb) drug after oxidative deg-
radation; (IVa) photo degradation after 1 h; (IVb) photo degradation after 3h; (IVc) photo degrada-
tion after 5 h and (IVd) photo degradation after 7 h.



Table 7. Forced degradation studies

Stress conditions Degradation tR of the yielded degradation Percent
 time (h)  product (min) degradation

HCl (1 M) at 80°C 5 3.68 68.00
NaOH (1 M) at 80°C 5 3.68 94.00
H2O2 (30%) at 80°C 5 1.28, 1.36 and 3.68 55.83
Dry heat at 80°C 5 No degradation 0.00

1 1.28, 2.20, 8.47, 9.20 and 9.64 89.67
3 1.28, 2.20, 8.47, 9.20 and 9.64 93.55

Photo degradation 5 1.28, 2.20, 2.75 and 9.20 93.79
7 1.28 and 2.20 Complete

degradation

On the other hand, there was no evidence of deg-
radation in a dry heat condition suggesting higher
stability of trans-resveratrol in powder form. Our
findings corroborate with literature suggesting
that trans-resveratrol is not stable in solution at
either low or high temperatures, whereas the pow-
der form is stable under “accelerated stability”
conditions 19.

Exposure of trans-resveratrol solution to a di-
rect sunlight demonstrated a time dependent deg-
radation with a 100 % degradation at the 7th hour
followed by the formation of two degradation
products. These findings confirm the photosensi-
tive nature of trans-resveratrol leading to
isomerisation of trans-resveratrol to the cis form.
In fact, the basic chemical structure of trans-
resveratrol consists of two phenolic rings bonded
together by a double styrene bond, forming the
3,5,4-trihydroxystilbene. The double bond is re-
sponsible for the isomeric cis-and trans-forms of
resveratrol 35. In addition, trans-resveratrol cis/
trans isomerization is influenced by the wave-
length and the time of irradiation. The conver-
sion of trans-resveratrol is proportional to the light
intensity, indicating that the number of photon
absorbed by the system is proportional to the num-
ber of trans-resveratrol molecules being trans-
formed 36. To summarise the influence of indi-
vidual factors in degradation profile, trans-
resveratrol is not stable under the influence of pH,
light and oxidation which may lead to isomeriza-
tion of trans-resveratrol (therapeutic form) to the
cis form or the formation of other degradation

products which may subsequently have a strong
biological impact. Therefore, based on the above
forced degradation experiment, careful consider-
ation is required when selecting the experimental
and storage conditions of trans-resveratrol.

Comparison with previous published methods
Comparative analysis of methods described in

the existing literature and the current study was
conducted based on type of mobile phase, flow
rate, analytical time, detection limits, accuracy,
precision, peak shapes and applicability of the
method (Table 8). To the best of our knowledge,
there is no method developed till date which can
used for multiple purposes like analysis of actives
in different formulations and to study the degra-
dation behavior using the same mobile phase and
column conditions. The developed method which
uses conventional solvents like ACN:water com-
bination and has the flowrate of 1 mL min-1 with
retention time of 6 min suggests that it is eco-
nomic, cheap and fast when compared to other
methods.

Conclusion
The present method was successfully developed

and validated where the same mobile phase was
used to estimate trans-resveratrol in nutraceuticals
supplements, resveratrol-loaded nanoliposomes
and to determine the degradation behaviour. The
established RP-HPLC method was robust, accu-
rate, simple and fulfill the FDA validation require-
ment for the quantitative determination of trans-
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resveratrol. Forced degradation studies revealed
that the resveratrol is able to tolerate in oxida-
tive, acidic as well as high temperature conditions,
but more susceptible to degrade in photolytic and
alkaline conditions. The outcomes of the degra-
dation studies is effectively applied for determin-
ing the suitable conditions for formulation, de-
velopment and storage. The absence of excipi-
ents peaks during trans-resveratrol analysis in
nutraceutical supplements and nanoliposomes
further demonstrated that the developed method
can be used for the routine analysis of trans-
resveratrol in different dosage forms.
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