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ABSTRACT 

The present research work was designed to increase the bioavailability and 

cardioprotective potential of three important medicinal plants (Curcuma longa, Ginkgo 

biloba and Coriandrum sativum). This project was divided into different phases. In first 

phase of study, nanosuspensions of selected medicinal plants were prepared by choosing 

an appropriate stabilizer. Formulation conditions of nanosuspensions were optimized 

with response surface methodology. In second phase of study, optimized 

nanosuspensions of plants extract were characterized by atomic force microscopy (AFM), 

scanning electron microscopy (SEM) and Fourier-transform infrared spectroscopy 

(FTIR). In third phase of study, in-vitro drug release and pharmacokinetics of coarse and 

optimized nanosuspensions of plants extract were evaluated. In fourth phase of study, 

comparative bioactivities (cardioprotective potential, thrombolytic, antimicrobial and 

antioxidant activities) of coarse and nanosuspensions of plants were determined. Results 

of stabilizer screening selected sodium lauryl sulphate (stabilizer) for the preparation of 

nanosuspensions of selected plants. Optimized nanosuspensions of C. longa, G. biloba 

and C. sativum were prepared with mean particle size of 85.41 nm, 139.5 nm and 72.08 

nm respectively. AFM also confirmed that particle sizes of all optimized nanosuspensions 

were in nanosize-range. FTIR analysis showed interaction between C. longa and 

stabilizer and no-interaction between other studied plants and stabilizer. In-vitro drug 

release and pharmacokinetics study revealed greater dissolution and bioavailability of 

optimized nanosuspensions of plants in comparison to their coarse suspensions/extracts. 

Nanosuspensions of plants showed better cardioprotective potential with reduced dose as 

compared to their coarse suspensions. In preventive mode of treatment, four-fold greater 

doses of coarse suspension of C. longa, G. biloba and double dose of coarse suspension 

of C. sativum were required to normalize the salbutamol elevated levels of cardiac 

enzymes and lipids in comparison to their nanosuspensions. Antimicrobial, thrombolytic 

and antioxidant activities of plants were also enhanced in nanosuspension preparation. 

Moreover, optimized nanosuspensions were found fairly stable for a period of three 

months and cytotoxicity study revealed no harmful effects of formulated 

nanosuspensions. 
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Chapter-1 

INTRODUCTION 
 

 

Nanoscience and nanotechnology are the rapidly developing areas which cover 

the whole spectrum of science and technology (Nikalje, 2015). Nanotechnology is a 

developing, multidisciplinary field of 21st century that has potential to impact every area 

of society (Bhadoriya et al., 2011). It is an umbrella term used to explain the processes, 

properties and products at the nano-micro scale (Morrow et al., 2007). As a research and 

development tool, it serves to create systems, devices and structures having innovative 

functional properties (Sutradhar et al., 2013; Nangare et al., 2018b). In the past few years 

nanotechnology has grown by leaps and bounds. Potential applications of 

nanotechnology are too huge and varied. One of the most important applications of 

nanotechnology is in the advancement and development of efficient and novel remedial 

treatments (Emerich, 2005; Moghimi et al., 2005; Shaffer, 2005; Sahoo et al., 2007; 

Kapil et al., 2014). Nanotechnology had a revolutionary effect in the development of 

innovative drug products. In fact in today’s era, nanotechnology is one of the far-

reaching, advanced, faster developing and new technology. It extensively promotes the 

development of biological medicines and bioavailability enhancement of herbal drugs. 

Nanomization of herbal drugs will lead to the development of drugs having high 

bioavailability (Pandey et al., 2014). The nano-formulations are described to have 

extraordinary benefits over conservative formulations of plant products that include 

improvement of solubility, enhancement of pharmacological activity, stability and 

protection from toxicity (Ghosh et al., 2013; Rajendran et al., 2013; Raj et al., 2016). 

Herbal medicines have been extensively used worldwide since prehistoric times 

(Yuan et al., 2016). It is centuries old practice to control diseases with natural substances 

particularly plants (Pal and Shukla, 2003). Many drugs usually used nowadays are of 

plants origin. Popularity of herbal medicines is due to their effectiveness, low cost, easy 

availability and being devoid of serious toxic effects (Gunasekaran et al., 2014; Nimya et 

al., 2015). Cardiovascular diseases are the main cause of death now days (Lala and Desai, 

2014; Piccolo et al., 2015; Suroowan and Mahomoodally, 2015). Cardiovascular ailments 
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are caused by the accumulation of plaque that is composed of cholesterol, calcium, 

fibrous tissue inside the coronary artery that results in stenosis. Narrowing of coronary 

artery decrease the supply of oxygen to the heart due to reduced blood flow. Therefore, 

hypercholesterolemia is one of the major risk factor for the onset of various 

cardiovascular diseases like acute myocardial infarction, hypertension and atherosclerosis 

(Smith et al., 2004). Synthetic drugs that constitute the present pharmacological 

armamentarium are helpful in managing the condition but not without setbacks 

(Upaganlawar et al., 2011). Drawbacks of synthetic medicines accelerated the need for 

natural products that can be used as dietary supplement to avert the onset of myocardial 

infarction. For many years, crude herbal extracts, poly herbal formulations, herbomineral 

formulation have been used in traditional system of medicine for the prevention and cure 

of ischemic heart diseases (Sharma and Moffatt, 2013; Ittagi et al., 2014; Parasuraman et 

al., 2014). 

 For the effectiveness of a drug, it is essential that a drug should absorb 

sufficiently and consistently. Release of phytomedicine remained always challenging 

because of their poor aqueous solubility and high molecular size (Bonifacio et al., 2014). 

One problem faced by phytomedicines is that they exhibit good in-vitro activity but less 

in-vivo efficiency (Jia and Zhao, 2009; Kesarwani and Gupta, 2013). Most of the drugs 

derived from herbal sources have insoluble character that led to poor- bioavailability and 

enhanced systemic clearance. Thus,  a higher dose or repeated administration is required 

to show the therapeutic actions which makes the drug a poor candidate for medicinal use 

(Ansari and Islam, 2012). Therapeutic effects and potencies of herbal drugs are reduced 

due to partial degradation or systemic unavailability. For desired therapeutic benefits, the 

active constituent from herbal dosage form must be released, absorbed and reached to the 

desired site at maximum concentration. Frequent administration of poor water-soluble 

drugs at a fairly elevated dose is major reason of patient non-compliance (Onoue et al., 

2014). Therefore, there is a need for some innovative formulation approach to cope with 

the problem of poor bioavailability. In this approach nanotechnology plays an important 

part and the practice of nanotechnology in herbal medicine is spreading rapidly (Goyal et 

al., 2011).  
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 Nanotechnology holds great promise for enhancing the therapeutic efficacy of 

poorly aqueous soluble drugs by improving their solubility and oral bioavailability by 

reducing the particle size to nanoscale (Merisko-Liverside, 2002). Improvement of water 

solubility is a valuable goal to improve medicinal effectiveness. The dissolution rate 

depends on solubility and the surface area of the drug; therefore, by increasing drug 

solubility and surface area, dissolution rate can be increased (Fahmy and Kassem, 2008). 

Nanosuspension, as a nanosizing method has emerged as a promising and serious 

development tool for solving the hydrophobicity of herbal extracts and their constituents 

(Jahan et al., 2015). 

 Nanosuspensions have appeared as an effective strategy for the delivery of water 

insoluble drugs due to their distinctive properties and versatile characteristics (Patel and 

Agrawal, 2011; Nangare et al., 2018a). Nanosuspensions can resolve the problem related 

to the bioavailability of hydrophobic drugs because of their nanosize particle range 

(Patravale and Kulkarni, 2004; Jassim and Rajab, 2018). The diameter of the suspended 

particles in nanosuspension is usually less than 1µm in size (Sinha et al., 2010; Savjani et 

al., 2012). Average particle size is between 200-600 nm. Formulation methods such as 

bottom up method and top down method have been effectively used for large-scale 

nanosuspension formulation of phytoconstituents (Chingunpituk, 2007; Raj et al., 2016). 

Several approaches have been used for the conversion of nanosuspensions into 

tablet/pellets like dosage forms (Sharma et al., 2016). 

 In the fabrication of nanosuspension for oral administration, one important 

challenge is the particle size of the nanosuspension and stability during storage. Though, 

proper selection of the stabilizers or surfactants and the fabrication method can yield 

physically stable nanosuspension with long-term stability (Sharma et al., 2016). Besides 

selecting an appropriate stabilizer for the formulation of nanosuspension, many other 

factors should also be optimized to get a stable nanosuspension. Response surface 

methodology (RSM) is the most effective experimental design to obtain optimal 

conditions (Tabandeh et al., 2008; Aghbashlo et al., 2012; Silva and Rouboa, 2012). It is 

particularly suitable for analyzing and modeling multi-factor experiments to explain how 

the single and interaction effects influence the response (Mayengbam et al., 2013; Kaith 

et al., 2014). Response surface plots are extremely helpful in depicting interactions 
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among dependent variables and in the generation of optimum responses with balanced 

conditions (Mccarthy et al., 2013).  

 Three medicinally important plants such as Curcuma longa, Ginkgo biloba and 

Coriandrum sativum were selected for this research project with the aim of enhancing 

their bioavailability through nanoformulation and consequently cardioprotective 

potential. C. longa is considered as medicinally valuable plant. Curcumin is the main 

phytochemical and yellow-orange compound present in it. Curcumin possess 

cardioprotective, anticancer, antimicrobial and anti-inflammatory properties (Ji et al., 

2014). Even though curcumin is medicinally acclaimed it suffers from poor dissolution 

and solubility that can lead to restricted applications (Yu and Huang, 2012). The very 

poor solubility of curcumin (0.6 μg/mL) (Kurien et al., 2007) leads to low bioavailability 

which limits its utility (Goindi et al., 2008). G. biloba is another plant of medicinal 

importance. Its leaves extract has been exposed to possess cardioprotective, antidiabetic, 

antiasthamatic, hepatoprotective and powerful central nervous system activities. It also 

possesses platelet activating factor antagonist that prevent the formation of thrombus and 

protect from cardiovascular diseases. Basically, diterpene lactones are responsible for its 

bioactivity but they have poor water-solubility that limits its clinical applications 

(Tchantchou et al., 2009; Yoshitake et al., 2010; Chen et al., 2013). C. sativum is also a 

plant of valuable benefits but its seeds extract has poor water solubility that is hurdle in 

its applications (Amudha and Komala, 2014; Jahan et al., 2015). 

To cope with the hydrophobicity of plants extract, this project was design to 

formulate the nanosuspensions of three medicinal plants: C. longa, G. biloba and C. 

sativum with the aim of enhancing their bioavailability and cardioprotective potential. 

Nanoprecipitation method was used to formulate their nanosuspensions and formulation 

conditions were optimized with response surface methodology. Optimized 

nanosuspensions were characterized for particle size, PDI and zeta potential. In-vitro 

dissolution and in-vivo pharmacokinetics of optimized nanosuspensions were also 

evaluated. In-vitro (thrombolytic, antimicrobial and antioxidant activities) and in-vivo 

bioactivities (cardioprotective potential) of nanosuspensions were also determined. 

Cardioprotective potential of optimized nanosuspensions of plants was determined by 
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preventive and curative mode of treatment in salbutamol induced cardiotoxicity in rats. 

Cytotoxicity of prepared nanosuspensions was tested by % erythrocytes hemolysis.  

 

Aims and objectives 

Main objectives of this research work were: 

1) Preparation and optimization of different formulation parameters of 

nanosuspensions of selected medicinal plants extract with enhanced 

bioavailability. 

2) Evaluation of comparative bioactivities of medicinal plants extract and their 

nanosuspensions. 
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Chapter-2 

 

REVIEW OF LITERATURE 
 

2.1. Role of nanotechnology in medicine 

Nanotechnology is a revolutionary multidisciplinary field, convergence of applied 

and basic sciences such as molecular biology, biophysics and bioengineering (Nie et al., 

2007; Bharali et al., 2011). Nanotechnology offers intelligent devices, systems and 

materials for improved pharmaceutical applications (Gunasekaran et al., 2012). It has 

prevailing influence in various arenas of medicine including ophthalmology, cardiology, 

oncology, endocrinology, immunology, pulmology and to highly advanced fields like 

brain targeting, gene delivery and tumor targeting. Nanotechnology based drugs provide 

an alternative approach to administer drugs with improved therapeutic effects and 

bioavailability (Prisant et al., 1992). Currently, nanomization of many poorly soluble 

drugs have been carried out to enhance their saturation solubility, dissolution rate and 

finally to enhance their oral bioavailability (Amsa et al., 2013; Esfandi et al., 2014; 

Gubbala et al., 2016). It is anticipated that, nanotechnology-devised medicines will take 

over the market in next 10 years. Therefore, It has been highly recommended to 

incorporate herbal medicine with nanotechnology as nano-structured systems could 

enhance the activities of herbal extracts, decrease the treatment dose, promote sustained 

release of active ingredients, reduce unwanted effects and improve activity (Ansari and 

Islam, 2012; Bonifacio et al., 2014).  

Nanotechnology serves as an efficient tool in increasing the water solubility of 

drugs. Solubility is a big hurdle for the successful development of highly potent 

pharmaceutics and commercialization of new drug products (Merisko-Liversidge, 2002; 

Kamble et al., 2010; Shah and Agnihotri, 2011). Drugs having poor aqueous solubility 

are eliminated from the gastrointestinal tract before absorption into the blood circulation 

(Kakran et al., 2012a). The oral dosage of the drugs exhibiting poor bioavailability is 

typically very high as only a small portion of the dose reaches the systemic circulation 

and hence the target organ (Hetal et al., 2010). Dose augmentation can lead to toxicity in 

the gastrointestinal tract that may result in decline in patient compliance (Kawabata et al., 
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2011). On the other hand, manufacturing cost will be raised by consuming a large amount 

of active pharmaceutical ingredient. The number of drug candidates having poor aqueous 

solubility is increasing day by day and about 40% of new drug candidates have poor 

aqueous solubility (Speiser, 1998; Lipinski, 2002; Dubey, 2006; Di et al., 2012; Geetha et 

al., 2014; Hitanga et al., 2015). Like various discovered chemical entities, isolated herbal 

active constituents suffer from poor water solubility (Ravichandran, 2013). For such 

compounds, it is desirable to improve and enhance their dissolution rate. Enhanced 

dissolution rate can lead to more reproducible oral bioavailability and consequently to 

dose reduction (Vogt et al., 2008; Krishna et al., 2015).  

One tactic to improve the systemic bioavailability of the drug is to distribute it by 

different routes of administration like parenteral, rectal, nasal, transdermal and vaginal 

(Sutradhar et al., 2013). However, oral drug delivery is the easiest and simplest mode of 

administering drugs because of its suitability, good patient compliance, greater stability, 

precise dosage and easy fabrication (Sharma et al., 2016). Various chemical approaches 

are also used to solve the problem of poor aqueous solubility for example addition of 

cosolvents (Pahala et al., 2001), micronization (Varshosaz et al., 2008), pH adjustment, 

salt formation (Parikh et al., 2005), solid dispersion (Leuner and Dressman, 2000), 

complexation, hydrotrophy and micellar dispersions (Wong et al., 2006; Patel et al., 

2012). Due to the use of large amount of excipients, these techniques are limited in their 

efficacy (Shabnam et al., 2009). Nano-sizing is a promising method to increase the 

aqueous solubility of drugs. Variety of dosage forms in nanometer size range lead to 

enhance performance (Sushant and Archana, 2013). Main benefits of nanosizing include 

(i) enhanced solubility (ii) improved surface area (iii) increased dissolution rate (iv) 

increased oral bioavailability (v) decreased patient-to-patient variability (vi) decreased 

fed/fasted variability (vii) decreased patient-to-patient variability (viii) fast therapeutic 

action and dose reduction (Shekunov et al., 2007). 

2.2. Nanosuspension technology for the improvement of bioavailability 

Nanosuspension platform is a competent, carrier free and intelligent drug delivery 

system for hydrophobic drugs (Sutradhar et al., 2013) with the diameter of the particles 

less than 1um in size (Krishna and Prabhakar, 2011; Dineshkumar, 2013). Particle size of 

the dispersed particles usually ranges between 200-600 nm (Dubey, 2006; Wagh et al., 
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2011). Various researchers prepared the nanosuspensions of drugs/plants and their 

constituents to improve their water solubility and bioavailability. Some of them are 

summarized below. 

Table: 2.1. Nanosuspension of drugs/plants prepared by previous researchers 

Drug/Plant Method Stabilizer  References 

Cuscuta 

chinensis 

Nanoprecipitation SDS, PVA Yen et al. (2008) 

Curcumin High pressure 
homogenization 

Tween 80, SDS, Soya 
lecithin,  HPMC, 
Sodium deoxycholate 
(SDC), PEG 400, 
Carbomer 940  

Gao et al. (2011) 

Simvastatin Nanoprecipitation PVP K-30, SDS Pandya et al., (2011) 
Indomethacin Mechanical 

Homogenizer 
SLS, HPMC, Dowfax 
2A1  

Verma et al., (2011) 

NVS-102 Wet media milling Vitamin E TPGS Ghosh et al. (2011) 
Simvastatin High-pressure 

homogenization 
Poloxamer 188, 
Poloxamer 407 

Amsa et al. 2013 

Albendazole Emulsion solvent 
diffusion 

SLS Bharat et al. (2013) 

Herpetrione High pressure 
homogenization 

SDS, PVP K-30  Guo et al. (2013) 

Esomeprazole  
 

Anti-solvent 
precipitation-
ultrasonication 

HPMC,  
Hydroxypropyl 
cellulose, PVA, 
Pluronic F68, PVP 

Agarwal and Bajpai 
(2014) 

Coriander 

sativum 
Solvent and anti 
solvent 
precipitation 

SDS Amudha and  
 Komala (2014) 

Clarithromycin Sonoprecipitation HPMC, NaCMC, PVA 
polysorbate 80, 
poloxamer 188  

Esfandi et al. (2014) 

Zaltoprofen Solvent/anti 
solvent 
precipitation 

Pluronic F-68, 
Pluronic-127, SDS 

Papdiwal et al. (2014) 

Felodipine Nanoprecipitation 
with 
ultrasonication 

HPMC, PVA Sahu and Das (2014a) 

Furosemide Precipitation with 
ultrasonication 

PVA Sahu et al. (2014b) 

Ezetimibe Solvent-
antisolvent 
precipitation 

Tween 80 Thadkala et al. (2014) 

Itraconazole acid-base Methylcellulose, PVP, Daebis et al. (2015) 
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neutralization SDS, HPMC, 
Poloxamer 188, 
Poloxamer 407 

Candesartan 
cilexetil 

High-pressure 
homogenization 
and media milling  

PVP k-30, Poloxamer 
407, HPMC E 50 

Dabhi et al. (2015) 

Metaxalone High pressure 
homogenization 

HPMC and SDS Gubbala et al. (2016) 

Silybum 

marianum, 

Elettaria 

cardamom, 

Coriandrum 

sativum 

Nano-precipitation 
method 

Polyvinyl Alcohol Jahan et al. (2015) 

Aprepitant High speed 
homogenization 

Tween 80, Poloxamer 
188, PVA, SLS 

Kalvakuntla et al. 
(2016) 

Ibuprofen High pressure 
homogenization 

PVA, PVP K25, 
Tween 80, Poloxamer 
188 

Kocbek et al. (2016) 

Curcumin Antisolvent 
precipitation 

PVPK30, SDS Li et al. (2016) 

Rifampicin Antisolvent 
precipitation 

Polyvinyl alcohol, 
PVP K30, HPMC, 
Lecithin, 
Poloxamer 407, SLS, 
Tween 80, Poloxamer 
188 

Mohyeldin et al. 
(2016) 

Cefdinir Media milling Pluronic F-127, 
Poloxamer 407 

Sawant et al. (2016) 

Efavirenz Precipitation-
ultrasonication 

Poloxamers, soya 
lecithin 

Taneja et al. (2016) 

Cyadox high pressure 
homogenization 

 PVP K-30 Sattar et al. (2017) 

Azilsartan 
medoxomil 

Solvent-
antisolvent 
precipitation 

PVP-K30, SLS, 
Tween 80 

Jassem and Rajab 
(2017) 

Meropenem emulsification 
solvent 
evaporation 

HPMC, SLS Chirumamilla et al. 
(2017) 

Olmesartan 
medoxomil 

High pressure 
homogenization 

PVP k30, Tween 80,  Nagaraj et al. (2017) 

Naringenin High-pressure 
homogenization 

Soya lecithin, 
Polaxamer-407, 
HPMC, Tween-80 
Polaxamer-188 

Sumathi et al. (2017) 

Zerumbone High-pressure HPMC, SLS  Md et al. (2018) 
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homogenization 
Amphotericin 
B 

High-pressure 
homogenization 
and anti solvent 
precipitation 

SLS Zhou et al. 2018 

HPMC= Hydroxypropyl methylcellulose, SDS= Sodium dodecyl sulfate, PVP= 
Polyvinylpyrrolidone, PVA= Polyvinyl Alcohol 

Many researchers prepared the nanosuspensions of plants and their active 

constituents and confirmed the superiority of nanosuspension over simple suspension.  To 

enhance the absorption of curcumin on oral administration, Ravichandran, (2013) 

prepared the nanoparticulate of curcumin by pre-milling with SDS followed by high 

pressure homogenization. Bioavailability study in male wistar rat (100mg/kg) indicated 

the curcumin concentration increased in selective organs of body by nanoparticulation. 

Considerable enhancement in the dissolution behavior was seen in the drug nanocrystal-

loaded solid dosage forms. The results confirmed the efficacy of nanoparticulate 

curcumin over commercial/normal curcumin. Formulation conditions for the preparation 

of curcumin nanosuspension (solvent/antisolvent precipitation method) were optimized 

by Devara et al. (2015). Nanosuspension of particle size less than 600 nm was 

successfully prepared. Nanoparticles of curcumin were prepared by wet-milling 

technique and average particle size was found in the range of 2-40 nm (Bhawana et al. 

(2011). 

The effect of four different critical parameters on the formulation of curcumin 

nanosuspension was evaluated by Kaur et al. (2017). Nanosuspension was stabilized by 

sodium lauryl sulfate (SLS) and polyvinylpyrrolidone K-60. After the formulation of 

nanosuspension, approximately 39.47 folds reduction in particle size of raw curcumin 

was observed. Nanosuspension of curcumin was also formulated by Carvalho et al. 

(2015) by using tween 80 as stabilizer to increase its water solubility. The solubility of 

curcumin nanosuspension was measured 1936 times greater than pure curcumin. 

Nanosuspension of curcumin of particle size 122.6 nm was also prepared by Wang et al. 

(2014). Phytosomes of G. biloba was prepared to increase its poor water solubility 

(Panda and Naik, 2008). Oral bioavailability of G. biloba lactones was also evaluated 

(Rui et al., 2016). C. sativum nanosuspension was formulated by solvent evaporation 

method followed by homogenization using sodium lauryl sulphate. Nanosuspensions 
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comprising of Coriander sativum crude extract improved the hepatoprotective activity of 

male swiss albino mice with hepatotoxic liver (Amudha and Komala, 2014). 

Nanosuspension of quercetin was prepared to increase its dissolution rate and oral 

bioavailability (Sun et al., 2010). Quercetin was reported to have poor water solubility 

(Kakran et al., 2011). 

Nanosuspension of Cuscuta chinensis plant was prepared to solve the poor-

aqueous solubility of its extract. It possessed low bioavailability due to the presence of 

poorly water-soluble constituents such as flavonoids and lignans. Antioxidant and 

haptoprotective effects of ethanolic extract of C. chinensis and its nanosuspension were 

compared (Yen et al., 2008). Two nanosuspension of oridonin (diterpenoid extracted 

from medicinal herbs) were prepared by high pressure homogenization with varied 

particle size. Complete dissolution was observed for nanosuspension A (103.3 nm), 

however slow dissolution was observed in case of nanosuspension B (897.2 nm). This 

study revealed that nanosuspension has marked effect on pharmacokinetics and tissue 

distribution of both suspensions (Gao et al., 2008b). 

Resveratrol is a polyphenolic compound having poor water solubility that 

circumscribes its therapeutic applications. Its nanosuspension was prepared by 

antisolvent precipitation method and conditions were optimized by using Box-Behnken 

design of response surface methodology. Optimized nanosuspension was characterized 

by different methods. Higher saturation solubility and dissolution rate was observed for 

nanosuspension as compared to raw material (Hao et al., 2015). Seeds of milk thistle 

have innumerable applications but its active constituent silymarin suffers from poor 

aqueous solubility which circumscribes its therapeutic applications. A nanosuspension of 

silymarin was formulated by antisolvent/solvent precipitation method using SDS, 

Poloxamer188 and tween 80 as stabilizers. The silymarin nanosuspension of about 100-

300 nm particle size was prepared with good dispersive properties (Zhao et al., 2009). 

2.2.1. Formulation methods of nanosuspension 

Two methods are used for the preparation of nanosuspensions, namely, “bottom 

up approach” and “top down approach” (Peters et al., 2000; Deepika and Dewan, 2013; 

Afifi et al., 2015). In “top down approach” larger crystalline particles are decomposed 

into nanoparticles by high-pressure homogenization and media milling techniques. The 
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top-down approach needs high energy and costly equipment (Grau et al., 2000; 

Chingunpituk et al., 2008; Pu et al., 2009). Bottom up approach involves assembling 

process of converting smaller particles to nanoparticles by precipitation, melt 

emulsification and microemulsion methods (Bodmeier and Mcginity, 1998; Trotta et al., 

2001; Kipp et al., 2003; Lindfors et al., 2006). 

2.2.1.1.Precipitation method 

Simplest method of preparation of nanosuspension is through precipitation of 

drug particles (Sahu and Das, 2014a). In this process, drug is dissolved in a solvent, 

which is then added to antisolvent that cause precipitation of the fine drug particle and 

the system is stabilized by polymer and or surfactant to avoid them from agglomeration 

(Bodmeier and Mcginity, 1998; Patravale and Kulkarni, 2004; Li et al., 2007; Patel et al., 

2009). Solvent should be miscible with the antisolvent. Solvent can be added drop by 

drop into the non-solvent with a constant velocity using high speed stirrer. The mixing 

step is critical to form a uniform supersaturated solution, which helps in the development 

of small and uniform size drug nanoparticles (Gao et al., 2008a; Chen et al., 2011). Other 

vital factors are the temperature, antisolvent to solvent ratio (v/v), stirring speed, drug 

concentration and viscosity. The use of simple and low-cost equipment in precipitation 

technique makes it suitable for the preparation of various types of suspensions. The 

importance to formulate nanosuspensions by solvent-antisolvent precipitation is to create 

conditions that favour very rapid particle development and no or little particle size 

growth (Krishna et al., 2015). 

2.2.2. Factors affecting the stability of nanosuspension 

i. Stabilizer 

In formulating nanosuspension, stabilizers play a major role. Nano-sized drug 

particles can agglomerate in the absence of the stabilizer due to their high surface energy. 

Stabilizers wet the surface of drug particles thoroughly and yields physically stable 

suspension (Geetha et al., 2014). They prevent Ostwald’s ripening and agglomeration by 

providing ionic and steric barriers (Kakran et al., 2010). The type and quantity of 

stabilizer has a marked effect on the physical stability and pharmacokinetics of 

nanosuspension (Chen et al., 2005). In some cases, one stabilizer is not helpful in the 
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formulation of a stable nanosuspension and a mixture of stabilizer is employed (Kocbek 

et al., 2006). Most commonly used stabilizers are cellulosics, poloxomers, lecithins, 

polysorbate and povidones (Teeranachaideekul et al., 2008; Dhanapal and Ratna, 2012). 

In formulating nanosuspension, the drug to stabilizer ratio can differ from 1:20 to 20:1 

(Liversidge et al., 1992; Patravale and Kulkarni, 2004). The use of appropriate stabilizer 

in the preparation of nanosuspension has to be done by keeping in view numerous 

factors. Molecular weight and length of polymer chain act as the thermodynamic driving 

forces for the physical adsorption on the surface of the particles. As the molecular weight 

of polymer increases, the rate of adsorption decreases. Rate of dissolution also decreases 

as the concentration of long chain polymers increases (Ghosh et al., 2011). 

Polyvinyl alcohol (PVA) is a famous and effective polymeric stabilizer. It is 

reported to form adsorption layers on nanoparticles of drug (Gaaz et al., 2015). 

Polyethylene glycol (PEG) is a linear hydrophilic homopolymer. Hydrogen bonds, 

hydrophobic interactions and ionic interactions between the stabilizer and functional 

groups present on the active constituents of plants are main driving forces for the 

adsorption of stabilizer on the surface of plant. Polyvinylpyrrolidone (PVP) contains one 

carbonyl group per molecule that can make hydrogen bond with drug molecule. Tween 

80 or polysorbate 80 is a non-ionic surfactant. The hydrophilic groups in this compound 

are polyethers which act as emulsifier. In pharmaceuticals, it is used to stabilize aqueous 

formulation (Ha et al., 2002). PVA and PVP provide stability via steric stabilization. 

Celluloses that are used in pharmaceutical applications are polymers of natural origin. 

They are considered as non-irritating and nontoxic substances. Hydroxypropyl 

methylcellulose (HPMC) is one of the most utilized cellulose in pharmaceutical 

applications. HPMC is a non-ionic semisynthetic polymer. Molecular weight of HPMC 

ranges between 10,000 and 1,500,000 g/mol (Siepmann and Peppas, 2001). It is used as a 

stabilizing agent in non-crystalline applications (Yang et al., 2014) and provides steric 

stabilization (Krishna et al., 2015).  Sodium lauryl sulphate (SLS) also named as sodium 

dodecyl sulfate (SDS) is the sodium salt of dodecyl hydrogen sulfate. It is an anionic 

surfactant and used in numerous hygienic and cleaning goods due to its high adsorption 

potential. In food, it is used as a whipping aid and emulsifying agent. It is also used in 



 

makeup, mouthwash, toothpaste, body wash and shampoos (Bischoff 
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Structures of some common stabilizers are given below.
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ii. Organic solvents

Organic solvents are used for the preparation of nanosuspension. Less injurious 

water miscible solvents that are pharmaceutically appropriate for example ethanol, 

methanol, isopropanol and chloroform can be used
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makeup, mouthwash, toothpaste, body wash and shampoos (Bischoff et al

et al., 2005; Yamamoto et al., 2008). 

Structures of some common stabilizers are given below. 
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Organic solvents 

Organic solvents are used for the preparation of nanosuspension. Less injurious 

water miscible solvents that are pharmaceutically appropriate for example ethanol, 

anol and chloroform can be used (Dhanapal and 

water miscible solvents butyl lactate, ethyl formate and ethyl acetate

over the conventional injurious solvents for instance dichloromethane (

Quintanar-Guerrero et al., 2005; Kocbek et al., 2006
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iii. Other additives 

Nanosuspension may include additives for example cryoprotectant, buffers, 

polyols, co-surfactant and salts based on the route of administration or properties of the 

pharmacological group (Dhanapal Ratna, 2012). 

2.2.3. Advantages of Nanosuspension 

i. Enhanced dissolution velocity of the drug 

This is an important advantage that is responsible for its numerous applications. 

Noyes Whitney equation is helpful in explaining the increase in dissolution velocity and 

saturation solubility of nanosuspension (Noyes and Whitney, 1897; Dressman et al., 

1998; Kakran et al., 2011). According to this equation, there is dramatic increase in 

dissolution velocity (dx/dt) with increase in surface area (A) of drug particles 

(Sigfridsson et al., 2011). 
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ii. Enhanced biological performance 

Bioavailability of the drug is improved by increase in the saturation solubility and 

dissolution velocity of the drug regardless of the route of administration (De et al., 2012; 

Sutradhar et al., 2013). 

iii. Ease of manufacture and scale-up 

Nanosuspensions are simple to prepare and production processes are easily 

expanded for commercial production (Chandra et al., 2013; Kavitha et al., 2014). 

iv. Long-term physical stability 

 One more fascinating characteristic of nanosuspension is the lack of Ostwald 

ripening, that causes long-term physical stability of nanosuspension. Ostwald ripening is 

a phenomenon in which small size particles in solution get dissolved and adsorbed on 

bigger particles to attain a more thermodynamically stable state (Peters et al., 2000; Paun 

and Tank, 2012). Ostwald ripening is accountable for growth of crystals and 

consequently caused the formation of microparticles. Differences in saturation solubility 

and dissolution pressure among small and large particles can lead towards Ostwald 
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ripening. Due to uniform particle size of nanosuspensions, Ostwald ripening is not 

observed in them (Shah et al., 2007; Jawahar et al., 2013). 

v. Versatility 

Nanosuspensions can be incorporated to a variety of dosage forms for instance 

pellets, tablets, suppositories and hydrogels due to the ease of post-production processes. 

Nanosuspensions can be administered via oral, parenteral, topical, ocular and pulmonary 

routes (Anusha et al., 2015). Various routes of administration of nanosuspension prove 

its versatility. In order to show the advantages of drug nanoparticles in-vivo, it should be 

converted into the correct dosage form. Nanosuspension solves the problems of 

swallowing tablets by the geriatric and pediatric patients and can also be directly taken as 

oral suspension (Maiti, 2012). 

2.2.4. Characterization of nanosuspensions 

i. Mean particle size and particle size distribution. 

These are main characterization parameters that determine the physical stability, 

dissolution velocity, saturation solubility and bioavailability of nanosuspension 

(Liversidge and Cundy, 1995). It was observed in many studies that dissolution velocity 

and saturation solubility vary significantly with the change in particle size of the drug. 

Mean particle diameter (z-average) of nanosuspension can be accurately determined with 

the help of Photon correlation spectroscopy (PCS) (Arunkumar et al., 2009). PCS can 

measure the particle size in range of 3 nm to 3 µm. It is a measure of hydrodynamic 

diameter in solution. It is commonly used in standard protocols for evaluating the 

nanoparticles in solution (Eaton et al., 2017). However, Coulter current multisizer and 

laser diffraction can also be employed for this purpose (Memon et al., 2013). It also gives 

information about the polydispersity index. Polydispersity index (PDI) is an indicative of 

the physical stability of the nanosuspension and it should be minimum for better stability. 

PDI value in the range of 0.1-0.25 indicates narrow size distribution, however value 

larger than 0.5 indicate the broad size distribution of particles (Chen et al., 2005; Chogale 

et al., 2016). 

ii. Particle charge (zeta potential) 

Zeta potential is a  measure of physical stability of the nanosuspension. It is 

helpful in determining the storage stability of colloidal dispersion (Li et al., 2006).  The 
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presence of electric charge on a particle surface develops electrostatic repulsion among 

the drug nanoparticles and in this manner, prevents particles from agglomeration and 

precipitation (Gao and Chorover, 2010). Charge on the particles is usually evaluated by 

determining electrophoretic mobility by application of an electric field and then changed 

to zeta potential by applying the Helmholtz-Smoluchowski equation (Deshiikan and 

Papadopoulos, 1998; Yadollahi et al., 2015; Chogale et al., 2016). Minimum zeta 

potential of ± 30 mV is required in order to get a good electrolytically stabilized 

nanosuspension. For getting a suspension with both steric and electrolytic stabilization, a 

minimum zeta potential of ±20 mV is required (Muller and Jacobs, 2002; Arunkumar et 

al., 2009; Geetha et al., 2014). 

iii. Particles morphology and crystalline state 

Determination of the particles morphology and crystalline state helps together in 

assessing the morphological changes which drug experience during the process of 

nanosizing (Liversidge et al., 1995). Nanosuspensions can go through a change in its 

crystalline structure. X-ray diffraction analysis can be used to determine changes in the 

solid state of the drug particles. Atomic force microscope (AFM) (Chingunpitak et al., 

2008; Gaumet et al., 2008; Teeranachaideekul et al., 2008), Scanning electron 

microscopy (Gaumet et al., 2008; Teeranachaideekul et al., 2008) and Transmission 

electron microscopy (Lindfors et al., 2007; Chingunpitak et al., 2008; Gaumet et al., 

2008; Teeranachaideekul et al., 2008) are usually employed to characterize nanoparticles 

morphology and size (Yadollahi et al., 2015). Scanning electron microscopy is usually 

preferred to get an actual idea of particle morphology. 

iv. Dissolution velocity 

The determination of in-vitro dissolution behavior of nanosuspension depicts the 

benefits that can be attained over conventional formulations (Kocbek et al., 2006; Afifi et 

al., 2015). Various physiological buffers can be used to determine the dissolution 

velocity of nanosuspension. Dissolution apparatus is used to determine the dissolution 

velocity of the nanosuspension. A comparative study on the dissolution behavior of 

curcumin nanosuspensions and suspension was conducted by Singh and Tripathi, (2016). 

Better dissolution was found for curcumin nanosuspension as compared to suspension. 
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v. In-vivo performance/ Pharmacokinetics study 

Pharmacokinetics is taken from the Greek words pharmakon means drug and 

kinetikos means movement. Generally, the formulation is introduced through required 

route of administration and the plasma drug levels were assessed using HPLC-UV visible 

Spectrophotometry. After periodic time intervals, the measurement of the quantity of 

drug in the plasma depicts the extent and rate at which the active pharmaceutical 

constituent is absorbed from the drug and becomes accessible at the site of action (Hetal 

et al., 2010). 

2.2.5. Optimization of formulation parameters of nanosuspension with 

Response surface methodology 

Multiple responses generally considered when developing or designing complex 

processes/products. Thus, concurrently optimizing multiple responses is of special 

importance for manufacturers hoping to get a competitive advantage (Tsai et al., 2010). 

The same is the case with the formulation of nanosuspension that is affected by various 

factors namely concentration of stabilizer, concentration of drug, solvent/antisolvent 

ratio, stirring time and stirring speed etc. Response surface methodology (RSM) is a 

statistical approach used to optimize the response of interest that is influenced by 

numerous variables (Bhambere et al., 2014). It minimizes the need for the repetition of 

experiments. It simultaneously optimizes multiple responses. Polynomial equation 

generated through regression analysis gives an estimated relation between a single 

response and multiple variables. RSM constructs response surfaces for each response. 

The response can be depicted graphically, either as contour plots or in the three-

dimensional space that help to visualize the shape of the response surface (Mourabet et 

al., 2017). The application of RSM is aimed at reducing the cost of expensive analysis 

methods and volumes of numerical data analysis (Wani et al., 2012). This led to its 

successful application in various sectors such as food science, biochemical processes, 

production engineering, air quality analysis, toxicological research, pharmaceutical, 

chemical processes, computational and simulation studies (Draper and Lin, 1996; Myers 

and Montgomery, 2002; Neda et al., 2002; Carley et al., 2004; Montgomery, 2005).  

For the optimization of multiple response processes, the desirability function is 

one of the most extensively employed approaches in industry. To assess the optimum 
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levels of independent variables, desirability function combines all the responses into one 

variable. A desirability value of 0 denotes the completely undesirable value for the 

response, and a value of 1 represents the ideal value or completely desirable value for the 

response. Desirability function was used after fitting the mathematical model, to get 

optimum conditions for the formulation of nanosuspension (Akteke-Öztürk et al., 2014).  

 

2.3. Importance of Medicinal plants 

Nature has gifted the complete storehouse of therapies for the treatment of all 

diseases of mankind (Bhattaram et al., 2002; Malik et al., 2013). Nature has created 

plants in the world for every disease and there is a treatment for each ailment. It is only in 

the hands of human that we derive benefits from them (Folashade et al., 2012). Medicinal 

plants are now receiving more interest than ever as they have potential of providing great 

benefits to society (Aher et al., 2018). Due to their better therapeutic values, fewer side 

effects and cheap as compared to modern medicines, they are valued by physicians and 

patients (Bhadoriya et al., 2011; Goyal et al., 2011; Kesarwani and Gupta, 2013; Thapa 

et al., 2013). Now days, almost 50% drugs are of herbal origin (Ferreira and Pinto, 2010). 

Indeed, almost 25% of the prescription drugs comprise of at least one active compound 

obtained from plant material (Rao et al., 2004; Kingston, 2011; Gunasekaran et al., 

2012). Some are made from plant extracts; others are manufactured to mimic a natural 

plant ingredient.  Primitive man also valued the great diversity of plants available to him. 

The plants provided food, shelter, clothing and medicine (Jamshidi-Kia et al., 2018). 

Much of the therapeutic use of plants appears to have been flourished through trial and 

error. With the passage of time, each tribe added the remedial power of local herbs to its 

knowledgebase. Herbs had been used by all cultures for the development of modern 

civilization. World Health Organization (WHO) is inspiring developing countries to use 

of herbal remedies for the cure of several lethal illnesses, because of the increasing risk of 

chronic ailments (Vasanthi et al., 2012). 

2.3.1. Active constituents of plants 

Varieties of active components are responsible for the therapeutic value of herbal 

medicines. Each active component plays a vital role and all are related to each other. All 

the constituents work together and provide synergistic action (Ansari et al., 2012). They 
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are of great interest in various parts of the world due to their significant role in the 

retardation of many degenerative diseases. Primary and secondary metabolites both occur 

in plants. Primary metabolites play vital role in reproduction and growth of plants. 

Alternatively, secondary metabolites take part in plant endurance, making up defensive 

system of plant (Irchhaiya et al., 2015). Secondary metabolites are gaining progressively 

importance in industry due to the manufacturing of natural drugs (Edriss et al., 2012). 

Secondary metabolites produced by plant comprise of phenolics, alkaloids, terpenoids, 

lectins, polypeptides, polyacetylenes and essential oils. The main subclasses include 

phenolic acids, simple phenols, flavones, flavonoids, coumarins, tannins, quinines and 

others (Simoes et al., 2009; Saxena et al., 2013). Polyphenolics are extensively 

disseminated in the plant kingdom and construct the largest group of phytochemicals 

(Tsai, 2010). Flavonoids are regarded as powerful antioxidants and act as free radical 

scavenger or chelators. Dietary intake of these chemicals can promote the health of 

humans and can safeguard them from deadly ailments (Harborne, 1998; Cetkovic et al., 

2007). Supplementation with these compounds lowers the risk of many types of diseases 

such as heart attack and cancer (Sharma et al., 2010). 

2.3.2. Potential bioactivities of medicinal plants 

2.3.2.1.Cardioprotective potential of plants 

Cardio protection includes “all mechanism and means that contribute to the 

preservation of the heart by reducing or even preventing myocardial damage”. It may also 

be understood as that it includes all endogenous mechanisms and therapeutic approaches 

which can prevent from myocardial injury (Kubler and Haass, 1996). Cardiovascular 

ailments seem to be the leading cause of death worldwide (Upaganlawar et al., 2011; 

Chikku and Rajamohan, 2012). The global burden of cardiovascular disorders is 

escalating and responsible for 31% of total deaths. They account for 17.9 million deaths 

annually, and this amount is expected to increase up to 23.6 million by the end of 2030 

(WHO, 2018). In Pakistan, 1.4 million children are suffering from heart ailments and 

8000 require heart surgeries annually and out of them only 1,200 are operated upon 

(Kousar et al., 2012; Kumar, 2017). Cardiovascular diseases include a variety of illnesses 

such as coronary heart disease, hypertension, thromboembolism, hyperlipidaemia, heart 
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failure, etc. Hypertension is the most common ailment and is identified as a major risk 

factor of myocardial infarction, peripheral vascular diseases and stroke (Baharvand-

Ahmadi et al., 2016). Myocardial infarction is the severe state of necrosis of the 

myocardium, which occurs because of prolong myocardial ischemia. Myocardial 

ischemia occurs due to the blockage of the coronary artery preventing heart from 

receiving oxygen thus heart cells begin to die (Bono et al., 1992; Zaafan et al., 2013).  

Oxidative stress caused by free radicals is one of the major factors in the onset of 

myocardial infarction (Wu et al., 2009; Li et al., 2012). Antioxidants have the potential 

of scavenging free radicals and retarding oxidation reactions. They confer protection to 

the important biomolecules (RNA, DNA, Proteins) (Valko et al., 2007). The intracellular 

antioxidant enzyme system (glutathione peroxidase, superoxide dismutase and catalase) 

is adequate merely to cope with the physiologically produced free radicals. Homeostasis 

can be disturbed by the additional burden of free radicals. Oxidative stress produced by 

free radicals is recommended as the root cause of numerous human illnesses including 

cardiovascular ailments (CVD) and cancer (Pol et al., 2017). Intake of antioxidants 

through fruits and vegetables is associated with the decreased risk of various chronic 

diseases especially coronary heart diseases. Herbal extracts are getting wide attention as 

attractive natural alternatives in treating various diseases (Nuutila et al., 2003). 

Herbal drugs are known to show admirable therapeutic properties for the 

treatment of heart diseases. In traditional system of medicine more than 2000 plants have 

been listed which provide relief from cardio-vascular aliments (Mahmood et al., 2010). 

Secondary metabolites like polyphenols, flavonoids, carotenoids, alkaloids, triterpenes, 

saponins, terpenoids, cardiac glycosides, fatty acids etc are accountable for cardio-

protective activity at a specific dose which can be assessed using suitable 

pharmacological screening method (Kumar et al., 2017). Numerous researchers evaluated 

the cardioprotective potential of plants and their constituents. Three doses (50, 100, 

200mg/kg) of C. longa were tested for its protective effect on myocardium. It was found 

that pre-treatment of C. longa at a dose of 100 and 200mg/kg for a period of 30days 

significantly resisted changes in biochemical parameters. C. longa dose of 100mg/kg was 

found optimum dose (Mohanty et al., 2008). Cardioprotective potential of curcumin was 

also evaluated (Nirmala and Puvanakrishnan, 1996; Swamy et al., 2012; Imbaby et al., 
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2014; Liu et al., 2017). Pre-treated dose of curcumin (200 mg/kg) for two weeks 

ameliorated the doxorubicin-induced heart damage (Swamy et al., 2012). Kousar et al. 

(2012) reported appreciable cardioprotective potential of C. sativum at a dose of 

100mg/kg (fifteen days) against salbutamol induced cardiotoxicity in rabbits. C. sativum 

at a dose of 200 and 300 mg/kg body weight prevented against isoproterenol induced 

myocardial infarction in rats (Patel et al., 2012). Pretreatment with quercetin (natural 

antioxidant) at a dose of 50mg/kg possess significant protective effect against 

isoprenaline-induced myocardial infarction in rats (Zaafan et al., 2013). Possible 

mechanism of protective effect of C. longa was evaluated by El-Sayed et al. (2011) 

against doxorubicin induced toxicity. Main bioactive component of C. longa, curcumin 

was observed to augment the cardiac glutathione contents, normalize the CK-MB and 

LDH elevated levels. Phenolic groups in curcumin structure were stated to be responsible 

for its free radical scavenging activity (Sreejayan et al., 1997). A study conducted on 

cardioprotective potential of G. biloba phytosomes demonstrated significant alleviation 

effect at a dose of 200 mg/kg (Panda and Naik, 2008).  

2.3.2.1.1. Method to check the cardioprotective potential of plants 

 One of the classic method to evaluate the cardioprotective potential of plants is by 

induction of myocardial infarction in animal model. Chemically induced myocardial 

infarction is a well-recognized model to reveal the protective effect of various 

cardioprotective agents (Prince et al. 2008; Shah et al., 2009; Radhika et al., 2011; 

Ramadoss et al., 2012; Adi et al., 2013; Barman et al., 2013). Isoproterenol (a 

catecholamine) is commonly used to induce myocardial infarction in animal model. 

Salbutamol, another type of catecholamine can also be used for the induction of 

myocardial infarction in animal model. It is reported that salbutamol that is a synthetic 

catecholamine in large amount causes oxidative stress in the myocardium which results in 

the necrosis of the heart muscles (Aslam et al., 2015; Afsheen et al., 2017).  

2.3.2.1.2. Estimation of myocardial infarction in animal model 

 In the estimation of acute myocardial infarction, precise electrocardiogram 

findings and assessment of cardiac biomarkers have an important role. Biomarkers 

analysis has become the frontline diagnostic tool. Enough amounts of diagnostic marker 

enzymes for myocardial infarction are present in the myocardium (Vasudha et al., 2006; 
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Jahan et al., 2012). They discharge into the blood and to extracellular fluid when 

metabolically damaged. Natural products are reported to normalize the 

electrocardiographic changes occurring after chemical intoxication (Suchalatha and Devi, 

2004; Upaganlawar et al., 2011). The onset of myocardial Infarction in salbutamol 

administered rats can also be confirmed by performing Troponin test. Positive test 

indicates the onset of myocardial infarction. Troponin I and Trop T are the proteins found 

in heart muscles and are released into the blood stream when there is damaged to the 

heart (Afsheen et al., 2017). 

2.3.2.2.Thrombolytic potential of plants  

Coagulation or blood clotting is an essential process that stops unnecessary 

bleeding after the injury of a blood vessel. It includes a complex series of steps that 

involves the conversion of fibrinogen into the insoluble fibrin network. As the fibrin 

network grows, it covers the surface of the platelet plug forming a blood clot that closes 

the injured portion of the vessel (Huntington, 2013). Platelets are important in 

maintaining the cardiovascular integrity and in controlling bleeding by forming blood 

clot. Platelets and plasma proteins in the blood work together to stop the bleeding by 

forming a blood clot over the injured area. However, uncontrolled aggregation of platelet 

can cause life threatening ailments for example atherosclerotic lesions and arterial 

vascular thrombosis (May et al., 2008; Kalaiyarasi and Sultana, 2014).  

Thrombotic ailments are among the main lethal conditions affecting the humanity. 

Thrombus or embolus can lodge in blood vessels thereby obstruct the blood flow and 

leads to the necrosis of the tissue in that area (Dewood et al., 1980; Davies and Thomas, 

1985; Das et al., 2013). Thromboembolic ailments such as deep vein thrombosis, 

pulmonary emboli, heart attacks and strokes are the main reasons of mortality and 

morbidity in advanced states (Khan et al., 2011). Surgical interventions or thrombolytic 

drugs for examples streptokinase, urokinase and alteplase can be used to dissolve the 

blood clot (Fathima et al., 2015). Thrombolytic drugs activate plasminogen which is the 

precursor of plasmin. Plasmin then digests the fibrin surrounding the clot. This process is 

known as fibrinolysis (Macrez et al., 2010). Fibrinolytic drugs are also used to break 

down thrombi in acutely blocked coronary arteries thus to reestablish the blood supply to 

heart, to improve prognosis and to limit necrosis (Laurence and Bennett, 1992; Hussain et 
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al., 2001). These treatments have their own limitations and draw backs such as limited 

fibrin specificity, requirement of large doses for effectiveness and bleeding tendency 

apart from being costly (Chaudhary et al., 2015).  Streptokinase is an extensively used 

thrombolytic drug but it can cause serious and life-threatening side effects. Streptokinase 

unable to show its action in individuals with antiprothrombin and antistreptococcal 

antibodies. Repeated administration of streptokinase also loses its effect (Buchalter et al., 

1992; Puurunen et al., 1998). Thus, efforts are made to formulate improved recombinant 

variants of these drugs to minimize deficiencies of the available thrombolytic drugs (Wu 

et al., 2006).  

Herbal products are frequently considered as harmless since they are “natural”. 

Extensive efforts have been done for the invention of natural products having 

anticoagulant (Anwar et al., 1979; Yamamoto et al., 2005), antiplatelet (Zhiguang et al., 

2000; Rajapakse et al., 2005), thrombolytic and antithrombotic properties (Prasad et al., 

2007). Medicinal plants were reported to have fibrinolytic properties to efficiently 

prevent cardiovascular ailments. The thrombolytic activity of Curcuma longa, Ocimum 

sanctum, Anacardium occidentale and Azadirachta indica was determined by Khan et al. 

(2011) by in-vitro thrombolytic model. % clot lysis found for these plants was 32.94 ± 

3.6 %, 30.01 ± 6.1%, 33.79 ± 2.9 % and 27.47 ± 6.9 % respectively. Streptokinase 

showed 86.2 ± 10.7% clot lysis and for water negligible clot lysis was observed (4.7 %).  

However, in-vivo clot dissolving properties of these clots were not determined. Earlier 

researchers also evaluated the antiplatelet effect of Ginkgolide A from G. biloba. 

Ginkgolide A prevented the mobilization of intracellular Ca2+, inhibited platelet 

aggregation and formation of thromboxane A2. Ginkgolide A from G. biloba also 

increased cyclic guanosine monophosphate and cyclic adenosine monophosphate that 

have an anti-platelet function. According to this study, Ginkgolide A was suggested a 

strong inhibitor of collagen-stimulated platelet accumulation (Ryu et al., 2014). 

Thrombolytic activity of different fractions (methanol, ethanol and n-hexane) of 

Coriandrum sativum leaves was also reported (Shahriar et al., 2014).  

In-vitro thrombolytic activity of Tinospora cordifolia, Saussurea lappa and 

Fagonia arabica was determined by Chaudhary et al. (2015). Hamid and 

Nejadmoqaddam, (2011) evaluated the thrombolytic activity of streptokinase that was 
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locally produced. In-vitro thrombolytic activity of different parts of Carica papaya was 

examined by Kalaiyarasi and Sultana, (2014). Thrombolytic Activity of different extracts 

(methanolic, ethanolic, ethyl acetate, chloroform) of Artocarpus chaplasha leaves was 

determined by Talukder et al. (2017). It was found in the range of 16.145% to 55.98 %. 

Thrombolytic activity of two varieties of honey was also investigated (Manukumar and 

Shruthi, 2014). Clot lysis activity of different extracts (chloroform, methanol, petroleum 

ether) of Ficus glomerate fruit was also determined. Methanolic extract showed the 

highest clot lysis activity of 47.74 % followed by chloroform (27.60 %) and petroleum 

ether (23.06 %) extracts (Shivasharanappa and Londonkar, 2014). 

2.3.2.3.Antibacterial potential of plants 

Medicinal plants are used as a source of medicines since many decades. They are 

valued throughout the world due the presence of some chemical substances such as 

alkaloids, tannins, resins, glycosides, carbon compounds, nitrogen, hydrogen, fatty oils, 

essential oils, gums and others. They represent a rich source of antimicrobial agents 

(Mustapha et al., 2017). The effectiveness of plants as antimicrobial agents depends upon 

the concentration and chemical structure of active constituents. The failure of presently 

available antibiotics due to the development of bacterial resistance has necessitated the 

need to explore new antibacterial agents (Nascimento et al., 2000). Antimicrobial activity 

can be assessed by different methods. Two most frequently used methods are the broth 

dilution assay (Okusa et al., 2007) and disc diffusion method (Pelttari et al., 2002; Khan 

et al., 2009). 

Antimicrobial potential of nanocurcumin verses curcumin was determined by 

Bhawana et al. (2011) against six bacterial strains such as Staphylococcus aureus, 

Escherichia coli, Aspergillus nige, Bacillus subtilis, Pseudomonas aeruginosa and 

Penicillium notatum. Nanocurcumin showed greater inhibitory activity as compared to 

curcumin. Zones of inhibition of nanocurcumin and curcumin against Staphylococcus 

aureus, Bacillus subtilis, Escherichia coli and Pseudomonas aeruginosa were 16mm, 

20mm, 12mm, 14mm and 12mm, 15mm, 9mm, 10mm respectively. These results 

indicated the broad spectrum inhibitory effects of curcumin and antibacterial activity was 

observed more pronounced against gram positive bacteria than gram-negative bacteria.  
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Antibacterial effects of various solvent fractions (hexane, chloroform, methanol 

and ethanol) of Ginkgo biloba leaves were also determined (Sati and Joshi, 2011). The 

antibacterial activity was evaluated against five pathogenic strains (Escherichia coli, 

Erwinia chrysanthemi, Agrobacterium tumefaciens, Xanthomonas phaseoli and Bacillus 

subtilis,) employing broth-dilution and disc-diffusion assay. Highest inhibition activity 

was shown by methanol extract (inhibition zone 15-21mm) followed by chloroform (15–

20 mm), hexane (14–19 mm) and ethanol (14–19 mm) extracts at 250 μg/ml. 

Antimicrobial action of leaf extract of Ginkgo biloba against Listeria monocytogenes was 

evaluated by Xie et al. (2003) and its bark extract by Deep et al. (2012). 

2.4. Review of understudy plants 

The following three medicinal plants were selected for this study. Brief 

description of these plants is given below.  

(1) Curcuma  longa 

C. longa commonly known as turmeric (haldi) is a rhizomatous herbaceous 

perennial plant belonging to family Zingiberaceae. It is extensively dispersed throughout 

the subtropical and tropical regions of the world. Rhizome of this plant is denoted as 

root and it is the most valuable part of the plant for medicinal and culinary purposes 

(Himesh et al., 2011). 

 

               

i. Ethnobotanical Uses 

C. longa has a long history in Ayurvedic as well as traditional Chinese medicine 

for the treatment of variety of conditions involving internal and topical use. Turmeric has 

been exposed to show antioxidant, antifungal, anti-inflammatory, antibacterial, antiviral, 
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antimalarial, analgesic and anticancer activities (Hatcher et al., 2008; Gao et al., 2011). 

Traditionally, it has been used in textile industry and for culinary purposes (Ramawat, 

2009; Steffi and Srinivasan, 2014). Due to its yellow color and characteristic odour, it is 

used in cosmetics as a hair dye (Govindarajan, 1980). Medicinally, turmeric is prescribed 

for anti-inflammatory diseases, and for gastrointestinal, skin and hepatic disorders 

(Ammon and Wahl, 1991; Bouzabata and Boukhari, 2014). Externally, it is used for the 

treatment of infected wounds, skin allergies, and inflammation of the oral mucosa 

(Fleming, 2000). 

ii. Chemical composition 

Turmeric comprises of wide variety of phytochemicals such as curcumin, 

curcumol, bisdemethoxycurcumin, curcumenol, triethylcurcumin, demethoxycurcumin, 

tetrahydrocurcumin zingiberene, eugenol, turmerin, turmeronols and turmerones. Main 

bioactive component of turmeric is curcumin. Turmeric comprised of 2–5% curcumin 

(Gupta et al., 2012; Ravichandran, 2013). It is hydrophobic in nature and normally 

soluble in ethanol, dimethylsulfoxide and acetone. Curcumin imparts yellow color to 

turmeric and is now documented as being accountable for most of the beneficial effects 

(Burgos‐Moron et al., 2010). In modern years, the potential pharmacological actions of 

curcumin in cardiovascular disorders, cancer, inflammatory diseases, neurological 

disorders and Alzheimer’s disease have been revealed (Kumar et al., 2018).  

Nowadays curcumin has been extensively accredited worldwide as a "wonder 

drug of the future" because of its abilities to cure a broad range of chronic and persistent 

diseases. Furthermore, it has been observed to be extremely safe in phase-I clinical trials 

and animal studies even at therapeutic dose of 12g/day (Ravichandran, 2010). However, 

the major hurdle in therapeutic effects of curcumin is its poor bioavailability. In practice, 

by oral administration of curcumin only very small or untraceable levels of curcumin can 

be attained in blood.  The low bioavailability of curcumin has been accredited to its poor 

water solubility (Ravichandran, 2013; Nabati et al., 2014; Carvalho et al., 2015; Li et al., 

2016), high rate of metabolism, tendency to breakdown in the gastrointestinal tract in the 

biological environment and fast systemic clearance (Hong et al., 2017). The poor 

bioavailability of curcumin has restricted its therapeutic use so far. It has been 
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biloba has been revealed to possess neuroprotective, anti-ischemic and antioxidant 

properties (Lichtblau et al., 2002). Ginkgo biloba leaf extract is extensively used as a 

natural PAF (Platelet Activating Factor) antagonist all over the world for the treatment of 

circulatory ailments, tinnitus, asthma, cerebrovascular and dementia syndromes 

especially in old people (Maclennan et al., 2002). Recently, Ginkgo biloba extract is 

extensively used and found to interact with some pharmaceuticals for example anti-

platelet drugs, anti-inflammatory drugs, diuretics, anti-depressants and nonsteroidogenic 

drugs (Rui et al., 2016). 

 

ii. Chemical composition 

The major chemical compositions of Ginkgo biloba leaves are diterpene lactones 

(5% to 7%), bilobalide and flavonoids (22-27%). Diterpene lactones are ginkgolide A, B, 

C, J, M. Ginkgolides A–C are usually found at higher concentrations whereas ginkgolide 

J and M are found in low concentration. Major flavonoids are flavonol glycosides, mainly 

quercetin, isorhamnetin and kaempferol (Vanbeek, 2003; Dumitru et al., 2016; Lopez-

Gutierrez et al., 2016; Sati et al., 2019). Quercetin is rich in G. biloba (Kumari et al., 

2011; Yadav, 2015). Flavonoids are accountable for deactivating oxygen free radicals 

(Smith et al., 1996). The pharmacologically active diterpene lactones are responsible for 

antagonizing Platelet Activating Factor preventing thrombus development and broncho 

constriction. Bilobalide possess neuroprotective properties. But Ginkgo lactones have 

poor water solubility and thus low oral bioavailability. Main flavonoid component of G. 

biloba i.e. quercetin also suffers from poor water solubility due to its lipophilicity.  Low 

oral bioavailability limits its formulation development and clinical applications (Cai et 

al., 2013; Kasikci and Bagdatlıoglu, 2016).  
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(3) Coriandrum sativum 

Coriandrum sativum commonly known as coriander (dhania). 

(https://en.wikipedia.org/wiki/Coriander). 

 

                  

 

i. Ethnobotanical Uses 

It is an annual herb of great medicinal properties and used for therapeutic and 

culinary purposes for thousands of years. It is used in cuisines all over the world. All 

parts of coriander are edible, but the fresh leaves and the dried seeds are usually used in 

cooking (Momin et al., 2012). Coriander supports healthy digestion and has been used to 

treat stomach disorders. It has spasmolytic properties and used to treat diarrhea and oral 

infection. The dried seeds have been used as a culinary spice and food-poisoning 

preventative agent for centuries. The seed are aromatic, carminative, expectorant, 

narcotic and stimulant (Sahib et al., 2013).  

ii. Chemical composition 

The different parts of this plant possess flavonoids limonene, monoterpenes, Y-

terpinene, p-cymene, borneol, a-pinene camphor, coriandrin, dihydrocoriandrin, geraniol, 

citronellol,  coriandrons A-E, and essential oils (Momin et al., 2012). These parts possess 

antioxidant, anti-microbial, anti-diabetic, anti-mutagenic, anti-convulsant, diuretic, 

hypnotic, sedative anthelmintic activities (Mahendra and Bisht, 2011; Nimish et al., 

2011; Laribi et al., 2015). 

As reviewed above, nanosuspensions of many insoluble drugs have been 

formulated by previous researchers to improve their bioavailability. Very little work has 
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been done in the arena of increasing water solubility of herbal drugs and their 

constituents. Keeping in view the extensive benefits of C. longa, G. biloba and C. 

sativum and their poor bioavailability, this research project was designed to increase their 

in-vitro drug release and bioavailability with the intention to increase their 

cardioprotective potential. To achieve this goal, nanosuspensions of selected medicinal 

plants were prepared and formulation conditions were optimized with response surface 

methodology to get stable nanosuspension. 
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Chapter-3 

 

MATERIALS AND METHODS 

 

The present research work was designed to prepare and optimize the formulation 

parameters of nanosuspensions of plants (C. longa, G. biloba and C. sativum) having 

poor bioavailability in order to increase their therapeutic potential. Nanosuspensions of 

selected plants extract were prepared in Natural product lab of Department of chemistry, 

University of Agriculture, Faisalabad (UAF). Nanosuspensions were characterized for 

particle size, PDI and zeta potential through zetasizer in Nuclear Institute for 

Biotechnology and Genetic Engineering (NIBGE) and National Textile University 

(NTU), Faisalabad. Antimicrobial, thrombolytic activities of plants extract and their 

nanosuspension were evaluated in Department of Biochemistry, UAF. Animals were kept 

in Department of Clinical Medicine & Surgery during the experimental period for the 

evaluation of cardioprotective potential. Cardiac markers and lipids in different 

experimental groups were determined in Clinical Biochemistry Lab of Department of 

Biochemistry, UAF. Morphological study of lyophilized nanosuspensions was carried out 

by scanning electron microscope in Centralized Resource Laboratory of University of 

Peshawar (UOP). Samples were characterized by Atomic Force Microscopy (AFM) in 

Nanotechnology Lab of NIBGE. FTIR analysis of samples was carried out in NTU. 

HPLC analysis was also done in Food toxicology lab of Nuclear Institute for Agriculture 

and Biology (NIAB). Dissolution study of optimized nanosuspension was done in Lab of 

institute of Pharmacy, Physiology and Pharmacology UAF. 

Current research work was divided into different phases. In first phase of study, 

nanosuspensions of selected plants were prepared by selecting an appropriate stabilizer 

and formulation conditions were optimized with Response surface methodology. In 

second phase, optimized nanosuspensions were characterized by different techniques. In 

third phase, In-vitro drug release and pharmacokinetics of optimized nanosuspensions 

and coarse suspensions/extracts of plants were evaluated. In fourth phase, bioactivities 

like cardioprotective, thrombolytic, antimicrobial and antioxidant of nanosuspensions and 

coarse suspensions of plants were evaluated. 
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3.1.      Analytical Instruments used during research work 

Major instrument used during the research work are given below. 

1. Electronic Balance 

2. Mechanical stirrer 

3. UV-Visible Spectrophotometer (Hitachi, UV-200; Japan). 

4. Chemistry analyzer (Semar S 1000- elite) 

5. Rotary evaporator (Rotavapor, Buchi R-215, Switzerland) 

6. Zetasizer (Malvern Instruments, UK). 

7. High Performance Liquid Chromatography- HPLC (shimadzu Japan) 

8. Scanning Electron Microscopy- SEM (JSM5910, JEOL, Japan),  

9. Fourier-transform infrared spectroscopy -FTIR (PerkinElmer). 

10.  Atomic Force Microscopy (AFM (AFM SHIMADZU WET-SPM 9600 Japan) 

11.  Dissolution apparatus (pharma test de ISO 9001). 

12. pH Meter (TOA Electrochemical Measuring Instrument, Japan). 

13. Lyophilizer 

14. Centrifuge Machine, Bench-top (Kokusan, Model H-103N, Japan). 

3.2.     Chemicals and Reagents 

All chemicals and reagents used in the current study were of analytical grade and 

purchased mainly from Sigma-Aldrich and Merck. Many chemicals were utilized to 

fulfill the scope of current research, some are given here: Polyvinyl alcohol (PVA), Poly 

Ethylene Glycol (PEG), Polyvinylpyrrolidone (PVP), Tween 80, Hydroxypropyl 

Methylcellulose (HPMC), Sodium lauryl sulphate (SLS), Sodium dihydrogen phosphate, 

Disodium hydrogen Phosphate, n-hexane, Methanol, Ethanol, Hydrochloric acid, 

formalin and paraffin,  

3.3.    Collection of selected medicinal plants 

Three medicinally valuable plants such as Curcuma longa, Ginkgo biloba and 

Coriandrum sativum having poor bioavailability were selected for this study. Rhizome of 

Curcuma longa and seeds of Coriandrum sativum were purchased from a local herbal 

market Faisalabad Pakistan. The leaves of Ginkgo biloba were purchased from SM health 

care, Karachi and shade dried.  
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3.4.    Preparation of plants extract 

Selected parts of medicinal plants were ground into powder form. Powdered 

material of plants was de-fatted with n-hexane in Soxhlet extractor and afterward 

ethanolic extracts of the selected plants were prepared. Plant material (30g) was extracted 

in ethanol (300ml) with the help of soxhlet apparatus and concentrated with rotary 

evaporator (Redfern et al., 2014). Concentrated extracts were stored in refrigerator at 4ºC 

until further use. 

Current research work was divided into different phases to fulfill the scope of this study. 

3.5. Phase-I:  Formulation and optimization of nanosuspensions 

 In this phase of study, nanosuspensions of selected medicinal plants were 

prepared with six different stabilizers. For further study, that stabilizer was selected 

which produced the nanosuspension of minimum particle size and polydispersity index 

(PDI). Moreover, various formulation parameters that have significant effect on the 

stability and particle size of nanosuspension were optimized with response surface 

methodology.  

3.5.1. Preparation of nanosuspensions of selected medicinal plants 

Nanoprecipitation (antisolvent/solvent) method was used for the formulation of 

nanosuspensions of selected medicinal plants (Thadkala et al., 2014). Concentrated 

extract of plants (500 mg) were dissolved in solvent ethanol (1:10 w/v) and slowly 

injected drop by drop with the help of a syringe into an aqueous solution (antisolvent) 

containing stabilizer. The resulting mixture was stirred continuously with mechanical 

stirrer at 5000 rpm for 6 hrs. Formulated nanosuspensions were immediately freeze dried 

to enhance the shelf life of the nanosuspension. 

3.5.2. Selection of suitable stabilizer for the preparation of 

nanosuspension/Screening of stabilizers 

To investigate the influence of type of stabilizer on the formulation of 

nanosuspensions of selected medicinal plants, following six stabilizers were selected.  

1. Polysorbate (Tween 80) 
2. Hydroxypropyl methylcellulose (HPMC) 
3. Polyethylene glycol (PEG) 
4. Polyvinylpyrolidone (PVP) 
5. Polyvinyl alcohol (PVA) 
6. Sodium lauryl sulphate (SLS) 
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The influence of type of stabilizer at a fixed concentration (1%) in the 

nanoprecipitation method was investigated in terms of particle size and PDI by keeping 

other variables constant (AS/Sol ratio 1:10 and stirring time 6 hrs). For the preparation of 

nanosuspension of each plant that stabilizer was selected for further study which 

produced the nanosuspension of  lower particle size and polydispersity index.  

3.5.3. Optimization of formulation parameters of nanosuspension 

Response surface methodology was used for optimization of three formulation 

parameters of nanosuspension after selecting suitable stabilizer for each plant. A rotatable 

central composite design was selected for the optimization of different formulation 

conditions of C. longa, G. biloba and C. sativum nanosuspensions. The formulation 

scheme of nanosuspension was generated in Design-Expert software 7.0.0 (Stat-Ease 

Inc., USA) by varying three parameters which included stabilizer conc. (%), antisolvent/ 

solvent ratio (v/v) and stirring time (hrs). The design consisted of total 20 experimental 

runs. Experimental trials were performed for all 20 combinations.  

Independent factors and their levels used in this study are shown in Table 3.1. 

Stabilizer conc. was varied from 0.25 % to 1 %. Antisolvent: solvent ratio (v/v) and 

stirring time were varied from 5:1 to 15:1 and 2 to 6 hrs respectively. These domains 

were selected on the basis of preliminary experiments and the optimization process was 

carried out within these limits. The formulated nanosuspensions were subjected for 

particle size analysis, polydispersity index (PDI) and zeta potential measurements. 

Table 3.1. Factors investigated using central composite design of understudy plants  

Independent 

variables/Factors 
Name Units 

Low 

level 

High 

level 

X1 Stabilizer conc. % 0.25 1.00 
X2 Antisolvent/Solvent  5.00 15.00 
X3 Stirring time hrs 2.00 6.00 
 

Table 3.2. Dependent variables and their constraints for all formulations 

Dependent Variables Constraints 

Y1= Particles size (nm) 
Y2= Polydispersity index 
Y3= Zeta potential 

Minimize 
Minimize 
Maximize 
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Table 3.3. A central composite experimental design for formulation of 

nanosuspensions of plants. 

Std Run Stabilizer 

conc. (X1) 

Antisolvent/solvent 

ratio 

(X2) 

Stirring Time 

(X3) 

1 3 0.25 5.00 2.00 
2 13 1.00 5.00 2.00 
3 6 0.25 15.00 2.00 
4 11 1.00 15.00 2.00 
5 19 0.25 5.00 6.00 
6 18 1.00 5.00 6.00 
7 9 0.25 15.00 6.00 
8 14 1.00 15.00 6.00 
9 4 -0.01 10.00 4.00 

10 5 1.26 10.00 4.00 
11 8 0.63 1.59 4.00 
12 1 0.63 18.41 4.00 
13 20 0.63 10.00 0.64 
14 17 0.63 10.00 7.36 
15 7 0.63 10.00 4.00 
16 16 0.63 10.00 4.00 
17 10 0.63 10.00 4.00 
18 12 0.63 10.00 4.00 
19 2 0.63 10.00 4.00 
20 5 0.63 10.00 4.00 

 

Data obtained from all formulations were analyzed using design expert software 

(Stat-Ease Inc., Minneapolis, Minnesota). Analysis of variance (ANOVA) was employed 

to estimate the significant effects of factors on responses. The regression equation was 

generated for each response using the software. 

 
Y0 = b0 + b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23X2X3 + b11X1² + b22X2

2 + b33X3
2 

 
Photon correlation spectroscopy was used for the determination of mean particle 

size (z-average-nm), particle size distribution (PDI) and zeta potential (mV) of prepared 

nanosuspensions (Zetasizer, Malvern Instruments, UK). Particle sizes of nanosuspensions 

were measured without any further dilution at room temperature and zeta potential was 

calculated by estimating the electrophoretic mobility of particles.  

3.5.4. Validation of the experimental design 

The experimental observed values of the responses were compared with predicted 

values to validate the chosen experimental design. 
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3.5.5. Stability study of optimized nanosuspensions 

 
Stability studies of optimized liquid nanosuspensions were carried out at two 

different storage conditions namely, room temperature (40ºC) and refrigerated conditions 

(4ºC) for 3 months. Samples were withdrawn periodically and analyzed for particle size, 

PDI and zeta potential by photon correlation spectroscopy (Yadav et al., 2012).  

Optimized nanosuspensions of plants by RSM were used throughout further 

study. 

3.6. Phase-II. Characterization of optimized nanosuspensions of plants         

extract 
In this phase of study, optimized nanosuspensions of plants were characterized by 

various techniques (atomic force microscopy, scanning electron microscope and Fourier-

transform infrared spectroscopy). 

3.6.1. Characterization with Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) was used to study the particle size and 

morphology of optimized nanosuspensions in three dimensions. Contact mode of AFM 

was used in this study. Lyophilized nanosuspensions of plants were dispersed in 

deionized water. Sample was placed on glass slide and scanned with silicon nitride probe 

of 100 µm thickness with force constant of 0.57 Nm-1. Resonance frequency was kept at 

2 Hz. Imaging was performed on at least three areas. Data was analyzed by software 

SPM Manager provided by the AFM system supplier (Taheri, 2015). 

3.6.2. Characterization with Scanning electron microscopy (SEM) 

The morphological (surface) features of prepared nanosuspensions were observed 

with scanning electron microscope. Lyophilized nanosuspensions of plants extract were 

used in this study (Sahu and Das, 2014a).  

3.6.3. Characterization with Fourier-transform infrared spectroscopy (FTIR) 

Plant-stabilizer compatibility study is a vital parameter in the formulation of 

stable solid dosage form. The FT-IR analysis was conducted to check any interaction of 

chemical bonds between plant and stabilizer. Samples were scanned in the region of 

4,000-400 cm−1 and the resolution was 4 cm-1. FTIR spectra were recorded for coarse 

suspensions, nanosuspensions of plants and stabilizer (sodium lauryl sulphate) (Amsa et 
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al., 2013). Coarse suspensions of plants were prepared by dissolving small quantity of 

plant extract in water. 

3.7. Phase-III: In-vitro drug release and pharmacokinetics of optimized 

nanosuspensions  

 In this phase of study, in-vitro and in-vivo drug release of coarse and 

nanosuspensions of plants were evaluated in phosphate buffer and rats respectively. 

3.7.1. Comparative In-vitro drug release study of optimized nanosuspensions and 

coarse extracts of plants 

In-vitro drug release studies of optimized nanosuspensions of plants and their 

coarse extracts were conducted in USP Apparatus 2 (paddle) at a speed of 50 rpm. 

Dissolution was carried out at 37 °C in 900 ml of phosphate buffer of pH 7.4. 

Lyophilized nanosuspensions (NS) and coarse extracts (CE) of plants (100 mg) were 

filled in capsule and introduced into the dissolution vessels. Samples (10 ml) were taken 

out periodically (0.5, 1, 2, 4, 6, 8, 12, 24 hrs) and replaced with same volume of 

dissolution medium and filtered via 0.45 millipore filter instantly. Samples were then 

subjected to UV analysis versus a blank (distilled water) (Yadav et al., 2012; Kumar, 

2018). Percent drug release of C. longa was calculated from the standard curve of 

curcumin (5-50 µg/ml) and results were represented as “curcumin equivalent”. % drug 

release of G. biloba and C. sativum was calculated by the standard curve of quercetin 

(10-100 µg/ml) at 370 nm and results were presented as quercetin equivalent. Drug 

release (%) of lyophilized nanosuspensions and coarse extract of plants was calculated 

from the following formula.  

% drug release =  
drug release

drug taken 
   ×  100 

3.7.1. Pharmacokinetics study of coarse and optimized nanosuspensions of  plants 

 In-vivo drug release study of coarse suspensions (CS) and nanosuspensions (NS) 

of plants was conducted in rats. Coarse suspension of plant extract was prepared by 

simply adding weighed amount of plant extract in water. Before the commencement of 

experiment, the rats were fasted for 12 hrs and provided with clean water. Rats were 

divided into six groups at random containing six animals in each group. The rats of each 

group were administrated their respective doses according to the protocol described in 
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Table 3.4. Then, blood samples were collected into heparinized centrifuge tube (1.5 ml) 

at preselected time intervals (0.5, 1, 2, 4, 6, 12, 24 hrs) and plasma was separated 

immediately by centrifugation of the samples at 3000rpm for 15 minutes. After 

centrifugation, the separated plasma was stored at −20 ºC until further analysis (Sahu and 

Das, 2014a). 

Table 3.4. Protocol of dose administration to trial animals for pharmacokinetics 

study. 

 

Group no. Nanosuspension Plant extracts 

1 C. longa (75mg/kg b.w. of rats)      ------------ 

2    ---------- C. longa(75mg/kg b.w. of rats) 
3 G. biloba (25mg/kg b.w. of rats)  

4 ------------- G. biloba (25mg/kg b.w. of rats) 
5 C. sativum (50mg/kg b.w. of rats)    ------------ 

6 ----------- C. sativum(50mg/kg b.w. of rats) 

b. w.= body weight 

3.7.1.1. Extraction and estimation of curcumin from plasma samples 

To evaluate the bioavailability of C. longa, curcumin concentration was estimated 

in the plasma of C. longa CS and NS administrated rats by high performance liquid 

chromatography (HPLC). Curcumin was extracted from the plasma samples of C. longa 

CS and NS administrated rats. Plasma samples (100 µl) from group 1 and 2 were mixed 

with 300µl methanol to precipitate the protein. Afterwards, the samples were eddied for 5 

min and centrifuged for 10 min at 10,000 rpm. Finally, the supernatant was injected into 

the HPLC to determine the peak area of curcumin. Mobile phase consisted of acetonitrile, 

3 % acetic acid (55:45), flow rate of 1ml/min and the effluents were monitored at 430 

nm. Unknown curcumin concentration in plasma samples of G-1 and 2 was evaluated by 

standard graph of curcumin (0.5, 1, 7, 9 µg/ml) (Li et al., 2016). 

3.7.1.1.Extraction and estimation of quercetin from plasma samples 

To evaluate the bioavailability of G. biloba and C. sativum NS and CS, quercetin 

concentration was estimated in the plasma samples of G. biloba and C. sativum 

administrated rats. For extraction of quercetin from plasma samples, 200ul of plasma 

samples of Group 3-6 was taken and it was added 400 µl of methanol and 200 µl of 25 % 

Hydrochloric acid. Resulting mixture was vortexed for 90 seconds and incubated for 15 

minutes on water bath (50ºC). After that, it was centrifuged at 10,000 rpm for 10 min. A 
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20 µl of supernatant was injected into HPLC for determination of quercetin in plasma. 

The mobile phase was consisted of acetonitrile and methanol (80:20 v/v) and 3 % acetic 

acid, at a flow rate of 1 ml/min and the effluents were monitored at 370 nm with UV-Vis 

detector (Sun et al., 2010). Unknown quercetin concentration in plasma samples of 

Group # 3 to 6 was evaluated by standard graph of quercetin (1, 2.5, 5, 10, 23, 50 µg/ml). 

Non-compartmental pharmacokinetic parameters were calculated by using 

software (pK solver 2.0). Maximum plasma concentration (Cmax), time to reach Cmax 

(Tmax), half-life (t1/2), mean residence time (MRT), Apparent total body clearance (Cl/F), 

Apparent volume of distribution (Vz/F) were determined. The area under the plasma 

concentration–time curve [AUC]0–24 and [AUC]0–∞ were evaluated by linear trapezoidal 

rule until last measurement point. The relative bioavailability was also calculated by 

software. 

3.8. Phase-IV: Comparative in-vitro and in-vivo bioactivities of coarse and 

optimized nanosuspensions of plants 

 In this phase of study, bioactivities of coarse and nanosuspensions of medicinal 

plants were evaluated. Cardioprotective potential was assessed in rats and thrombolytic, 

antimicrobial and antioxidant activities were determined in-vitro. Cytotoxicity of 

prepared nanosuspensions was also estimated.  

3.8.1. Comparative cardioprotective potential of coarse and nanosuspensions of 

plants extract 

Optimized nanosuspensions of plants by RSM were evaluated for cardioprotective 

potential. Cardioprotective potential of nano and coarse suspensions of plants were 

compared. Cardioprotective potential was evaluated by measuring the activities of 

cardiac markers, lipids levels and antioxidant enzymes in different experimental groups.  

3.8.1.1.Experimental protocol 

Male wistar rats (l50-200g) were used for the study. They were kept in 

polypropylene cages under standard conditions of light, humidity and temperature for 

five days prior to dosing to allow for acclimatization to the laboratory conditions.  They 

were free access to water ad libitum.  After the adaptation period, they were divided into 

different groups. Each group comprised of three animals. 
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Table 3.5. Experimental protocol for preventive mode of treatment  

G. # Group name Treatment dose 

I Normal Control Received distilled water and standard diet for 21 days. 
II Positive control Rats in this group received distilled water and standard diet for 

21 days and in addition received salbutamol (80 mg/kg b.w. of 
rats) on 20th and 21th days and blood samples were collected.  

III CS (100 mg/kg) + 
salbutamol 

Rats under this group received coarse suspension of plants 
extract (100 mg/kg b.w. of rats) once daily for 21 days via 
gastric intubation and in addition received salbutamol (80 mg/kg 
b.w. of rats) on 20th and 21th days and blood samples were 
collected. 

IV CS (200 mg/kg) + 
Salbutamol 

Rats under this group received coarse suspensions of plants (200 
mg/kg b.w. of rats) once daily for 21 days via gastric intubation 
and in addition received salbutamol (80 mg/kg b.w. of rats) on 
20th and 21th days and blood samples were collected. 

V NS (50 mg/kg)  + 
Salbutamol 

Rats under this group received nanosuspensions of plants 
(50mg/kg b.w. of rats) once daily for 21 days via gastric 
intubation and in addition received salbutamol (80 mg/kg b.w. of 
rats) on 20th and 21th days and blood samples were collected. 

VI NS (100 mg/kg) + 
Salbutamol 

Rats under this group received nanosuspensions of plants 
(100mg/kg b.w. of rats) once daily for 21 days via gastric 
intubation and in addition received salbutamol (80 mg/kg b.w. of 
rats) on 20th and 21th days and blood samples were collected. 

Table 3.6. Experimental protocol for curative mode of treatment  

G.# Group name Treatment dose 

 I Normal Control Rats in this group received distilled water and standard diet for 
21 days. 

II Positive control Rats in this group administrated with salbutamol (80 mg/kg b.w. 
of rats) for two consecutive days and blood samples were 
collected upto five days. 

III Salbutamol + CS 
(250 mg/kg) 

Rats under this group received salbutamol (80 mg/kg b.w. of 
rats) for two days and after that received coarse suspensions of 
plants extract (250 mg/kg b.w. of rats) for 5 days.  

IV Salbutamol + CS 
(500 mg/kg) 

Rats under this group received salbutamol (80 mg/kg b.w. of 
rats) for two consecutive days and after that received coarse 
suspensions of plants extract (500 mg/kg b.w. of rats) for 5 days. 

V Salbutamol + NS 
(100 mg/kg) 

Rats under this group received salbutamol (80 mg/kg b.w. of 
rats) for two days and after that received nanosuspensions of 
plants (100mg/kg) for 5 days. 

VI Salbutamol + NS 
(150 mg/kg) 

Rats under this group received salbutamol (80 mg/kg b.w. of 
rats) for two days and after that received nanosuspensions of 
plants (150 mg/kg b.w. of rats) for 5 days. 

 After each dose of CS and NS of plants extract, blood samples of experimental 

animals were taken. Serum was separated by centrifugation of the samples at 3000 rpm 
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for 10 min and stored in refrigerator until analysis. At the end of experimental period, 

animals were slaughtered by a veterinary doctor and organs were dissected out. They 

were washed with normal saline, dried, weighed and stored in 10% formalin solution. 

3.8.1.2.Biochemical assessment 

Cardiac marker enzymes and lipid levels were measured in serum of experimental 

animals. 

3.8.1.2.1. Estimation of cardiac marker enzymes in serum 

The activities of enzymes specific for myocardial infarction namely creatine 

kinase-MB fraction (CK-MB), aspartate transaminase (AST), alanine transaminase 

(ALT) and lactate dehydrogenase (LDH) were evaluated in serum with commercially 

available kits using chemistry analyzer. 

3.8.1.2.2. Estimation of lipids in serum 

Triglycerides (TG), serum total cholesterol (TC), low density lipoprotein (LDL) 

and high-density lipoprotein (HDL) were assessed in serum using commercially available 

kits with chemistry analyzer. 

3.8.1.2.3. Estimation of antioxidant enzymes in heart tissues 

A piece of heart tissues stored was taken out, weighed and finely chopped. After 

mincing, heart homogenate (10 %) was prepared in Phosphate buffer (pH= 7, M= 0.01). 

Homogenate was centrifuged for 10 minutes and supernatant was used for the estimation 

of antioxidant enzymes: Catalase, Superoxide dismutase and Glutathione peroxidase. 

These enzymes were determined by the method of Hameed et al. (2008). 

3.8.1.3. Histopathological examination 

The parts of the hearts stored in buffered formalin (10%) were embedded in 

paraffin. Myocardial tissues were cut at 5 μm and stained with hematoxylin and eosin. 

They were examined under light microscope for histoarchitectural alterations and 

photomicrographs were taken (Sivakumar and Rajeshkumar, 2014) 

3.8.2. Thrombolytic potential of plants extract 

Comparative thrombolytic potential of coarse and nanosuspensions of plants 

extract was evaluated. Whole blood (n = 9) was taken from healthy human volunteers 

lacking a history of anticoagulant therapy or oral contraceptive and transferred to 
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different sterile, pre-weighed micro centrifuge tubes (500 μl/tube) and incubated for 45 

minutes at 37 °C. After the formation of clot, serum was removed and weighed again.  

Clot weight = {weight of clot containing tube – weight of empty tube} 
  

Coarse and nanosuspensions (100 µl) of plants were added to the properly labeled 

tubes containing the blood clot. They were incubated at 37° C for 90 minutes to observe 

the clot lysis caused by coarse and nanosuspensions of plants. After the incubation 

period, fluid was removed and tubes were again weighed to observe the difference in 

weight after clot disruption. Streptokinase and water were used as positive and negative 

control respectively and run similarly (Khan et al., 2011). This test was repeated three 

times. % clot lysis was determined by the following formula. 

% clot lysis =
Weight of the lysed clot

Weight of clot before lysis
× 100 

3.8.3. Antibacterial potential of plants extract 

Comparative antibacterial potential of coarse and nanosuspensions of plants 

extract was evaluated by disc diffusion method. Antibacterial activity was tested against 

one gram positive (Staphylococcus aureus) and one gram negative strain (Escherichia 

coli). Nutrient agar (28 g/L) was dissolved in distilled water and mixed well to distribute 

it homogenously. It was autoclaved at 121˚C for 15 min to sterilize the medium. 

Sterilized medium (15ml) was uniformly spread over the petri plates to form a thin film 

(2-3 mm). Plates were incubated at 37˚C overnight and sample wells were prepared in 

nutrient agar with the help of a sterile borer (diameter 6 mm). Samples (50-70 µl) were 

poured into the wells in laminar air flow. Separate plates were used for the evaluation of 

antibacterial potential of coarse suspensions and nanosuspensions of plants against E. coli 

and S. aureus. Streptomycin was used as positive control and water as negative control. 

Petri plates were incubated at 37 oC for 24 hrs. At the end of incubation, the diameters of 

inhibition zones were measured by utilizing zone reader (mm) (Mostafa et al., 2018). 

3.8.4. Antioxidant potential of plants extract 

2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging method was used 

for the determination of antioxidant potential of nano and coarse suspensions of plants 

extract. DPPH (1ml, 0.1 mM) was added to nanosuspensions (1 mg/ml) of plants and 

resultant mixture was incubated at 35 oC for half an hour. After incubation, the 
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absorbance of solution was noted at 517 nm. Same procedure was repeated with coarse 

suspensions of plants, standard compound (BHT) and blank solution (water). Coarse 

suspensions of plants extract were obtained by dissolving plants extract in water. DPPH 

free radical scavenging was determined by the following formula (Aslam et al., 2012; 

Proestos et al., 2013).  

Percentage inhibition of DPPH radical = [1 −
./012/3456 17 0389:6

./012/3456 17 /:34; 01:<=>14
] × 100  

 

3.8.5. Cytotoxicity study of nanosuspensions of plants extract 

 Cytotoxicity of optimized nano and coarse suspensions of plants was estimated by 

hemolytic activity. Freshly taken human blood was placed in heparinized tubes to prevent 

coagulation. It was mixed gently and transferred into falcon tubes (15ml) and centrifuged 

for 5 minutes. The upper layer was removed and red blood cells were washed with 

phosphate buffer saline (chilled). The washed erythrocytes were suspended in ice-cold 

phosphate buffer saline (PBS). Red blood cells were counted on a heamacytometer. The 

erythrocytes count was maintained to 7.068 × 108 cell/ml. Coarse and nanosuspensions 

(100 µg/ml, 20 µl) of plants extract were taken in eppendorf tubes and added 180μl of 

diluted blood cell suspension. Afterward, samples were kept at 37ºC for 35 minutes. 

After incubation, tubes were agitated for 10 minutes and kept on ice for 5 minutes and 

then again centrifuged for 5 minutes. Supernatant (100 μl) was separated from the tubes 

and diluted with 900μl ice-cold PBS. After dilution, all tubes were kept on ice. Mixture 

(200 μl) was taken from each test tube and added into 96 well plates. PBS was used as 

negative control for this assay and Triton X-100 was taken as positive control. The 

absorbance was noted with a BioTek, μ CuantTM at 576 nm. % lysis of RBCs was 

calculated from the following formula (Powell et al., 2000). 

% RBC lysis =
Absorbance of sample −  Absorbance of negative control

Absorbance of positive control
 × 100 

3.9. Statistical Analysis 

All assessments were performed in triplicate and data was presented with mean ± 

standard error of mean (SEM). Data was analyzed by one way and two way ANOVA 

followed by Tukey's multiple comparison tests. P<0.05 was considered as significant 

(Myers et al., 2009).  
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role in wetting and stabilization of particles. Polymeric or non-ionic surfactant provides 

steric repulsion while ionic surfactant provides electrostatic repulsion (Ravichandran, 

2010). Various researchers have investigated the effect of stabilizers on the formulation 

of nanosuspension (Gao and Chorover, 2010; Pandya et al., 2010, 2011; Moorthi et al., 

2013; Rachmawati et al., 2013; Papdiwal et al., 2014; Daebis et al., 2015; Agarwal et al., 

2016). 

4.1.1. Screening of stabilizer for the formulation of C. longa 

nanosuspension 

Results for the effect of stabilizer type on particle size and polydispersity index 

(PDI) of C. longa nanosuspension are depicted in Fig. 4.1(a) and (b) respectively. Particle 

size graphs obtained by zetasizer with different stabilizers are shown in Fig. 4.2 (a-f). The 

stabilizer which formulated the nanosuspension of minimum particle size and PDI value 

was selected for further studies.  Nanosuspension of minimum mean particle size (z-

average) was obtained by employing sodium lauryl sulphate (SLS) as stabilizer (152.7 

nm). Besides formulating the nanosuspension of minimum particle size, SLS also 

produced the nanosuspension of minimum PDI (0.191). A PDI value in the range of 0.1 

to 0.25 reflects narrow distribution of particles and above 0.5 indicates broad particle size 

distribution (Chen et al., 2005; Chogale et al., 2016). In this case, narrow size distribution 

reflected the good stability of nanosuspension prepared with SLS. Other stabilizer 

produced the nanosuspension of large particle size and also PDI value. When tween 80 

was used as stabilizer then nanosuspension of maximum particle size (662.5 nm) was 

produced. In similar manner, tween 80 as stabilizer generated the nanosuspension of 

highest PDI value (0.625). These results evidently indicated that sodium lauryl sulphate 

(SLS) was the stabilizer of choice for the formulation of C. longa nanosuspension as it 

was proved successful in formulating the nanosuspension of minimum particle size and 

narrow size distribution.  

The efficiency of SLS in terms of reducing particle size was found to be 

significantly high than other polymeric materials might be because of its high adsorption 

potential. Anionic surfactants were reported to be more helpful in reducing the size of 

particles and in obtaining more stabilized nanosuspension as compared to nonionic 

surfactants (Sun et al., 2011; Daebis et al., 2015). SLS is mostly an electrostatic stabilizer 
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that is proved by zeta potential measurements (Soukupova et al., 2008). It has high zeta 

potential value (Tuomela et al., 2016).  It is a type of amphiphilic surfactant that could 

adsorb on the hydrophobic surface of particles via electrostatic interactions and can 

appreciably reduce their surface tension. It can form a thermodynamic and mechanical 

barrier at the interface which can prevent the coalescence of particles (Pandya et al., 

2010). It is considered as a  safe (Generally recognized as safe GRAS) constituent, for 

food use according to the guidelines published in 21 CFR 172.822 ("21 CFR 172.822 – 

Sodium lauryl sulfate"). For oral dosage, it is also licensed as a stabilizer (Keck, 2006). 

Tween 80 produced the nanosuspension of largest particle size probably because of its 

small size (1310g/mol Mol wt.). Less effective steric stabilization by tween 80 was due to 

the formation of thin adsorption layer on the surface of nanoparticles (Sepassi et al., 

2007; Lee et al., 2010; Sahoo et al., 2015; Mohyeldin et al., 2016). 

 

 

Fig. 4.1. (a)Particle size and (b)PDI of nanosuspensions of C. longa prepared with 

different stabilizers.  
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Fig. 4.2. Particle size graph
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Twenty different stabilizers were screened for the preparation of curcumin 
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was selected to obtain highest electric repulsion (Gao and Chorover
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Twenty different stabilizers were screened for the preparation of curcumin 

nanosuspension and a combination of anionic surfactant sodium deoxycholate (SDC) and 

Chorover, 2010). 

In current study, SLS i.e. an anionic surfactant alone produced the nanosuspension of 
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minimum particle size and PDI. Effect of five different stabilizers (polyvinylpyrrolidone, 

polvinyl alcohol, D-ɑ-tocopheryl polyethylene glycol succinate, sodium lauryl sulphate 

and sodium-carboxymethylcellulose) for the formulation of curcumin nanocrystals was 

also evaluated. However, efficiency of sodium lauryl sulphate to stabilize the 

nanocrystals was found to be greater as compared to other stabilizers (Rachmawati et al., 

2013). Polycaprolactone (Mainum and Shashikala, 2014) and tween 80 (Carvalho et al., 

2015) were also employed as stabilizer for curcumin nanosuspension.  Nanosuspension of 

curcumin by using sodium lauryl sulphate as stabilizer was also successfully prepared by 

Steffi and Srinivasan (2014). Different concentrations of sodium lauryl sulfate and b-

cyclodextrin (βCD) were also screened for the formulation of curcumin nanosuspension 

through nanoprecipitation method by sonication. Among nine prepared formulations, 

smallest particle size (206 nm) was obtained with 50mg of SLS and β-cyclodextrin 

(Moorthi et al., 2013).  

Individual stabilizers (polyethylene glycol 4000, poloxamer 188, sodium docecyl 

sulphate, polyvinylpyrrolidone K-30) could not stabilize curcumin nanosuspension 

effectively with suitable particle size. Thereby, mixture of polyvinylpyrrolidone 

(PVPK30) and sodium dodecyl sulphate (SDS) were used for the preparation of curcumin 

nanosuspension through nanoprecipitation method (Li et al., 2016). However, in current 

study sodium lauryl sulphate alone stabilize the C. longa (major active constituent: 

curcumin) nanosuspension effectively. 

4.1.2. Screening of stabilizer for the formulation of G. biloba 

nanosuspension 

Results of stabilizers screening for the formulation of G. biloba nanosuspension in 

terms of particle size (nm) and PDI are represented in Fig. 4.3 (a) and (b) respectively. 

Particle size graphs generated by zetasizer with different stabilizers are shown in Fig. 4.4 

(a-f). It can be seen from Fig. 4.3 (a) that when sodium lauryl sulphate was used in the 

nanoprecipitation process to stabilize the nanosuspension then nanosuspension of 

smallest particle size (184 nm) and PDI value (0.188) was produced. However, when 

PVA was used as stabilizer for the preparation of G. biloba nanosuspension then 

nanosuspension of highest particle size (394.9 nm) and PDI value was formulated (1.00). 



50 
 

Although, polyvinyl alcohol can adsorb on the hydrophobic part of plants active 

constituents due to the hydrophobic character of vinyl groups. Hydroxyl group of PVA 

can orient themselves into the aqueous environment and prevent the agglomeration of 

nanoparticles. They may also form hydrogen bonds with the water molecules thus 

increase its viscosity that perhaps be a reason of largest particle size of nanosuspension 

(Nagar and Soniwala, 2017). When combination of hydroxypropyl methylcellulose and 

poloxamer188 were used as stabilizer to formulate the nanosuspension of G. biloba 

lactones (ginkgolide A, B and C) then nanosuspension with mean particle size 254 nm 

and PDI of 0.24 was produced (Rui et al., 2016). The effect of three individual stabilizers 

(Pluronic F-68, Pluronic F-127 and sodium lauryl sulphate) and their combinations on 

formulation of nanosuspension of zaltoprofen was also investigated (Papdiwal et al., 

2014). As compared to individual stabilizer, combination of Pluronic F-68 and SLS were 

proved successful in formulating the nanosuspension of minimum particle size (179 nm). 

In current study, only one stabilizer i.e. SLS produced the nanosuspension of smallest 

particle size. 

 

 
Fig. 4.3. (a)Particle size and (b)PDI of nanosuspensions of G. biloba prepared with 

different stabilizers.  
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Fig. 4.4. Particle size graphs of G. biloba nanosuspensions prepared with different 

stabilizers (a) PVA (b) HPMC (c) PVP (d) Tween 80 (e) PEG (f) SLS. 

 

4.1.3. Screening of stabilizer for the formulation of C. sativum 

nanosuspension 

Particle size and PDI value of formulations of C. sativum prepared with six 

different stabilizers are shown in Fig. 4.5 (a-b). Graphs obtained by zetasizer are depicted 

in Fig. 4.6 (a-f). Nanosuspension of smallest mean particle size (177.3 nm) and PDI 
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(c) (d) 

(e) (f) 
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(0.133) was produced when SLS was used as stabilizer in nanoprecipitation process to 

formulate the nanosuspension of C. sativum. Polyvinylpyrrolidone produced the 

nanosuspension of largest particle size (307.2 nm) and PDI value (0.357). 

Polyvinylpyrrolidone (PVP) due to its high molecular weight (mol wt. 40000) can exert 

more kinetic restrictions in the process of adsorption on the surface of nanoparticles. This 

might be a cause of largest particle size of nanosuspension (Nagar and Soniwala, 2017). 

Fewer hydrophobic groups in polyethylene glycol are possibly are possibly an 

impediment against its adsorption (Lee et al., 2010; Sahoo et al., 2015). The efficiency of 

SLS in producing the nanosuspension of smallest particle size can be explained on the 

fact that it can effectively adsorbed on the surface of particles and electrostatic repulsion 

and surface charge inhibits the agglomeration of nano-sized particles (Krishna et al., 

2015). Positive relationship was observed between particle size and PDI of C. sativum 

nanosuspension prepared with different stabilizer i.e. nanosuspension with smaller 

particle size also possessed smaller PDI value and vice versa. 

Sodium lauryl sulphate was used as stabilizer by earlier researchers to prepare the 

nanosuspension of C. sativum (Amudha and Komala, 2014). Nanosuspension of C. 

sativum with mean particle size 450 nm was produced with polyvinyl alcohol (1.5 %) as 

stabilizer (Jahan et al., 2015). The effect of sodium lauryl sulphate and polyvinyl alcohol 

on the mean particle size of Fisetin (natural antioxidant) nanosuspension was also 

determined. In contrast to current study, polyvinyl alcohol produced the nanosuspension 

of smaller particle size (406 nm) (Dzakwan et al., 2017).  

   

Fig. 4.5. (a)Particle size and (b)PDI of nanosuspensions of C. sativum prepared with 

different stabilizers. 
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Fig. 4.6. Particle size graphs of C. sativum nanosuspensions prepared with different 

stabilizers (a) PVP (b)Tween 80 (c) PEG (d) HPMC (e) PVA (f) SLS. 

Above results indicated that nanosuspensions of C. longa, G. biloba and C. 

sativum of minimum particle size and PDI were prepared by using sodium lauryl sulphate 

as stabilizer. Other stabilizers were remain unable to formulate the nanosuspension of 

minimum particle size may be because of poor stabilization of the nanoparticles of plants. 

Therefore, SLS was selected for further optimization of formulation parameters of 

(a) (b) 

(c) (d) 

(e) (f) 
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nanosuspensions of selected medicinal plants. Many researchers employed sodium lauryl 

sulfate individually or in combination with other stabilizer for preparation of 

nanosuspensions of various drugs (Sun et al., 2010; Moorthi et al., 2013; Rachmawati et 

al., 2013; Amudha and Komala, 2014; Papdiwal et al., 2014; Steffi and Srinivasan,  

2014; Gubbala et al., 2016; Li et al., 2016). 

Various researchers screened different stabilizers for the preparation of 

nanosuspensions. Influence of five different type of stabilizer (PVA, tween 80, PVPK-30, 

pluronic F127, pluronic F68) in formulating the nanosuspension of simvastatin was also 

studied. Pluronic F127 was proved the best stabilizer for obtaining simvastatin 

nanosuspension with minimum particle size (Pandya et al., 2011). Scanning probe 

microscopy was also use for the selection of stabilizer for ibuprofen nanosuspension 

(Verma et al., 2009). For the preparation of quercetin nanosuspension, six stabilizers 

(SDS, pluronic F68, PVP K-30, polysorbate 80, PEG 6000 and soya lecithin) were 

screened for choosing the best stabilizer (Sun et al., 2010). Agarwal et al. (2016) tested 

the effect of different non-ionic stabilizers on the physical stability of drug 

nanosuspension. Five nonionic polymers HPMC, hydroxypropyl cellulose (HPC), PVA, 

PVP and pluronic F68 were tested for this purpose.  
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4.2. Optimization of formulation parameters of nanosuspension with 

Response surface methodology 

Optimizing denotes the improving the performance of a process, a system or a 

product to get the maximum advantage from it (Tsai et al., 2010). Response surface 

methodology (RSM) is a statistical approach used to optimize the multiple responses that are 

influenced by numerous variables (Bhambere et al., 2014). It simultaneously solves 

multivariate equations through multiple regression analysis with the help of quantitative 

data acquired through designed experiments (Vimalashanmugam and Viruthagiri, 2012) 

and minimizes the need for the repetition of experiments.  RSM is used for the optimization 

of processes to reduce the cost of expensive analysis method and their associated 

numerical noise (Zheng et al., 2008). 

The formulation of nanosuspension (NS) is influenced by many factors. The 

particle size, size distribution and stability of nanosuspension are affected not only by the 

type of stabilizer but also by the stabilizer concentration. Quantity of stabilizer should be 

adequate for full coverage of drug particles to create enough steric repulsion between 

particles. Thereby, besides making selection for appropriate stabilizer, the optimization of 

stabilizer concentration in suspension is equally important. Other important parameters 

are antisolvent (water) to solvent (ethanol) ratio (AS/Sol) and stirring time. Therefore in 

current research work, after the selection of stabilizer for the preparation of 

nanosuspension of each plant, conc. of stabilizer (%), antisolvent to solvent ratio (v/v) 

and stirring time (hrs) were optimized with the help of response surface methodology to 

get maximum (or minimum) response. RSM was used for the optimization of formulation 

conditions of many drugs nanosuspensions (Pandya et al., 2010; Ibrahim et al., 2012; 

Shen et al., 2014; Parmar et al., 2015; Kaur et al., 2017; Nagaraj et al., 2017; Qureshia et 

al., 2017). Nanoprecipitation method was mostly used for the preparation of 

nanosuspensions (Chen et al., 2005; Zhao et al., 2009; Pandya et al., 2010; Sun et al., 

2010; Papdiwal et al., 2014; Hao et al., 2015). 

In this study, a central composite design (CCD) was employed to optimize 

different factors for the formulation of nanosuspension. The three factors, stabilizer 

conc., antisolvent to solvent ratio (v/v) and stirring time (hrs) were used as independent 

variables. Stabilizer concentration (X1) was varied from 0.25% to 1%, antisolvent to 
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solvent ratio (X2) from 5:1 to 15:1 and stirring time (X3) from 2 to 6hrs. These domains 

were selected on the basis of preliminary experiments and the optimization process was 

carried out within these limits. Mean particle size (Y1), Polydispersity index (Y2) and Zeta 

potential (Y3) were selected as dependent variables and measured with photon correlation 

spectroscopy (Zetasizer, Nano ZS, Malvern, UK). Zetasizer was also used previously to 

measure the particle size, PDI and zeta potential of various formulated nanosuspensions 

(Gao et al., 2010; Thakkar et al., 2011; Mishra et al., 2013; Daebis et al., 2015; 

Ghasemian et al., 2015; Wang et al., 2019). 

4.2.1. Optimization of formulation parameters of C. longa 

nanosuspension  
The formulation scheme of nanosuspension (NS) was generated in Design-Expert 

software by varying three factors within their limits. The design consisted of total 20 

experimental runs. Experimental trials were performed for all twenty possible 

combinations. The responses observed for these factors are given in Table 4.1. 

Table 4.1. Independent variables and their responses for different formulations of C. 

longa prepared under CCD design. 

Formul-

ation 

 

Name 
Std 

Independent variables Dependent variables 

Stabilizer 

 conc. 

(%) 

(X1) 

AS/Sol 

ratio 

(X2) 

Stirring 

time 

(X3)  

Particle Size 

(Y1) 

PDI 

(Y2) 

Zeta 

Pot. 

(Y3) 

T1 1 0.25 5.00 2.00 196.9 0.32 54.5 

T2 2 1.00 5.00 2.00 75.1 0.32 58.7 

T3 3 0.25 15.00 2.00 177.9 0.32 53 

T4 4 1.00 15.00 2.00 194 0.308 46.8 

T5 5 0.25 5.00 6.00 550 0.722 31.6 

T6 6 1.00 5.00 6.00 126.7 0.214 52.3 

T7 7 0.25 15.00 6.00 227 0.36 46.5 

T8 8 1.00 15.00 6.00 102 0.22 56.29 

T9 9 -0.01 10.00 4.00 468.7 0.516 39.2 

T10 10 1.26 10.00 4.00 122.1 0.386 51.1 

T11 11 0.63 1.59 4.00 150.2 0.286 55 

T12 12 0.63 18.41 4.00 121.1 0.256 56.5 

T13 13 0.63 10.00 0.64 117.89 0.18 55.4 

T14 14 0.63 10.00 7.36 247 0.32 44.34 
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4.2.1.1. Effect of formulation parameters on particle size of C. longa nanosuspension 

 

In current study, particle size of all formulated nanosuspensions of C. longa (75.1 

nm to 550 nm) was observed to lie between the nanosize range (Table 4.1). Smallest 

particle size (75.1 nm) was observed in T2 formulation prepared at 1% stabilizer conc., 

AS/Sol volume ratio 5:1 and stirring time of 2 hrs. Largest particle size (550 nm) was 

measured in T5 formulation prepared at stabilizer conc. 0.25%, AS/Sol ratio 5:1 and 

stirring time of 6 hrs. This reflected that 0.25% concentration of stabilizer was not 

enough to fully cover the surface of nanoparticles and thereby nanosized particles 

aggregated due to their high surface energy. However, 1% concentration of stabilizer 

prevented the aggregation of nanoparticles. 

4.2.1.1.1. Selection of suitable model for the data 

Analysis of variance Table for particle size (response variable) of C. longa NS 

and regression results are summarized in Table 4.2 and 4.3 respectively. Using Design 

Expert software, dependent variables for all prepared formulations were concurrently 

fitted to first-order, second-order, quadratic models and the relative values of standard 

deviation (SD), R2, Adjusted R2, Predicted R2, predicted residual sum of squares 

(PRESS) and percent coefficient of variation (%CV) were calculated. Model was selected 

by comparison of all these parameters. The chosen model should have high R2, low SD 

and PRESS value. R-Squared is the correlation coefficient for the model and should be 

close to one. In this case for quadratic model, R-Squared (R2) value of 0.9544 depicted 

that 95.44% variability in the response could be explained by model and only less than 

5% of total variations were not described by model. For a good model, values of adjusted 

R2 and R2 should be close to 1 and also close to each other (Babu and Srivastavav, 2007). 

The high R2 (0.9427) and adjusted R2 (0.9134) for the quadratic model designated a good 

T15 15 0.63 10.00 4.00 166 0.14 21 

T16 16 0.63 10.00 4.00 186 0.175 27.9 

T17 17 0.63 10.00 4.00 254 0.10 23.4 

T18 18 0.63 10.00 4.00 222.2 0.110 31.7 

T19 19 0.63 10.00 4.00 150.2 0.286 16.4 

T20 20 0.63 10.00 4.00 158 0.24 25 
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description of the variability by the selected model for particle sizes of nanosuspension. 

Adequate precision ratio was found to be 17.86 which reflected an adequate signal. 

The coefficient of variation (CV) designates the degree of accuracy with which 

the experiments are compared. Usually, greater reliability of the experiment is obtained 

with low CV value. Low value of CV (19.21%) in quadratic model indicated the 

reliability of the experiments performed. The PRESS value reflects the fitness of model 

to the data, and for the selected model it must be small in comparison with other models 

under consideration (Huang et al., 2005). Quadratic model was found best fitted on the 

basis all these statistical parameters. 

Table 4.2. Analysis of variance Table of all models for particle size of C. longa NS. 

Source d.f. SS MS F 

value 

p-

value 

 

Comments 

Mean vs total 1 8.052E+005 8.052E+005    
Linear vs Mean 3 1.430E+005 47672.44 6.56 0.0042  
2FI vs Linear 3 73313.87 24437.96 7.40 0.0039  
Quadratic vs 2FI 3 28071.79 9357.26 6.30 0.0113 Suggested 
Cubic vs 
Quadratic 

4 6525.08 1631.27 1.17 0.4088 Aliased 

Residual 6 8332.69 1388.78    
Total 20 1.064E+006 53223.26    

 
Table 4.3. Summary of results of regression analysis for particle size of C. longa 

nanosuspension. 

Source S.D. R
2 

Adj. R
2
 Predicted 

R
2
 

PRESS % CV Comments 

Linear 85.24 0.5516 0.4676 0.1933 2.091E+005   

2FI 57.47 0.8344 0.7580 0.6108 1.009E+005   

quadratic 38.55 0.9427 0.8911 0.7430 66630.60 19.21 Suggested 

Cubic 37.27 0.9679 0.8982 0.9521 12421.56  aliased 

The parity plots presented in Fig. 4.7 (a) further validate the correlation between 

the observed responses and model predictions. The high value of the correlation 

coefficient (R2= 0.9427) depicted the good correlation among the predicted responses 

(particle size) and observed responses by the quadratic model. The normal (percentage) 

probability plot of the residuals are depicted in Fig. 4.7 (b), which illustrated that errors 
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are normally distributed and error variances are homogeneous, and independent of one 

another. These data further prove the reliability of the quadratic model. 

          
Fig. 4.7. (a) Parity plot of predicted versus observed responses for particle size of C. 

longa NS. (b) Normal probability plot of residuals for particle size of C. longa NS. 

 
 The results of the quadratic regression model of C. longa nanosuspension were 

analyzed by using ANOVA (analysis of variance) and presented in Table 4.4. The 

ANOVA of the quadratic regression model indicated the model was significant with an 

F-value of 18.28 and Prob>F value of <0.0001. Furthermore, the lack of fit was found 

non-significant relative to the pure error with F-value of 0.78 and p-value of 0.6023.  

The analysis of variance Table also showed the contribution and significance of 

each individual parameter in determining the particle size of nanosuspension. P-value less 

than 0.05 indicate that model terms are significant. In this case, “p” value was found less 

than 0.05 for two individual parameters (X1: conc. of stabilizer and X3: stirring time) 

under linear conditions. The two-way interaction of parameters (X1X2, X1X3, X2X3) was 

also found significant (p<0.05). The stabilizer conc. yielded the maximum F-value of 

75.40 illustrating that maximum contribution in determining the particle size of 

nanosuspension. Quadratic term X1
2 was also found significant. 

Table 4.4. ANOVA Table of quadratic regression model for particle size of C. longa 

nanosuspension. 
Source d.f. SS MS F 

value 

p-value 

 

Comments 

Model 9 2.444E+005 27155.89 18.28 <0.0001 Significant 

X1- stabilizer 1 1.120 1.120 75.40 <0.0001  
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conc. (%) E+005 E+005 

X2- AS/Sol (v/v) 1 6447.66 6447.66 4.34 0.0639  

X3-Time 1 24542.05 24542.05 16.52 0.0023  

X1X2 1 23783.81 23783.81 16.01 0.0025  

X1X3 1 24486.84 24486.84 16.48 0.0023  

X2X3 1 25043.22 25043.22 16.86 0.0021  

X1
2 1 20420.17 20420.17 13.74 0.0041  

X2
2 1 5113.96 5113.96 3.44 0.0932  

X3
2 1 75.78 75.78 0.051 0.8259  

Residual 10 14857.78 1485.78    

Lack of fit 5 6527.06 1305.41 0.78 0.6023 Not 

significant 

Pure error 5 8330.72 1666.14    

Cor total 19 2.593 

E+005 

    

 
4.2.1.1.2. Relationship between independent variables and particle size of the C. 

longa nanosuspension through polynomial equation 

Effect of independent variables on particle size (Y1) of the C. longa 

nanosuspension was evaluated with the help of polynomial equation. The aim of 

predicted equation was to fit the data into the model for desired optimization.  

Y1=189.37 – 90.57 X1 – 21.73 X2 + 42.39 X3 +54.53 X1X2 – 55.32 X1X3 – 55.95 X2X3 + 

37.64 X1
2 – 18.84 X2

2 – 2.29 X3
2 

 
  Positive value of coefficients in the above equation reflected synergic effect 

between response and factor while negative value represented an antagonistic effect. This 

equation stated that particle size of nanosuspension decreased with the increase in 

stabilizer conc. and AS/sol ratio. However, particle size increased with the increase in 

stirring time. According to this equation, particle size of nanosuspension was mainly 

determined by the conc. of stabilizer due to high value of its coefficient as compared to 

AS/Sol ratio and stirring time. Objective of current study was to formulate the 

nanosuspension of lower particle size, thereby an increase in stabilizer concentration and 

AS/Sol ratio and decrease in stirring time favored the nanosuspension of small particle 

size. 



61 
 

4.2.1.1.3. Relationship between formulation parameters and particle size of C. longa 

nanosuspension through response surface plots 

 

The relationship between the independent variables (formulation parameters) and 

particle size of C. longa NS was also determined using response surface plots. The 3D 

response surface plots for the effect of independent variables on the dependent variable 

particle size (Y1) are shown in Fig. 4.8 (a-c).  

The effect of stabilizer conc. and AS/Sol ratio on particle size (Y1) was evaluated 

by keeping the stirring time constant (Fig. 4.8a). Particle size of nanosuspension 

decreased both with the increase in stabilizer conc. and AS/Sol volume ratio. Particle size 

decreased tremendously from 526.3 nm to 125.5 nm by varying stabilizer conc. from 

0.25% to 1%. Particle size also decreased considerably from 526.3 nm to 261.9 nm with 

the increase in AS/Sol volume ratio from 5:1 to 15:1. Large particle size of NS at low 

concentration of stabilizer can be explained on the fact that inadequate/low conc. of 

stabilizer caused instability of nano-sized particles and recrystallization occur (Helgason 

et al., 2009; Jassem and Rajab, 2017). Decrease in particle size with increase in stabilizer 

conc. can be described as high concentration of stabilizer reduced the surface tension and 

during the precipitation process, it stabilized the newly formed surfaces. Thereby, 

nanosuspension of small particle size was produced (Mcclements, 2012; Jassem and 

Rajab, 2017). Particle size of esomeprazole and ezetimibe nanosuspension was also 

decreased with an increase in stabilizer concentration (Agarwal and Bajpai, 2014; 

Thadkala et al., 2014). Same trend was also observed for lafutidine nanosuspension 

(Dawood et al., 2018). Decrease in particle size with increase in AS/Sol ratio can be 

explained by considering that appropriate antisolvent volume is required for the sufficient 

coverage of nano-sized particles by the stabilizer to prevent their agglomeration into 

larger particles (Taneja et al., 2016). Increase in aqueous phase volume decreased the 

particle size because of increase diffusion of water miscible solvent (ethanol) in the 

aqueous phase (Budhian et al., 2007). 
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Fig. 4.8. Response surface plot for the effect of independent variables on particle size 

of C. longa NS (a-c). (a)Response surface plot for the effect of stabilizer conc. (%) 

and AS/Sol ratio on particle size. (b)Response surface plot for the effect of stabilizer 

conc. (%) and stirring time on particle size. (c)Response surface plot for the effect of 

AS/Sol ratio and stirring time on particle size. 

The effect of varying amount of stabilizer conc. and stirring time on particle size 

(Y1) was studied when AS/Sol ratio was kept constant (4.8b). Particle size of 

nanosuspension was increased with the increase in stabilizer conc. and stirring time. 

Particle size of nanosuspension was increased to smaller extent both with the increase in 

stabilizer conc. and stirring time. Particle size changed from 178.4 nm to 216.9 nm and 

178.4 nm to 262 nm as stabilizer conc. was varied from 0.25% to 1% and stirring time 

from 2 to 6 hrs respectively. Increased concentration of stabilizer can cause Ostwald 

ripening which may increase the particle size of nanosuspension. The effect of varying 

amount of AS/Sol ratio and stirring time on particle size (Y1) was studied when stabilizer 
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conc. (%) was kept constant (Fig 4.8c). Particle size increased drastically with an increase 

in AS/Sol ratio and stirring time. As AS/Sol ratio was increased from 5:1 to 15:1, particle 

size increased from 39.5 nm to 216.9 nm. However, with the increase in stirring time 

from 2 to 6 hrs, particle size increased from 39.5 nm to 125.5 nm. These results were in 

disagreement with Sahu and Das, (2014a). They observed no effect of stirring time (15-

60min) on particle size of nanosuspension. 

4.2.1.2. Effect of formulation parameters on PDI of C. longa nanosuspension 

Polydispersity index (PDI) is used to estimate the distribution of particles in 

suspension. In current study, PDI value was observed less than 0.5 for mostly prepared 

formulations, it indicated uniform distribution of particles in nanosuspension (Table 4.1). 

PDI value above 0.5 was observed for only two formulations (T5, T9). Ideally, better 

physical stability of nanosuspension and uniformity of particles distribution is acheived 

by PDI value in the range of 0.1 to 0.25 (Sabeti et al., 2014). Among twenty prepared 

formulations of C. longa, PDI value of eight formulations was found to fall within this 

ideal range. Particles of smallest distribution (0.1) were measured in T17 formulation 

formulated by adding 0.63% stabilizer in AS/Sol solution (10:1) and stirred for 4hrs. 

Formulation T5 showed the largest distribution of particles (0.722) that was prepared at 

stabilizer conc. 0.25%, AS/Sol volume ratio 5:1 and stirring time of 6 hrs. Largest 

particle size was also observed for T5 formulation. So, positive relationship was observed 

between particle size and PDI. 

4.2.1.2.1. Selection of suitable model for the data 

 Results of polydispersity index for all prepared formulations of C. longa were 

fitted in different models (Table 4.5) and quadratic model was suggested by the software 

on the basis of various statistical parameters (p-value, lack of fit test, R2, CV). The value 

of correlation coefficient (R2) was found 0.8507 which reflected that 85.07% variations in 

the response are explainable by model while 15% of total variations remained 

unexplainable by model (Table 4.6). Minimum R2 value of 0.6-0.8 implied a good 

correlation among the observed responses and model predictions (Singh et al., 2005) that 

was observed in this case (0.8507). This reflected a good fit of model. 
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Table 4.5. Analysis of variance Table of all models for PDI of C. longa NS. 

Source d.f. SS MS F 

value 

p-

value 

Comments 

Mean vs total 1 1.67 1.67    

Linear vs Mean 3 0.086 0.029 1.54 0.2433  

2FI vs Linear 3 0.081 0.027 1.61 0.2354  

Quadratic vs 2FI 3 0.1 0.054 9.31 0.0030 Suggested 

Cubic vs Quadratic 4 0.029 7.338E-003 1.55 0.2994 Aliased 

Residual 6 0.028 4.723E-003    

Total 20 2.06 0.10    

 

Table 4.6. Summary of results of regression analysis for PDI of C. longa NS. 

 

Source S.D. R
2 

Adj. R
2
 Predicted 

R
2
 

PRESS % CV Comments 

Linear 0.14 0.2238 0.0782 -0.2361 0.48   

2FI 0.13 0.4339 0.1726 -0.6342 0.63   

Quadratic 0.076 0.8507 0.7163 0.2326 0.30 26.29 Suggested 

Cubic 0.069 0.9267 0.7678 0.4888 0.20  aliased 

 

The relationship between observed PDI and predicted PDI was further validated 

by parity plot (Fig. 4.9a). Good correlation was observed among predicted PDI and 

observed PDI (R2= 0.8507). The normal plot of residuals (Fig 4.9b) demonstrated the 

normal distribution of residuals as most of the data points form a straight line. 

          
Fig. 4.9. (a)Parity plot of predicted PDI versus actual PDI of C. longa NS. (b)Normal 

probability plot of residuals for PDI of C. longa NS. 
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  ANOVA was used to analyze the results of quadratic regression model and given 

in Table (4.7). P-value of 0.0040 (less than 0.05) indicated the significance of model (F-

value 6.33). The lack of fit F-value of 1.09 (P=0.4640) implied that the lack of fit was 

non-significant relative to the pure error. The ‘‘Adeq precision’’ ratio was found 8.65. 

P<0.05 was found for three model terms namely stabilizer conc., interaction of stabilizer 

conc. with stirring time and quadratic term of stabilizer conc. (X1
2) that indicated their 

significance. Among linear factors only stabilizer conc. was found significant (F-value of 

9.80) that indicated its maximum contribution in determining the PDI value of 

nanosuspension. 

Table 4.7. ANOVA table of quadratic regression model for PDI of C. longa 

nanosuspension. 

Source SS d.f. MS F value p-value 

 

Comments 

Model 0.33 9 0.037 6.33 0.0040 Significant 

X1- stabilizer 

conc. (%) 

0.057 1 0.057 9.80 0.0107  

X2-AS/Sol 0.013 1 0.013 2.22 0.1669  

X3-Time 0.017 1 0.017 2.97 0.1157  

X1X2 0.016 1 0.016 2.75 0.1285  

X1X3 0.051 1 0.051 8.76 0.0143  

X2X3 0.015 1 0.015 2.56 0.1404  

X1
2 0.15 1 0.15 25.32 0.0005  

X2
2 0.020 1 0.020 3.43 0.0938  

X3
2 0.013 1 0.013 2.19 0.1696  

Residual 0.058 10 5.769E-003    

Lack of fit 0.030 5 6.014E-003 1.09 0.4640 Not significant 

Pure error 0.028 5 5.524E-003    

 Cor total 0.39 19     

 

4.2.1.2.2. Relationship between independent variables and PDI of the C. longa 

nanosuspension through polynomial equation 

 
Polynomial equation was used to evaluate the effect of independent variables on 

dependent variable PDI (Y2) of C. longa nanosuspension. 

 
Y2= 0.17 – 0.064X1 – 0.031 X2 + 0.035 X3 + 0.045X1X2 – 0.080 X1X3 – 0.043X2X3 + 

0.10 X1
2 + 0.037 X2

2 + 0.030X3
2 
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 According to above equation, an increase in stabilizer conc., (X1) and AS/sol ratio 

(X2) led to decrease  PDI value of nanosuspension and vice versa. Conversely, positive 

value of coefficient X3 (0.035) in the above equation denoted the increase in PDI with an 

increase in stirring time. Purpose of this study was to formulate the nanosuspension of 

smallest PDI value as much as possible in order to get narrow distribution of particles. 

So, increase in stabilizer conc. and AS/Sol ratio (v/v), and decrease in stirring time led to 

narrow distribution of particles in the suspension (lower PDI).  

The effect of stabilizer concentration on the PDI value of suspension was far greater than 

the AS/Sol ratio and stirring time.  

4.2.1.2.3. Relationship between formulation parameters and PDI of C. longa 

nanosuspension through response surface plots 

The interaction between formulation parameters and PDI of C. longa NS was 

further clarified by constructing 3D response surface plots (Fig. 4.10 a-c). These plots 

showed the PDI as a function of two factors by keeping the third factor constant. The 

effect of varying amount of stabilizer conc. (%) and AS/Sol ratio on PDI (Y2) was studied 

by keeping the time constant (4.10a). Response surface curve showed that PDI decreased 

from 0.63 to 0.26 with the increase in stabilizer conc. from its low level (0.25%) to high 

level (1%). With the increase in AS/Sol ratio from its low to high level, PDI also 

decreased from 0.63 to 0.40.  

By keeping the AS/Sol ratio at fixed level, the interactive effect of stabilizer conc. 

(%) and time on PDI was determined (4.10b). Response curve depicted that increase in 

stabilizer conc. from 0.25% to 0.5%, caused decrease in the PDI value from 0.26 to 

0.208, subsequently started to increase and attained the value of 0.37 at maximum level 

of stabilizer conc. The increase in PDI with further increase in conc. of sodium lauryl 

sulphate (stabilizer) can be elaborated by considering that excess amount of surfactant 

may cause micelle formation spontaneously and consequently led to larger polydispersity 

index (He et al., 2017a). However, with the increase in stirring time from its low (2hrs) to 

high level (6hrs), PDI increased significantly from 0.26 to 0.403. Three-dimensional 

surface plot of PDI versus AS/Sol ratio and time is shown in Fig 4.10c. As it is clear from 

response curve (c), PDI increased significantly from 0.26 to 0.37 by varying AS/Sol ratio 
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from its low to high level. However by varying stirring time from its low to high level, no 

pronounced effect on PDI was observed. 

    

 
Fig. 4.10. Response surface plot for the effect of independent variables on PDI of C. 

longa NS (a-c). (a)Response surface plot for the effect of stabilizer conc. (%) and 

AS/Sol ratio on PDI. (b) Response surface plot for the effect of stabilizer conc. (%) 

and stirring time on PDI. (c) Response surface plot for the effect of AS/Sol ratio and 

stirring time on PDI. 

4.2.1.3. Effect of formulation parameters on zeta potential of C. longa 

nanosuspension 

  Zeta potential is used to indicate the physical stability of dispersed system. It was 

measured by evaluating the electrophoretic mobility. To show the stability behavior of 

each formulation, zeta potential analysis was carried out. Generally, ±30 mV zeta 
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potential is required to acquire better stability of nanosuspension (Honary and Zahir, 

2013). High zeta potential indicated high charge on the surface of nanoparticles that 

produce repulsion between particles and prevent their aggregation. Measurement of zeta 

potential gives indication about disposal time of nanosuspension and storage conditions. 

  Zeta potential ranged from 16.4 mV to 58.7 mV for all formulations of C. longa 

(Table 4.1). Negative zeta potential was observed for all formulations of C. longa but 

sign was not put in the software. Highest zeta potential (58.7 mV) was shown by T2 

formulation and lowest by T19 (16.4 mV) formulation. Among twenty formulations of C. 

longa, zeta potential of five formulations was observed less than 30 mV which indicated 

the instability of formulated nanosuspensions. All other formulations showed zeta 

potential above 30 mV which reflected their good stability.  

4.2.1.3.1. Selection of suitable model for the data 

 Quadratic model was found suitable for the response variable zeta potential when 

results obtained with all formulations were fitted to different models (Table 4.8). R-

squared value of 0.9585 for quadratic model indicated that the 95.85% sample variations 

were attributed to independent variables and only less than 5% of total variations cannot 

be described by model. R-squared values close to one reflected a good fit of model. The 

high R2 and adjusted R2 for the quadratic model reflected a good description of the 

variability by the selected model for zeta potential of nanosuspension (0.9585 and 

0.9212). The "Pred R-Squared" of 0.9215 was observed in reasonable agreement with the 

"Adj R-Squared" of 0.9212 which further proved the accuarcy of selected model (Table 

4.8). The ‘‘Adeq precision’’ ratio was found 12.735 which indicated an adequate signal.  

Table 4.8. Analysis of variance table of all models for zeta potential of C. longa NS. 

Source d.f. SS MS F value p-value 

 

Comments 

Mean vs total 1 35839.12 35839.12    

Linear vs Mean 3 324.65 108.35 0.51 0.6798  

2FI vs Linear 3 319.05 106.22 0.45 0.7207  

Quadratic vs 2FI 3 2909.41 969.80 2.63.08 <0.0001 Suggested 

Cubic vs 

Quadratic 

4 0.23 0.056 2.205E-

003 

1.0000 Aliased 

Residual 6 153.51 25.58    

total 20 39545.96 1977.30    
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Table 4.9. Summary of results of regression analysis for zeta potential of C. longa 

Nanosuspension 

Source S.D. R
2 

Adj. R
2
 Predicted 

R
2
 

PRESS % CV Comments 

Linear 14.54 0.0876 -0.085 -0.2664 4694.17   

2FI 15.35 0.1737 -0.2077 -0.8647 6912.05   

Quadratic 3.92 0.9585 0.9212 0.9215 291.15 9.26 Suggested 

cubic 5.06 0.9586 0.8689 0.2778 2677.13  Aliased 

 
Correlation between the observed zeta potential and predicted by model was 

determined by plotting a graph between them (Fig 4.11a). The high value of the 

correlation coefficient (R2= 0.9585) explained the good relationship between predicted 

responses against experimentally measured values. The normal probability plot of the 

residuals (Fig. 4.11b) demonstrated that there was no violation of assumption: errors were 

independently and normally distributed. Moreover, error variance was observed to be 

homogenous. 

    
Fig. 4.11. (a)Parity plot of predicted versus actual for zeta potential of C. longa NS. 

(b)Normal probability plot of residuals for zeta potential of C. longa NS. 

  The zeta potential results of the quadratic regression model were analyzed by 

using ANOVA (analysis of variance) and presented in Table 4.10. The ANOVA of the 

quadratic regression model indicated the model was significant with the F-value of 25.68 

(p<0.0001). Furthermore, the lack of fit was found non-significant with F-value of 0.080 

(P=0.9924). There is 99.24% chance that a “lack of fit F-value”. In this case stabilizer 

conc. (X1), stirring time (X3), interactive term of stabilizer conc. and stirring time, 

interactive term of AS/sol ratio and stirring time, quadratic term of stabilizer conc. (X1
2), 

AS/sol ratio (X2
2), stirring time (X3

2) were significant model terms (p<0.05). P-value is 
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inversely related with coefficient significance. Highest p-value was found for stabilizer 

conc. (11.21) among linear factors and interaction terms which showed that it has 

maximum influence in deciding the zeta potential of nanosuspension as compared to 

other factors. 

Table 4.10. ANOVA table of quadratic regression model for zeta potential of C. 

longa nanosuspension. 

Source d.f. SS MS F value p-value Comments 

Model 9 3553.11 394.79 25.68 <0.0001 Significant 

X1- stabilizer 

conc. 

1 172.26 172.26 11.21 0.0074 Significant 

X2- AS/Sol 1 4.70 4.70 0.31 0.5924  

X3-Time 1 147.69 147.69 9.61 0.0113 Significant 

X1X2 1 56.76 56.76 3.69 0.0836  

X1X3 1 131.95 131.95 8.58 0.0150 Significant 

X2X3 1 130.33 130.33 8.48 0.0155 Significant 

X1
2 1 706.09 706.09 45.93 <0.0001 Significant 

X2
2 1 1664.59 1664.59 108.28 <0.0001 Significant 

X3
2 1 1082.90 1082.90 70.44 <0.0001 Significant 

Residual 10 153.73 15.37    

 Lack of fit 5 11.44 2.29 0.080 0.9924 Not 

significant 

 Pure error 5 142.29 28.46    

 Cor total 19 3706.84     

 
4.2.1.3.2. Relationship between independent variables and zeta potential of C. longa 

nanosuspension through polynomial equation 

 The following second order polynomial equation was suggested by model to 

investigate the effect of independent variables on zeta potential (Y3) of the C. longa 

nanosuspension. 

Y3= 24.29 + 3.55 X1 +0.59 X2 –  3.29 X3 – 2.66X1X2 + 4.06 X1X3 + 4.04X2X3 + 7.00 X1
2 

+ 10.75 X2
2 + 8.67 X3

2 

In the above equation, independent variables X1 (+ 3.55) and X2 (+0.59) were 

observed with positive sign according to which an increase in conc. of stabilizer and 

AS/Sol volume ratio led to an increase in zeta potential. Negative sign was observed for 

coefficient X3 (–3.29), according to which an increase in stirring time led to decreased 

zeta potential. Aim of this study was to maximize the zeta potential of prepared 



71 
 

formulations to get stable nanosuspension. Therefore, nanosuspension of good stability 

(high zeta potential) can be prepared by an increase in stabilizer conc. and 

antisolvent/solvent volume ratio and decrease in stirring time. 

4.2.1.3.3. Relationship between formulation parameters and zeta potential of C. 

longa nanosuspension through response surface plots  

The relationship between zeta potential and independent variables was further 

illustrated with the help of response surface plot shown in Fig. 4.12(a-c). The variations 

observed in zeta potential with varying levels of stabilizer conc. and AS/Sol ratio are 

illustrated in Fig. 4.12 (a). The stabilizer conc. was varied from 0.25% to 1% and the 

corresponding zeta potential considerably increased from 32.5 mV to 53.07 mV. With the 

increase in AS/Sol ratio from 5:1 to 9.26:1, zeta potential decreased from 32.52 mV to 

28.08 mV but with further increase in AS/Sol ratio from 9.26:1 to 15:1, zeta potential 

increased from 28.08 mV to 47.09 mV that indicated the stability of prepared 

nanosuspension. The impact of stabilizer conc. and time on zeta potential was studied by 

keeping the AS/Sol ratio at fixed level (Fig 4.12 b). Response curve showed the decrease 

in zeta potential from 53.72 mV to 42.9 mV with the increase in stabilizer conc. from 

0.25 % to 0.72 %. Although with further increase in stabilizer conc. from 0.72 % to 1 %, 

zeta potential was increased from 42.9mV to 47.37mV. By varying stirring time from 2 

to 4.82hrs, zeta potential was decreased from 53.72 mV to 41.5 mV whereas with further 

increase in stirring time from 4.82 to 6 hrs, zeta potential was increased to 47.09 mV. Fig. 

4.12c illustrated the relative effect of AS/Sol ratio and stirring time on zeta potential. Zeta 

potential decreased from its initial level 59.6 mV to 41.7 mV with the increase in AS/sol 

ratio from 5:1 to 11.83:1. However, zeta potential was increased to 47.3 mV with further 

increase in AS/sol ratio (15:1). With the increase in stirring time, also same trend was 

observed. Initially zeta potential was decreased from 59.6 mV to 46.9 mV as stirring time 

increased from 2hrs to 4.3 hrs then increased to 53.07 mV. 
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Fig. 4.12: Response surface plot for the effect of independent variables on zeta 

potential of C. longa NS (a-c). (a)Response surface plot for the effect of stabilizer 

conc. (%) and AS/Sol ratio on zeta potential. (b)Response surface plot for the effect 

of stabilizer conc. (%) and stirring time on zeta potential. (c)Response surface plot 

for the effect of AS/Sol ratio and stirring time on zeta potential.  

4.2.1.4. Desirability and overlay plot for the optimization of responses 

In this study, multi-criteria decision approaches were used to simultaneously 

optimize all the responses (particle size, PDI and zeta potential). A graphical optimization 

technique by the overlay plot and a numerical optimization technique by the desirability 
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were used to generate new formulation with the desired attributes (Fig 4.13a-b). 

Optimized formulation was developed by setting the constraints on the formulation 

variables. These constraints were to minimize the particle size and PDI of 

nanosuspension and to maximize the zeta potential. The suggested values of the 

independent variables were calculated by the design expert with highest desirability of 

0.9250. The suggested values of independent variables were stabilizer conc. (X1) of 1%, 

AS/Sol ratio (X2) of 15:1 and stirring time (X3) of 6hr to get the desired response; particle 

size 79.24 nm, PDI 0.204 and zeta potential 56.98 mV in the final composition of C. 

longa nanosuspension. 

 
Fig. 4.13. Optimization of nanosuspension of C. longa through (a) desirability plot 

and (b) overlay plot showing location of optimized formulation. 

4.2.1.5. Validation of selected model 

To prove the prediction accuracy level, the predicted optimum values of each 

parameter should be validated experimentally. Thereby, statistically optimized 

formulation was prepared, evaluated and responses were calculated to verify with the 

theoretical prediction. It was found that the observed value of particle size (85.41 nm), 

PDI (0.256) and zeta potential (57.2 mV) were in close agreement with the model 

predictions; Y1 (79.25 nm), Y2 (0.204) and Y3 (56.98 mV) confirming the predictability 

and validity of the model (Table 4.11). This optimized nanosuspension of C. longa was 

used in further study. 
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Table 4.11. Comparison of predicted and observed experimental values of C. longa 

nanosuspension prepared under optimum conditions. 

Responses Predicted values Observed values 

Y1- Particle size (nm) 79.25 85.41 

Y2- PDI  0.204 0.256 

Y3- Zeta potential (mV) 56.98 57.2  

 

 

 

Fig. 4.14. (a)Particle size and (b) zeta potential graphs of optimized nanosuspension 

of C. longa. 

 

 

 

 

(a) 

(b) 
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4.2.1.6. Physical stability study of optimized nanosuspension of C. longa  

 Storage stability of nanosuspension is an important parameter because 

nanoparticles have great tendency of accumulation due to high surface free energy. 

Storage stability of optimized liquid NS of C. longa was evaluated at two different 

temperatures (4 and 40 ºC) for a period of 3 month (Table 4.12). After regular intervals, 

sample was taken and analyzed for particle size. Increase in particle size was observed at 

both temperature but it was greater for nanosuspension stored at 40 ºC. After three month 

of storage at 4ºC, particle size of NS was increased to 93.15 nm as compared to initial 

particle size (85.41 nm). At 40 ºC, particle size of NS was increased to 115.6nm. Since, 

greater increase in particle size was observed at 40 ºC as compared to refrigerator 

temperature, thereby NS is more stable at refrigerator temperature (4 ºC) as compared to 

40 ºC.  

During storage of the nanosuspension, obviously some sort of ripening was 

occurred that increase the particle size of nanosuspension. It might be Ostwald ripening 

in which larger particles grow by “devouring” smaller particles (He et al., 2017a). 

Greater increase in particle size at 40ºC can be explained on the fact that collision 

frequency of molecules is increased as the temperature increased, thereby less colloidal 

stability was observed at high temperature (Izadiyan et al., 2017). Over a period of time, 

high molecular weight of sodium lauryl sulphate can cause micellar transformation which 

can increase the particle size of nanosuspension (Ravichandran, 2010; Md et al., 2018). 

Various researchers prepared the nanosuspension of active constituent of C. longa 

i.e. curcumin (Mohamed et al., 2012; Steffi and Srinivasan, 2014; Carvalho et al., 2015; 

Devara et al., 2015). Devara et al. (2015) optimized the formulation conditions for the 

preparation of curcumin nanosuspension and prepared the nanosuspension of particle size 

less than 600 nm. Curcumin nanosuspension of particle size 596 nm, PDI value 0.233 and 

zeta potential of 23 mV was prepared by Dekate et al. (2018). Physical stability of 

curcumin nanosuspension was also evaluated (Bi et al., 2017; He et al., 2017a).  Bi et al., 

(2017) determined the stability of curcumin nanosuspension for a period of one month in 

terms of particle size, PDI and zeta potential. No significant changes in these parameters 

were observed at storage temperature of 4 ºC. Thus, they suggested curcumin 

nanosuspension was sufficiently stable. He et al. (2017a) observed that particle size of 
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celecoxib nanosuspension stored at 40ºC was continued to increase after one week as 

compared to the suspension stored at 4ºC which showed no significant increase in particle 

size. Physical stability of lyophilized curcumin nanosuspension was also determined for a 

period of 3 months at 4ºC and found very good stability of lyophilized curcumin 

nanosuspension (Gao et al., 2011). Steffi and Srinivasan, (2014) reported that 

nanosuspension of curcumin prepared by nanoprecipitation method using SDS as 

stabilizer was stable up to 4 weeks. 

Table 4.12. Storage stability of C. longa nanosuspension at two different 

temperatures. 

Nanosuspension 
Storage 

temperature  

Initial 

particle size 

Particle size after storage 

Month Particle size 

C. longa 

4 ºC. 

85.41 nm 

1 87.1 nm 

2 90.4 nm 

3 93.15 nm 

40 ºC. 

1 93.5 nm 

2 106.7 nm 

3 115.6 nm  

 

 

 

Fig. 4.15. Particle size graphs of optimized nanosuspension of C. longa after 3 month 

at (a) 4ºC and (b) 40ºC.   

(a) 

(b) 
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4.2.2. Optimization of formulation parameters of G. biloba nanosuspension 

 
Twenty formulations of G. biloba were prepared according to scheme generated 

by software under central composite design. The responses (particle size, PDI and zeta 

potential) observed for all formulations of G. biloba are given in Table 4.13.  

Table 4.13. Independent variables and their responses for different formulations of 

G. biloba prepared under CCD design. 

Formulation 

Name 
Std 

Independent variables Dependent variables 

Stabilizer 

conc. (%) 

(X1) 

AS/Sol 

ratio (X2) 

Time 

(X3) 

Particle 

Size 

(nm) 

 (Y1) 

PDI 

(Y2) 

Zeta 

Pot. 

(mV) 

(Y3) 

G1 1 0.25 5.00 2.00 122.1 0.43 30.15 

G2 2 1.00 5.00 2.00 143 0.344 36.5 

G3 3 0.25 15.00 2.00 451.8 0.58 37.9 

G4 4 1.00 15.00 2.00 371 0.578 35.4 

G5 5 0.25 5.00 6.00 192.53 0.51 28.1 

G6 6 1.00 5.00 6.00 192.9 0.41 36.7 

G7 7 0.25 15.00 6.00 513.6 0.66 38.6 

G8 8 1.00 15.00 6.00 325.1 0.223 36.5 

G9 9 -0.01 10.00 4.00 253.66 0.61 42.9 

G10 10 1.26 10.00 4.00 200.1 0.133 47.2 

G11 11 0.63 1.59 4.00 277.32 0.2 53.6 

G12 12 0.63 18.41 4.00 719.3 0.242 61.9 

G13 13 0.63 10.00 0.64 80.54 1 7.56 

G14 14 0.63 10.00 7.36 123.05 0.69 7.1 

G15 15 0.63 10.00 4.00 186 0.17 48.7 

G16 16 0.63 10.00 4.00 167.2 0.43 55 

G17 17 0.63 10.00 4.00 187.05 0.28 61 

G18 18 0.63 10.00 4.00 176 0.25 67 

G19 19 0.63 10.00 4.00 161 0.251 57.8 

G20 20 0.63 10.00 4.00 147.8 0.251 67.8 

 
4.2.2.1. Effect of formulation parameters on particle size of G. biloba 

nanosuspension 

Particle size greatly influences the properties of nanosuspension. All formulations 

of G. biloba prepared under CCD deign ranged in particle size from 80.54 nm to 719.3 

nm (nano-size). Particles of smallest size (80.54 nm) were observed in G13 formulation 



78 
 

that prepared at stabilizer conc. 0.63%, AS/Sol ratio 10:1 and stirring time of 0.64 hrs. 

Although, this nanosuspenison showed highest PDI value (1.0) and low zeta potential 

value (7.56 mV). These values reflected the instablity of G13 nanosuspension. Particles 

of largest size (719.3 nm) were observed in G12 nanosuspension, prepared by keeping 

stabilizer conc. 0.63 %, AS/Sol ratio 18.41:1 and stirring time of 4 hrs. 

4.2.2.1.1. Selection of suitable model for the data 

Particle sizes of all prepared formulation of nanosuspensions were simultaneously 

fitted to different model. The quadratic model was selected (Table 4.14 and 4.15) by 

comparison of various statistical parameters (e.g. R2, P-value and CV). Coefficient of 

determination R2 is used to check how well the selected model fit into the prediction. An 

R2 value of 100% or near to 100% implies a better prediction among the actual and 

predicted responses. In this case for quadratic model, R2 value was found 0.9933 which 

suggested that model was 99.33% accurate. Value of R2 is corrected by the elimination of 

unnecessary model terms and then it is called adjusted R2. If many non-significant model 

terms are present then value of adjusted R2 will be remarkably different from R2 (Hismath 

et al., 2011). In this study, the value of R2 was found very close to adjusted R2. The 

‘‘Pred R-squared’’ (0.9610) was also observed to be in reasonable agreement with the 

‘‘Adj R-squared (0.9872). The difference between values of "Pred R-Squared" and "Adj 

R-Squared" was found less than 0.20 which suggested that selected model was best fitted 

(Myers et al., 2009). The ‘‘Adeq precision’’ ratio was measured to be 50.71.  

Table 4.14. Analysis of variance table of all models for particle size of G. biloba 

nanosuspension. 
Source d.f. SS MS F 

value 

p-value 

 

Comments 

Mean vs total 1 1.246E+00
6 

1.246E+006    

Linear vs Mean 3 2.369E+00
5 

78958.99 5.37 0.0094  

2FI vs Linear 3 13972.44 4657.48 0.27 0.8432   
Quadratic vs 
2FI 

3 2.17E+005 72640.35 229.36 <0.0001 Suggested 

Cubic vs 
Quadratic 

4 1851.13 462.78 2.11 0.1975 Aliased 

Residual 6 1315.90 219.32    
total 20 1.717E+00

6 
85873.32    
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Table 4.15. Summary of results of regression analysis for particle size of G. biloba 

NS.  

Source S.D. R
2 

Adj. R
2
 Predicted 

R
2
 

PRESS % CV Comments 

Linear 121.21 0.5019 0.4085 0.1510 4.007E+005   

2FI 130.41 0.5315 0.3153 0.0301 4.578++005   

Quadratic 17.80 0.9933 0.9872 0.9610 18401.64 7.13 Suggested 

Cubic 14.81 0.9972 0.9912 0.9237 36005.10  aliased 

 
Parity plots were used to visualize the relationship between predicted responses 

and the actual observations. Fig. 4.16(a) demonstrated an acceptable correlation between 

actual particle size (nm) and predicted particle size (nm) with high R2 value of 0.9933. 

The reliability and adequacy of the quadratic model was further confirmed by the normal 

probability plot of studentized residuals (Fig. 4.16b) which demonstrated normal 

distribution of residuals. 

 

Fig. 4.16. (a)Parity plot of predicted versus observed responses for particle size of G. 

biloba NS. (b)Normal probability plot of residuals for particle size of G. biloba NS. 

Linear, quadratic and interaction effects of independent variable on response 

variable particle size were analyzed by ANOVA and presented in Table 4.16. ANOVA 

indicated that quadratic polynomial model was suitable for making prediction.  The very 

small probability value (p<0.001) and F-value of 164.46 reflected that the model was 

highly significant. The lack of fit F-value for this model was found non-significant 

relative to pure error with an F-value of 1.73 (p-0.2811). 
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In this case, linear terms stabilizer conc. (p<0.0005), AS/Sol ratio (P<0.0001), 

stirring time (P<0.05), interactive terms of stabilizer conc. and AS/Sol ratio (P<0.0005), 

interactive terms of stabilizer conc. and stirring time (p<0.05), quadratic terms of 

stabilizer conc. (P<0.005), AS/Sol volume ratio (<0.0001), stirring time (p< 0.005) have 

significant effect on particle size of nanosuspension. Interaction between AS/Sol volume 

ratio and stirring time was found non-significant (P>0.05). 

Table 4.16. ANOVA table of quadratic regression model for particle size of G. biloba 

nanosuspension. 

Source d.f. SS MS F 

value 

p-value 

 

Comments 

Model 9 4.688E+005 52085.61 164.46 < 0.0001 Significant 

X1- stabilizer 

conc. 

1 8370.61 8370.61 26.43 0.0004  

X2-AS/Sol 1 2.253E+005 2.253E+005 711.54 < 0.0001  

X3-Time 1 3159.50 3159.50 9.98 0.0102  

X1X2 1 10553.87 10553.87 33.32 0.0002  

X1X3 1 2055.37 2055.37 6.49 0.0290  

X2X3 1 1363.20 1363.20 4.30 0.0648  

X1
2 1 6529.83 6529.83 20.62 0.0011  

X2
2 1 1.98E+005 1.98E+005 625.58 < 0.0001  

X3
2 1 7582.50 7582.50 23.94 0.0006  

Residual 10 3167.03 316.70    

Lack of fit 5 2006.90 401.38 1.73 0.2811 Not 

significant 

 Pure error 5 1160.13 232.03    

 Cor total 19 4.719E+005     

 
4.2.2.1.2. Relationship between independent variables and particle size of G. biloba 

nanosuspension through polynomial equation 

 
Effect of independent variables on particle size (Y1) of G. biloba nanosuspension 

was also analyzed with the help of polynomial equation. Coefficients of the quadratic 

polynomial equation were calculated with the help of experimental data that were used to 

estimate the values of dependent variables. Following second order polynomial equation 

was proposed by the model for particle size (Y1) of the G. biloba nanosuspension. 

Y1= 170.62 – 24.76X1+ 128.45X2 + 15.21X3– 36.32X1X2 – 16.03X1X3– 13.05X2X3 + 

21.29X1
2 + 117.25X2

2– 22.94 X3
2 
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  From the quadratic equation, it is evident that factors coefficient having negative 

values tend to formulate nanosuspension with minimum particle size and positive values 

for factors coefficient produce nanosuspension of larger size. The effect of stabilizer 

conc. on particle size was observed to be negative i.e. increase in stabilizer conc. decrease 

the particle size. However, the effect of AS/Sol ratio and stirring time on particle size was 

observed positive i.e. increase in these parameters also increase the particle size. Purpose 

of this study was to get nanosuspension of minimum particle size thus increase in 

stabilizer conc. (%) and decrease in AS/Sol ratio and stirring time tend to formulate the 

nanosuspension of minimum particle size. 

4.2.2.1.3. Relationship between formulation parameters and particle size of G. biloba 

nanosuspension through response surface plots 

 
The response surface plot obtained for the interaction between stabilizer conc. and 

AS/Sol ratio at constant level of time are depicted in Fig. 4.17(a). Response surface curve 

showed the decrease in particle size from 170.5 nm to 157.13 nm with the increase in 

stabilizer conc. from 0.25% to 0.46%, but with further increase in stabilizer conc., 

particle size increased to 192 nm. However, with the increase in AS/Sol ratio (5:1 to 

15:1), particle size increased dramatically from 170.5 nm to 499.2 nm. The interactive 

effect of stabilizer conc. and stirring time on particle size of G. biloba NS at constant 

level of AS/Sol ratio was shown in Fig. 4.17 (b). Particle size was initially decreased 

from 102.9 nm to 91.7 nm with the increase in stabilizer conc. from 0.25% to 0.61% 

afterward it started to increase and become 121.7 nm at 1% stabilizer conc. However, 

with the increase in time, particle size linearly increased from 102.9 nm to 178 nm. The 

combined effect of AS/Sol ratio and stirring time on particle size can be explained by Fig. 

4.17 (c). It depicted tremendous increase in particle size from 127.3 nm to 374 nm with 

the increase in AS/Sol ratio, but with the increase in stirring time, very little increase in 

particle size of G. biloba NS was observed (127.3 nm to 167.8 nm). Dzakwan et al. 

(2017) also observed no significant effect of stirring time on particle size of fisetin 

nanosuspension. 
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Fig. 4.17. Response surface plot for the effect of independent variables on particle 

size of G. biloba NS (a-c). (a)Response surface plot for the effect of stabilizer conc. 

(%) and AS/Sol ratio on particle size. (b)Response surface plot for the effect of 

Stabilizer conc. (%) and stirring time on particle size. (c)Response surface plot for 

the effect of AS/Sol ratio and stirring time on particle size.  

As it was observed in Fig 4.17 (a) and (b) that with the initial increase in conc. of 

stabilizer, particle size was decreased. Particle size of G. biloba NS was decreased 

because stabilizer covered the surface of newly formed particles and prevented their 

coalescence. With the further increase in stabilizer conc. beyond optimum level, particle 

size increased. This might be because increased viscosity of antisolvent (aqueous phase) 

can cause interruption in the energy input required for size reduction of droplets. This 

ultimately resulted in bigger organic phase droplets which led to increased particle size 

(Pagar and Vavia, 2013). Rad et al. (2017) observed increase in particle size with 

increase in stabilizer concentration (tween 80). 
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4.2.2.2. Effect of formulation parameters on PDI of G. biloba  nanosuspension 

Different formulation of G. biloba prepared under CCD design ranged in PDI 

value from 0.133 to 1. Nine formulations attained narrow size distribution value (<0.3). 

Minimum PDI value was observed in G10 formulation (0.133) prepared under stabilizer 

conc. 1.26%, AS/Sol volume ratio 10:1 and stirring time of 4hrs. Maximum PDI value 

was attained by G13 formulation prepared by adding 0.63% stabilizer in 

antisolvent/solvent solution (10:1) and stirred continously for 0.64 hrs. Objective of this 

research work was to minimize the PDI value to get narrow distribution of particles in 

suspension and to increase the stability of prepared suspension. 

4.2.2.2.1. Selection of suitable model for the data  

Experimental data for dependent variables of all G. biloba formulations was fitted 

into different models with the help of design expert software and quadratic model was 

found best fitted model (Table 4.17). Results of the regression analysis for all the models 

are summarized in Table 4.18. A high value of correlation coefficient (R2) of 0.8967 

depicted a good correlation between predicted PDI and actual PDI observed which 

provided a good model of fit. R2 value of 0.8967 demonstrated that 89.67% variability in 

the response (PDI) was explained by model and less than 11% remained unexplainable 

by model. The "Pred R-Squared" (0.4201) was not close to the "Adj R-Squared" (0.8037) 

for this model. "Adeq Precision" ratio was found to be 10.866 that reflected an adequate 

signal. 

Table 4.17. Analysis of variance table of all model for PDI of G. biloba NS. 

Source d.f. SS MS F 

value 

p-

value 

 

Comments 

Mean vs total 1 3.40 3.40    

Linear vs Mean 3 0.19 0.064 1.38 0.2835  

2FI vs Linear 3 0.055 0.018 0.35 0.7906  

Quadratic vs 2FI 3 0.59 0.20 20.37 0.0001 Suggested 

Cubic vs 

Quadratic 

4 0.058 6.462E-

003 

2.24 0.1803 Aliased 

Residual 6 0.039 0.22    

Total 20 4.33     
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Table 4.18. Summary of results of regression analysis for PDI of G. biloba NS. 

Source S.D. R
2 

Adj. R
2
 Predicted 

R
2
 

PRESS % CV Comments 

Linear 0.22 0.2061 0.0573 -0.3300 1.24   

2FI 0.23 0.2653 -0.0739 -0.6130 1.51   

Quadratic 0.098 0.8967 0.8037 0.4201 0.54 23.86 Suggested 

Cubic 0.080 0.9586 0.8688 0.4786 0.49  Aliased 

Furthermore, parity plot was used to illustrate correlation between experimental 

and predicted responses (Fig. 4.18 a). Appreciable correlation was found between actual 

and predicted values (R2= 0.8967). The normal probability plot of the residuals (Fig. 4.18 

b) illustrated the normal distribution of residuals. 

 

Fig. 4.18. (a) Parity plot of predicted versus observed responses for PDI of G. biloba 

NS. (b) Normal probability plot of residuals for PDI of G. biloba NS. 

 

The ANOVA was performed to assess the significance of model, model 

coefficients and the lack of fit of the quadratic model for the experimental data, the 

outcomes of which are illustrated in Table 4.19. Quadratic model was observed 

significant with an F value of 9.64 and P=0.0007. The lack of fit was found non-

significant for this model relative to the pure error with F-value of 1.63 and p=0.3030. In 

this case, stabilizer conc., and quadratic term of stirring time were significant model 

terms.   
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Table 4.19. ANOVA table of quadratic regression model for PDI of G. biloba 

nanosuspension. 

Source d.f. SS MS F 

value 

p-value 

 

Comments 

Model 9 0.84 0.093 9.64 0.0007 Significant 
X1- stabilizer 
conc. 

1 0.15 0.15 15.43 0.0028 Significant 

X2-AS/Sol 1 0.013 0..013 1.31 0.2772  
X3-Time 1 0.013 0.013 3.20 0.1038  
X1X2 1 8.001E-

003 
8.001E-
003 

0.83 0.3844  

X1X3 1 0.025 0.025 2.61 0.1375  
X2X3 1 0.022 0.022 2.29 0.1610  
X1

2 1 0.013 0.013 1.34 0.2747  
X2

2 1 7.808E-
003 

7.808E-
003 

0.81 0.3900  

X3
2 1 0.56 0.56 58.04 <0.0001 Significant 

Residual 10 0.097 9.669E-
003 

   

Lack of fit 5 0.060 0.012 1.63 0.3030 Not 
significant 

Pure error 5 0.037 7.360E-
003 

   

 Cor total 19 0.94     

4.2.2.2.2. Relationship between independent variables and PDI of the G. biloba 

nanosuspension through polynomial equation 

The regression analysis of the experiment data by the design-expert software 

yielded the below quadratic polynomial equation for the effect of independent variables 

on PDI (Y2) of the G. biloba nanosuspension. 

Y2 = 0.27 – 0.10 X1 + 0.031 X2 – 0.048 X3 – 0.032 X1X2 – 0.056 X1X3 – 0.053 X2X3 + 

0.030 X1
2 – 0.023 X2

2 – 0.20 X3
2 

 
  The negative value of coefficients X1 (– 0.10) and X3 (– 0.048) indicated decrease 

in PDI value with the increase in stabilizer conc. and stirring time and vice versa. Positive 

value of coefficient X2  indicated increase in PDI value with an increase in AS/Sol.  
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4.2.2.2.3. Relationship between formulation parameters and PDI of G. biloba 

nanosuspension through response surface plots 

 The behavior of response variable PDI of G. biloba nanosuspension with respect 

to simultaneously change in two variables was further elucidated by generating 3D 

response surface plots (Fig. 4.19 a-c). Fig. 4.19 (a) illustrated the effect of stabilizer conc. 

and AS/sol ratio on PDI at fixed level of time. It can be seen from response surface curve, 

with the increment in stabilizer conc., PDI decreased from 0.32 to 0.174 but with the 

increment in AS/Sol ratio, PDI increased from 0.32 to 0.44.  

   
 

 
Fig. 4.19. Response surface plots for the effect of independent variables on PDI of G. 

biloba NS (a-c). (a)Response surface plot for the effect of stabilizer conc. (%) and 

AS/Sol ratio on PDI. (b)Response surface plot for the effect of stabilizer conc. (%) 

and stirring time on PDI. (c)Response surface plot for the effect of AS/Sol ratio and 

stirring time on PDI.  
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The response surface plot for the interaction between stabilizer conc. and time at fixed 

ratio of AS/Sol (Fig 4.19 b) showed that PDI slightly decreased from 0.53 to 0.46 with 

the increment in stabilizer conc. although, with the increment in time from 2 to 4.17hrs, 

PDI exhibited an initial decrease from 0.53 to 0.35 afterward increase to 0.60 at high 

level of time (6hrs). The effect of AS/Sol ratio and stirring time at constant level of 

stabilizer conc. (Fig. 4.19 c) showed that PDI increased from 0.41 to 0.54 as AS/Sol ratio 

was varied from its low level to high level however with the increase in stirring time from 

2hrs to 4.30hrs, PDI decrease from 0.41 to 0.19 afterward increased to 0.36 as high level 

of PDI was approached. 

4.2.2.3. Effect of formulation parameters on zeta potential of G. biloba 

nanosuspension 

  To test the stability of colloidal dispersion system, zeta potential is an important 

parameter.  It represents the barrier that prevents the nanoparticles from agglomeration 

and aggregation. If particles possess too low zeta potential, then they will undergo 

aggregation. To obtain a physically stable nanosuspension, ±30 mV zeta potential is 

required. A zeta potential value in the range of ±5 mV reflects the fast agglomeration 

(Jacobs et al., 2000). Results of dependent variable zeta potential for all formulations of 

G. biloba are presented in Table 4.13. These results depicted that zeta potential ranged 

from 7.1 mV to 67.8 mV. Formulation G14 that was prepared by adding 0.63% stabilizer 

in AS/Sol solution (10:1) and stirred for 7.36hrs showed the minimum stability (7.1 mV). 

Maximum stability (67.8 mV) was measured for G20 formulation prepared by taking 

0.63 % stabilizer in AS/Sol solution (10:1) and stirred for 4hrs. Negative zeta potential 

was observed for all prepared formulation of G. biloba but negative sign was not put in 

the software for simplicity. As, aim of this study was to get high zeta potential either 

positive/negative in order to stabilize nanosuspension for long term use. 

4.2.2.3.1. Selection of suitable model for the data 

Zeta potential results were fitted to various models using design expert software 

and quadratic model was found the best fitted model (Table 4.20 and 4.21). R2 (0.9517) 

value was found close to 1. It reflected good correlation between actual and predicted 

model responses. R2 value of 0.9517 implied that 95.17% variability in the response can 

be explained by model and less than 5% of total variation remained unexplainable by 
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model. Value of "Pred R-Squared" (0.9290) was found close to "Adj R-Squared" 

(0.9082) which also reflected the good model of fit. "Adeq Precision" was found 14.830 

that indicated an adequate signal.   

Table 4.20. Analysis of variance table of all models for zeta potential of G. biloba 

nanosuspension. 

Source d.f. SS MS F value p-value 

 

Comments 

Mean vs total 1 36757.60 36757.60    
Linear vs 
Mean 

3 92.64 30.88 0.090 0.9643  

2FI vs Linear 3 50.32 16.77 0.040 0.9887  
Quadratic vs 
2FI 

3 5145.33 1715.11 63.90 <0.0001 Suggested 

Cubic vs 
Quadratic 

4 0.89 0.22 4.981E-
003 

0.9999 Aliased 

Residual 6 267.53 44.59    
Total 20 42314.31 2115.72    

Table 4.21. Summary of results of regression analysis for zeta potential of G. biloba 

nanosuspension. 

Source S.D. R
2 

Adj. R
2
 Predicted 

R
2
 

PRESS % 

CV 

Comments 

Linear 18.48 0.0167 0.1677 -0.5427 8572.09   

2FI 20.41 0.0257 -0.4239 -1.0681 11491.62   

Quadratic 5.18 0.9517 0.9082 0.9290 394.66 12.0

9 

Suggested 

Cubic 6.68 0.9519 0.8475 0.9159 467.36  Aliased 

  Analysis of varince was carried out after the selection of suitable model, to check 

how well the model correspond to the data (table 4.22). The mathematical model 

produced was observed significant (F-value = 21.89 and P<0.0001). Non-significant lack 

of fit relative to the pure error further supported the significance of model. In this case, 

quadratic terms of stabilizer conc. and stirring time (X1
2, X3

2) were significant model 

terms.   
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Table 4.22. ANOVA table of quadratic regression model for zeta potential of G. 

biloba nanosuspension. 

Source d.f. SS MS F value p-value 

 

Comments 

Model 9 5288.29 587.59 21.89 <0.0001 Significant 

X1- Stabilizer 

conc. 

1 22.63 22.63 0.84 0.3801  

X2-AS/Sol 1 69.95 69.95 2.61 0.1375  

X3-Time 1 0.050 0.050 1.851E-

003 

0.9665  

X1X2 1 47.78 47.78 1.78 0.2117  

X1X3 1 0.88 0.88 0.033 0.8601  

X2X3 1 1.67 1.67 0.062 0.8083  

X1
2 1 389.53 389.53 14.51 0.0034 Significant 

X2
2 1 7.24 7.24 0.27 0.6148  

X3
2 1 4950.94 4950.94 184.45 <0.0001 Significant 

Residual 10 268.42 26.84    

Lack of fit 5 1.26 0.25 4.734E-

003 

1.0000 Not 

significant 

Pure error 5 267.15 53.43    

Cor total 19 5556.71     

4.2.2.3.2. Relationship between independent variables and zeta potential of the G. 

biloba nanosuspension through polynomial equation 

For explaining relationship between dependent (zeta potential) and independent 

variables of G. biloba nanosuspension, the subsequent equation was established. 

Y3 = 59.56 +1.29X1 + 2.26X2 – 0.060 X3 –2.44X1X2 + 0.33X1X3 + 0.046 X2X3 –  5.20X1
2 

– 0.71 X2
2 – 18.53 X3

2 

 
  The coefficients in the above equation symbolize the quantitative effect of 

formulation parameters and their interactions on the dependent variable (zeta potential). 

The positive value of coefficient X1 (+1.29) and X2 (+ 2.26) indicated that increase in the 

value of independent variable led to increase value of response (zeta potential) variable. 

Negative value of coefficient X3 (– 0.060) indicated that increase in the value of 

independent variable led to the decrease value of zeta potential and vice versa. Purpose of 

this study was to formulate the nanosuspension of G. biloba with high zeta potential 

value in order to get a stable nanosuspension. Thereby, an increase in stabilizer conc. and 
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AS/Sol ratio and decrease in stirring time led to nanosuspension of maximum zeta 

potential. 

4.2.2.3.3. Relationship between formulation parameters and zeta potential of G. 

biloba nanosuspension through response surface plots 

  The response surface curve for the effect of varying levels of stabilizer conc. (%) 

and AS/Sol ratio at constant level of time are shown in Fig. 4.20 (a). Zeta potential 

showed an initial increase from 47.6 mV to 57.3 mV with an increase in stabilizer conc. 

from 0.25% to 0.76% afterward as high level of stabilizer conc. was approached, it 

slightly decreased to 55.09 mV. However with the increase in AS/Sol ratio from low 

(5:1) to high level (15:1), zeta potential linearly increased from 47.6  mV to 57.05 mV.  

  The interactive effect of stabilizer conc. and stirring time on the zeta potential 

(Fig. 4.20b) revealed that as stabilizer conc. was increased from 0.25 % to 0.78 %, zeta 

potential increased from 32.64 mV to 40.4 mV afterward decreased to 36.98 mV as its 

high level was approached. With the increase in AS/Sol ratio also same trend was found, 

initially zeta potential appreciably increased from 32.64 mV to 50.6 mV then 

significantly decreased to 31.4 mV at high level of AS/Sol ratio. The response surface 

plot obtained as function of AS/Sol ratio and stirring time depicted no pronounced effect 

of AS/Sol ratio on zeta potential. It increased to very little extent from 38.9 mV to 40.14 

mV. However with the initial increase in stirring time from 2 to 4.10 hrs, zeta potential 

increased considerably from 38.9 mV to 57.2 mV, with further increase in stirring time, it 

started to decrease and as high level of stirring time was approached; it attained the value 

of 38.2 mV. 
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Fig. 4.20. Response surface plot for the effect of independent variables on zeta 

potential of G. biloba NS (a-c). (a)Response surface plot for the effect of stabilizer 

conc. (%) and AS/Sol ratio on zeta potential. (b)Response surface plot for the effect 

of stabilizer conc. (%) and stirring time on zeta potential. (c)Response surface plot 

for the effect of AS/Sol ratio and stirring time on zeta potential.  

4.2.2.4. Desirability and overlay plot for the optimization of responses 

RSM is also helpful in determining the optimum levels of independent variables. 

The response optimization tools (desirability function and overlay plot) were used to 

predict the optimum levels of each parameter and their corresponding response values. 

Optimization was done to find the levels of independent variables (X1, X2 and X3), which 

can minimize particle size (Y1), PDI (Y2) and maximize zeta potential (Y3). The optimum 

values of independent variables predicted by model with highest desirability of 0.885 

were stabilizer conc. 0.81 %, AS/Sol ratio 7.52:1 and stirring time 4.06 hrs. The 

corresponding nanosuspension particle size was 138.12 nm, PDI 0.213 and zeta potential 

58.18 mV (Fig. 4.21).  
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Fig. 4.21. Optimization of G. biloba nanosuspension through (a) desirability plot and 

(b) overlay plot showing location of optimized formulation. 

4.2.2.5. Validation of selected model 

The adequacy of the model equation for estimating the response values was 

verified by formulating the G. biloba nanosuspension under the suggested optimal 

conditions. The experimental and predicted values of particle size, PDI and zeta potential 

were compared to check the accuracy of the model. Actual particle size measured for 

nanosuspension was 139.5 nm, PDI 0.258 and zeta potential 58.7 mV. Predicted results 

were found in close agreement with the experimentally observed values (Table 4.23). 

Table 4.23. Comparison of predicted and observed experimental values of G. biloba 

nanosuspension prepared under optimum conditions. 
 

Responses Predicted values Observed values 

Y1- Particle size (nm) 138.12 139.5 

Y2- PDI 0.213 0.258 

Y3- Zeta potential (mV) 58.18 58.7 
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Fig. 4.22. (a) Particle size and PDI of optimized nanosuspension of G. biloba (b) Zeta 

potential of optimized nanosuspension of G. biloba. 

Nanoparticles of G. biloba extract were prepared by emulsion solvent evaporation 

combined with freeze-drying. Optimized G. biloba NS with mean particle size of 56 nm 

was prepared (Wang et al., 2016). Nanosuspension of ginkgo lactones (Bioactive 

constituents of G. biloba) were prepared by modified high pressure homogenization (a 

combination of top-down and bottom-up approach). The particle size, polydispersity 

index and zeta potential of ginkgo lactones-nanosuspension were measured to be about 

286 nm, 0.26 and ±25.19 mV respectively (Rui et al., 2016). Oleanolic acid (triterpene) 

nanosuspension of particle size 284.9 nm and polydispersity index 0.216 was formulated 

to enhance its bioavailability (Chen et al., 2005). 
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4.2.2.6. Physical Stability study of G. biloba nanosuspension 

 Nanosuspensions are thermodynamically unstable and have the tendency to 

reduce their surface free energy; thereby its storage stability was studied. The results of 

stability studies are given in Table 4.24. In case of G. biloba nanosuspension stored at 

40ºC, the particle size increased from 139.5 nm to 147.8 nm in 90 days. However in 

refrigerator storage conditions (4ºC), there was nominal increase in particle size from 

139.5 nm to 140.2 nm reflecting better stability under these conditions (Table 4.24). 

These results indicated that temperature effect the aggregation of particles. Good stability 

of nanosuspension at both temperature conditions might be due to absence of particles 

with large differences in their sizes. The greater increase in particle size at 40ºC was 

probably due to more aggregation of particles due to Ostwald ripening. Thereby, storage 

of nanosuspension under refrigerated conditions was suggested for better physical 

stability. These results were in agreement with Sahu and Das, (2014a). They also 

observed that formulation stored at 4ºC remained stable however increase in particle size 

was observed for formulation stored at 40ºC. Nominal increase in particle size of 

olanzapine nanosuspension at refrigerator conditions was also observed (Jawahar et al., 

2013). 

Table 4.24. Storage stability of G. biloba nanosuspension at two different 

temperatures. 

Nanosuspension 
Storage 

temperature  

Initial 

particle size 

Particle size after storage 

Month Particle size 

G. biloba 

4ºC 

139.5 nm 

1 139.5 nm 

2 140 nm 

3 140.2 nm 

40 ºC 

1 142.3 nm 

2 144.2 nm 

3 147.8 nm 
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Fig. 4.23. Particle size of optimized nanosuspension of G. biloba after 3 month at (a) 

4ºC and (b) 40ºC.  

(a) 

(b) 
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4.2.3. Optimization of formulation parameters for the preparation of C. sativum 

nanosuspension 

A total of twenty trials were conducted to explore the effect of formulation 

parameters on the particle size, PDI and zeta potential of C. sativum nanosuspension. The 

independent variables of the 20 runs and their responses that observed were given in 

Table 4.25. 

Table 4.25. Independent variables and their responses for different formulations of 

C. sativum prepared under CCD design. 

 

  

Name 

 
Std 

Independent variables          Dependent variables 

Stabilizer  

conc. (%) 

(X1) 

AS/Sol 

(X2) 

Stirring 

time 

(X3) 

Particle 

Size (Y1) 

PDI  

(Y2) 

Zeta Pot. 

(Y3) 

C1 1 0.25 5.00 2.00 173 0.532 33.5 

C2 2 1.00 5.00 2.00 234 0.271 41.3 
C3 3 0.25 15.00 2.00 132 0.218 30.6 

C4 4 1.00 15.00 2.00 38.8 0.23 54.912 

C5 5 0.25 5.00 6.00 87.79 0.27 46.192 
C6 6 1.00 5.00 6.00 123.71 0.15 28.2 

C7 7 0.25 15.00 6.00 151 0.45 61.3 

C8 8 1.00 15.00 6.00 79.08 0.339 50.8 

C9 9 -0.01 10.00 4.00 98.97 0.44 44.3 

C10 10 1.26 10.00 4.00 90.17 0.41 45.8 
C11 11 0.63 1.59 4.00 105.1 0.328 31.3 

C12 12 0.63 18.41 4.00 127 0.34 55 

C13 13 0.63 10.00 0.64 230.46 0.22 42.6 
C14 14 0.63 10.00 7.36 206.38 0.13 52.3 
C15 15 0.63 10.00 4.00 177.9 0.53 56.8 
C16 16 0.63 10.00 4.00 239.2 0.45 61.2 

C17 17 0.63 10.00 4.00 180.7 0.55 55.1 

C18 18 0.63 10.00 4.00 176.12 0.42 59.4 
C19 19 0.63 10.00 4.00 170.4 0.28 62.8 
C20 20 0.63 10.00 4.00 171 0.532 55.9 
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4.2.3.1. Effect of formulation parameters on particle size of C. sativum 

nanosuspension 

Table 4.25 demonstrated that particle size measured for all prepared formulations 

of C. sativum was in nano-range (38.8-239.2 nm). Among all prepared formulations of C. 

sativum, particle size of five formulations was observed below 100 nm. Particles of 

smallest size (38.8 nm) were observed in C4 formulation that was prepared by taking 

stabilizer conc. 1%, AS/Sol ratio of 15:1 and stirred for 2hrs. Particles of largest size 

(239.5 nm) were measured in C16 formulation that was prepared by taking 0.63% 

stabilizer conc., AS/Sol ratio of 10:1 and stirred continuously for 4 hrs. 

4.2.3.1.1. Selection of suitable model for the data 

Quadratic model was suggested by the software for the response variable particle 

size of C. sativum nanosuspension when results were fitted to different models (Table 

4.26). The reliability and fitness of model was assessed by coefficient of determination 

(R2) and lack-of-fit test. R2 value for the model was found 0.8570 that is close to unity. 

This recommended that quadratic model explain true behavior of system (Table 4.27). 

Non-significance of lack of fit further supported the fitness of model (P>0.05). "Adeq 

Precision" was found to be 14.344 which represented an adequate signal.    

Table 4.26. Analysis of variance table of all models for particle size of C. sativum NS. 

Source d.f. SS MS F value p-value 

 

Comments 

Mean vs total 1 4.478E+005 4.478E+005    

Linear vs Mean 3 5184.40 1728,13 0.51 0.6814  

2FI vs Linear 3 16699.03 5566.34 1.93 0.1753  

Quadratic vs 2FI 3 29076.30 9692.10 11.40 0.0014 Suggested 

Cubic vs Quadratic 4 4473.40 1118.35 1.67 0.2743 Aliased 

Residual 6 4028.76 671.46    

Total 20 5.073E+005 25364.93    
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Table 4.27. Summary of results of regression analysis for particle size of C. sativum 

nanosuspension. 

Source S.D. R
2 

Adj. R
2
 Predicted 

R
2
 

PRESS % 

CV 

Comments 

Linear 58.24 0.0872 -0.0840 -0.5433 91767.11   

2FI  53.76 0.3680 0.0763 -0.6226 96483.05   

Quadratic 29.16 0.8570 0.7283 0.2685 43494.93 19.49 Suggested 

Cubic 25.91 0.9322 0.7854 -1.0823 1.238E+005  aliased 

 

The plot of predicted response (particle size) versus actual response (particle size) 

is an effective tool to test the significance of the suggested model as shown in Fig. 4.24 

(a). The predicted response (particle size) was found compatible with the observed values 

with an R2 value of 0.8570. A high R2 value indicated the accuracy of chosen model and 

depicted that model equation characterize the real behavior of the system. To check the 

normality assumption to be satisfied, the internally studentized residuals were plotted 

against normal probability (Fig. 4.24a). If the residuals lie nearly along a straight line, 

then the normality assumption fulfilled (Myers et al., 2009). It’s clear from Fig. that 

normality assumption was fulfilled, because the internally studentized residuals lie 

around the straight line (Fig. 4.24b). Therefore, quadratic model offer good estimate of 

the true response surface. 

      

Fig. 4.24. (a) Parity plot of predicted versus observed responses for particle size of 

C. sativum nanosuspension. (b)Normal probability plot of residuals for particle size 

of C. sativum nanosuspension. 

Results of ANOVA for quadratic model of C. sativum are presented in Table 4.28. 

An F-value of 6.66 and P-value of 0.0033 indicated the significance of quadratic model. 

There is only 0.33% chance that a model F-value. The ANOVA also showed the non-

significance of lack of fit test with F-value of 1.44 and p-value of 0.3504. In this case 
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interactive terms of stabilizer conc. (%) and AS/Sol ratio (X1X2), AS/Sol ratio and 

stirring time (X2X3), and quadratic terms of stabilizer conc. (X1
2) and AS/Sol ratio (X2

2) 

were found significant (p<0.05). Other terms were found non-significant (p>0.05).  

Table 4.28. ANOVA table of quadratic regression model for particle size of C. 

sativum NS. 
Source d.f. SS MS F value p-

value 

 

Comments 

Model 9 50959.74 5662.19 6.66 0.0033 Significant 
X1- Stabilizer 
conc. 

1 504.43 504.43 0.59 0.4590  

X2-AS/Sol 1 2393.27 2393.27 2.81 0.1243  
X3-Time 1 2286.70 2286.70 2.69 0.1320  
X1X2 1 8583.12 8583.12 10.10 0.0099 Significant 
X1X3 1 1.80 1.80 2.123E-003 0.9642  
X2X3 1 8114.11 8114.11 9.54 0.0115 Significant 
X1

2 1 17680.62 17680.62 20.80 0.0010 Significant 
X2

2 1 10844.88 10844.88 12.76 0.0051 Significant 
X3

2 1 1106.15 1106.15 1.30 0.2806  
Residual 10 8502.16 850.22    
Lack of fit 5 5012.32 1002.46 1.44 0.3504 Not 

significant 
Pure error 5 3489.84 697.97    
Cor total 19 59461.90     

 

4.2.3.1.2. Relationship between independent variables and particle size of the C. 

sativum nanosuspension through polynomial equation 

 

Polynomial equation was employed to evaluate the effect of independent variables 

on particle size (Y1) of the C. sativum NS. The regression analysis of the experimental 

data generated following polynomial equation for particle size (Y1) of the C. sativum 

nanosuspension. 

Y1 = 186.31 – 6.08 X1 – 13.24 X2 – 12.94 X3 –32.75 X1X2 – 0.47 X1X3+ 31.85X2X3 – 

35.03 X1
2 – 27.43 X2

2 + 8.76X3
2 

 
The negative sign for coefficient X1 (– 6.08), X2 (– 13.24) and X3 (– 12.94) in the 

above equation revealed an antagonistic effect of independent variables on the dependent 

variable (particle size). Thereby, an increase in stabilizer conc., AS/Sol volume ratio and 

stirring time, led to decrease size of particles in suspension and vice versa. 
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4.2.3.1.3. Relationship between formulation parameters and particle size of C. 

sativum nanosuspension through response surface plots 

Graphical representation of regression equation is the 3D surface plot. Fig. 4.25 

(a) demonstrated the combined effect of stabilizer conc. and AS/Sol ratio on particle size 

of C. sativum NS at constant level of time. Increase in value of stabilizer conc., from 

0.25% to 0.75%, did result in significant increase in particle size from 163 nm to 230 nm 

but further increase in stabilizer concentration led to decrease in particle size from 230nm 

to 217 nm. However, with the increase in AS/Sol ratio from 5:1 to 15:1, only decrease in 

particle size was observed from 163 nm to 138 nm. The degree of supersaturation has 

great impact on the mean particle size of nanosuspension. Generally, greater the degree 

of supersaturation, lower the particle size. Thereby, increasing the volume of antisolvent 

(water) as compared to solvent (ethanol) could decrease the solubility of C. sativum and 

enhance the supersaturation. In this instance, particle size of nanosuspension was 

decreased by increasing antisolvent/solvent ratio might be as a result of enhanced 

supersaturation (Zu et al., 2014; Rad et al., 2017). 

Fig. 4.25 (b) showed as stabilizer conc. was increased from 0.25% to 0.42%, 

particle size increased from 138 nm to 146 nm, but with further increase in stabilizer 

concentration it started to decrease gradually and particle size of 62 nm was observed at 

1% stabilizer concentration. It reflected that at 1% stabilizer concentration, the interaction 

between C. sativum and sodium lauryl sulphate was superior as compared to SLS and 

solvent affinity that led to decrease particle size. This Fig. also reflected that with an 

increase in stirring time from 2 to 6 hrs, particle size increased from 138 nm to 177 nm.  

Response surface plot shown in Fig. 4.25 (c) showed that as AS/Sol was increased 

from 5:1 to 15:1, particle size decreased from 217 nm to 62 nm and with the increase in 

stirring time from its low level to high level, particle size of nanosuspension decreased 

from 217 nm to 123 nm. So, small size particles were produced by agitation for longer 

time. The possible explanation of the above results could be that solvent evaporation 

from the surface become easier by longer agitation time that caused the shrinkage of 

droplets and resulted in rapid precipitation of drug and stabilizer into small mean particle 

size (Yadav et al., 2012). Decrease in particle size of Itraconazole nanosuspension from 

176.49 μm to 0.317 μm with the increase in stirring time from 5 min to 24 hrs was also 
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observed (Pandey, 2010). The diameter of curcumin nanoparticles was also decreased 

with the increase in stirring time (Kakran et al., 2012b). Nanosuspension of olmesartan 

medoxomil also showed the same trend (Thakkar et al., 2011). Some studies also 

reported immense effect of agitation time on particle size (Yadav et al., 2012). 

       

 
Fig. 4.25. Response surface plots for the effect of independent variables on particle 

size of C. sativum NS (a-c). (a)Response surface plot for the effect of stabilizer conc. 

(%) and AS/Sol ratio on particle size. (b)Response surface plot for the effect of 

stabilizer conc. (%) and stirring time on particle size. (c)Response surface plot for 

the effect of AS/Sol ratio and stirring time on particle size.  

4.2.3.2. Effect of formulation parameters on PDI of C. sativum nanosuspension 

  PDI is used to evaluate the particle size distribution in suspension. PDI ranged 

from 0.13 to 0.55 for all formulations of C. sativum. Smallest particle size distribution 

was observed in C14 formulation that was prepared by adding 0.63% stabilizer in AS/Sol 
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solution (10:1) and stirred for 7.36hr. Particles of broadest distribution (largest PDI) were 

observed when 0.63% stabilizer was added in AS/Sol solution (10:1) and stirred for 4 hrs. 

4.2.3.2. 1. Selection of suitable model for the data 

  The interaction between the independent variables and polydispersity index of C. 

sativum nanosuspension was evaluated using multiple regression analysis. Results for 

response variable PDI (Y2) for C. sativum NS were fitted simultaneously to different 

models. The quadratic model was selected on the basis of various statistical parameters 

(Table 4.29). The quadratic regression model showed the value of determination 

coefficient R2 of 0.7842 which reflected that selected model able to explain 78.42% of 

results. The "Pred R-Squared" of 0.2938 was not found close to the "Adj R-Squared" of 

0.5899.  

Table 4.29. Analysis of Variance table of all models for PDI of C. sativum NS. 

Source d.f. SS MS F value p-value 

 

Comments 

Mean vs total 1 2.51 2.51    
Linear vs Mean 3 0.023 7.809E-003 0.41 0.7499  
2FI vs Linear 3 0.076 0.025 1.41 0.2832  
Quadratic vs 2FI 3 0.16 0.053 67.48 0.0065 Suggested 
Cubic vs 
Quadratic 

4 0.019 4.726E-003 0.54 0.7124 Aliased 

Residual 6 0.052 8.728E-003    
total 20 2.84 0.14    

 

Table 4.30. Summary of results of regression analysis for PDI of C.sativum NS. 

Source S.D. R
2 

Adj. R
2
 Predicted 

R
2
 

PRESS % 

CV 

Comments 

Linear 0.14 0.0709 -0.1033 -0.4489 0.48   

2FI  0.13 0.2996 -0.0237 -0.5805 0.52   

Quadratic 0.084 0.7842 0.5899 0.2938 0.23 23.81 Suggested 

Cubic 0.093 0.8414 0.4978 0.7144 0.094  aliased 

 

The assessments of actual and predicted values of PDI are shown in Fig. 4.26 (a). 

Predicted values are generated by using approximating functions and actual values are the 

experimentally observed data for a specific run. Moderate agreement was found between 

predicted and actual values. To check the normality of residuals, normal probability plot 

was generated. Normal distribution of residuals can be observed in Fig. 4.26 (b) as no 

reasonable outliers were observed; most of the data points followed the fitted line. 
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Fig. 4.26. (a) Parity plot of predicted versus observed responses (b)Normal 

probability of residuals for PDI of C. sativum NS. 

  Analysis of variance (ANOVA) results for quadratic model of C. sativum are 

presented in Table 4.31. The ANOVA indicated the model was significant with the F-

value of 4.04 and p-value of 0.0201. Furthermore, the lack of fit was found to be non-

significant relative to the pure error with F-value of 0.36 and p-value of 0.8547. p-values 

are also helpful in determining the significance of model coefficient. In this case, X2X3 

(interaction of antisolvent/solvent ratio and stirring time), X3
2 (quadratic term of stirring 

time) were significant model terms. 

Table 4.31. ANOVA table of quadratic regression model for PDI of C. sativum 

nanosuspension. 
Source d.f. SS MS F value p-

value 

 

Comments 

Model 9 0.26 0.029 4.04 0.0201 Significant 
X1- 
stabilizer 
conc. 

1 0.021 0.021 2.89 0.1199  

X2-AS/Sol 1 8.555E-005 8.555E-005 0.012 0.9149  
X3-Time 1 2.738E-003 2.738E-003 0.38 0.5493  
X1X2 1 9.041E-003 9.041E-003 1.39 0.2649  
X1X3 1 4.050E-005 4.050E-005 5.682-003 0.9414  
X2X3 1 0.066 0.066 9.19 0.0126  
X1

2 1 1.871 E-003 1.871 E-003 0.26 0.6195  
X2

2 1 0.027 0.027 3.84 0.0786  
X3

2 1 0.14 0.14 20.13 0.0012  
Residual 10 0.071 7.127 E-003    
Lack of fit 5 0.019 3.798 E-003 0.36 0.8547 Not 

significant 
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 Pure error 5 0.052 0.010    
  Cor total 19 0.33     
 

4.2.3.2.2. Relationship between independent variables and PDI of the C. sativum 

nanosuspension through polynomial equation 

Effect of independent variables on polydispersity index (Y2) of the C. sativum 

nanosuspension was investigated with polynomial equation. The model proposed the 

following polynomial equation for PDI (Y2) of the C. sativum nanosuspension. 

 
Y2 = 0.46 – 0.039X1 + 2.503E-003X2 – 0.014  X3 + 0.035X1X2 + 2.250 E-003X1X3 + 

0.091 X2X3 –  0.011 X1
2 – 0.044 X2

2 – 0.100 X3
2 

  The negative sign of coefficient X1 and X3 demonstrated decrease in the PDI 

value with increase in stabilizer concentration and stirring time.  However, positive value 

of coefficient X3 indicated the antagonistic effect. So according to polynomial equation, 

better homogeneity of nanosuspension (low PDI) could be obtained at high level of 

stabilizer conc., stirring time and low level of AS/Sol volume ratio. 

4.2.3.2.3. Relationship between formulation parameters and PDI of C. sativum 

nanosuspension through response surface plots 

Response surface curve shown in Fig. 4.27 (a) showed decrease in the value of 

PDI from 0.48 to 0.33 and 0.48 to 0.23 with the increase in stabilizer conc. and AS/Sol 

ratio from its low level (0.25%) to high level (1%) respectively. The response surface plot 

between stabilizer conc. and stirring time (4.27b) demonstrated no pronounced effect of 

varying levels of stabilizer conc. on PDI value. However, this plot also showed 

significant increase in PDI value from 0.23 to 0.38 with varying levels of stirring time. 

Response surface plot of AS/Sol ratio as a function of stirring time (4.27c) depicted 

decrease in PDI value from 0.33 to 0.22 by changing AS/Sol ratio from low to high level. 

Same trend was also observed for dependent variable stirring time where PDI decreased 

from 0.33 to 0.15. 
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Fig. 4.27. Response surface plot for the effect of independent variables on PDI of C. 

sativum NS (a-c). (a)Response surface plot for the effect of stabilizer conc. (%) and 

AS/Sol ratio on PDI. (b)Response surface plot for the effect of stabilizer conc. (%) 

and stirring time on PDI. (c)Response surface plot for the effect of AS/Sol ratio and 

stirring time on PDI.  

4.2.3.3. Effect of formulation parameters on zeta potential of C. sativum 

nanosuspension 

Stability of nanosuspension is indicated by value of zeta potential at the 

macroscopic level. A minimum zeta potential of ±30 mV essential for electrostatically 

stabilization of nanosuspension. Largest value of zeta potential (62.8 mV) was observed 
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for C19 formulation that was prepared under stabilizer conc. 0.63 %, AS/Sol ratio of 10:1 

and stirring time of 4 hr. Lowest zeta potential was possessed by C6 formulation that was 

prepared under conditions of stabilizer conc. 1%, AS/Sol ratio of 5:1 and stirring time of 

6hr (Table 4.25). 

4.2.3.3. 1. Selection of suitable model for the data 

  Zeta potential results of all prepared formulations of C. sativum were fitted to 

different models and quadratic model was suggested on the bases of p-value and lack of 

fit test (Table 4.32). The model fitness was verified by the correlation coefficient. The 

value of correlation coefficient (R-squared) for quadratic model was found 0.9715. This 

indicated that 97.15% variablity in the response can be explained by model and only less 

than 3% variablity would remain unexplained by model. High R2 value indicated good 

model of fit. The "Pred R-Squared" of 0.9049 was found in reasonable agreement with 

the "Adj R-Squared" of 0.9458 (Table 4.33). Adeq Precision ratio was meaured 18.775 

which indicated an adequate signal. 

Table 4.32. Analysis of Variance table of all models for zeta potential of C. sativum 

NS. 
Source d.f. SS MS F value p-value 

 

Comments 

Mean vs total 1 46977.51 46977.51    
Linear vs Mean 3 705.62 235.21 2.38 0.1082  
2FI vs Linear 3 622.23 207.41 2.81 0.0813  
Quadratic vs 2FI 3 895.80 298.60 45.72 <0.0001 Suggested 
Cubic vs 
Quadratic 

4 13.94 3.49 0.41 0.7982 Aliased 

Residual 6 51.37 8.56    
Total 20 49266.47 2463.32    

 
Table 4.33. Summary of results of regression analysis for zeta potential of C. sativum 

NS. 

Source S.D. R
2 

Adj. R
2
 Predicted 

R
2
 

PRESS % CV Comments 

Linear 9.95 0.3085 0.1786 -0.0748 2460.19   

2FI 8.60 0.5801 0.3863 -0.1489 2629.73   

Quadratic 2.56 0.9715 0.9458 0.904 217.68 5.27 Suggested 

Cubic 2.93 0.9776 0.9289 0.6254 857.37  aliased 
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The plot of predicted versus actual response (zeta potential) showed that most of 

data points were close to diagonal line (Fig 4.28a) that proved the accuracy of model. 

Normal probability plot of residuals also revealed that residuals follow a straight grade 

(Fig. 4.28b). 

     
Fig. 4.28. (a)Parity plot of predicted zeta potential versus observed zeta potential of 

C. sativum NS. (b)Normal probability plot of residuals for zeta potential of C. 

sativum NS. 

 
  To test the significance of model, ANOVA was conducted and results presented 

in Table 4.34. ANOVA showed the quadratic model was highly significant with an F-

value of 37.83 and p-value of < 0.0001. Lack of fit was found non-significant for this 

model with an F-value of 0.37 and p-value of 0.8526. p-value also indicated the 

significance of model coefficients. Significant model coefficients contain p-value less 

than 0.05. The parameters that significantly affected zeta potential of nanosuspension 

(P<0.05) were: stabilizer conc., stirring time, interactions and quadratic terms of 

independent variables. 

Table 4.34. ANOVA table of quadratic regression model for zeta potential of C. 

sativum nanosuspension. 

Source d.f. SS MS F value p-value 

 

Comments 

Model 9 2223.64 247.07 37.83 < 0.0001 Significant 

X1- Stabilizer conc. 1 2.76 2.76 0.42 0.5301  

X2-AS/Sol ratio 1 570.64 570.64 87.37 < 0.0001  

X3-Time 1 132.22 132.22 20.24 0.0011  

X1X2 1 72.02 72.02 11.03 0.0077  

X1X3 1 459.11 459.11 70.29 < 0.0001  

X2X3 1 91.10 91.10 13.95 0.0039  
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X1
2 1 358.90 358.90 54.95 <0.0001  

X2
2 1 462.03 462.03 70.74 < 0.0001  

X3
2 1 247.23 247.23 37.85 0.0001  

Residual 10 65.31 6.53    

Lack of fit 5 17.52 3.50 0.37 0.8526 Not significant 

Pure error 5 47.79 9.56    

 Cor total 19 2288.96     

 
4.2.3.3.2. Relationship between independent variables and zeta potential of the C. 

sativum nanosuspension through polynomial equation 

 
The mathematical relationship between independent factors and response variable 

zeta potential was modeled by second order polynomial equation.  

Y3 = 58.57 + 0.45 X1 + 6.46 X2 + 3.11 X3 + 3X1X2 – 7.58 X1X3 + 3.37X2X3  –  4.99 X1
2–  

5.66 X2
2 – 4.14 X3

2 

 
The positive sign for the coefficients in this equation designated a positive effect 

on zeta potential, while the negative sign indicated a negative effect. Positive value of 

coefficients X1, X2 and X3 in the above equation indicated increase in zeta potential with 

an increase in stabilizer conc., AS/Sol ratio and stirring time. Objective of this study was 

to maximize the zeta potential of nanosuspension to get stable nanosuspension. 

4.2.3.3.3. Relationship between formulation parameters and zeta potential of C. 

sativum nanosuspension through response surface plots 

  Fig. 4.29 (a) showed the relative effect of two parameters; stabilizer conc. and 

AS/Sol ratio on zeta potential of C. sativum nanosuspension when stirring time was kept 

at 2hrs. It indicated that zeta potential was increased from 32.5 mV to 42.5 mV with the 

increase in stabilizer conc. from its low level (0.25 %) to high level (1 %), however with 

the increase in AS/sol ratio, zeta potential remained almost same. This reflected that high 

concentration of stabilizer was required to fully cover the surface of nanoparticles in 

order to obtain a stable nanosuspension.  
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Fig. 4.29. Response surface plot for the effect of independent variables on zeta 

potential of C. sativum NS (a-c). (a) Response surface plot for the effect of stabilizer 

conc. (%) and AS/Sol ratio on zeta potential. (b)Response surface plot for the effect 

of stabilizer conc. (%) and stirring time on zeta potential. (c)Response surface plot 

for the effect of AS/Sol ratio and stirring time on zeta potential.  

  Fig. 4.29 (b) depicted the dependence of zeta potential on stabilizer conc. (%) and 

time at fixed ratio of antisolvent/solvent (15:1). Zeta potential was increased appreciably 

with the increase in stabilizer conc. from 32.7 mV to 54.7 mV but with the increase in 

stirring time from its low level to high level, zeta potential increased tremendously from 

32.7 mV to 60.84 mV. This demonstrated that high conc. of stabilizing agent and 

efficient stirring for 6hrs produced an extraordiniary stable nanosuspension. Fig. 4.29 (c), 

illustrated the response surface plot obtained for the interaction between AS/Sol ratio and 

time at constant level of stabilizer conc. As it is clear from Fig., zeta potential was 
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increased from 42.5 mV to 54.9 mV by varying AS/Sol ratio from its low level to high 

level, however with the increase in stirring time decrease in zeta potential was observed. 

4.2.3.4. Desirability and overlay plot for the optimization of responses 

RSM response optimizer function was used to optimize the formulation 

parameters. Desirability and overlay plot were used to locate optimal settings of the 

formulation variables to acquire the desired response (Fig. 4.30). The optimum conditions 

were stabilizer conc. of 1 %, AS/Sol ratio of 15:1 and stirring time of 2 hrs. At these 

conditions, nanosuspension of particle size 62.13 nm, PDI 0.225 and zeta potential 54.7 

mV could be obtained (Fig. 4.30).  

     
Fig. 4.30. Optimization of nanosuspension through (a) desirability plot and (b) 

overlay plot showing location of optimized formulation. 

4.2.3.5. Validation of selected model 

 

A formulation of C. sativum was prepared according to the suggested conditions 

by the software. The observed values of response variables were compared with the 

predicted responses to verify the prediction accuracy level. The observed values of 

response variables and model predictions were presented in Table 4.35. The result 

demonstrated that the predicted values of response variables were quite closed to the 

experimental values. This reflected that prediction of the response optimizer was reliable. 
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Table 4.35. Comparison of predicted and observed values of C. sativum 
nanosuspension prepared under optimum conditions. 
 

Response Predicted value Observed value  

Y1- Particle size (nm) 62.13 72.08 

Y2- PDI  0.225 0.408 
Y3- Zeta potential (mV) 54.7 55  

 

 

 
Fig. 4.31. (a)Particle size and PDI of optimized nanosuspension of C. sativum. 

(b)Zeta potential of optimized nanosuspension of C. sativum. 

  

(a) 

(b)
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4.2.3.6. Physical stability study of optimized nanosuspension of C. sativum  

Optimized nanosuspension of C. sativum was stored at two different temperatures 

(4ºC and 40 ºC) for a period of three months. Samples were taken after each month and 

evaluated for particle size through zetasizer. Minor increase in particle size was observed 

after three months at both temperatures (Table 4.36). At storage temperature of 4ºC, 

particle size was increased from 72.08 nm to 91.84 nm at the end of three months. At 

40ºC, particle size was increased to 101.6 nm at the end of three months. Thereby, better 

stability of nanosuspension was observed at refrigerator temperature (4 ºC). Qian et al. 

(2016) also observed slight increase in particle size of kaempferol nanosuspension stored 

at 4 ºC (426.3±5.8 nm to 463.7±7.36  nm). 

Increase in particle size at 4 ºC can be explained on the basis that storage of 

nanosuspension at low temperature can reduce the solubility of plant particles and 

increase its recrystallization thus particle size of nanosuspension increased. Greater 

increase in particle size of C. sativum nanosuspension at 40 ºC can be explained on the 

fact that high temperature can increase the solubility of C. sativum particles thereby, 

smaller particles dissolved and bigger particle retain in suspension. Consequently, 

average particle size in dispersion was enhanced (Mishra et al., 2009; Shaal et al., 2010). 

Table 4.36. Storage stability of C. sativum nanosuspension at two different 

temperatures. 

Nanosuspension  
Storage 

temperature  

Initial 

particle size 

Particle size after storage 

Month Particle size 

C. sativum 

4ºC 

72.08 nm 

1 78.5 nm 

2 83.1 nm 

3 91.84 nm  

40 ºC 

1 90.7 nm 

2 97.4 nm 

3 101.6 nm 
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Fig. 4.32. Particle size of optimized nanosuspension of C. sativum after 3 month at 

(a) 4ºC and (b) 40ºC. 

  

(a) 

(b) 
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4.3. Phase-II. Characterization of optimized nanosuspensions of selected 

plants by different techniques 

In this phase of study, optimized nanosuspensions of selected plants were 

characterized by various techniques such as Atomic force microscopy, Scanning electron 

microscopy and Fourier-transform infrared (FT-IR) spectroscopy. Atomic force 

microscopy and Scanning electron microscopy revealed the morphology and particle size 

of nanosuspension. The interaction between stabilizer and plant extract in the process of 

formulation of nanosuspension was determined through FTIR analysis.     

4.3.1. Characterization of optimized nanosuspensions of plants with Atomic Force 

Microscopy (AFM) 

 For the characterization of re-dispersed nanosuspension, AFM is another 

important technology. The Atomic Force Microscope (AFM) allows the visualization of a 

surface in three dimensions with sub-nanometer resolution. Nanoparticle size 

distributions are directly calculated from AFM images. The surface morphology of 

nanosuspension can be assessed with Atomic Force Microscopy. Photon Correlation 

Spectroscopy (PCS) provides information regarding the particle size but not about 

particle shape (Chicea et al., 2013). Various researchers used AFM for the 

characterization of nanoparticles (Chen et al., 2005; Molavi et al., 2012; Huang et al., 

2013; Egami et al., 2015; Taheri, 2015). A good method to estimate the dimension of 

particles on a surface is to extract vertical profiles and to employ them in assessing the 

distance between the baseline and the top of the peaks. The difference between the top 

and the base line values of the Z axes indicated the dimension of the nanoparticles 

(Chicea et al., 2013). 

4.3.1.1. Characterization of optimized nanosuspension of C. longa  

 A topographic image and 3D image of nanoparticles of C. longa nanosuspension 

is shown in Fig 4.33(a) and (b) respectively. Scanned area was 2.50µm × 2.50µm and 

height of z-axis was 0-18.96 nm. The surface was found highly dense and populated with 

nanoparticles. Topographic image showed very well and narrow distribution of particles. 

Selected area A-B of Fig. 4.33(a) demonstrated the particles of 6.04 nm in height. An 

approximate diameter of particles was measured 3-6nm in height and 50-150 nm in 

width. Shape of the particles in nanosuspension was found elliptical/flattened. The 
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nanosuspension was observed stable as no agglomeration of particles detected after 

reconstitution in water. 

Surface morphology and particle size of curcumin (bioactive component of C. 

longa) nanosuspension was also measured by AFM by previous researchers. AFM 

demonstrated spherical shape and uniform distribution of curcumin nanoparticles with 

approximate size of 20 nm (Bi et al., 2017). AFM images (3D surface morphology) of 

deacety mycoepoxydiene nanosuspension showed 100-200 nm particle size with no signs 

of aggregates (Wang et al., 2011). AFM also revealed spherical and homogenous shape 

of nanosuspension of Gemfibrozil (a poor water-soluble drug) with an approximate size 

of 253 ± 40 nm in length (Bastami et al., 2015). 

       
Fig. 4.33. AFM images of optimized nanosuspension of C. longa. (a) topographic 

image (b) 3D view. 

4.3.1.2. Characterization of optimized nanosuspension of G. biloba  

 Fig. 4.34 (a) and (b) demonstrates the topographic image (10.00µm×10.00µm) 

and 3D image of nanoparticles of G. biloba nanosuspension. The dimension of these 

nanoparticles was found 15-30 nm in height. Surface showed well distribution of 

particles however at few places agglomeration was also observed.  AFM demonstrated 

sheet like shape of G. biloba nanoparticles. 

Teeranachaideekul et al. (2008) observed cuboidal shape and 1µm size of 

nanocrystals of ascorbyl palmitate produced by nanosuspension technology and stabilized 

(a) (b) 
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by sodium lauryl sulphate whereas in this study AFM demonstrated very small size of G. 

biloba nanoparticles stabilized by sodium lauryl sulphate. The morphology of 

nanosuspension of a poor water soluble drug SKLB610 was also studied with the help of 

AFM and spherical particles were observed (Huang et al., 2013).  

        
Fig. 4.34. AFM images of optimized nanosuspension of G. biloba (a) topographic 

image (b) 3D view. 

4.3.1.3. Characterization of optimized nanosuspension of C. sativum  

 Optimized nanosuspension of C. sativum was characterized by AFM. 

Topographic and 3D image (5.47µm × 5.47µm) of nanoparticles of C. sativum 

nanosuspension are shown in Fig 4.35 (a) and (b). The particles were observed 5-7 nm in 

height and 200-500 nm in width. Topography study showed the sheet like particles of 

nanosuspension and surface was found homogenous, well populated and narrow 

distributed. At few places, nanoparticles were observed to be submerged in polymer 

layer. 3D image also indicated aggregation of particles at some places. 

Three dimensional image of oleanolic acid nanosuspension by AFM revealed 

spherical shape of nanoparticles (Chen et al., 2005) whereas in this study flattened or 

sheet like particles of plants nanosuspension were observed. Ali and Abd-Alhammid 

(2015) also characterized Ezetimibe nanoparticles with AFM. Particle size of quercetin 

nanosuspension was confirmed by AFM height image and it also revealed irregular 

morphology and uniform distribution of particles (Karadag et al., 2014). 

(a) (b) 
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                               (a)                                                            (b)          
Fig. 4.35. AFM images of optimized nanosuspension of C. sativum (a) topographic 

image (b) 3D view. 

The mean particle size of C. longa, G. biloba and C. sativum nanosuspension 

measured by photon correlation spectroscopy (PCS) were 85.41 nm, 139.5 nm and 72.08 

nm respectively. However, particle size measured by AFM was much smaller from PCS 

measurements. These results were consistent with previous researchers. Wang et al. 

(2011) also observed smaller particles size of deacety mycoepoxydiene nanosuspension 

with AFM as compared to transmission electron microscope. AFM study also reported 

smaller particle size of Piper nigrum nanosuspension in contrast to PCS measurements 

(Zafar et al., 2018).  

AFM measures the physical diameter of the nanoparticles and PCS measures 

hydrodynamic diameter, thereby difference between the assessed diameters by both 

techniques is obvious (Chicea, 2010). Another reason for the smaller particle size 

measured by AFM was probably be due to solvation of nanoparticles. Before the 

measurement of particle size by AFM, lyophilized nanosuspension was suspended in 

distilled water and sonicated to obtain a homogenous suspension. During this process 

nanoparticles may get dissolved (Wang et al., 2011). The size measurement by PCS 
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involved any solvation shell thus should be somewhat larger (Aboofazeli et al., 2000; Ali 

et al., 2009a). Atomic force microscopy (AFM) confirmed that nanosuspensions of plants 

extract were successfully prepared with particle size in nanorange and good morphology. 
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4.3.2. Characterization of optimized nanosuspension of plants with Scanning 

electron microscope 

Particle morphology of optimized nanosuspensions of C. longa, G. biloba and C. 

sativum was also investigated with the help of Scanning electron microscope. Various 

researchers characterized nanosuspensions with scanning electron microscope (Sun et al., 

2010; Liu et al., 2012a; Steffi and Srinivasan, 2014; Daebis et al., 2015; Ghasemian et 

al., 2015; Mishra et al., 2015; Parmar et al., 2015; Kalvakuntla et al., 2016; Nagaraj et 

al., 2017).  

Scanning electron microscope revealed spherical to elliptical shape and smooth 

texture of particles of C. longa nanosuspension (Fig. 4.36a). Surfactant used during 

precipitation process was adsorbed on the surface of particles. Surface morphology of 

curcumin nanosuspension was also studied by scanning electron microscope. It revealed 

smooth, porous and spherical shape of curcumin nanoparticles (Devara et al., 2015). 

Particle shape of curcumin nanosuspension determined by scanning electron microscope 

was finer and smoother (Ravichandran, 2010) also homogenous. Morphology of 

quercetin nanosuspension was also determined by scanning electron microscope (Sun et 

al., 2010; Karadag et al., 2014). Agarwal and Bajpai (2014) revealed the spherical to oval 

shape particles of esomeprazole nanosuspension. Simvastatin nanoparticles were also 

observed of spherical shape and uniform size (Amsa et al., 2013). 

Particles of G. biloba nanosuspension were found flake/irregular shaped (Fig. 

4.36b). Agglomeration of particles was observed at some places. During the 

lyophilization of nanosuspension, particles might get aggregated that could be a reason 

for the formation of aggregates. Aggregation defects might be due to presence of water 

that promoted Ostwald ripening during the lyophilization process (Yao et al., 2012; Du et 

al., 2016). SEM images of etodolac nanosuspension also showed the presence of 

aggregates (Afifi et al., 2015). 

SEM photographs also revealed somewhat spherical to irregular shape of particles 

of C. sativum nanosuspension (Fig. 4.36c). Aggregation of particles was also observed.  

Earlier researchers also studied the shape and surface morphology of C. sativum 

nanosuspension with SEM (Amudha and Komala, 2014). They found most of the 

particles were spherical in shape. Surface morphology of fisetin (natural antioxidant) 
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nanosuspension by Dzakwan et al. (2017) with scanning electron microscope also 

revealed spherical to cuboidal shape particles of size 575 nm when SLS used to stabilize 

the nanosuspension. Scanning electron microscope also revealed spherical shape with 

loose aggregates of Meropenem nanosuspension (Chirumamilla et al., 2017). Sun et al. 

(2010) observed rod shaped structure for crude quercetin under SEM while smaller 

particle size was observed for quercetin nanosuspension. Particles of febuxostat 

nanosuspension were also observed irregular shaped (Ahuja et al., 2015).  

         
           

(a)                                                                        (b) 

 
(c) 

Fig. 4.36. Scanning electron microscope images of optimized nanosuspension of (a) 

C. longa (b) G. biloba and (c) C. sativum. 
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4.3.3. Characterization of coarse and nanosuspensions of plants with Fourier-

transform infrared spectroscopy (FTIR) 

The FTIR analysis was carried out to determine any possible interaction of 

chemical bonds between plant extract and stabilizer in the process of formulation of 

nanosuspension. The FTIR spectra of coarse and nanosuspension of plants was 

compared. Various researchers characterized nanosuspension with FTIR (Liu et al., 

2012a; Nagajyothi et al., 2014; Mishra et al., 2015; Kalvakuntla et al., 2016; He et al., 

2017a).  

4.3.3.1. Characterization of coarse and nanosuspension of C. longa with FTIR 

FTIR spectra of coarse and nanosuspension of C. longa are shown in Fig. 4.37 

and 4.38 respectively. Curcumin is the main bioactive constituent of C. longa extract. 

The peaks appear in the FTIR spectra of coarse and nanosuspension of C. longa mainly 

correspond to curcumin. The FTIR spectrum of C. longa coarse suspension exhibited a 

band at 2975.55 cm-1, 1449.90 cm-1, 1331.12 cm-1 which can be assigned to C-H 

stretching modes and deformation of methyl groups (Li et al., 2016). A strong peak 

observed at 1652.72cm-1 was due to enol carbonyl stretching vibrations of curcumin. 

Aromatic C=C stretching peaks were observed at 1418 cm-1. A major peak was also 

observed at 3339cm-1 which was due to hydrogen bonded -OH stretching vibrations of 

curcumin (Arunraj et al., 2014; Li et al., 2016). C-O-C peak was observed at 1045.05 cm-

1. A peak was observed at 879.78 cm-1 which can be attributed to bending vibrations of 

C-H of aromatic ring. The IR band at 2975.55 cm-1 was due to stretching vibrations of 

aromatic C-H or due to symmetric and asymmetric stretching vibrations of the CH2 group 

of curcumin (Colthup et al., 1964). 

In comparison to coarse suspension, FTIR analysis of nanosuspension of C. longa 

showed the slight shift or absence of some peaks. C. longa nanosuspension showed 

characteristic peak of -OH stretching at 3340 cm-1 that can be assigned to OH-curcumin. 

This peak was observed less broad as compare to peak in coarse suspension. It reflected 

hydrogen bonding between plant extract and stabilizer during formulation of 

nanosuspension. A strong peak of enol carbonyl stretching vibrations was observed at 

1638.68 cm-1. C-O-C peak was observed at 1049.33 cm-1 (Mohan et al., 2012). Fewer 

peaks in the spectrum of nanosuspension reflected that some sort of interaction has 
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occurred among C. longa and sodium lauryl sulphate in the preparation of 

nanosuspension. Li et al. (2016) also observed shift in the typical peak (–OH vibrations) 

of curcumin nanosuspension as compared to curcumin and suggested that some type of 

incorporation has occurred among curcumin and stabilizer during the process of 

preparation. 

 

Fig. 4.37. FTIR spectrum of coarse suspension of C. longa. 

 

Fig. 4.38. FTIR spectrum of nanosuspension of C. longa. 
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4.3.3.2. Characterization of coarse and nanosuspension of G. biloba with FTIR 

Fig. 4.39 and 4.40 demonstrates the FTIR spectra of coarse and nanosuspension 

of G. biloba. The FTIR spectrum of G. biloba coarse suspension (CS) showed a band at 

absorption peak 3327 cm-1 that can be designated to the -OH stretch from quercetin or 

kaempferol. In the spectra of G. biloba nanosuspension (NS), this peak was observed at 

3330cm-1. The absorption bands at 1649 cm-1, 1383 cm-1 and 878 cm-1 in the spectrum of 

G. biloba CS correspond to C=O, C-C, C-H and aromatic groups. Nanosuspension of G. 

biloba also showed all characteristic peaks of functional groups with a minor shift. This 

indicated that no interaction has occurred between functional groups of G. biloba and 

sodium lauryl sulphate. These findings were in agreement with earlier researchers. Sahu 

and Das, (2014a) observed no interaction between furosemide and PVA in 

nanosuspension formulation. No shifting was indicated in the peak position of 

characteristics functional groups. Sumathi et al. (2017) also observed no chemical 

interaction between silymarin, poloxamer 407, poloxamer 188 and soya lecithin 

nanosuspension. FTIR spectra also showed no interaction between polymer (poloxamer 

407, poloxamer 188) and simvastatin (Amsa et al., 2013). 

 

 Fig. 4.39. FTIR spectrum of coarse suspension of G. biloba.  
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 Fig. 4.40. FTIR spectrum of nanosuspension of G. biloba. 

4.3.3.3. Characterization of coarse and nanosuspension of C. sativum with FTIR 

FTIR spectra of coarse and nanosuspension of C. sativum are represented in Fig. 

4.41 and 4.42 respectively. In the FTIR spectrum of coarse suspension of C. sativum, the 

broad peak at 3339.74 cm-1 assigned to the intermolecular hydrogen bonded -OH group 

of quercetin. The peak at 2972.2 cm-1 corresponded to C-H (aliphatic) stretching 

vibrations (Kaushik et al., 2015). No peak was detected in the region of 2260 cm-1 which 

indicate the absence of cyanide group in the plant extract which reflected the non-

hazardous nature of plant. A peak at 2135.04 cm-1 and 1086.52 cm-1 indicated the 

existence of sulfur containing amino acids (Singh and Mendhulkar, 2015). The peak 

having the value of 1650 cm-1 represented the C=O group (Amsa et al., 2013). However, 

this peak was observed at 1639.62 cm-1 in the spectrum of nanosuspension. The band at 

1411.86 cm-1 and 1331.6 cm-1 was due to the -COOH and CH2 groups, respectively. A 

band at 1275.38cm-1 and 1159.02 cm-1 indicated the presence of esters and secondary 

alcohols (Singh and Mendhulkar, 2015). The peak due to C-O stretching was detected at 

1159.02cm-1. A peak at 878.86 cm-1 was due to out of the plane bending of aromatic ring 

C-H bonds (Bruno et al., 2010).  

FTIR spectrum of C. sativum nanosuspension showed -OH stretching peak at 

3304.05cm-1. The peak due to stretching vibrations of aliphatic C-H and C=O was 

observed at 2984.45 cm-1 and 1639.62 cm-1 respectively. The peak due to stretching 

vibrations of C-O was detected at 1160.97 cm-1 and due to bending vibrations of aromatic 
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C-H bonds at 876.81 cm-1. FTIR spectra of C. sativum coarse and nanosuspension 

showed the characteristic peaks of all functional groups with a slight shift. These findings 

are in agreement with previous authors. Attari et al. (2016) also observed no considerable 

difference between the characteristics peaks of optimized nanoformulation of ibuprofen 

and apreptitant in comparison to pure drug. Papdiwal et al. (2014) also observed no 

interaction between Zaltoprofen nanosuspension and excipients. FTIR spectra also 

revealed no interaction between HPMC and felodipine as demonstrated by Sahu and Das, 

(2014a). 

Though almost similar peaks were observed in the FTIR spectra of C. sativum 

coarse and nanosuspension but the absorption peaks in the nanosuspension showed lower 

intensities in comparison to coarse suspension. This reflected the presence of amorphous 

structure of C. sativum nanosuspension (Qian et al., 2016). Earlier researchers also 

detected low intensity peaks of Felodipine nanoparticles as compare to pure drug (Sahu 

and das, 2014a). 

 
 Fig. 4.41. FTIR spectrum of coarse suspension of C. sativum. 
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Fig. 4.42. FTIR spectrum of nanosuspension of C. sativum  

4.3.3.4. FTIR spectra of sodium lauryl sulphate (SLS) 

The stabilizer selected for the formulation of nanosuspensions of medicinal plants 

was SLS. In the FTIR spectra of SLS (Fig. 4.43), the band observed at 1052 cm-1 

originated from symmetrical stretching vibration of S=O bonds. Furthermore, the 

absorption band at 1161 cm-1 has been reported as the characteristic band of S–O 

stretching vibrations of SO4 groups (Gao and Chorover, 2010; Allahbakhsh and 

Mazinani, 2015). SLS showed peak at 3450 cm-1 representing the bending vibration of 

adsorbed molecular water.  Symmetric deformation vibrations of -CH3 were found at 

1370 cm-1(Chatterjee et al., 2014). 

 

 Fig. 4.43. FTIR spectrum of sodium lauryl sulphate. 
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Phase-III. In-vitro drug release and pharmacokinetics study of 

optimized nanosuspensions of selected plants 

In this phase of study, in-vitro drug release of coarse and optimized 

nanosuspensions of plants extract was estimated in phosphate buffer and their 

pharmacokinetics was studied in rats. 

4.4. In-vitro drug release of optimized nanosuspensions of plants extract 

The main feature of nanosuspension was to increase the solubility and dissolution 

rate of drug. In-vitro drug release study is an indirect method to test the bioavailability of 

a formulation. The bioavailability of oral medications depends upon their absorption from 

the gastrointestinal (GI) tract (Bhadoriya et al., 2011; Chowdary and Enturi, 2011; Sahu 

and Das, 2014a). Poorly water-soluble drugs suffer from low bioavailability through this 

route of administration because of their low solubility in gastrointestinal media 

(Chaudhary et al., 2012, Dizaj et al., 2015). Therefore, after oral administration to reach 

the therapeutic plasma concentration, high doses of such drugs are usually required 

(Kawabata et al., 2011; Kakran et al., 2012a).  

In this research work, nanosuspensions of selected plants were prepared with the 

aim of enhancing their water solubility and dissolution rate. Optimized lyophilized 

nanosuspensions of C. longa, G. biloba and C. sativum were evaluated for in-vitro release 

and their release profile was compared with their coarse extracts. In-vitro drug release 

method was also used previously to evaluate the efficacy of drugs nanosuspensions (Gao 

et al., 2010; Thakkar et al., 2011; Liu et al., 2012a; Daebis et al., 2015; Ghasemian et al., 

2015; Mishra et al., 2015; Parmar et al., 2015; Kalvakuntla et al., 2016; Nagaraj et al., 

2017; Qureshia et al., 2017). 

4.4.1. Comparative In-vitro drug release study of optimized nanosuspension and 

coarse extract of C. longa 

Drug release study of lyophilized nanosuspension (NS) and coarse extract (CE) of 

C. longa was conducted in phosphate buffer of pH 7.4. In-vitro drug release of 

nanosuspension and coarse extract of C. longa was calculated by the standard curve of 

curcumin (5 µg/ml – 50 µg/ml) shown in Fig. 4.44. Curcumin is the major bioactive 

hydrophobic constituent of C. longa, therefore its concentration was measured in 
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phosphate buffer and results were expressed as “curcumin equivalent”. The solubility of 

curcumin was reported to be only 11 ng/ml in aqueous buffer of pH 5 (Tonnesen et al., 

2002; Gao et al., 2011). 

 

Fig. 4.44. Standard curve of curcumin. 

In-vitro release of nanosuspension (NS) and coarse extract (CE) of C. longa was 

conducted for 24hrs (Fig. 4.45). Onset of dissolution of C. longa CE was very low only 

1.67 % curcumin was released after 2 hrs in comparison to NS which released 28.17 % 

after the same time period. C. longa NS released 71.29 % after 8hrs while in the same 

time period, release rate for its coarse extract was only 5.89 %. It was observed that only 

6.69 % of curcumin was released at the end of experiment (24hr) from coarse extract of 

C. longa whereas C. longa NS showed 81.56 % release. Dissolution rate of C. longa 

nanosuspension was observed 12times more than the coarse extract. Above results 

indicated that nanosuspension of C. longa rapidly dissolved in dissolution medium in 

comparison to coarse extract. It was reported in literature that dissolution rate is directly 

related to surface area of particles exposed to dissolution medium. Thereby, greater 

dissolution rate of C. longa nanosuspension can be ascribed to enhanced surface area of 

its nanoparticles (Pandya et al., 2011). The enhanced surface area of nanoparticles 

increased the surface of contact of particles with the solvent that augment the solubility of 

nanosuspension (Jawahar et al., 2013; Carvalho et al., 2015). Previous studies also 

observed significant increase in solubility and dissolution rate of curcumin by preparing 

its nanosuspension. They reported almost 600-fold of solubility enhancement of 

curcumin nanosuspension and dissolution rate of about 10-fold (Gao et al., 2011). 
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Another study also reported that solubility of curcumin nanosuspension was 1,936 times 

higher as compared to pure curcumin (Carvalho et al., 2015). 

A study conducted on crude curcumin and nanocurcumin also observed only 6.63 

% release for crude curcumin and 82.16 % for curcumin nanosuspension at the end of 36 

hrs (Li et al., 2016). Kumar et al. (2012) also observed significant increase in curcumin 

solubility by formulating its nanosuspension. Release rates observed for curcumin 

nanosuspension and suspension were 98.1 % and 28.2 % after 12hrs. Mainum and 

Shashikala, (2014) also observed enhanced dissolution rate for nanocurcumin. Another 

study observed 23.9 % release of curcumin from curcumin suspension whereas 83.9% 

was released from curcumin nanosuspension (Dekate et al., 2018). More sustained 

release of curcumin was also observed from curcumin nanosuspension as compared to 

curcumin solution (Devara et al., 2015). 

 

Results are expressed as mean ± SEM (n=3). CE= coarse extract, NS= nanosuspension 

Fig. 4.45. % drug release of nanosuspension and coarse extract of C. longa. 

 

4.4.2. Comparative In-vitro drug release study of optimized nanosuspension and 

coarse extract of G. biloba 

In-vitro drug release of CE and NS of G. biloba was calculated by the standard 

curve of quercetin (main flavonoid component of G. biloba extract) and results were 

expressed as “quercetin equivalent” (Fig. 4.46). 
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Fig. 4.46. Standard curve of quercetin. 

Fig. 4.47 shows the dissolution behavior of G. biloba nanosuspension and coarse 

extract. The results showed that more than 50 % G. biloba nanosuspension was dissolved 

in the medium after 2hrs and 81.83 % nanosuspension was released after 24 hrs. While G. 

biloba coarse extract showed only 18.43 % release after 2 hrs. Maximum dissolution of 

coarse extract reached up to only 30.55 % after 24hrs. Dissolution rate of G. biloba 

nanosuspension was almost 2.5times greater than its coarse extract. Comparable results 

were found by Zafar et al. (2018) that observed 3.65 folds increase in the dissolution 

behavior of Piper nigrum nanosuspension in comparison to coarse extract. 

The possible interpretation of above results is that particle size reduction to the 

nanoscale decreased the diffusional distance on the surface of G. biloba nanoparticles 

thereby increase the concentration gradient. Moreover, it increased the surface area of 

particles. The increased concentration gradient and surface area led to an increase in 

dissolution velocity. Wetting properties of particles were also greatly improved owing to 

the properties of sodium lauryl sulphate that cause reduction in interfacial tension 

between the G. biloba particles and medium (Rasenack and Muller, 2002; Hecq et al., 

2005; Jinno et al., 2006; Ghasemian et al., 2015). Jain et al. (2011) also observed 

increase in dissolution rate with decrease in particle size. 

Earlier researcher also observed increased % drug release of G. biloba lactones. 

Rui et al., (2016) evaluated the in-vitro dissolution of nanosuspensions of ginkgolide A, 

ginkgolide B, and ginkgolide C and compared with its coarse powder. Dissolution rate 

for Ginkogo lactones-nanosuspension (almost 85%) was found significantly higher as 

0

0.2

0.4

0.6

0.8

1

1.2

0 20 40 60 80 100 120

A
b

so
rb

a
n

ce
 (

n
m

)

Concentration (µg/ml)



131 
 

compared to its coarse powder (about 20 %). Wang et al. (2016) observed increase 

dissolution rate of nanoparticles of G. biloba flavones (quercetin, kaempferol and 

isorhamnetin). 

 Nanosuspension of silybin (extracted from Silybum marianum) dissolved more 

than 70 % within 20 minutes in contrast after the same time period; dissolution rate for 

un-milled silybin was only 6 % (Wang et al., 2010). Earlier researcher also observed 

enhanced dissolution rate of drugs nanosuspensions. Sumathi et al. (2017) observed more 

than 90% release for Naringenin nanosuspension in contrast to pure drug. Pandya et al. 

(2011) observed 36.14-folds increase in the solubility of simvastatin by formulating its 

nanosuspension. Dissolution rate of simvastatin nanosuspension was found 11.33times 

greater than that of raw drug. Nanosuspension of Clopidogrel attained 10-folds higher % 

drug release in contrast to pure drug suspension (Qureshi et al., 2017).  

 

Results are expressed as mean ± SEM (n=3).CE= coarse extract, NS= nanosuspension  

Fig. 4.47. % drug release of nanosuspension and coarse extract of G. biloba. 

4.4.3. Comparative In-vitro drug release study of optimized nanosuspension and 

coarse extract of C. sativum 

In-vitro drug release of C. sativum CE and NS was calculated by the standard 

curve of quercetin (Fig. 4.46). The dissolution profiles of C. sativum nanosuspension and 

coarse extract are illustrated in Fig. 4.48. Results clearly indicated higher dissolution rate 

of C. sativum nanosuspension as compared to coarse extract. The initial burst release of 
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71.108 % was observed for NS in first 2hr after that the release rate was sustained. On the 

other hand, coarse extract released only 14.63 % after 2hrs. From the graph, it is clear 

that nanosuspension of C. sativum released 71.28 % after 24hr as compared to coarse 

extract that released only 26.99 % during the same time period. These results clearly 

indicated that by preparing the nanosuspension of C. sativum, its dissolution rate was 

enhanced. It can be stated that particles of C. sativum in nanosuspension have a higher 

surface area as compared to particles in coarse extract (Thakkar et al., 2011). Particles in 

nanosuspension have more chances of interaction with the solvent due to small particle 

size that may lead to enhanced solubility (Jung et al., 1999; Chaudhary et al., 2012). 

Thereby, better dissolution of nanosuspension possibly be due to increased surface area 

of particles in nanosuspension and better wetting of particles. The initial burst release of 

C. sativum nanosuspension may be due to large specific surface area of nanoparticles and 

also because of fast release of drug deposited on the surface (Chen et al., 2012). 

Similar results were found by earlier studies. About 70-fold increase in the 

solubility of quercetin was observed in its nanosuspension as compared to coarse 

suspension (Sun et al., 2010). Ghosh et al. (2011) reported high solubility of drug (NVS-

102) in the presence of SLS. A study carried on Olanzapine observed 92.67 % dissolution 

for lyophilized nanosuspension and only 22.91 % for pure drug (Jawahar et al., 2013). 

Taneja et al. (2016) also observed more than 90 % dissolution rate for efavirenz 

nanosuspension in 2hrs whereas for pure drug only 28.6 % release rate was detected. 

According to this study, poor dissolution of pure drug was due to large crystal size of 

drug and good dissolution of nanosuspension was due to reduced size of its particles and 

large surface area. Nanosuspension of a diterpenoid compound “Oridonin” extracted 

from Rabdosia rubescens dissolved rapidly in the dissolution medium than Oridonin 

solution (Gao et al., 2008b). 
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Results are expressed as mean ± SEM (n=3).CE= coarse extract, NS= nanosuspension 

Fig. 4.48. % drug release of nanosuspension and coarse extract of C. sativum. 

In current study, limited dissolution was observed for coarse extracts of plants 

extract in comparison with lyophilized nanosuspension. Many studies reported enhanced 

dissolution rate of drug nanosuspensions as compared to pure drug (Zu et al., 2014; 

Taneja et al., 2016). Limited dissolution of coarse extract might be because of poor 

wetting of the particles owing to their hydrophobicity and large size. However, 

significantly high dissolution rate was observed for nanosuspension. Different factors can 

contribute to the fast release rate of nanosuspension including small particle size, large 

surface area, low matrix viscosity, high diffusion coefficient and short diffusion distance 

of drug (Kumar et al., 2015). The dissolution profiles obtained in the study evidently 

given indication about the enhancement of solubility of the nanosuspension by using this 

technology (Mosharraf amd Nystrom, 1995; Chogale et al., 2016). Many studies credited 

better dissolution of drug to their reduced particle size (Ghosh et al., 2011; Amsa et al., 

2013; Ghasemian et al., 2013; Esfandi et al., 2014; Sawant et al., 2016). Thereby, 

simplest and easiest way to increase the dissolution of drug is by reduction of particle 

size, as solubility of drug is associated to the particle size of drug.  

In the light of above discussion, it can be concluded that formulation of 

nanosuspensions of selected medicinal plants increased their dissolution rate. Increased 

% drug release can led to improved biological performance. Many researchers suggested 

that increase in in-vitro dissolution rate of drugs could enhance their in-vivo 

bioavailability (Wong et al., 2006; Jawahar et al., 2013; Zu et al., 2014). 

0

20

40

60

80

100

0 4 8 12 16 20 24

%
 d

ru
g

 r
el

ea
se

 (
Q

u
er

ce
ti

n
 

eq
u

iv
a

le
n

t)

Time (hrs)
C. sativum CE C. sativum NS



134 
 

4.5. Pharmacokinetics study of coarse and optimized nanosuspensions of 

plants extract 

The medicinal effectiveness of any drug depends upon the capability of dosage 

form to transport the medicament to its targeted site at a rate and amount to show a 

required pharmacological response (Brahmankar and Jaiswal, 1995; Gunasekaran et al., 

2014). Drug solubility plays major role in the evaluation of fate of pharmacokinetics. 

Drugs having poor water solubility are incapable to attain the least effective 

concentration necessary for pharmacological activity (Li et al., 2009; Wang and Zhang, 

2012; Khadka et al., 2014; Sharma et al., 2016). In the current research work, 

nanosuspensions of selected medicinal plants were formulated with the aim of enhancing 

their bioavailability. Thereby, to confirm the positive effects of optimized 

nanosuspensions in enhancing the oral bioavailability, an in-vivo test was conducted in 

rats and pharmacokinetics parameters of coarse and nanosuspension administrated rats 

were compared. The pharmacokinetic parameters of nanosuspension (NS) and coarse 

suspension (CS) of plants extract were described by non-compartmental model. 

4.5.1. Pharmacokinetics study of coarse and optimized nanosuspension of C. longa 

Pharmacokinetic study of C. longa was performed for 24hr in rats. Curcumin is the 

major insoluble component of C. longa extract. Thereby, curcumin concentration was 

measured in rat’s plasma by High Performance Liquid Chromatography (HPLC) and 

results were expressed as “curcumin equivalent”. Chromatograms of standard curcumin 

are shown in Fig. 4.49. Chromatogram from HPLC analysis depicted three main peaks 

corresponding to curcumin (biggest) followed by demetoxycurcumin and 

bisdemetoxycurcumin. Hastati et al. (2015) also reported three peaks for curcuminoid 

and designated the biggest peak was of curcumin. Unknown concentration of curcumin in 

rat’s plasma was determined by standard graph of curcumin (Fig. 4.50). Curcumin 

concentration in C. longa nanosuspension and coarse suspension administrated rats was 

compared.  
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Results are expressed as mean ± SEM (n=3).CS= coarse suspension, NS= nanosuspension 

Fig. 4.51. Concentration of curcumin in plasma samples of C. longa longa coarse 

and nanosuspension administrated rats. 

 

Area under curve (AUC) is an essential pharmacokinetic parameter to estimate 

the exposure and circulating time of drug. AUC denotes the area under the concentration-

time curve from time zero to the last measurable concentration. The total area under the 

plasma concentration-time curve is proportional to bioavailability. Area under the 

concentration–time curve (AUC0–t) of C. longa NS (658.41μgh/ml) was almost 176-fold 

greater as compared to coarse suspension (3.729 μgh/ml). Peak plasma concentration 

(Cmax) of C. longa NS (57.55μg/ml) was found much greater (156-fold) as compared to 

C. longa CS (0.364 μg/ml). Higher permeation ability and lower viscosity of C. longa NS 

might responsible for high plasma concentration of curcumin in plasma of NS 

administrated rats. Time to reach maximum plasma concentration (tmax) of C. longa NS 

(2hr) was observed shorter as compared to its coarse suspension (4 hrs). Shorter tmax for 

C. longa nanosuspension as compared to coarse suspension proved its better dissolution 

that was previously reported in in-vitro dissolution part of this study. Thereby, NS reach 

at Cmax in shorter time. 

Duration of action of drug is determined from its half-life (t1/2). Time to get half 

plasma concentration is called half-life. It is helpful is determining the suitable dosing 

interval. Half-life was observed 21.11hr for C. longa NS and 13.40 hr for coarse 

suspension. Mean residence time (MRT) of C. longa NS (29.54 hr) was also observed 
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fairly greater as compared to CS (18.75 hr). Thereby, C. longa nanosuspension could 

maintain a longer retention time in blood as compared to coarse suspension. Apparent 

volume of distribution (Vz/F) is used to determine the distribution of drug between 

plasma and rest of the body after oral administration. Volume of distribution is an 

important parameter in calculating the dose needed to attain a given plasma 

concentration. It was found 1.932 (mg/kg)/(μg/ml) for NS and 280.09 (mg/kg)/(μg/ml) 

for coarse suspension. Clearance reflects the elimination of drug from the body. Drugs 

are eliminated from the body by different mechanisms. Apparent total body clearance 

(Cl/F) was 0.0634 (mg/kg)/(μg/ml)/h for NS and 14.47 (mg/kg)/(μg/ml)/h for coarse 

suspension. The relative bioavailability of C. longa nanosuspension was observed to 

increase 176.56 times compared to the coarse suspension of C. longa.  

In comparison with C. longa CS, C. longa NS exhibited higher Cmax and shorter 

Tmax, indicating a higher absorption and more rapid absorption rate. These findings 

showed that the oral absorption of C. longa in rats was markedly enhanced in 

nanosuspension preparation. In the improvement of the oral bioavailability of C. longa, 

several factors can play a major role such as reduced particle size, enhanced rate of 

dissolution and enhancement of membrane permeation (He et al., 2017a). 

Comparable results were also indicated by previous studies. Curcumin 

nanosuspension showed 3.6folds enhanced area under curve and 11.2folds longer mean 

residence time as compared to crude curcumin (Gao et al., 2011). Li et al. (2016) 

reported 4.2-fold increase in half life and 11-fold increase in area under curve (AUC0–t) 

of curcumin nanosuspension. Prolonged mean residence time and significantly greater 

AUC0–24 for curcumin nanosuspension as compared to curcumin was also observed by 

Hong et al. (2017). Higher Cmax (823.39 ng/ml), AUC
0-6

 (1503.45±136.58 µg/ml.min) 

and shorter tmax (30min) of curcumin nanosuspension was also reported by Dekate et al. 

(2018). Whereas, curcumin coarse suspension showed shorter Cmax (108.55ng/ml), AUC
0-

6 
(355.65±54.88 µg/ml.min) and longer tmax (60 min). The lower tmax and higher Cmax of 

curcumin nanosuspension recommended that after fast dissolution into the 

gastrointestinal tract, more curcumin was absorbed into the blood in shorten time in 

comparison to curcumin suspension (Dekate et al., 2018).   
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Analogous findings were also found by Ravichandran, (2013) when compared the 

bioavailability of nanoparticulate curcumin and curcumin powder. At all-time points, 

curcumin plasma concentration was found significantly greater in rats administrated with 

curcumin nanocrystal capsule as compared to rats administrated with normal curcumin 

powered. Cmax value for curcumin nanocrystals administrated group (410.2±70.4 μg/L) 

was significantly higher than normal curcumin group (92.3±17.9μg/L). Tmax was 

observed shorter for curcumin nanocrystals administrated group (30min) as compared to 

normal curcumin powder (120 min). 

Table 4.37. Pharmacokinetics parameters of coarse and nanosuspension of C. longa. 

Pharmacokinetic 

parameters 
C. longa CS C. longa NS 

Cmax (μg/ml) 0.364 57.55 

Tmax (h) 4 2 

t1/2 (h) 13.40 21.11 

AUC 0-t (μg/ml*h) 3.729 658.41 

AUC0–∞, (μg/ml*h) 5.17 1182.34 

Vz/F  (mg/kg)/(μg/ml) 280.09 1.932 

Cl/F  (mg/kg)/(μg/ml)/h 14.47 0.0634 

MRT0-inf_obs  (h) 18.75 29.54 

Frel  17656% 
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of quercetin was found greater in G. biloba NS administrated rats in comparison to CS 

fed rats at all time points. 

 
Results are expressed as mean ± SEM. CS=Coarse suspension, NS=Nanosuspension 

Fig. 4.54. Concentration of quercetin in plasma samples of G. biloba coarse and 

nanosuspension administrated rats. 

 

 The pharmacokinetic parameters (AUC0–t, AUC0–∞, Cmax, Tmax, t1/2, and relative 

bioavailability Frel) are given in Table 4.38. Area under the curve reflects the total amount 

of drug absorbed. Area under curve for G. biloba NS (1006.52 μg/ml*h) was found 

significantly greater (about 4-fold) than CS (288.17 μg/ml*h). Flavonoids of G. biloba 

(quercetin, kaempferol and isorhamnetin) nano-emulsion also showed 1.81 times greater 

AUC as compared to raw G. biloba (Wang et al., 2016). Plasma concentration of G. 

biloba NS was observed higher throughout the experiment than CS. Maximum observed 

concentration (Cmax) in plasma samples of G. biloba NS administrated rats was about 3-

folds (62.32 μg/ml) higher than CS (22. 3μg/ml). Tmax was measured same for both 

suspensions (1hr).  

 G. biloba NS showed prolonged terminal elimination half-life (t½) of 74.13hr in 

contrast to CS (67.58 h). Mean residence time of NS (106.9 hrs) was also increased as 

compared to CS (96.009 hrs). Observed higher values of area under curve and mean 

residence time of nanosuspension can be attributed to its mucoadhesive nature, therefore 

provided longer gastric residence and extent of release (Yadav et al., 2012). 

Pharmacokinetic parameters of nanosuspension (NS) and coarse suspension (CS) of 

ginkgo lactones (GL) were also compared in rats. GL-NS exhibited significantly greater 
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Cmax (2-folds), AUC (2-folds) and shorter Tmax (Rui et al., 2016). Wang et al. (2010) 

observed higher Cmax (μg ml−1) and AUC (0−∞) (mg l−1 h) and shorter tmax (h) for Silybin 

nanosuspension in contrast to unmilled Silybin suspension.  

Apparent volume of distribution (Vz/F) was found shorter for G. biloba NS as 

compared to CS. Systemic plasma clearance (Cl) was 0.0049(mg/kg)/(μg/ml)/h for NS 

and 0.0199(mg/kg)/(μg/ml)/h for coarse suspension. Longer mean residence time (MRT0-

inf) was observed (106.9 h) for G. biloba nanosuspension. Relative bioavailability (Frel) of 

G. biloba NS was increased 3.49 times than that of CS. Qian et al. (2016) observed 2.92 

times increase in the bioavailability of kaempferol by preparing its nanosuspension. 

Plasma concentration profile of nanosuspension revealed more sustained plasma 

level of quercetin than coarse suspension for 24 hrs. In summary, sustained and 

prolonged effect was observed with orally administered nanosuspension as compared to 

coarse suspension that can consequently improve patient compliance by reduction in 

dosing frequency and therapeutic dose to a remarkable level.  

Table 4.38. Pharmacokinetics parameters of coarse and nanosuspension of G. biloba. 

Pharmacokinetic 

parameters 

G. biloba CS G. biloba NS 

Cmax (μg/ml) 22.3 62.32 

Tmax (h) 1 1 

t1/2 (h) 67.58 74.13 

AUC 0-t (μg/ml*h) 288.17 1006.52 

AUC0–∞, (μg/ml*h) 1253.44 5011.8 

Vz/F  (mg/kg)/(μg/ml) 1.944 0.53 

Cl/F  (mg/kg)/(μg/ml)/h 0.0199 0.0049 

MRT 0-inf_obs  (h) 96.009 106.9 

Frel  349.97% 
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4.5.3. Pharmacokinetics study of coarse and optimized nanosuspension of C. sativum 

In-vivo bioavailability of C. sativum was estimated by measuring the 

concentration of quercetin in rat’s plasma, as quercetin found in high concentration in C. 

sativum extract. Unknown concentration of quercetin in trial animals was determined 

from the standard graph of quercetin (Fig. 4.53). Considerably greater plasma 

concentration of quercetin was measured in C. sativum NS administrated rats in contrast 

to CS (Fig. 4.55). 

 
Results are expressed as mean ± SEM. CS=Coarse suspension, NS=Nanosuspension 
Fig. 4.55. Concentration of quercetin in plasma samples of C. sativum coarse and 

nanosuspension administrated rats. 

Pharmacokinetic parameters of quercetin extracted from plasma samples of rats 

that were oraly adminstrated with C. sativum nanosuspension (NS) and coarse suspension 

(CS) at a dose of 50mg/kg are shown in Table 4.39. Pharmacokinetic parameters were 

determined by non-compartmental analysis. Cmax (the maximum observed concentration) 

value of NS was significantly high (about 2-fold) as compared to CS (21.3μg/ml). Shorter 

tmax (1hr) was observed for nanosuspension of C. sativum as compared to coarse 

suspension (2hr). The shortened tmax obtained for nanosuspension could be attributed to 

the enhanced dissolution resulting in rapid drug absorption. Area under curve reflected 

the drug absorption (AUC0-t) and it was observed almost 2.4 times higher for NS as 

compared to CS. Pharmacokinetic study of resveratrol (a polyphenolic compound) 

nanosuspension revealed 3.35 folds greater Cmax and 1.27-fold greater AUC0→∞ for 
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nanosuspension (Hao et al., 2015). Azilsartan nanosuspension also acquired 2.14fold 

higher Cmax, 2.35-fold greater AUC0→∞ and shorter tmax (0.79hr) as compared to physical 

mixture (Ma et al., 2017).  

Apparent total clearance of the drug from plasma after oral administration (Cl/F) 

was 0.032(mg/kg)/(μg/ml)/h and 0.135(mg/kg)/(μg/ml)/h for nanosuspension and coarse 

suspension. Apparent volume of distribution during terminal phase after non-intravenous 

administration (Vz/F) was 0.96 (mg/kg)/(μg/ml) for NS and 2.66(mg/kg)/(μg/ml) for 

coarse suspension. Terminal elimination half-life (t½) was observed prolong for NS 

(20.69hrs) than CS. Mean residence time (MRT0-inf) was also observed longer for NS 

(28.84h) than CS. Thereby, NS could remain in blood for longer duration. The 

formulated nanosuspension has shown 2.4fold increased relative bioavailability when 

compared to the coarse suspension. High relative bioavailability of C. sativum 

nanosuspension as compare to coarse suspension suggested that it absorbed from the 

gastrointestinal tract quickly due to its greater dissolution rate acquired via smaller 

particle size. High bioavailability of Piper nigram nanosuspension (1.73-folds higher 

Cmax) was also reported by Zafar et al. (2018) in contrast to coarse suspension. 

Table 4.39. Pharmacokinetics parameters of coarse and nanosuspension of C. 

sativum. 

Pharmacokinetic 

parameters 

C. sativum CS C. sativum NS 

Cmax (μg/ml) 21.3 49.064 

Tmax (h) 2 1 

t1/2 (h) 13.66 20.69 

AUC 0-t (μg/ml*h) 369.96 889.994 

AUC0–∞, (μg/ml*h) 369.96 1549.73 

Vz/F  (mg/kg)/(μg/ml) 2.66 0.96 

Cl/F  (mg/kg)/(μg/ml)/h 0.135 0.032 

MRT0-inf_obs  (h) 19.11 28.84 

Frel  240.56% 

 

Current pharmacokinetic studies in rats exposed high bioavailability of 

nanosuspensions of plants extract as compared to their coarse suspensions after oral 

administration. For the uptake of nanosuspension through the gastrointestinal (GI) tract, 
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particle size plays a dominant role in absorption rate (Hussain et al., 2001). The 

mechanisms of such uptake comprised of diffusion of particles via mucus and availability 

to enterocyte surface, exocytosis, cellular trafficking, epithelial interaction and systemic 

distribution (Zhang et al., 2011). Nanosuspension size in the range of 100-500 nm 

permitted the effective uptake in intestine, mainly in the lymphoid sections of this tissue, 

thus bypass the liver first-pass metabolism (Yuan et al., 2007; Li et al., 2009). 

Nanosuspension of C. longa, G. biloba and C. sativum can be directly uptaken by 

gastrointestinal tract due to nanosize particle range as particle size play crucial role in the 

rate of absorption of any drug. Thereby, high bioavailability for the nanosuspension can 

be ascribed to enhanced permeability by surfactants, direct uptake of nanoparticles 

through the gastrointestinal tract, decreased degradation and clearance. Moreover, 

surfactants enhanced the affinity among nanoparticles and the intestinal membrane, 

contributed to enhance permeability of the intestinal membrane and also may display 

bioadhesion to the gastrointestinal tract wall (Duchene and Ponchel, 1997; Manjunath 

and Venkateswarlu, 2005; Venkatesan et al., 2006; Xu et al., 2014). Various researchers 

studied the pharmacokinetics of nanosuspensions (Gao et al., 2010; Liu et al., 2012a; 

Steffi and Srinivasan, 2014; Nagaraj et al., 2017). 

Taking into account the above discussion, it can be concluded that 

nanosuspension technology exhibited improvement of in-vitro dissolution and in-vivo 

bioavailability of selected medicinal plants. 
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Phase-IV: In-vitro and in-vivo activities of coarse and nanosuspensions 

of plants 

In this phase of study, the comparative cardioprotective potential of optimized 

nanosuspensions and coarse suspensions of plants extract was determined in animal 

model (rats). Moreover in-vitro bioactivities such as thrombolytic, antimicrobial and 

antioxidant activities of plants extract were also evaluated. Cytotoxicity of prepared 

nanosuspensions was also determined by % hemolytic activity.  

4.6. Comparative Cardioprotective potential of coarse and 

nanosuspensions of plants extract 

 In current study, nanosuspensions of three important medicinal plants possessing 

poor bioavailability were prepared to enhance their bioavailability. The purpose behind 

increasing their bioavailability was to enhance their cardioprotective potential. The 

therapeutic potential of any plant depends on the release of biologically active 

constituents (Bharali et al., 2011; Gunasekaran et al., 2014). For optimal absorption, the 

drug must have adequate aqueous solubility to dissolve in the gastrointestinal contents 

and also sufficient lipid solubility to assist its partitioning into the lipoidal membrane and 

then into systemic circulation (Vemulapalli et al., 2007; Hetal et al., 2010).  Large doses 

of these plants are required to become effective that could lead to un-wanted effects on 

the biological system (Kawabata et al., 2011; Kakran et al., 2012a). Thereby, this project 

was designed to reduce the treatment dose of reported cardioprotective plants by 

formulating their nanosuspensions. 

 Cardioprotective potential of plants was determined by preventive and curative 

mode of treatment. In preventive mode of treatment, rats were pre-treated with different 

doses (100mg/kg, 200mg/kg) of coarse suspension (CS) and nanosuspension (NS) 

(50mg/kg, 100mg/kg) of plants extract for three weeks after that cardiotoxicity was 

induced by administration of two consecutive doses of salbutamol (80mg/kg). Blood 

samples of experimental animals were taken after time period of 24 hrs and 48hrs of 

administration of two doses of salbutamol. Creatine kinase-MB fraction (CK-MB) and 

lipids were measured in blood samples of experimental animals taken after 24hrs. Blood 

samples that were taken after 48hrs were evaluated for other cardiac enzymes. 
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 In curative mode of treatment, first cardiotoxicity was induced in rats by 

administration of two consecutive doses of salbutamol (80mg/kg) then trial animals were 

left untreated for two days so that salbutamol can cause myocardial infarction. 

Cardiotoxicity was confirmed by positive troponin test. Afterward, these cardio-

intoxicated rats were treated with different doses (250mg/kg, 500mg/kg) of coarse and 

nanosuspension (100mg/kg and 150mg/kg) of plants extract. The purpose of 

administrating different doses of nanosuspension (NS) and coarse suspension (CS) of 

plants was to determine the best therapeutic dose. Cardioprotective potential of coarse 

and nanosuspension of plants extract was evaluated by comparing the levels of cardiac 

markers, lipids and antioxidant enzymes in different experimental groups. 

4.6.1. Cardioprotective potential of coarse and nanosuspension of C. longa 

 C. longa is a plant of medicinal importance but it suffers from poor-water 

solubility and poor bioavailability due to the presence of its main bioactive component 

curcumin (Dayton et al., 2011; Ravichandran, 2013). The objective of this research work 

was to increase the cardioprotective potential of C. longa and to reduce the treatment 

dose through nanosuspension approach by enhancing the solubility and absorption of 

curcumin. 

4.6.1.1. Preventive effects of coarse and nanosuspension of C. longa on cardiac 

markers 

Preventive effect of C. longa (CL) on the cardiac markers and lipids levels in 

serum has been shown in Table 4.40. In preventive mode of treatment, two different 

doses of coarse and nanosuspension of C. longa were administrated to rats for 21 days by 

oral gavages. Afterward, salbutamol (80mg/kg) was given for two consecutive days to 

induce myocardial infarction. Cardiotoxicity of salbutamol (sal) in rats was confirmed by 

positive troponin test. Troponin test is a good marker of myocardial infarction. Troponin 

(T and I) proteins are secreted into blood on the onset of myocardial infarction (Chan and 

Ng, 2010; Ahmad and Sharma, 2012; Gargiulo et al., 2015). 

 Administration of salbutamol significantly (p<0.05) increased the level of cardiac 

marker enzymes in positive control group (G-II) as compared to normal control group 

(G-I). Creatine kinase (CK-MB) level was raised from its normal level 42.11±0.21 IU/L 

to 121.31±0.78 IU/L, Aspartate transaminase (AST) from 77.3±0.35 IU/L to 138.56±1.65 
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IU/L, Alanine transaminase (ALT) from 91.56±1.43 IU/L to 150.12±1.44 IU/L and 

lactate dehydrogenase (LDH) from 107.45±1.75 IU/L to 164.32±1.43 IU/L. Increased 

level of CK-MB in serum is a good marker of myocardial infarction because of the 

abundance of this enzyme in cardiac tissues (Pasupathi et al., 2009; Udiomine and 

Tebekeme, 2017; Hajra et al., 2018). Creatine kinase-MB fraction (CK-MB) was 

measured in blood samples of experimental animals taken after 24hrs because it released 

in blood after 3-12hrs of myocardial infarction and reached to mean plasma concentration 

in 18-24hrs and returned to normal after 48-72hrs (Ruseva, 2005; Vilchez et al., 2014). 

Heart muscles are also rich in AST and ALT (especially AST) which also discharged into 

the serum after severe tissue damage (Mohan et al., 2017). Blood samples that were taken 

after 48hrs were evaluated for other cardiac enzymes (AST, ALT and LDH). Cardiac 

markers specifically lactate dehydrogenase (LDH) and aspartate transaminase (AST) 

released into the bloodstream after 12-24hrs of myocardial infarction. They reach mean 

plasma conc. after 48hrs and returned to normal after 10-14days (Al-Hadi and Fox, 2009; 

Akasha et al., 2015).  

Increased levels of all cardiac markers in salbutamol administrated rats (G-II) 

indicated the extensive biochemical alterations besides oxidative injury in the heart tissue 

after administration with salbutamol. Salbutamol (Sal) is an artificial catecholamine and 

β2-adrenergic agonist. Catecholamines are significant controller of myocardial 

contractility and metabolism. However, their excess amount leads to cellular damage due 

to oxidative stress (Beaulah et al., 2014; Aslam et al., 2015; Afsheen et al., 2017). 

Sudden oxidation of catecholamine results in the formation of catecholamine-o-quinones 

which form aminochromes through cyclization. Epinephrine-o-quinone which on 

cyclization produce adrenochrome can be oxidized to many other compounds for 

example 5,6-dihydroxy-1-methylindole, adrenolutin and adrenochrome-adrenolutin 

dimmer. Free radicals are generated as a result of all these redox reactions that are 

responsible for the catecholamine-related toxicity (Dhalla et al., 1992). Oxidized 

products have the potency to react with sulfhydryl groups of various proteins and lead to 

production of superoxide anion and then hydrogen peroxide. Ultimately, this leads to 

changes in microsomal Ca+2 uptake, microsomal permeability, decrease in ATP 

production and the generation of extremely toxic hydroxyl radicals that cause lipids, 
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proteins and DNA damage (Dhalla et al., 2010). Significant increase in the activities of 

cardiac markers after administration of salbutamol was observed in many studies (Kousar 

et al., 2012; Aslam et al., 2015; Zafar et al., 2015; Afsheen et al., 2017). Administration 

of doxorubicin also increased the activities of cardiac markers in rats (Swamy et al., 

2012). 

Pre-treatment with coarse and nanosuspension of C. longa (CL) protected the 

myocardium from the toxic effects of salbutamol. The prior administration of C. longa 

coarse and nanosuspension showed significant reduction in salbutamol induced elevated 

cardiac enzymes as compared to positive control group. Pre-treatment of CL-NS to rats 

more effectively protected the myocardium as compared to CL-CS. Rats administrated 

with C. longa NS greatly prevented against alternation in cardiac markers as compared to 

C. longa CS administrated rats. CL-NS at a dose of 100mg/kg was proved more helpful 

in preventing the myocardium from degenerative changes. Activities of CK-MB, AST, 

ALT and LDH measured in CL-NS 100 mg/kg+Sal supplemented rats were 44.12±0.76 

IU/L, 78.4±0.6 IU/L, 93.11±0.23 IU/L and 111.34±0.41 IU/L respectively. These 

enzymatic levels were found close to G-I and significantly (p<0.05) different from G-II.  

 Rats treated with CL-NS 50mg/kg before the induction of salbutamol also 

prevented heart from toxic effects of salbutamol. In these rats, level of CK-MB was 

52.65±0.22 IU/L, AST 90.44±0.34 IU/L, ALT 101.23±0.67 IU/L and LDH 120.13±1.1 

IU/L. Levels of CK-MB, AST, ALT and LDH measured in CL-CS 200mg/kg+Sal treated 

rats were 57.76±0.43 IU/L, 90.6±0.9 IU/L, 104.31±0.85 IU/L and 121.22±1.53 IU/L 

respectively. Levels of AST and LDH in CL-CS 200mg/kg+Sal and CL-NS 50mg/kg+Sal 

administrated rats were found similar (p>0.05). Prior to the induction of salbutamol, pre-

treatment of rats with CL-CS 100 mg/kg also protected the myocardium from the toxic 

effects of salbutamol but to the smaller extent. Pre-treatment of curcumin at a dose of 

200mg/kg for two weeks significantly prevented against doxorubicin (15 mg/kg) induced 

cardiotoxicity (Swamy et al., 2012). C. longa at a dose of 100 mg/kg also prevented 

against heart damage (Mohanty et al., 2008). Ethanolic and aqueous extracts of C. longa 

at dosage of 200mg/kg significantly prevented against the toxicity of Doxorubicin (El-

Sayed et al., 2011). Glutathione pre-treated rats for 30 days also brought cardiac enzymes 
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near to normal levels in isoproterenol induced myocardial infarction in rats (Sudha et al., 

2013).   

Lipids play a significant role in heart diseases. Elevated levels of LDL, total 

cholesterol and triglycerides are primary risk factors for cardiovascular diseases (Dhaliya 

et al., 2013). Salbutamol treated rats (G-II) also showed significant (p<0.05) elevation in 

the levels of lipids (triglycerides, cholesterol and LDL) except HDL as compared to 

normal control. HDL level was found lower in positive control (15.74±0.13 mg/dL) as 

compare to normal control (30.33±0.42 mg/dL). Other lipids levels measured in positive 

control were 81.76±0.21 mg/dL (Triglycerides), 90.48±1.17 mg/dL (Cholesterol) and 

67.08±0.87mg/dL (LDL). Elevated levels of lipids (triglycerides, cholesterol and LDL) in 

salbutamol treated rats indicated hyperlipidemia. Oxidative stress produced by the 

induction of salbutamol might responsible for the leakage of lipids and disintegration of 

myocardial membrane. Alterations in lipids profile might be because of increase lipids 

biosynthesis by cardiac cyclic adenosine monophosphate (Kumar et al., 2011c; Keshtkar 

et al., 2017). Enhanced cholesterol level might be caused by reduction in HDL level, as 

HDL decrease the uptake of LDL by the arterial wall. It is also involved in the transfer of 

cholesterol from tissue to liver where it is catabolized and discharged from body. HDL 

has negative correlation with heart diseases in contrast to other lipids (Karthikeyan et al., 

2007). High triglycerides level might be due to restriction of protein lipase activity and so 

their transportation into the circulation (Adi et al., 2013). Many studies reported 

enhanced lipids levels in infracted rats (Patel et al., 2010; Variya et al., 2015; Raja and 

Ramya, 2017).  

Pre-treatment with coarse and nanosuspensions of C. longa before the 

administration of salbutamol appreciably prevented the heart from injury. Among all 

experimental groups, rats treated with NS of C. longa at therapeutic dose of 100mg/kg 

maximally prevented the alterations in lipids profile. Normal levels of cholesterol 

(49.67±0.51 mg/dL), LDL (27.23±0.2 mg/dL) and HDL (30.11±0.15 mg/dL) were 

observed in rats treated with C. longa NS at a dose of 100 mg/kg+sal. Only triglycerides 

level (46.28±0.54 mg/dL) was found slightly higher as compared to normal control. Rats 

treated with CL-NS at dosage of 50 mg/kg and CS at 200 mg/kg also effectively inhibited 

the discharge of lipids. Similar levels of total cholesterol and triglycerides were observed 
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in CL-NS 50 mg/kg+sal and CL-CS 200 mg/kg+sal administrated rats. C. longa CS at 

dosage of 100mg/kg prevented against the toxicity of salbutamol to a very little extent. 

Above findings indicated that C. longa NS effectively protected the myocardium 

from injury as compared to CS. CL-NS at a dose of 50 mg/kg for 21 days also protected 

the myocardium from damage but these effects were more pronounced for 100mg/kg 

treatment dose. C. longa CS at treatment dose of 200 mg/kg and C. longa NS at 50mg/kg 

showed almost the similar cardioprotective effects. Non-significant difference (P>0.05) 

was measured among enzymatic (AST and LDH) and lipids (TC and TG) levels of C. 

longa CS 200 mg/kg+sal and C. longa NS 50mg/kg+sal administrated rats. The treatment 

dose of coarse suspension (200 mg/kg) was very high (four-folds) as compared to 

nanosuspension (50 mg/kg) that might lead to un-desirable effects. An oral dose of C. 

chinensis nanosuspension at 25 and 50 mg/kg and its ethanolic extract at 125 and 250 

mg/kg showed the hepatoprotective effects to the same extent. They suggested that 

nanoparticles system can be applied to overcome the problems associated with poor water 

solubility of herbal medicines and to reduce the treatment dose (Yen et al., 2008). 

 High dose of CL-CS was required for desired therapeutic effect might be because 

of the poor aqueous solubility of its active constituent “Curcumin”. In-vitro drug release 

study of CS of C. longa in previous phase (phase-III) of this study also showed its poor 

dissolution. For a drug to be effective, it should have sufficient water solubility. As the 

contents of gastrointestinal tract are aqueous, drugs having poor aqueous solubility are 

eliminated from the gastrointestinal tract before they get the chance to fully dissolve and 

be absorbed into the blood circulation (Kakran et al., 2012a). Pharmacokinetics study of 

CS and NS of C. longa also demonstrated the poor-bioavailability of CS as compared to 

NS. Thereby, coarse suspension of C. longa showed less cardioprotective potential as 

compared to its nanosuspension. The bioactive constituents of C. longa might responsible 

for its cardioprotective effects. Structure of curcumin contains phenolic groups which are 

fundamental to scavenge oxygen free radicals, methoxy groups present in curcumin also 

increase this activity (Sreejayan et al., 1997). Many studies attributed the cardioprotective 

potential of plants to their antioxidant and free radical scavenging properties (Hamza et 

al., 2016).  
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 It can be concluded from the above results that nanosuspension of C. longa more 

effectively protected the myocardium from the damaging effects of salbutamol as 

compared to its coarse suspension. This proved the advantage of formulating the 

nanosuspension of C. longa over coarse suspension. Low dose of CL-NS was required as 

compared to CS because of its small particle size and high surface area. Nano-size 

particles of nanosuspension have more solubility and high dissolution rate which 

increased its bioavailability. Thereby low dose of nanosuspension was required to show 

the therapeutic action. Consequently, one advantage of nanosuspension was to reduce the 

treatment dose and increase the patient comfort. It can be stated that C. longa NS 

maintained the normal structural and architectural integrity of heart myocytes, thus 

limited the escape of these enzymes into the blood stream. 
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Table 4.40. Preventive effects of coarse and nanosuspension of C. longa on cardiac markers and lipids. 

Enzymes 

Enzymes (IU/L) and lipids concentration (mg/dL) in different experimental groups  

G-I 

(Normal 

control) 

G-II 

(Positive 

control) 

G-III 

(CS-100 

mg/kg+Sal) 

G-IV 

(CS-200 

mg/kg+Sal) 

G-V 

(NS-50 

mg/kg+Sal) 

G-VI 

(NS-100 

mg/kg+Sal) 

Ck-MB 42.11±0.21e 121.31±0.78a 90.05±0.22b 57.76±0.43c 52.65±0.22d 44.12±0.76e 

AST 77.3±0.35d 138.56±1.65a 122.43±0.34b 90.6±0.9c 90.44±0.34c 78.4±0.6d 

ALT 91.56±1.43f 150.12±1.44a 122.47±1.7b 104.31±0.85c 101.23±0.67d 93.11±0.23e 

LDH 107.45±1.7e 164.32±1.43a 124.22±1.54b 121.22±1.53c 120.13±1.1c 111.34±0.41d 

TG 44.62±0.32e 81.76±0.21a 71.45±1.09b 58.02±0.63c 59.5±0.45c 46.28±0.54d 

TC 48.16±0.6d 90.48±1.17a 68.07±1.33b 62.75±0.21c 60.65±0.87c 49.67±0.51d 

LDL 25.87±0.44d 67.08±0.87a 47.44 ±1.02b 45.98±0.7b 40.79±0.12c 27.23±0.2d 

HDL 30.33±0.42b 15.74±0.13e 20.55±1.44d 25.37±0.21c 33.5±0.08a 30.11±0.15b 

Values are expressed with mean ±SEM (n=3). 

Mean that don’t share a common letter in a row are significantly different (p<0.05). 
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4.6.1.2. Curative effects of coarse and nanosuspension of C. longa on 

cardiac markers 

The curative effect of C. longa was evaluated on serum cardiac markers and lipids 

in salbutamol induced myocardial infarction in rats and results are presented in Table 

4.41 and 4.42 respectively. Two consecutive doses of salbutamol were given to rats in 

positive control group (G-II) and blood samples were collected for five days. 

Significantly raised levels of cardiac enzymes were observed in salbutamol treated rats. 

CK-MB level was augmented to 121.1±1.67 IU/L from its normal level 40.1±0.54 IU/L 

after 24hrs of administration of two consecutive doses of salbutamol. Afterwards, it 

decreased to 79.71±1.32 IU/L after five days of induction of salbutamol. ALT level was 

also reach to its maximum value (164.2±1.04 IU/L) after 24hrs of administration of 

salbutamol. However, peak levels of AST (134.1±1.67 IU/L) and LDH (166.8±1.06 

IU/L) were observed in positive control rats after 48hrs of administration of salbutamol 

and their levels were sustained in blood upto five days.  

However, post treatment with nanosuspension of C. longa at a dose of 100mg/kg 

and 150 mg/kg efficiently restored the normal activities of cardiac enzymes within a 

period of five days in dose dependent manner. C. longa CS at a dose of 250 mg/kg and 

500mg/kg also lowered the elevated levels of cardiac markers after each treatment dose 

in a period of five days. However, more prominent reduction in enzymatic levels was 

observed in NS administrated rats. Among all treated groups, greater amelioration effects 

were observed with 150mg/kg treatment dose of NS. C. longa NS at a dose of 150mg/kg 

brought back salbutamol augmented levels of CK-MB to 43.7±1.66 IU/L, AST to 

70.05±1.34 IU/L, ALT to 96.9±1.5 IU/L and LDH to 104.2±1.32 IU/L in dose dependent 

manner. No significant difference (p>0.05) was observed between the enzymatic levels of 

sal+CL-NS 150mg/kg administrated rats and normal control. Therapeutic dose of NS 

100mg/kg also decreased the enhanced level of cardiac enzymes after each treatment 

dose. Salbutamol raised levels of CK-MB, AST, ALT and LDH were restored to 

55.2±0.67 IU/L, 75.1±1.45 IU/L, 101.2±1.87 IU/L, 108.6±1.25 IU/L respectively with 

100mg/kg dose of NS. C. longa CS at a treatment dose of 500mg/kg restored elevated 

CK-MB level to 70.7±1.73 IU/L, AST to 80.9±1.32 IU/L, ALT to 105.6±1.29 IU/L and 

LDH to 115.2±1.32 IU/L after five days treatment period. CS of C. longa at a dose of 500 
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mg/kg after fifth treatment dose was similar amelioration effect for CK-MB and LDH, as 

NS (100 mg/kg) after forth treatment dose (P>0.05). Moreover, in comparison to NS, 

five-fold greater dose of CS of C. longa was required to show cardioprotective effects. 

The primary risk factors for the cardiovascular diseases such as atherosclerosis, 

strokes and myocardial infarction are elevated lipids levels especially serum total 

cholesterol and low-density lipoprotein. A marked increase (p<0.05) was also observed in 

positive control rats in the levels of serum triglycerides (46.9±0.44 mg/dL to 85.1±1.11 

mg/dL), cholesterol (51.3±0.87 mg/dL to 83.8±1.7 mg/dL), LDL (25.2±0.42mg/dL to 

71.7±1.83 mg/dL) and decrease in HDL (29.2±0.67 mg/dL to 14.6±0.19 mg/dL) after 

administration of salbutamol. Higher levels of lipids in serum of salbutamol treated rats 

confirmed the cardiotoxicity of salbutamol. High level of LDL has maximum association 

with atherosclerosis due to high content of cholesterol in it. Its oxidation leads to lipid 

peroxidation. However, high level HDL is regarded protective against atherosclerosis 

(Mohan, 2000). Increased lipid levels in cardiotoxic rats are in-line with previous studies 

(Vijay et al., 2011; Dhivya et al., 2017).   

Therapeutic dose 150mg/kg of nanosuspension normalized the levels of TG 

(45.12±1.62 mg/dL), TC (47.6±1.16 mg/dL), LDL (23.2±0.45 mg/dL) and HDL 

(29.6±0.43 mg/dL) after five days of treatment. CL-NS at treatment dose of 100mg/kg 

also restored the normal levels (p>0.05) of total cholesterol 49.11±1.59 mg/dL and HDL 

27.1±0.31 mg/dL. It also decreased the augmented levels of triglycerides and LDL but 

could not maintain their normal levels. C. longa CS at a treatment dose of 500mg/kg 

restored elevated triglyceride level to 55.18±1.01 mg/dL, cholesterol to 51.1±1.76 mg/dL 

and LDL to 38.6±1.12 mg/dL and HDL to 22.1±0.23 mg/dL. Similar amelioration effects 

(P>0.05) in terms of reducing the augmented levels of cholesterol, LDL and HDL were 

observed with fifth treatment dose of CS (500 mg/kg) and forth treatment dose of NS 

(100 mg/kg). These findings revealed that high dose of C. longa CS was required to show 

therapeutic effects as compared to nanosuspension. This demonstrated the lower 

bioavailability of CL-CS as compared to NS owing to its hydrophobic nature. C. longa in 

the form of nanosuspension has higher dissolution rate and bioavailability owing to its 

increased water solubility due to small particle size and high surface area.  
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It can be concluded that C. longa NS protected the myocardium against 

salbutamol induced cardiotoxicity in rats via ameliorating the cardiac enzymes and lipids 

levels. Many studies suggested the cardioprotective mechanism of plants and their active 

compounds by reducing the levels of cardiac markers and lipids (Elberry et al., 2010; 

Alpsoy et al., 2013; Sun et al., 2013; Khan et al., 2014; Bishop and Liu, 2017). 

Cardioprotective effects of C. longa probably due to the presence of curcuminoids. 

Curcuminoids possess free radical scavenging properties (Ramsewak et al., 2000; Ali et 

al., 2009b). Antioxidant properties of curcumin were revealed in many earlier studies 

(Koo et al., 2018). The antioxidant activity of curcumin possibly be due to the 

scavenging of the oxygen radicals due to the presence of methoxy and phenolic groups in 

combination with the 1,3-diketone-conjugated diene system (Miriyala et al., 2007). 

Curcumin structure can also provide hydrogen atoms to harmful oxy radicals and 

generate the less reactive phenoxy radicals (Arora et al., 1998). Role of curcumin in 

protecting against myocardial damage was also reported (Srivastava and Mehta, 2009). It 

is regarded as tolerable, safe and nontoxic even up to 12 g/day according to human 

clinical trials (Vogel and Pelletier, 1815; Gupta et al., 2012; Lv et al., 2016). 
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Table 4.41. Curative effects of coarse and nanosuspension of C. longa on cardiac enzymes. 
E

n
zy

m
es

 Enzymes concentration (IU/L) in different experimental groups 

Days 

G-I 

(Normal 

Control) 

G-II 

(Positive 

control) 

G-III 

(Sal + CS 250 

mg/kg) 

G-IV 

(Sal + CS 500 

mg/kg) 

G-V 

(Sal+ NS 100 

mg/kg) 

G-VI 

(Sal + NS 150 

mg/kg) 

C
K

-M
B

 1 40.1±0.54n 121.1±1.67a 119.2±1.3a 111.6±1.78b 107.2±1.87c 105.3±1.22c 

2 41.4±0.11mn 101.5±1.4d 105.5±1.56c 104.9±1.82de 99.3±1.32de 95.4±1.76f 

3 42.7±0.43mn 88.4±1.89g 97.2±1.22ef 98.5±1.43def 80.12±1.95i 73.5±1.52j 

4 43.1±0.72mn 80.11±1.54i 91.4±1.3g 80.7±1.30hi 68.9±1.23k 52.7±0.75l 

5 41.5±0.63mn 79.71±1.32i 83.4±1.7h 70.7±1.73jk 55.2±0.67l 43.7±1.66m 

A
S

T
 

 

1 70.4±1.09n 100.7±1.78i 130.6±1.61b 127.2±1.44c 124.54±1.30cd 120.99±1.46e 

2 72.2±1.23mn 134.1±1.67a 123.5±1.08de 120.5±1.38ef 116.1±1.74g 105.7±1.89i 

3 71.5±1.54n 134.3±1.45a 117.3±1.67fg 109.3±1.76h 100.7±1.65i 97.8±1.76j 

4 73.1±1.29mn 134.2±1.22a 107.4±1.25hi 99.4±1.44j 88.9±1.92k 80.2±1.32l 

5 72.4±1.11mn 134.4±1.99a 104.9±1.02i 80.9±1.32l 75.1±1.45m 70.05±1.34n 

A
L

T
 

 

1 95.3±1.23pq 164.2±1.04a 149.3±1.76cd 147.04±1.22de 141.4±1.65fg 138.5±1.54gh 

2 94.6±1.73pq 153.3±1.48b  144.2±1.66ef 141.3±1.17f 127.7±1.22j 122.7±1.07k 

3 93.1±1.90q 152.4±1.43bc  139.7±1.4h 138.1±1.05h 115.4±1.54l 110.6±1.56m 

4 95.2±1.77pq 149.6±1.67cd 137.4±1.76hi 124.5±1.64k 110.8±1.01m 102.3±1.21o 

5 94.7±1.49pq  144.5±1.9ef 134.6±1.3i 105.6±1.29n 101.2±1.87o 96.9±1.5p 

L
D

H
 

1 102.1±1.05p 134.7±1.43j 164.2±1.17abc 162.2±1.67cde 161.6±1.55cde 160.3±2.7def 

2 105.9±1.11no 166.8±1.06a 159.4±2.07ef 157.3±1.12fg 143.3±1.87hi 140.2±1.07i 

3 102.5±1.43p 163.45±1.89bcd 156.1±1.6g 144.1±1.88h 134.5±1.34j 129.7±1.45k 

4 104.4±1.86op 161.23±1.3cde 145.8±1.46h 128.8±1.43k 117.5±1.18l 113.62±1.6m 

5 103.8±1.32op 162.1±1.67cde 135.2±1.77j 115.2±1.32lm 108.6±1.25n 104.2±1.32op 

 

Values are expressed with mean ±SEM (n=3). 

Mean that don’t share a common letter in a row or column for each lipid are significantly different (p<0.05). 
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Table 4.42. Curative effects of coarse and nanosuspension of C. longa on lipids. 

 
L

ip
id

s 

Lipids concentration (mg/dL) in different experimental groups 

Days 

G-I 

(Normal 

Control) 

G-II 

(Positive 

control) 

G-III 

(Sal + CL-CS 

250 mg/kg) 

G-IV 

(Sal + CL-CS 500 

mg/kg) 

G-V 

(Sal+ CL-NS 100 

mg/kg) 

G-VI 

(Sal+CL-NS 150 

mg/kg) 

T
G

 

1 41.3±0.78s 87.6±1.05abc 85.67±1.76cde 83.2±1.5def 83.55±1.98def 81.56±1.42efg 

2 44.1±0.89qrs 88.2±1.65ab 80.7±1.98fg 79.12±1.45gh 77.37±1.25h
 70.78±1.56i 

3 45.7±0.65qr 87.07±1.23abc 70.6±2.76i 68.37±1.11ij 65.67±1.45jk 62.1±1.8lmn 

4 43.11±0.67rs 89.61±1.32a 65.03±1.07klm 61.42±1.08mn 60.22±1.63n 55.45±1.22o 

5 46.9±0.44q 85.1±1.11bcd 63.7±1.76 55.18±1.01p 52.16±1.86p 45.12±1.62qr 

T
C

 

1 50.21±0.34nopq 83.56±1.98abcde 82.75±1.33bcde 80.44±1.34de 81.29±1.31cde 77.32±1.69ef 

2 47.71±0.98pq 84.17±1.4abc 76.87±1.09fg 75.2±1.41gh 72.6±1.52hij 73.7±1.43ghi 

3 48.4±0.45opq 86.3±1.66a 75.8±1.86gh 71.2±1.46ij 67.6±1.67kl 65.01±1.87l 

4 47.7±0.32pq 85.15±1.34ab 70.07±1.34jk 65.2±1.88l 54.33±1.76m 51.3±1.11mn 

5 51.3±0.87mno 83.8±1.7abcd 65.1±1.62cd 51.1±1.76mnop 49.11±1.59nopq 47.6±1.16q 

L
D

L
 

1 23.17±0.34mn 72.4±1.22ab 68.2±1.03cd 67.5±1.76d 66.8±1.43d 63.1±1.32e 

2 22.77±0.22n 74.7±1.54a 62.8±1.23ef 62.1±1.6ef 59.7±1.22f 53.3±1.09gh 

3 26.4±0.17m 71.2±1.43bc 55.3±1.42g 50.2±1.32hi 48.9±1.46i 40.2±1.34k 

4 25.6±0.7mn 73.3±1.27ab 52.5±1.05gh 44.7±1.4j 40.4±0.34k 37.3±1.22kl 

5 25.2±0.42mn 71.7±1.83ab 45.2±1.23j 38.6±1.12k 34.3±0.28l 23.2±0.45mn 

H
D

L
 

1 28.3±0.6a 14.5±0.12j 14.1±0.14j 15.4±0.14hij 15.05±0.13ij 16.0±0.17ghij 

2 27.2±0.15ab 14.3±0.07fghij 17.09±0.2fghij 18.3±0.2fgh 17.3±0.06fghij 18.8±0.22efg 

3 29.3±0.34a 14.11±0.4j 18.2±0.34fghi 20.2±0.34def 20.3±0.2def 20.1±0.09def 

4 27.7±0.55ab 14.8±0.24j 19.5±0.11def 21.6±0.11cde 24.5±0.16bc 22.5±0.15cd 

5 29.2±0.67a 14.6±0.19j 20.3±0.23def 22.1±0.23cd 27.1±0.31ab 29.6±0.43a 

 

Values are expressed with mean ±SEM (n=3). 

Mean that don’t share a common letter in a row or column for each lipid are significantly different (p<0.05). 
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4.6.1.3. Preventive effects of coarse and nanosuspension of C. longa in terms of 

Antioxidant Enzymes 

Antioxidant enzymes are first line of defense against oxidative stress. Enzymatic 

and non-enzymatic components of antioxidant defense system prevent against free radical 

damage by limiting the formation of free radicals and eliminating them before damage 

can occur (Kurutas, 2015; He et al., 2017b; Ighodaro and Akinloye, 2018). They play 

role in repairing oxidative damage and prevent against mutation. 

Results of antioxidant enzymes in different experimental groups have been 

depicted in Table 4.43. These results indicated that level of antioxidant enzymes (SOD, 

CAT, GPx) significantly (p<0.05) fall in salbutamol treated rats as compared to normal 

control owing to myocardial infarction in these rats. Superoxide dismutase (SOD) level 

was decreased from 41.54±1.11 (normal level) to 24.6±1.65 Unit/mg of protein, catalase 

(CAT) 60.4±1.23 (normal level) to 37.7±1.09 Unit/mg of protein and glutathione 

peroxidase (GPx) from 9.5±0.4 (normal level) to 3.12±0.11 Unit/mg of protein. 

Superoxide dismutase primarily catalyzes cell defense reactions against potentially 

detrimental effects of superoxide anion (O2
-) (Fukai and Ushio-Fukai, 2011; Wang et al., 

2018). Catalase converts H2O2 to H2O and O2 (Mccray et al., 1976; Fridovich, 1986). 

Glutathione peroxidase (GPx) also detoxified hydrogen peroxide to water (Kidd, 1997; 

Valko et al., 2007; El-Sayed et al., 2011). Decrease in antioxidant enzymes in positive 

control group might be due to the formation of free radicals by salbutamol induction that 

decreased the level of these detoxifying enzymes. The inhibition of SOD activity may 

result in increased flux of superoxide anion in cellular compartments that probably a 

reason of increased lipid peroxidation (Wang et al., 2018). Decrease in the activities of 

antioxidant enzymes by administration of salbutamol was also reported in previous 

studies (Aslam et al., 2012; Kousar et al., 2012).  

Pre-treatment with C. longa CS and NS prevented the reduction in antioxidant 

enzymes level as compared to positive control (G-II). Pre-treatment with C. longa NS 

augmented the enzymatic level in addition to normalizing their levels. Significantly 

(P<0.05) increased levels of SOD (45.76±1.23 Unit/mg of protein) and CAT (63.6±1.28 

Unit/mg of protein) were measured as compared to normal control in rats administrated 

with NS of C. longa (100 mg/kg) for 21 days and afterwards salbutamol. Level of Gpx 
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(10.65±0.12 Unit/mg of protein) was also within normal limits. Increase in endogenous 

antioxidant by pre-treatment with C. longa also observed previously by Mohanty et al. 

(2008). Doxorubicin infracted rats treated with curcumin also demonstrated significant 

increase in endogenous antioxidants (Venkatesan, 1998). Normal level of all antioxidant 

enzymes were also observed in rats supplemented with CS of C. longa (200 mg/kg). Non-

significant difference (p>0.05) was also observed among enzymes activities of normal 

control and C. longa CS 200mg/kg+sal fed rats. Augmented levels of antioxidant 

enzymes in different experimental groups reflected that the supplementation of C. longa 

boosted the defensive mechanism of rats. 

 Antioxidant enzyme level was found slightly lower (except GPx) in rats pre-

administrated with C. longa CS (100mg/kg) for a period of 21 days as compared to 

normal control. Diminished level of antioxidant enzymes in CS 100mg/kg+sal reflected 

the poor amelioration by coarse suspension of C. longa at a dose of 100mg/kg. 

Significant (p<0.05) increase in antioxidant enzymes was also observed by administration 

of Withania somnifera (Hina et al., 2010). Gmelina arborea pretreated rats also reverted 

Doxorubicin induced cardiotoxicity by improving the level of antioxidant enzymes (Vijay 

et al., 2011).  

Table 4.43. Antioxidant enzymes level in different experimental groups (preventive 

mode) of C. longa. 

Group 

 

Experimental groups 

name 

Antioxidant enzymes level (Unit/mg of protein) 

Superoxide 

dismutase 
Catalase 

Glutathione 

peroxidase 

G-I Normal Control 41.54±1.11b 60.4±1.23bc 9.5±0.4abc 

G-II Positive Control 24.6±1.65d 37.7±1.09e 3.12±0.11d 

G-III CS (100 mg/kg)+ sal 38.11±1.7c 55.1±1.14d 7.1±0.65c 

G-IV CS 200 mg/kg+ sal 41.65±1.9b 58.3±1.34cd 7.7±0.3bc 

G-V NS (50 mg/kg) + sal 41.7±1.67b 62.32±1.5ab 9.7±0.21ab 

G-VI NS (100 mg/kg) + sal 45.76±1.23a 63.6±1.28a 10.65±0.12a 

Values are expressed as Mean ±SEM. Values that do not share a common letter in a 
column are significantly different. CS= Coarse suspension, NS= Nanosuspension, Sal= 
Salbutamol. 
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 In the light of above discussion, it can be concluded that pre and post treatment 

with C. longa NS significantly prevented myocardium from the toxic effects of 

salbutamol by reducing the elevated levels of cardiac markers namely CK-MB, AST, 

ALT and LDH close to normal and serum lipids such as triglycerides, cholesterol, LDL 

and HDL back to normal. C. longa nanosuspension also increased the diminshed level of 

SOD, GPx and CAT. These results support the lipid lowering and antioxidant properties 

of C. longa extract.  
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4.6.2. Comparative Cardioprotective potential (in-vivo) of coarse and 

nanosuspension of G. biloba  

Ginkgo biloba is used as a therapeutic agent in modern pharmacology. There is 

evidence that G. biloba has a vast array of remedial benefits including reducing ischemia 

and regulating blood flow to the brain and heart. Ginkgolides from Ginkgo biloba are 

responsible for its antiarrhythmic effect and bilobalides are considered as potent anti-

ischemic agents (Naderi et al., 2005). Cardioprotective potential of CS and NS of G. 

biloba leaves was evaluated by both preventive and curative mode of treatment.  

4.6.2.1. Preventive effects of coarse and nanosuspension of G. biloba on cardiac 

markers and lipids 

 Preventive effects of G. biloba on the levels of cardiac marker enzymes and lipid 

levels are shown in Table 4.44. Activities of cardiac enzymes (P<0.05) were increased 

significantly in the salbutamol administrated rats (G-II) concordant with previous studies 

(Davey et al., 2011; Kumar et al., 2011a). Induction of salbutamol caused severe stress in 

the myocardium that caused the leakage of cardiac enzymes into the blood stream. 

Treatment with coarse and nanosuspension of G. biloba prevented against the leakage of 

myocardial enzymes. G. biloba nanosuspension at a dose of 100mg/kg normalized the 

level of all cardiac enzymes except AST. Non-significant (p>0.05) difference was 

observed between activities of enzymes (except AST) in normal control and NS 

100mg/kg+sal supplemented rats. Level of CK-MB, AST and LDH measured were 

41.21±0.55 IU/L, 90.76±1.07 IU/L, 108.56±1.29 IU/L in NS100mg/kg+sal administrated 

rats. Level of AST (82.04±1.22 IU/L) in NS-100 mg/kg+sal fed rats was slightly greater 

than normal level (77.3±0.35 IU/L).  

 Pre-administration of G. biloba nanosuspension at a dose of 50mg/kg also 

restricted the leakage of cardiac enzymes.  Slightly higher levels of cardiac enzymes were 

measured in NS-50mg/kg+sal administrated rats in contrast to normal control. Level of 

CK-MB measured was 54.45±0.52 IU/L, AST 86.1±1.34 IU/L, ALT 100.14±1.67 IU/L 

and LDH 119.23±1.65 IU/L. Coarse suspension of G. biloba at a dose of 200mg/kg also 

limited the escape of cardiac enzymes to the similar extent as G. biloba NS at 50mg/kg 

dosage. Non-significant difference (p>0.05) was observed between enzymatic levels of 

CS (200mg/kg) and NS (50mg/kg) administrated rats. These findings reflected that four-
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folds greater treatment dose of coarse suspension was required in contrast to 

nanosuspension. Rats pretreated with coarse suspension of G. biloba (100 mg/kg) also 

showed significant (p<0.05) decrease in the levels of cardiac markers on salbutamol 

induction as compared to salbutamol alone treated rats. Among all treatment groups, 

administration of G. biloba NS at a dose of 100 mg/kg for 21 days was proved 

remarkably effective in protecting the myocardium from the toxicity of salbutamol. The 

decline in enzyme levels in serum may be due to the protective effect of G. biloba on 

heart that reduced the cardiac injury and restricted the secretion of these enzymes. The 

cardioprotective effect of three different doses of G. biloba (125, 250 and 500 mg/kg) 

was evaluated against isoproterenol induced cardiotoxicity. Histological examination of 

heart tissue demonstrated that maximum protective effect was shown by pre-treated dose 

of 500mg/kg (Badore et al., 2017). In current study, low doses of G. biloba NS 50 and 

100mg/kg) showed the cardioprotective potential. Rats pretreated with different doses of 

Korean Red Ginseng extract also showed significant reduction in isoproterenol raised 

activities of cardiac enzymes (Lim et al., 2013). 

 In salbutamol treated rats (G-II) significant (P<0.05) increase was also observed 

in levels of cholesterol, triglycerides, LDL and significant (P<0.05) decrease in HDL 

level as compared to normal control which in line with many previous researchers 

(Rajadurai and Prince, 2005; Khalil et al., 2015). Enhanced level of circulating 

cholesterol has been associated with cardiovascular aliments. High level of LDL has been 

positively correlated with myocardial infarction but negatively correlated with HDL 

(Khalil et al., 2015). Pre-administration of coarse and nanosuspension of G. biloba for 

three weeks also protected against alterations in all lipids levels as compared to positive 

control. Pretreatment with G. biloba NS and CS showed reduction in serum lipid profile 

with concomitantly increase in HDL cholesterol. Therapeutic dose 100mg/kg of 

nanosuspension and afterwards salbutamol showed the non-significant increase (p<0.05) 

in serum lipids (TG, TC and LDL) in comparison to normal control rats. TG, TC, LDL 

and HDL levels were 44.9±0.54 IU/L, 48.8±0.23 IU/L, 26.23±0.67 IU/L and 33.1±0.32 

IU/L respectively in NS100 mg/kg+sal fed rats. Nanosuspension at dosage of 50 mg/kg 

also showed non-significant increase in serum total cholesterol level as compared to 

normal control.  Slight increase was observed in the levels of other lipids as compared to 
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normal control in NS 50 mg/kg+salbutamol fed rats. Coarse suspension of G. biloba at 

both treatment doses (100 mg/kg and 200 mg/kg) also effectively prevented against 

increase in lipid levels. Among them, better amelioration effects were observed with 

200mg/kg dosage of coarse suspension. Ginkgo biloba contains several biologically 

active components such as terpenoids, iron-superoxide dismutase (Fe-SOD) and 

flavonoids that probably responsible for its medicinal values (Stromgaard and Nakanishi, 

2004). The flavonoids from G. biloba serve as free radical scavenger and reduce fragility 

as well as capillary permeability. The terpenes inhibit platelet activating factor, improves 

circulatory flow and lessen vascular resistance (Mashour et al., 1998). 

  Cardiac enzymes, triglycerides and LDL levels in serum of GB-NS 50mg/kg+sal 

fed rats were similar (p>0.05) to GB-CS 200 mg/kg+sal fed rats. These findings reflected 

low therapeutic dose of NS was required in comparison to CS for the desired therapeutic 

effect owing to its small particle size and enhanced surface area. In-vitro and in-vivo drug 

release study of G. biloba NS and CS also indicated greater dissolution and 

bioavailability of NS in comparison to CS.  Solubility of the drug molecules and its 

gastrointestinal permeability are the main rate limiting factors for determining the 

bioavailability and absorption behavior of drug molecules (Chavda et al., 2010; Khadka 

et al., 2014). Drug having poor solubility are discharged from the gastrointestinal tract 

before absorption into the blood circulation (Dizaj et al., 2015). In this study, coarse 

suspension of G. biloba poorly absorbed into the blood due to low dissolution rate and 

thereby, its large dose was required to show the cardioprotective effects. High dose of CS 

can lead to unwanted side effects and can enhance patient discomfort. Phytosomes of G. 

biloba were also prepared to improve its cardioprotective potential. G. biloba Phytosome 

(100 mg and 200 mg/kg body weight) exhibited significant cardioprotective effects 

against isoproterenol induced cardiotoxicity by lowering the levels of cardiac marker 

enzymes, inhibiting lipid peroxidation and augmenting the levels of antioxidant enzymes 

(Panda and Naik, 2008). Pre-administration of G. biloba to trial animals at a dose of 100 

and 200mg/kg prevented against toxicity of isoproterenol (Kamel et al., 2010). 

It can be concluded from the above discussion; Pre-administration of G. biloba 

CS (G-III and IV) and NS (V and VI) for 21 days appreciably prevented the rats from the 

toxic effects of salbutamol by restricting the leakage of cardiac markers. G. biloba 
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nanosuspension protected the myocardium from damaging effects of salbutamol more 

efficiently in contrast to its coarse suspension. NS dosage of 100mg/kg was proved more 

successful in protecting the myocardium.  
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Table4.44. Preventive effects of coarse and nanosuspension of G. biloba on cardiac markers and lipids. 

Enzymes 

Enzymes (IU/L) and lipids concentration (mg/dL) in different experimental groups of G. biloba 

G-I 

(Normal 

Control) 

G-II 

(Positive 

control) 

G-III 

(CS-

100mg/kg+Sal) 

G-IV 

(CS-

200mg/kg+Sal) 

G-V 

(NS-

50mg/kg+Sal) 

G-VI 

(NS-

100mg/kg+Sal) 

 

Ck-MB 42.11±0.21d 121.31±0.78a 82.34±0.68b 53.11.23c 54.45±0.52c 41.21±0.55d
 

AST 77.3±0.35e 138.56±1.65a 117.2±0.67b 84.54±1.32cd 86.1±1.34c 82.04±1.22d 

ALT 91.56±1.43d 150.12±1.44a 115.07±0.54b 101.65±1.21c 100.14±1.67c 90.76±1.07d 

LDH 107.45±1.7d 164.32±1.43a 130.16±0.54b     118.6±1.92c 119.23±1.65c 108.56±1.29d 

TG 44.62±0.32d 81.76±0.21a 63.45±0.5b 52.4±0.41c 51.16±0.42c 44.9±0.54d 

TC 48.16±0.6d 90.48±1.17a 78.04±0.32b 53.42±0.54c 49.01±0.62d 48.8±0.23d
 

LDL 25.87±0.44d 67.08±0.87a 54.12±0.4b 34.37±0.18c 33.06±0.22c 26.23±0.67d
 

HDL 30.33±0.42b 15.74±0.13e 20.18±0.42d 26.54±0.89c 32.76±0.43ab 33.1±0.32a
 

Values are expressed with mean ±SEM (n=3). 

Mean that don’t share a common letter in a row are significantly different (p<0.05). 
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4.6.2.2. Curative effects of coarse and nanosuspension of G. biloba on cardiac 

markers 

Curative effect of G. biloba on the levels of cardiac marker enzymes and lipid 

levels has been shown in Table 4.45 and 4.46. Rats treated with salbutamol alone showed 

a marked (p<0.05) elevation in cardiac enzymes levels in serum as compared to normal 

control. These effects were significantly ameliorated by nanosuspension and coarse 

suspension of G. biloba. G. biloba NS at two doses 100mg/kg and 150mg/kg showed 

significant (p<0.05) reduction in salbutamol raised enzyme activities as compared to 

positive control rats. G. biloba NS was found more effective in treating the salbutamol 

induced myocardial infarction as compared to its CS. Treatment of salbutamol infracted 

rats with nanosuspension of G. biloba at dosage of 150mg/kg normalized the level of 

AST (72.05±1.87IU/L), ALT (93.15±1.55 IU/L) and LDH (105.67±1.67 IU/L). CK-MB 

level was found slightly higher (50.32±1.8 IU/L) as compared to normal control 

(41.5±0.63 IU/L). NS of G. biloba at dosage of 100mg/kg also significantly (p<0.05) 

decreased the activities of cardiac enzymes in serum as compare to positive control. 

Nanosuspension of G. biloba (100mg/kg) restored the activities of CK-MB, AST, ALT 

and LDH to 64.3±1.23 IU/L, 77.06±1.12 IU/L, 99.09±1.65 IU/L, 121.47±1.22 IU/L 

respectively. CS of G. biloba (500mg/kg) alleviated the salbutamol enhanced level of 

CK-MB to 62.4±0.87 IU/L, AST level to 78.14±1.26 IU/L, ALT to 100.78±1.34 IU/L 

and LDH to 121.4±1.56 IU/L. G. biloba NS 100mg/kg and CS 500mg/kg decreased the 

salbutamol elevated levels of cardiac enzymes to similar extent (p<0.05). Although, CS 

of G. biloba minimized the leakage of cardiac enzymes from cardiac muscle cells similar 

to NS but the therapeutic dose of CS was very high (five-fold) in comparison to NS. 

Purpose of this project was to decrease the therapeutic dose of G. biloba by preparing its 

nanoformulation that was achieved. Treatment of isoproterenol infracted rats with 

different doses of quercetin (50,100,150mg/kg) also significantly decreased the levels of 

myocardial enzymes as compared to isoproterenol control (Liu et al., 2012b). 

 Two consecutive doses of salbutamol also significantly (P<0.05) enhanced the 

levels of triglycerides, total cholesterol, LDL and reduced the level of HDL. NS of G. 

biloba at both treatment doses (100 and 150 mg/kg) normalized the salbutamol elevated 

level of lipids. CS of G. biloba (500 mg/kg) also restored the normal levels of TG, TC 
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and HDL after each treatment dose. LDL level was measured slightly higher (29.8±1.88 

mg/dL) as compared to normal control. Hussein et al. (2017) also observed that G. biloba 

treatment lowered the level of TC and LDL with increase in HDL level. No significant 

(p>0.05) difference was found between the mitigation effects of CS (500 mg/kg) and NS 

(100mg/kg) of G. biloba. Approximately normal levels of lipids were also restored both 

by treatment with CS (500 mg/kg) and NS (100 mg/kg). TG level was brought back to 

44.05±1.11mg/dL and 42.24±1.65 mg/dL by treatment with CS and NS correspondingly. 

LDL and HDL levels were restored to 29.8±1.88 mg/dL, 26.3±1.97 mg/dL by CS and 

28.18±0.7 mg/dL, 25.67±0.25 mg/dL by nanosuspension respectively. Therefore, it can 

be stated that NS at dosage of 100mg/kg have similar amelioration effects as CS at 

500mg/kg.  Within a period of five days, approximately normal levels of cardiac markers 

and lipids were restored. These results reflected that five folds greater dose of CS was 

needed to be effective in comparison to nanosuspension. Standardized extract of G. 

biloba (EGb 761) also showed significant lowering of serum cholesterol comparable to 

lovastatin (Dubey et al., 2005). Flavonoids contents considered responsible for the 

hypolipedemic effects of G. biloba (Kang, 2017). Cardioprotective potential of 

isorhamnetin (flavonoid) which exist in large quantities in Ginkgo tree was also explored 

(Sun et al., 2013). The lipid lowering effects of G. biloba might be due to restriction of 

hepatic cholesterol biosynthesis, greater fecal bile acid discharge and activation of 

receptor mediated catabolism of LDL cholesterol and rise in the uptake of LDL by the 

liver from blood (Koti et al., 2009; Barman et al., 2013). G. biloba may activate the 

production of HDL or increase the activity of the protein lipase (Adi et al., 2013).  

 The leaves extract of G. biloba has been used for the management of 

cardiovascular ailments from ancient times. Many studies credited the cardioprotection of 

G. biloba to increased antioxidant potential (Wang et al., 2016).  Bioactive components 

of G. biloba leaves consist of flavones glycosides (quercetin, kaempferol and 

isorhamnetin), bilobetin, biflavones, ginkgetin, isoginkgetin and diterpene lactones 

namely Ginkgolides (A, B, C, M, J and bilobolides)(Kang, 2017). These constituents are 

powerful scavengers of reactive oxygen species and free radicals. By scavenging reactive 

oxygen species and free radicals, it inhibits lipid peroxidation that accounts for its 

cardioprotective effects (Naik et al., 2006; Panda and Naik, 2008).  
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 In the light of above discussion, it can be concluded that nanosuspension of G. 

biloba brought elevated concentration of enzymes back to their normal levels more 

effectively in contrast to its CS. However, complete recovery was observed with 

150mg/kg treatment dose of nanosuspension. G. biloba CS was unable to show the 

required therapeutic effects because of its insoluble character and poor bioavailability.  
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Table 4.45. Curative effects of coarse and nanosuspension of G. biloba on cardiac enzymes. 
 

E
n

zy
m

es
 Enzymes concentration (1U/L) in different experimental groups  

Days 

G-I 

(Normal 

Control) 

G-II 

(Positive 

control) 

G-III 

(Sal + CS 

250mg/kg) 

 

G-IV 

(Sal + CS 

500mg/kg) 

 

G-V 

(Sal+ NS 

100mg/kg) 

G-VI 

(Sal+NS 

150mg/kg) 

 

C
K

-M
B

 1 40.1±0.54o 121.1±1.67a 120.7±2.09ab 118.7±1.09abc 117.05±1.87c 112.10±1.14d 

2 41.4±0.11o 101.5±1.4ef 117.45±1.54bc 101.4±1.26ef 102.34±1.51e 90.11±1.26gh 

3 42.7±0.43o 88.4±1.89h 99.1±1.28f 93.22±1.54g 90.09±1.33 gh 83.52±1.22i 

4 43.1±0.72o 80.11±1.54j 88.87±1.89f 78.31±1.63jk 76.01±1.89k  68.13±1.43l 

5 41.5±0.63o 79.71±1.32j 70.11±1.11i 62.4±0.87m 64.3±1.23m 50.32±1.8n 

A
S

T
 

1 70.4±1.09l 100.7±1.78de 120.1±1.23b 112.1±1.6c 110.2±1.44c 101.6±1.19de 

2 72.2±1.23l 134.1±1.67a 112.2±2.4c 103.2±1.77d 102.4±1.65de 96.04±1.87fg 

3 71.5±1.54l 135.3±1.45a 103.4±2.06d 96.3±1.54fg 93.8±1.42g 85.1±1.32i 

4 73.1±1.29l 136.2±1.22a 99.5±1.34eg 82.5±1.32ij 80.1±1.08jk 78.8±1.5k 

5 72.4±1.11l 135.4±1.99a 90.1±1.65h 78.14±1.26k 77.06±1.12k 72.05±1.87l 

A
L

T
 

1 95.3±1.23o 164.2±1.04a 153.22±1.66b 140.3±1.21f 142.01±1.41ef 135.15±1.5g 

2 94.6±1.73o 153.3±1.48d 149.15±1.51d 129.2±1.11hi 131.92±1.56h 127.72±1.17ij 

3 93.1±1.90o 152.4±1.43bc 124.82±1.16j 110.2±1.46l 109.12±1.87l 111.11±1.65l 

4 95.2±1.77o 149.6±1.67cd 118.41±1.5k 103.2±1.77m 100.06±1.93n 99.23±1.37n 

5 94.7±1.49o   144.5±1.9e 99.65±1.21n 100.78±1.34mn 99.09±1.65n 93.15±1.55o 

L
D

H
 

1 102.1±1.05p 134.7±1.43ab 160.11±1.54de 158.7±1.66e 158.12±1.06e 154.77±1.7f 

2 105.9±1.11no 166.8±1.06a 150.34±1.76g 148.1±1.22gh 147.44±1.45gh 142.55±1.83i 

3 102.5±1.43p 163.45±1.89bc 146.26±1.32h 140.2±1.88i 134.53±1.23j 133.14±1.45jk 

4 104.4±1.86 op 161.23±1.3cde 135.17±1.04j 126.1±1.89l 126.67±1.65l 120.78±1.2m 

5 103.8±1.32op 162.1±1.67cd 130.78±1.45k 121.4±1.56m 121.47±1.22m 105.67±1.67n 

Values are expressed with mean ±SEM (n=3). 

Mean that don’t share a common letter in a row or column for each enzyme are significantly different (p<0.05). 
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Table 4.46. Curative effects of coarse and nanosuspension of G. biloba on lipids. 
 

L
ip

id
s 

Lipids concentration (mg/dL) in different experimental groups 

Days 

G-I 

(Normal 

Control) 

G-II 

(Positive 

control) 

G-III 

(Sal + CS 

250mg/kg) 

 

G-IV 

(Sal + CS 

500mg/kg) 

 

G-V 

(Sal + NS 

100mg/kg) 

G-VI 

(Sal + NS 

150mg/kg) 

 

T
G

 

1 41.3±0.78qr 87.6±1.05ab 78.11±1.43c 77.32±1.23c 77.56±1.51c 71.15±1.54d 

2 44.1±0.89opqr 88.2±1.65ab 72.44±1.85d 63.56±1.34fg 65.34±1.11ef 61.28±1.33gh 

3 45.7±0.65nop 87.07±1.23ab 67.06±1.65e 55.12±1.66f 57.69±1.42ij 52.17±1.67kl 

4 43.11±0.67pqr 89.61±1.32a 60.21±1.76hi 50.77±1.12jk 48.45±1.51mn 44.24±1.16opq 

5 46.9±0.44no 85.1±1.11b 53.45±1.34kl 44.05±1.11opqr 42.24±1.65qr 41.13±1.77r 

T
C

 

1 50.21±0.34kl 83.56±1.98ab 83.56±1.56ab 81.3±1.70bc 78.43±1.81cd 77.65±1.56d 

2 47.71±0.98lm 84.17±1.4ab 79.34±1.32cd 74.2±1.22e 72.09±1.73ef 70.34±1.22fg 

3 48.4±0.45klm 86.3±1.66a 74.12±1.56e 70.34±1.18fg 70.56±1.54fg 64.67±1.44i 

4 47.7±0.32lm 85.15±1.34a 67.34±1.31gh 62.11±1.21ij 61.34±1.65j 60.1±1.61j 

5 51.3±0.87m   83.8±1.7ab 60.13±1.66j 51.23±1.83k 45.22±1.11mn 44.12±1.5n 

L
D

L
 

1 23.17±0.34no 72.4±1.22a 66.3±1.87b 65.2±0.54b 64.19±1.43bc 61.04±1.33c 

2 22.77±0.22o 74.7±1.54a 61.2±1.23c 55.1±1.12de 57.16±1.5d 56.3±1.78e 

3 26.4±0.17mn 71.2±1.43a 55.1±1.21de 47.8±1.32fg 49.3±1.25f 41.6±1.9h 

4 25.6±0.7mno 73.3±1.27a  44.7±1.32gh 32.6±1.63jk 35.2±1.06ij 37.5±1.43i 

5 25.2±0.42mno 71.7±1.83a 32.9±0.4jk 29.8±1.88kl 28.18±0.7lm 24.6±0.32no 

H
D

L
 

1 28.3±0.6abc 14.5±0.12mn 13.01±0.08n 15.1±1.53lmn 15.4±0.44lmn 16.6±0.17jklm 

2 27.2±0.15bcd 14.3±0.07mn 14.2±0.13mn 19.6±1.22hij 16.6±0.51jklm 19.07±0.12hijk 

3 29.3±0.34ab 14.1±0.4mn 16.1±0.11klmn 21.4±1.45fgh 18.1±0.22ijkl 23.3±0.15efg 

4 27.7±0.55abc 14.8±0.24mn 18.8±0.43hik 24.3±1.11def 21.5±0.27fgh 25.2±0.17cde 

5 29.2±0.67ab 14.6±0.19mn 20.34±0.16ghi 26.3±1.97bcde 25.67±0.25cde 30.45±0.23a 

Values are expressed with mean ±SEM (n=3). 

Mean that don’t share a common letter in a row or column for each lipid are significantly different (p<0.05). 
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4.6.2.3. Preventive effects of coarse and nanosuspension of G. biloba in terms of 

Antioxidant Enzymes 

 Salbutamol treated group showed significant depletion (p<0.05) in antioxidant 

enzymes (SOD, CAT, GPx) in cardiac tissue. A significant decline in antioxidant enzyme 

activities was also observed previously in myocardial infracted rats (Jagetia and 

Venkatesh, 2015; Hassan et al., 2017). Increased production of free radical or reduced 

antioxidant defense can lead to increased oxidative stress (Halliwell and Gutteridge, 

2007). Reduction in the activities of SOD and catalase suggested over-production of 

superoxide anion and hydrogen peroxide following salbutamol administration (Hassan et 

al., 2015). 

 Administration of G. biloba NS at both treatment doses (dose 50 and 100mg/kg) 

prior to induction of salbutamol prevented the rat’s heart from damage. This was 

indicated by high level of antioxidant enzymes in these treatment groups (Table 4.47). 

SOD level was augmented to 47.76±1.09 Unit/mg of protein from its normal level 

40.09±1.14 Unit/mg of protein (G-I) by treatment with 100mg/kg dose of 

nanosuspension. Increase in catalase level was observed from 59.32±1.65 Unit/mg of 

protein to 63.76±0.45 Unit/mg of protein and GPx level from 9.9±0.7 Unit/mg of protein 

to 12.8±0.05 Unit/mg of protein by same treatment dose. Activities of enzymes were 

significantly (p<0.05) increased in GB-NS 100 mg/kg+sal fed rats as compared to normal 

control. SOD level also significantly increased (43.6±1.5 Unit/mg of protein) in G. biloba 

nanosuspension 50mg/kg supplemented rats as compared to normal control. Normal 

levels of antioxidant enzymes were also found in CS 200 mg/kg+sal administrated rats. 

However, diminished level of antioxidant enzymes were measured in G. biloba CS-

100mg/kg+sal administrated rats. It reflected that pre-administration with CS of G. biloba 

at 100mg/kg could not protect the rat’s heart from the toxicity of salbutamol. 

Consequently, levels of antioxidant enzymes decreased in this group. 

From the above results, it can be concluded that nano and coarse suspension of G. 

biloba protected rat’s heart from cardiac damage by augmenting the levels of cellular 

antioxidants such as SOD, catalase and GPx. Many studies ascribed the cardioprotective 

effect of G. biloba to increase endogenous antioxidant enzymes (Das and Maulik, 1997; 

Panda and Naik, 2008; Badore et al., 2017). Glutathione peroxidase can stop the chain 
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reaction of lipid peroxidation by eliminating lipid hydroperoxides from the cell 

membrane (Singh and Pathak, 1990, Jung and Henke, 1996). The current finding 

demonstrated that the cardioprotective effects of G. biloba against salbutamol-induced 

oxidative injury possibly be due to an augmentation of the endogenous antioxidants and 

inhibition of lipid peroxidation of membrane. 

Table 4.47. Antioxidant enzymes level in different experimental groups groups 

(preventive mode) of G. biloba. 

Experimental groups Antioxidant enzymes level ( Unit/mg of protein) 

Superoxide 

dismutase 

Catalase Glutathione 

peroxidase 
Normal Control 40.09±1.14c 59.32±1.65b 9.9±0.7bc 

Positive Control 22.45±1.89d 40.34±1.04d 3.11±0.22d 

 CS-100 mg/kg+sal 40.09±1.11c 55.7±0.6c  8.7±0.43c 

 CS-200 mg/kg + sal 40.01±1.32c 61.67±1.09ab 9.6±0.09c 

 NS 50 mg/kg+ sal 43.6±1.5b 62.03±1.12ab  11.5±0.12ab 

NS 100 mg/kg+ sal 47.76±1.09a  63.76±0.45a 12.8±0.05a 

Values are expressed as Mean ±SEM. Values that do not share a common letter in a 
column are significantly different. CS= Coarse suspension, NS= Nanosuspension, Sal= 
Salbutamol. 
 

  



173 
 

4.6.3. Comparative Cardioprotective potential of coarse and nanosuspension of C. 

sativum 

 Cardioprotective potential of C. sativum was evaluated by preventive and curative 

mode of treatment. 

4.6.3.1. Preventive effects of coarse and nanosuspension of C. sativum on cardiac 

markers 

Table 4.48 presents the preventive effect of nano and coarse suspension of C. 

sativum on serum cardiac markers. Rats administrated with two doses of salbutamol 

(80mg/kg) at 24hrs intervals represented a significant increment in the levels of cardiac 

markers as compared to control group. Salbutamol caused necrotic lesions in the heart 

muscles and changed the integrity of plasma membrane in response to β-adrenergic 

(salbutamol) that caused the leakage of these enzymes into the blood stream (Sumitra et 

al., 2001). Two consecutive doses of isoproterenol (150mg/kg) also significantly 

increased the levels of cardiac markers in rats (Lim et al., 2013).  

Pre-treatment with nano and coarse suspension of C. sativum effectively restricted 

the leakage of these enzymes from cardiomyocytes. Normal levels of AST, ALT and 

LDH were observed in rats treated with NS of C. sativum (100 mg/kg) +salbutamol. Rats 

administrated with CS of C. sativum at 200 mg/kg also maintained the normal activities 

of ALT and LDH. Levels of CK-MB and AST in CS 200 mg/kg+sal fed rats were found 

slightly greater than normal control. Similar levels (p>0.05) of Ck-MB, AST and ALT 

were observed in NS 100mg/kg+sal and CS 200mg/kg+sal given rats. Double dose of CS 

of C. sativum was required in comparison to NS for restricting the leakage of enzymes. 

NS of C. sativum at dosage of 50mg/kg also significantly (p<0.05) limited the escape of 

enzymes to a certain extent but could not maintained their normal levels. Among all 

treatment groups, best mitigation effects were observed with 100 mg/kg dose of NS and 

poorest amelioration effects were found with 100 mg/kg dose of C. sativum CS. The 

lower levels of cardiac markers in C. sativum administrated rats might be due to the 

protective effect of C. sativum on the myocardium reduced the heart injury and limit the 

leakage of these enzymes. Rats pre-treated with two doses (200 and 300 mg/kg) of C. 

sativum for a period of 30 days and afterwards administer with isoproterenol also resisted 

changes in myocardial enzymes and protected the myocardium from damage (Patel et al., 
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2012). Pre-treatment with cardamom also significantly prevented the depletion in cardiac 

enzymes (Goyal et al., 2015). Doxorubicin induced cardiotoxicity was also reverted by 

pre-treatment with plants (Ashour et al., 2012) 

Two consecutive doses of salbutamol also significantly (p<0.05) increase the 

levels of lipids in positive control group as compare to normal control. There was almost 

2-fold increase in the levels of lipids (triglycerides, cholesterol and LDL) as compared to 

normal control. NS of C. sativum (100mg/kg) recuperated the normal levels of TG 

(46.86±0.67 mg/dL), LDL (27.24±0.56 mg/dL) and HDL (30.76±0.17 mg/dL) while CS 

(200mg/kg) recovered the normal levels of triglycerides (45.08±1.09 mg/dL) and HDL 

(31.68±1.5 mg/dL). Rats pretreated with C. sativum NS (50 mg/kg) and CS (100 mg/kg) 

also showed significant reduction in the lipids when compared to salbutamol induced rats 

(G-II). Maximum hypolipidemic effects were observed with 100 mg/kg dose of NS. The 

lipid lowering effect of C. sativum might be due the enhanced excretion and inhibition of 

absorption of lipids through the gastrointestinal tract (Chauhan et al., 2012). Flavonoids 

and polyphenolic components of C. sativum might responsible for its hypolipidemic 

effects (Aissaoui et al., 2011). Hypocholesterolemic effects of C. sativum can be ascribed 

to the inhibition of hepatic HMG-CoA reductase activity that mediates the first step in the 

synthesis of cholesterol (Althnaian, 2014; Mohamed and Safwat, 2016). Dhanapakiam et 

al. (2008) also demonstrated that the administration of coriander seeds had a marked 

effect on the metabolism of lipids in animals supplemented with high cholesterol diet. 

Many plants (Boswellia ovalifoliolata, Ficus racemosa, Allium cepa, Withania somnifera, 

Lycium barbarum, Moringa oleifera, Magnolia Officinalis, Theobroma cacao) were 

reported in the literature which also mediated the chemically-induced cardiotoxicity by 

ameliorating the cardiac and lipids levels (Kiran et al., 2018). 
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Table 4.48. Preventive effects of coarse and nanosuspension of C. sativum on cardiac markers and lipids. 

Enzymes 

Enzymes (IU/L) and lipid concentration (mg/dL) in different experimental groups of C. sativum 

G-I 

(Normal 

Control) 

G-II 

(Positive 

control) 

G-III 

(CS-100 

mg/kg+sal) 

G-IV 

(CS-200 

mg/kg+sal) 

G-V 

(NS-50 mg/kg+sal) 

G-VI 

(NS-100 

mg/kg+sal) 

Ck-MB 42.11±0.21e 121.31±0.78a 86.09±1.22b 50.06±1.38d 64.98±1.55c 48.4±0.67d 

AST 77.3±0.35e 138.56±1.65a 100.6±1.98b 80.23±1.28d 88.78±1.67 c 78.55±1.59de 

ALT 91.56±1.43d 150.12±1.44a 125.8±1.54b 93.04±1.11d 106.34±1.87c 92.92±1.6d 

LDH 107.45±1.7de 164.32±1.43a 154.7±1.09b 109.15±0.23d 114.67±1.9c 106.1±1.65e 

TG 44.62±0.32d 81.76±0.21a 65.21±0.55b 45.08±1.09d 50.6±0.46c 46.86±0.67d 

TC 48.16±0.6e 90.48±1.17a 70.23±0.98b 52.7±1.45d 57.76±0.78c 51.07±0.32d 

LDL 25.87±0.44e 67.08±0.87a 41.54±0.6b 28.62±1.12cd 30.12±0.22c 27.24±0.56de 

HDL 30.33±0.42ab 15.74±0.13c 18.45±0.15c 31.68±1.5a 28.28±0.26b 30.76±0.17ab 

Values are expressed with mean ±SEM (n=3). 

Mean that don’t share a common letter in a row are significantly different (p<0.05). 

 



176 
 

4.6.3.2. Curative effects of coarse and nanosuspension of C. sativum on cardiac 

markers 

Curative effects of coarse and nanosuspension of C. sativum in terms of cardiac 

markers and lipid levels are given in Table 4.49 and 4.50 respectively. Compared with 

the normal control (G-I), significantly (p<0.05) elevated levels of all cardiac markers 

were observed in salbutamol-induced rats (G-II). Rats subcutaneously injected with 

isoproterenol (70 mg/kg) also showed increased levels of AST, creatine kinase and 

lactate dehydrogenase (Liu et al., 2012b). 

Salbutamol induced rats that were post-treated with C. sativum NS and CS for 

five days also significantly reverted the elevated levels of enzymes. Rats received NS of 

C. sativum (150mg/kg) for five days successfully restored the altered serum parameters. 

Activity of CK-MB was restored to its normal levels 42.5±1.09 IU/L after 4rth treatment 

dose and ALT after 5th treatment dose (93.2±1.55 IU/L). However, AST and LDH were 

returned to their normal levels after 3rd treatment dose. C. sativum CS at a dose of 

500mg/kg was also proved successful to restore normal enzymes activities in dose 

dependent way. C. sativum CS at a dose of 500mg/kg brought salbutamol elevated level 

of CK-MB to 43.2±1.6 IU/L, AST to 75.5±1.05 IU/L, ALT to 96.7±1.53 and LDH to 

107.27±1.26 IU/L after 5th treatment dose. Similar levels of CK-MB, AST and LDH were 

observed in NS 150mg/kg+sal and CS 500mg/kg+sal administrated rats after treatment 

period. Treatment of salbutamol induced rats with C. sativum CS at a dose of 250mg/kg 

also lowered the enzymes levels as compared to positive control but could not restore 

their normal levels. NS at dosage of 100mg/kg also significantly (p<0.05) recuperated the 

enzymes levels. Phytochemical screening of Coriandrum sativum seeds by the previous 

researchers has exposed the presence of polyphenols (caffeic acid, ferulic acid, 

chlorogenic acid, rutin, galic acid), b-carotenoids and flavonoids (isoquercetin, quercetin, 

apigenin, rhamnetin and kaempferol) (Almeida et al., 2003; Joshi et al., 2012).  These 

phytoconstituents has the capability to slow down or delay the oxidation progression by 

the attenuation of free radicals that might responsible for the cardioprotective effects of 

C. sativum. 

A significant (p<0.05) elevation in the serum cholesterol, TG, LDL along with 

decrease in HDL was also observed in salbutamol induced myocardial ischemic rats. 
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Increase in lipids levels of salbutamol administrated rats was also observed by Zafar et al. 

(2015). Existing experimental evidence suggested that salbutamol administration led to 

formation of free radicals which initiate the lipid peroxidation of the membrane bound 

polyunsaturated fatty acids, directing to the destruction of structural, functional integrity 

and elevated lipid levels (Barman et al., 2013). C. sativum NS (150mg/kg) also 

normalized the level of all lipids dose dependently.  

Normal levels of cholesterol, LDL and HDL were gained back after 4rth dose of 

C. sativum NS (150 mg/kg). Normal TG level was recovered after 5th treatment dose. 

Levels of triglycerides, cholesterol, LDL and HDL were re-established to 46.7±1.67 

mg/dL, 57.2±0.44 mg/dL, 25.1±1.45 mg/dL and 28.6±0.46 mg/dL at the end of treatment 

period with 500 mg/kg dose of C. sativum CS. Among the lipids levels of NS 

150mg/kg+sal and CS 500mg/kg+sal fed rats, no significant difference was observed 

(TG, LDL, HDL). Hypocholesterolemic (Dhanapakiam et al., 2008), hypolipidemic (Lal 

et al., 2004; Joshi et al., 2012) and hypoglycemic (Gray and Flatt, 1999) potentials of C. 

sativum seeds were also reported previously. Active constituents of C. sativum can react 

with peroxyl radical that inhibit the chain propagation reactions of lipid peroxidation 

(Kulisic et al., 2004). The reduction in the level of serum cholesterol was possibly 

because of increased exclusion of LDL from plasma by enhancing LDL-receptor activity 

(Lin et al., 2004) or might be due to excretion of endogenous cholesterol (Carr et al., 

2005; Jakulj et al., 2005). Polyphenols from plants have been also reported to inhibit 

cholesterol esterase activity which limits the absorption of dietary cholesterol 

(Ngamukote et al., 2011). The reduction in the level of triglycerides in serum by 

administration of C. sativum probably due to the increase activity of lipoprotein lipase 

which stimulate the degradation of triglycerides (Anderson, 2003). Its decreased 

concentration may also be due to decreased hepatic synthesis. Decreased concentration of 

LDL in serum could be due to its decreased synthesis or increased metabolism (Latha and 

Pari, 2005).  

C. sativum CS at a dose of 500mg/kg and NS at a dose of 150mg/kg showed the 

similar (P>0.05) cardioprotective effects. However, NS brought the amelioration effects 

rapidly as compared to CS. Moreover, almost three-fold greater dose of CS was required 

to show cardioprotective action in contrast to nanosuspension. Thus, repeated 
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administration or higher dose of C. sativum CS make it poor candidate for medicinal use. 

Frequent administration of poor water-soluble drugs in relatively high doses is main 

cause of patient noncompliance (Savjani et al., 2012; Wang et al., 2013). So, it can be 

concluded, C. sativum NS was more successful in bringing back the elevated levels of 

enzymes to their normal levels. The effectiveness of nanosuspension can ascribed to 

nanometer size of particles with subsequent increase in surface area and absorption. 

Preventive and curative effects of C. sativum leaves were also investigated against 

salbutamol induced cardiotoxicity in rabbits. Significant cardioprotective effect of C. 

sativum leaves at a dose of 100mg/kg was observed (Kousar et al., 2012). 
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Table 4.49. Curative effects of coarse and nanosuspension of C. sativum on cardiac enzymes. 
E

n
zy

m
es

 Enzymes concentration (IU/L) in different experimental groups 

Days 

G-I 

(Normal 

Control) 

G-II 

(Positive 

control) 

G-III 

(Sal + CS 250 

mg/kg) 

 

G-III 

(Sal + CS 500 

mg/kg) 

 

G-IV 

(Sal+ NS 100 

mg/kg) 

G-V 

(Sal + NS 150 

mg/kg) 

 

C
K

-M
B

 1 40.1±0.54k 121.1±1.67a 113.6±1.45b 101.22±1.21d 110.3±1.32c 100.12±1.87d 

2 41.4±0.11k 101.5±1.4d 108.8±1.34c 91.63±1.83ef 100.27±1.28d 89.7±1.76fg 

3 42.7±0.43k 88.4±1.89g 100.5±1.67d 75.61±1.76i 90.44±1.55fg 53.1±1.09j 

4 43.1±0.72k 80.11±1.54h 94.6±1.22e 54.5±1.35j  72.54±1.54i 42.5±1.09k 

5 41.5±0.63k 79.71±1.32h 88.67±1.98fg 43.2±1.6k 53.8±1.8j 42.22±1.2k 

A
S

T
 

1 70.4±1.09o 100.7±1.78g 127.6±2.8b 115±1.2d 120.8±1.34c 105.4±1.4f 

2 72.2±1.23mno 134.1±1.67a 121.2±1.15c 109.3±1.66e 108.7±1.23e 82.5±1.56k 

3 71.5±1.54no 135.3±1.45a 111.6±1.89e 93.7±1.27hi 96.4±1.21h 74.61±1.29lmn 

4 73.1±1.29lmno 136.2±1.22a 105.4±0.98f 80.4±1.56k 88.76±1.56j       73.1±1.11lmno 

5 72.4±1.11lmno 135.4±1.99a 92.9±1.43i 75.5±1.05l 79.3±1.34lm 73.22±1.87lmno 

A
L

T
 

1 95.3±1.23kl 164.2±1.04a 160.5±1.23b 143.23±1.27e  150.22±1.48cd 142.34±1.17e 

2 94.6±1.73kl 153.3±1.48c  151.5±1.43cd 121.65±1.54h  142.90±1.63e 120.9±1.13h 

3 93.1±1.90l 152.4±1.43cd  142.5±1.02e 112.7±1.29i  131.78±1.34f 113.18±1.44i 

4 95.2±1.77kl 149.6±1.67d 134.5±1.11f 105.43±1.46j  120.1±1.22h 104.1±1.04j 

5 94.7±1.49l   144.5±1.9e 126.5±1.2g 96.7±1.53k 105.04±1.3j 93.2±1.55l 

L
D

H
 

1 102.1±1.05q 134.7±1.43gh 157±1.67c 143.56±1.96d 143.4±1.8e 140.19±1.15ef 

2 105.9±1.11nop 166.8±1.06a 143.2±1.24e 137.6±1.43fg 134.2±1.43h 119.5±1.17k 

3 102.5±1.43q 163.45±1.89b 135.5±2.1gh 124.32±1.65j 121.3±1.77jk 108.44±1.42mn 

4 104.4±1.86opq 161.23±1.3b 127.8±1.76i 110.5±1.4lm 111.7±1.21l 104.2±1.66opq 

5 103.8±1.32pq 162.1±1.67b 123.6±1.22j 107.27±1.26no 108.3±1.34mn 104.1±1.05opq 

Values are expressed with mean ±SEM (n=3). 

Mean that don’t share a common letter in a row or column for each enzyme are significantly different (p<0.05). 
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Table 4.50. Curative effects of coarse and nanosuspension of C. sativum on lipids. 
L

ip
id

s 
 Lipids concentration (mg/dL) in different experimental groups 

Days 

G-I 

(Normal 

Control) 

G-II 

(Positive 

control) 

G-III 

(Sal + CS-CS 250 

mg/kg) 

 

G-III 

(Sal + CS-CS 

500 mg/kg) 

 

G-IV 

(Sal+ CS-NS 100 

mg/kg) 

G-V 

(Sal + CS-NS 150 

mg/kg) 

 

T
G

 

1 41.3±0.78p 87.6±1.05ab 85.22±0.98b 80.6±1.4de  82.02±0.65cd 80.4±1.32de 

2 44.1±0.89nop 88.2±1.65ab 77.44±0.65ef 75.4±1.44fg 77.54±1.44ef 72.53±1.76gh 

3 45.7±0.65no 87.07±1.23ab 69.56±0.32h 63.65±1.09i 66.18±1.25i 60.1±0.42j 

4 43.11±0.67op 89.61±1.32a 59.1±1.43j 55.5±2.65kl  57.4±1.21jk 53.3±1.04lm 

5 46.9±0.44n 85.1±1.11bc 55.06±1.65kl 46.7±1.67n  50.4±1.7m 44.6±1.03no 

T
C

 

1 50.21±0.34mn 83.56±1.98ab 80.53±1.44b 76.17±1.65c 75.44±1.76cd 72.79±1.77de 

2 47.71±0.98n 84.17±1.4a 76.2±1.36c 71.4±1.87ef 70.2±1.11efg 66.3±1.20hi 

3 48.4±0.45mn 86.3±1.66a 70.18±1.76fgh 63.13±1.90ij 60.65±1.43jk 58.12±1.08kl 

4 47.7±0.32mn 85.15±1.34a 67.07±1.08gh 61.54±0.62j 58.12±1.12kl 51.20±0.33m 

5 51.3±0.87m   83.8±1.7a 57.6±1.17kl 57.2±0.44l 55.22±1.78l 50.19±0.67mn 

L
D

L
 

1 23.17±0.34m 72.4±1.22ab 64.71±1.3c 58.3±0.88d 63.11±1.23c 58.2±0.62d 

2 22.77±0.22m 74.7±1.54a 62.23±1.56c 46.48±0.64fg 51.44±1.5e 48.6±0.55ef 

3 26.4±0.17l 71.2±1.43b 51.73±1.32e 45.3±0.39g 40.6±0.89h 37.7±0.53hi 

4 25.6±0.7lm 73.3±1.27ab 40.9±1.7h 33.5±0.33jk 31.6±0.6k 25.4±0.2lm 

5 25.2±0.42lm 71.1±1.83b 34.7±0.65ij 25.1± 1.45lm 27.3±0.87l 25.2±0.46lm 

H
D

L
 

1 28.3±0.6abc 14.5±0.12jk 15.76±0.07jk 16.2±0.14jk 14.7±0.45jk 16.6±0.11jk 

2 27.2±0.15abcd 14.3±0.07k 17.7±0.43ij 20.7±0.33ghi 20.6±0.43ghi 20.3±0.23hi 

3 29.3±0.34ab 14.1±0.4k 20.6±0.15ghi 23.8±0.16efg 23.7±0.12efg 24.6±0.41def 

4 27.7±0.55abcd 14.8±0.24 jk 21.1±0.24gh 25.5±0.09cde 26.7±0.11abcde 26.2±0.56bcde 

5 29.2±0.67ab 14.6±0.19jk 21.4±0.66fgh 28.6±0.46abc 29.9±0.54a 29.7±0.87a 

Values are expressed with mean ±SEM (n=3). 

Mean that don’t share a common letter in a row or column for each lipid are significantly different (p<0.05). 
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4.6.3.3. Preventive effects of coarse and nanosuspension of C. sativum in terms of 

antioxidant Enzymes 

Salbutamol administration produced a significant decrement in the activities of all 

antioxidant enzymes in the heart tissue as compared to normal control (G-I). Antioxidant 

enzymes are first line of defense against free radical damage. Thereby, decrease in 

antioxidant enzyme level confirmed the oxidative stress and cardiac damage.  Significant 

decrease in antioxidant enzymes by administration of salbutamol was also observed by 

previous researchers (Zafar et al., 2015). Administration of isoproterenol also decreased 

the antioxidant enzymes level in rats (Patel et al., 2012; Lim et al., 2013). 

Pre-treatment of C. sativum NS at two treatment dose (50 and 100mg/kg) for a 

period of 21 days significantly prevented against exhaustion of antioxidant enzymes. Rats 

pre-treated with C. sativum NS 100mg/kg significantly (p<0.05) increased the activities 

of SOD to 48.2±1.22 Unit/mg of protein, CAT to 66.2±1.46 Unit/mg of protein and Gpx 

to 13.4±0.12 Unit/mg of protein as compared to normal control. Normal levels of 

antioxidant enzymes were also found in NS 50mg/kg+sal administrated rats. However, 

pre-treatment of salbutamol induced animals with C. sativum coarse suspension 

(100mg/kg) could not protect considerably against antioxidant deficit. However, C. 

sativum at pre-treated dose of 200mg/kg significantly protected against depletion in 

antioxidant enzymes. This reflected that supplementation of C. sativum neutralized the 

free radicals produced by the oxidation of salbutamol. These findings clearly indicated 

the better bioavailability of C. sativum NS as compared to CS. Treatment of isoproterenol 

infracted rats with cardamom at 100 and 200mg/kg restored the level of reduced 

glutathione (Goyal et al., 2015). Pre-treatment with aqueous extract of Lycium barbarum 

also showed its cardioprotective effect by increasing the levels of endogenous antioxidant 

enzymes and inhibition of lipid peroxidation (Xin et al., 2011). The present study 

revealed that C. sativum NS exert cardioprotection against salbutamol induced 

cardiotoxicity by ameliorating cardiac enzymes, lipid levels and antioxidant enzymes.  
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Table 4.51. Antioxidant enzymes level in different experimental groups (preventive 

mode) of C. sativum. 

Group 
no. 

Experimental groups Antioxidant enzymes level (Unit/mg of protein) 

Superoxide 

dismutase 

Catalase Glutathione 

peroxidase 

G-I Normal Control 39.6±1.11b 60.54±1.1b 8.8±0.43b 

G-II Positive Control 21.67±1.02d 41.22±1.43d 3.5±0.8d 

G-III  CS-CS-100 mg/kg+sal 32.09±1.04c 51.12±1.28c 7.4±0.2c 

G-IV  CS-CS-200 mg/kg + sal 37.11±1.34b 60.3±0.67b 9.1±0.08b 

G-V  CS-NS 50 mg/kg + Sal  39.9±1.4b  61.1±0.89b 9.6±0.17b 

G-VI CS-NS 100 mg/kg + Sal  48.2±1.22a  66.2±1.46a  13.4±0.12a  

Values are expressed as Mean ±SEM. Values that do not share a common letter in a 
column are significantly different. CS= Coarse suspension, NS= Nanosuspension, Sal= 
Salbutamol. 
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4.6.4. Histopathological examination of different experimental groups 

  It is the examination of tissue/cell at microscopic level in order to observe for the 

manifestation of disease (https://en.wikipedia.org/wiki/Histopathology). Besides 

maintaining the normal levels of antioxidant enzymes and cardiac marker enzymes, 

natural products also play their role in maintaining the normal histopathology.  

4.6.4.1. Histopathological examination of normal control group 

Histopathological examination of heart section from normal control group 

demonstrated uniform size, shape and configurations of myocardial fibers with no 

inflammatory cell infiltrates. Cardiac parenchyma also indicated the normal appearance 

of cardiac muscles fibers. The nuclei of cardiac myocytes were observed normal in 

appearance having nucleus with nucleolus and chromatin material. The cross section of 

cardiac muscle fibers also indicated the normal appearance of cardiac myocytes. Thus, it 

can be concluded, heart section of normal control group rats showed regular cell 

distribution, normal myocardium and morphology (Fig. 4.56a). Vijay et al. (2011) also 

observed clear integrity of heart membrane with no inflammatory cell infiltration of 

normal rats. 

Liver section from the normal control group (Fig. 4.56b) showed the normal 

appearance of hepatic parenchyma. Hepatocytes were found arranged in fine hepatic 

cords. Nuclei of hepatocytes were normal in appearance having nucleolus and chromatin 

material. Sinusoidal spaces were also observed normal. Photomicrograph of kidney 

section of normal control group (Fig. 4.56c) showed normal architecture of renal 

parenchyma. Nuclei of tubular epithelial cells were observed normal. 

  

Fig. 4.56. Photomicrographs of (a) heart (b) liver and (c) kidney sections of rats 

from normal control group. 

(a) (b) (c) 
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4.6.4.2. Histopathological examination of positive control group 

The cardiac muscle fibers of positive control group indicated moderate to severe 

degree of necrotic changes in the cardiac myocytes indicated by condensed and pyknotic 

nuclei and mild degree of congestion (Fig. 4.47a). Heart tissue of salbutamol treated rats 

also showed separation of myocardial fibers with vascular congestion, mitochondrial 

swelling, edema, leukocyte infiltration and myocardial necrosis. This reflected the 

cardiotoxic effects of salbutamol. Severe necrotic and degenerative changes were also 

observed previously in heart of salbutamol induced rabbits (Zafar et al., 2015). 

Isoproterenol induced rats also showed the destruction of cardiac muscle fibers in 

addition to infiltration of acute inflammatory cells and interstitial edema (Lim et al., 

2013). Swamy et al. (2012) also observed less destruction in myofibrils in 

curcumin+doxorubicin treated rats as compared to doxorubicin treated rats. 

Liver section from rats of positive control (Fig. 4.57b) showed mild degree of 

vacuolar degeneration in the cytoplasm of hepatocytes. Nuclei were observed normal in 

appearance having nucleolus and chromatin material. At few places condensed nuclei 

were also observed. Moderate degree of pyknotic changes were found in the nuclei of 

tubular epithelial cells of kidney (Fig. 4.57c). 

    
 

Fig. 4.57. Photomicrographs of (a) heart (b) liver and (c) kidney sections of rats 

from positive control group. 

 

4.6.4.3. Histopathological examination of C. longa coarse and nanosuspension 

administrated rats 

Histopathological observations of cardiac sections of salbutamol (80mg/kg) 

intoxicated rats that were pre (200mg/kg) and post treated (500mg/kg) with C. longa 

(b) (a) (c) 
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coarse suspension indicated mild degree of necrotic changes in cardiac parenchyma 

which are indicated by necrosis of the cardiac muscle fibers. This reflected poor 

amelioration by coarse suspension of C. longa due to its low bioavailability (Fig. 

4.58a&b). 

         
Fig. 4.58. Photomicrographs of cardiac sections of the C. longa coarse-suspension 

treated rats (a) preventive group (b) curative group. 

 

The cardiac parenchyma of salbutamol administrated rats, pre (100mg/kg) and 

post (150mg/kg) treated with C. longa nanosuspension reflected normal appearance of 

cardiac muscle fibers. However, at few places mild degree of necrotic changes were also 

observed. Nuclei of the cardiac muscle fibers were found normal in appearance thus 

indicated the ameliorating effect of nanosuspension of C. longa (Fig. 4.59a-b). 

             

Fig. 4.59. Photomicrographs of cardiac sections of the C. longa nanosuspension 

treated rats (a) preventive group (b) curative group. 

 

  

(a) (b) 

(a) (b) 
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4.6.4.4. Histopathological examination of G. biloba coarse and nanosuspension 

administrated rats 

Salbutamol intoxicated rats that were pre (200mg/kg) and post treated (500mg/kg) 

with coarse suspension of G. biloba indicated moderate to marked degree of necrotic 

changes in cardiac muscle fibers. However, at few places normal fibers were also present. 

Mild degree of congestion was also observed (4.60a-b). 

       
Fig. 4.60. Photomicrographs of cardiac sections of the G. biloba coarse-suspension 

treated rats (a) preventive group (b) curative group. 

 

Histology of salbutamol cardiotoxic rats, pre (100mg/kg) and post (150mg/kg) 

treated with G. biloba nanosuspension reflected normal appearance of cardiac muscle 

fibers. However, at few places necrosis was also observed. Mild degrees of necrotic 

changes are present that are indicated by pyknotic nuclei of muscle fiber cell (4.61a-b). 

            

Fig. 4.61. Photomicrographs of cardiac sections of the G. biloba  nanosuspension 

treated rats (a) preventive group (b) curative group. 

 

  

(a) (b) 

(a) (b) 
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4.6.4.5. Histopathological examination of C. sativum coarse and nanosuspension 

administrated rats 

The cardiac parenchyma of salbutamol administrated rats treated with C. sativum 

coarse suspension through preventive (200mg/kg) and curative mode (500mg/kg) 

indicated mild degree of necrotic changes. However, most of the muscle fibers were also 

found normal in appearance. Mild degree of congestion was also observed in muscle 

fibers (4.62a-b).  

        

Fig. 4.62. Photomicrographs of cardiac sections of the C. sativum coarse-suspension 

treated rats (a) preventive group (b) curative group. 

Heart tissue from preventive (100mg/kg) and curative groups (150mg/kg) of C. 

sativum nanosuspension and salbutamol administrated rats showed clear integrity of 

myocardial cell membrane (Fig. 4.63). Myocardial fibers and muscle bundles were 

normal in architecture. No inflammatory cell infiltration was observed. Histoarchitecture 

was found almost similar to normal rats. 

   

Fig. 4.63. Photomicrographs of cardiac sections of the C. sativum nanosuspension 

treated rats (a) preventive group (b) curative group. 

(a) (b) 

(a) (b) 
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4.6.4.6. Histopathological examination of liver and kidney sections 

To evaluate any toxic effects of coarse suspensions and nanosuspensions of 

selected medicinal plants on the other organs, liver and kidney sections of experimental 

rats were also observed for histoarchitectural changes under light microscope. Normal 

architecture of liver and kidney sections of experimental animals was observed that were 

treated with coarse and nanosuspensions of plants. These findings revealed no toxic 

effects of prepared nanosuspensions of plants on other organs and confirmed the 

harmlessness of selected medicinal plants and their nanosuspensions.  

   
 

   

Fig. 4.64. Histopathological representation of (a-b) liver and (c-d) kidney sections of 

experimental groups (coarse and nanosuspension of plants). 

(c) (d) 

(a) (b) 
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4.7. Comparative thrombolytic potential of coarse and nanosuspension 

of plants 

Platelets are important in maintaining the cardiovascular integrity and in controlling 

bleeding by forming blood clot. However, activation of platelets plays a major role in the 

development of thrombus and can be initiated by many agents (Fuentes et al., 014). 

Formation of thrombus (blood clot) in the coronary artery is the main reason for the 

development of various cardiovascular diseases such as myocardial infarction and strokes 

(Carr et al., 1996; Furie and Furie, 2008; Ansari et al., 2012). Thrombolytic agents are 

used to dissolve previously developed blood clots. Although fibrinolysis is part of the 

normal homeostasis system that onset instantly after clot formation with release of tissue-

type plasminogen activator by endothelial cells but reopening of the vessel may take 

between seven to 10 days. Thrombolytic drugs are extensively used for the management 

of patients having cerebral venous sinus thrombosis (Khan et al., 2011) but they have 

their own limitations. Many studies reported the fibrinolytic effects of natural products 

(Chen et al., 2015).  

As a part of discovery of cardio-protective drugs from natural sources, the 

extractives of C. longa, G. biloba and C. sativum were assessed for thrombolytic activity. 

Thrombolytic activity of coarse suspension of these plants was compared with their 

nanosuspensions. Many researchers estimated the thrombolytic activity of plants extract 

but no research work has been done to date on the evaluation of thrombolytic activity of 

nanosuspension. In-vitro clot lysis model is the best method to determine the clot 

dissolving properties of thrombolytic drugs. Many researchers used in-vitro thrombolytic 

model to estimate the clot lysis of plants extract and streptokinase as standard to compare 

the thrombolytic activity (Khan et al., 2011; Shahriar et al., 2013; Kalaiyarasi and 

Sultana, 2014; Manukumar and Shruthi, 2014; Shivasharanappa and Londonkar, 2014; 

Chaudhary et al., 2015; Tarek et al., 2015; Talukder et al., 2017). 

A clear, visual representation of clot lysis is shown in Fig. 4.65 and % clot lysis of 

under studied plants is presented in Fig. 4.66. In current study, a well-known 

thrombolytic drug streptokinase (SK) was used as a positive control and water as a 

negative control. Negligible clot lysis was observed in case of negative control and 

significant clot lysis was detected in positive control. Positive and negative control 
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showed 89.21±1.66% and 3.40±2.21% clot lysis. The comparison of % clot lysis for 

positive and negative control evidently demonstrated the inability of water to dissolve the 

clot. 

In thrombolytic activity test, the nanosuspensions of plants showed greater in-

vitro clot dissolving properties as compared to their coarse suspensions. Moderate 

thrombolytic activity was observed for coarse suspension of plants but good thrombolytic 

activity was observed for nanosuspension. C. longa CS showed 50.98±3.7% clot lysis 

while 75.6±1.45% clot lysis was found for its NS. Khan et al. (2011) also reported 

32.94±3.6% clot lysis for C. longa. Another study carried on the thrombolytic activity of 

C. sativum and C. longa observed 43.25±7.18% and 53.32±4.96% clot lysis respectively. 

Streptokinase caused 84.63±1.03% clot lysis (Al-Mamun et al., 2012). Antiplatelet 

property of turmeric might be due to inhibition of arachidonate-induced platelet 

aggregation (Srivastava, 1989). 

% clot lysis observed for G. biloba CS and NS was 53.6±0.78% and 

77.42±1.28%. Thrombolytic activity of G. biloba might be due to inhibition of platelet 

activation via inhibition of protein kinase B phosphorylation (Shiyong et al., 2014). Anti-

platelet properties of Ginkgo could be due to inhibition of thrombin activity (Teng et al., 

1991). Active constituents of G. biloba also possessed significant anti-platelet properties 

(Ryu et al., 2014). Extract of Ginkgo can be used as a substitute for streptokinase owing 

to the comparability of its fibrinolytic effects with streptokinase (Naderi et al., 2005). 

Coarse and nanosuspension of C. sativum caused 40.45±2.67% and 65.11±1.73% 

lysis of blood clot correspondingly. In previous study, among different fractions of 

(methanol, ethanol and n-hexane) of Coriandrum sativum, methanol soluble fraction 

showed maximum thrombolytic activity (60.12± 1.91%). However, considerable 

thrombolytic activity was also observed by crude ethanolic extract (45.85± 0.69%) and n-

hexane soluble fraction (22.22 ± 1.42%) (Shahriar et al., 2014). 

Thrombolytic effects of understudy plants might be due to the presence of certain 

fibrinolytic protease enzymes. Plasmin (enzyme) is generated by plasminogen activators 

either urokinase type plasminogen or tissue-type plasminogen activator. Plasmin breaks 

down the fibrin network supporting blood clots and restores blood flow to the affected 

tissue (Gersh et al., 2010; Kramkowski et al., 2015). Thrombolytic potential of G. biloba 
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might be due to the presence of antiplatelet activating factor (PAF). The 

pharmacologically active diterpene lactones are responsible for antagonizing platelet 

activating factor preventing thrombus development and broncho constriction. The active 

ingredients of G. biloba leaves including bilobalides, flavonoids can also retard the 

binding of platelet activating factor (Naderi et al., 2005; Ryu et al., 2014). In current 

study, nanosuspensions of plants showed greater thrombolytic potential as compared to 

coarse suspensions. Findings of current study might have significant implications in 

cardiovascular health.

 

Fig. 4.65. Visual representation of clot lysis by coarse suspensions (CS) and 

nanosuspensions (NS) of plants extract. 

 

Results are expressed as mean ± SEM. CS=Coarse suspension, NS=Nanosuspension 

Fig. 4.66. % thrombolytic activity of coarse suspensions (CS) and nanosuspensions 

(NS) of plants extract. 
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4.8. Comparative Antimicrobial potential of coarse suspensions and 

nanosuspensions of plants extract 

Antibacterial drugs have proved remarkably effective to control bacterial 

infections. Different antibiotics exhibit their inhibitory potential against different 

pathogenic organisms (Chanda and Rakholiya, 2011). But some pathogens develop 

resistance against many drugs. The efficacy of antimicrobial drugs has been vanished 

because of the development of pathogen resistance. The development of antibiotic 

resistance is multifactorial. Resistant microorganisms cause infections which are harder 

to cure and costlier; some strains have developed resistance against all available 

antimicrobial agents (Byarugaba, 2004). Escherichia coli and Staphylococcus aureus are 

two human pathogens that can lead to a variety of infections (Beenken et al., 2004). 

Staphylococcus aureus (gram positive bacteria) is mostly accountable for food poisoning, 

endocarditis, post-operative wound infections, toxic shock syndrome, osteomyelitis, 

bacteremia, osteoarticular and pleuropulmonary infections (Benayache et al., 2001). 

From many years, S. aureus has learned multiple tactics to evade human immune system 

and to oppose antibiotics treatment. Escherichia coli (gram negative bacterium) 

commonly found in human intestine and causes septicaemia, coleocystitis and lower 

urinary tract infection (Benhassaini et al., 2003). This situation has urged scientists to 

explore new antimicrobial substances from various sources as innovative antimicrobial 

agents. 

In this study, antimicrobial potential of coarse suspensions and nanosuspensions 

of plants was evaluated by disc diffusion method against two bacterial strains namely 

Staphylococcus aureus and Escherichia coli and results are presented in Table 4.52. Disc 

diffusion method was also used previously for the evaluation of antibacterial potential 

(Simonati and Mihuta, 2009; Karimi et al., 2011; Sati and Joshi, 2011; Singh and 

Kalirajan, 2012; El-Beltagi and Badawi, 2013; Monte et al., 2014; Bereksi et al., 2018; 

Bhat et al., 2018). 
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4.8.1. Antimicrobial potential of coarse and nanosuspension of C. longa 

Nanosuspension of C. longa showed significantly (P<0.05) greater antimicrobial 

activity as compared to its coarse suspension (Table 4.52) against E. coli. However 

against S. aureus, C. longa nanosuspension showed non-significant (P>0.05) different 

antimicrobial activity in contrast to its coarse suspension. The zone of inhibition of coarse 

and nanosuspension of C. longa against S. aureus was 17±0.3 mm and 18.5±0.51 mm 

respectively. Against E. coli, the zone of inhibition measured for nanosuspension was 

18±0.22 mm and for coarse suspension was 15.5±0.45 mm. The antibacterial activity was 

observed higher against gram positive bacteria (S. aureus) than gram-negative bacteria 

(E. coli). Antibacterial activity of curcumin against both gram negative and gram positive 

bacteria was also evaluated previously (Gupta et al., 2012; Tyagi et al., 2015). 

Antimicrobial activity of turmeric against S. aureus, B. subtilis and E. coli probably due 

to the presence of phenolic compound “curcuminoid” (Chandrana et al., 2005). Some 

researchers also recommended the antimicrobial potential of C. longa possibly be due to 

the presence of veleric acid, turmerol, turmeric oil, essential oil, curcumin and other 

curcuminoids (Cikrikci et al., 2008). Antimicrobial activity of nano and coarse 

suspension of a broad-spectrum antibiotic “Clarithromycin” was also compared. 

Antimicrobial effects of Clarithromycin nanosuspension were found significantly higher 

than its coarse suspension. Higher antibacterial activity of Clarithromycin 

nanosuspension was attributed to higher dissolution rate which consequently leads to an 

increase in Clarithromycin diffusion in culture media during exponential growth of 

bacteria. Thereby, formation of nanoparticles of Clarithromycin significantly improved 

its antibacterial and physicochemical properties (Esfandi et al., 2014). 

Greater antimicrobial potential of nanocurcumin as compared to curcumin against 

six bacterial strains was reported by Bhawana et al. (2011). Against S. aureus, the 

curcumin showed the inhibitory zone of 12mm and nanocurcumin 16mm. While, against 

E. coli, the zone of inhibition of curcumin and nanocurcumin was 9mm and 12mm 

correspondingly. Antimicrobial potential of nanoparticles of curcumin was also 

determined by Shailendiran et al. (2011) through Kirby-Bauer and Broth dilution 

methods against both gram-negative and gram-positive bacteria. The efficacy of 

nanocurcumin was found better than normal curcumin. Five-fold enhanced bactericidal 
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property of nanocurcumin was found as compared to macro and microcurcumin against 

four bacterial pathogens (Escherichia coli, Staphylococcus aureus, Streptococcus mutans 

and Salmonella enteritidis). The bactericidal effects of nanocurcumin were in the order: 

E.coli>Salmonella>S.aureus>S.mutans (Gopal et al., 2016).  

Many earlier studies conducted on crude extract of turmeric also confirmed its 

inhibitory effects against many strains. Against Ralstonia solanacearum, C. longa 

showed the inhibitory zone of 20-26 mm (Murthy et al., 2015) that was greater as 

compared to zone of inhibition against E. coli and S. aureus measured in current study. 

Singh and Kalirajan, (2012) and Selvam et al. (2012) also reported significant 

antimicrobial activity of turmeric against E. coli with the inhibitory zone of 7-15 mm. In 

current study, coarse suspension of turmeric also showed the zone of inhibition of 

15.5mm. Considerable antimicrobial activity of curcumin against two oral bacteria 

(Streptococcus mutans and Streptococcus pyogenes) was also documented by 

Mohammed and Habil, (2015). 

 

TP= C. longa coarse suspension, TN= C. longa nanosuspension, “ + ” = Streptomycin 
and “ −  ” = water 
Fig. 4.67. Antimicrobial potential of coarse and nanosuspension of C. longa against 

(a) E. coli and (b) S. aureus. 

Antibacterial effects of C. longa against S. aureus can be explained by 

considering the potential mechanism of antibacterial effects of curcumin (bioactive 

component of C. longa). Curcumin may bind into FtsZ (Filamenting temperature-

sensitive mutant Z) proteins, thus preventing the assembly of FtsZ protofilaments. This 

leads to the inhibition of cytokinesis production and proliferation of bacteria due to 

reduced formation of FtsZ-ring (Rai et al., 2008). Another aspect is that, the binding 

(a) (b) 
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between peptidoglycan on S. aureus cell wall and curcumin could activate the damage of 

the cell wall and membrane, leading to cell lysis of S. aureus (Tyagi et al., 2015).  

4.8.2. Antimicrobial potential of coarse and nanosuspension of G. biloba 

G. biloba nanosuspension exhibited significantly (P<0.05) higher inhibitory 

activity with the zone of inhibition of 19±0.2 mm against S. aureus as compared to coarse 

suspension (16±0.47 mm). However, against E. coli, coarse and nanosuspension of G. 

biloba showed the similar antibacterial effects (P>0.05) with the zone of inhibition of 

15±0.47 mm and 14.3±0.39 mm respectively. Earlier studies credited the antimicrobial 

activity of Ginkgo biloba to its secondary metabolites mainly quercetin and rutin 

(Dumitru et al., 2016). Several antimicrobials substances can cause cell death by leakage 

of intracellular material (Farag et al., 1989). Some studies stated that active compounds 

of G. biloba (Flavonoid glycosides and terpenes trilactones) possibly be responsible for 

its antibacterial potential (Singh et al., 2008). Bactericidal effects of G. biloba can also be 

accredited to the presence of saponins contents in leaves (Tewari et al., 2015). 

 

GP= G. biloba coarse suspension, GN= G. biloba nanosuspension, “ + ” = Streptomycin 
and “ −  ” = water 
Fig. 4.68. Antimicrobial potential of G. biloba coarse and nanosuspension against (a) 

E. coli and (b) S. aureus.  

Antimicrobial potential of different fractions of G. biloba leaves against several 

microorganisms was also confirmed by Mazzanti et al. (2000). Ethanolic extract of G. 

biloba showed significant antimicrobial activity against E. coli with the zone of inhibition 

of 19mm (Sati and Joshi, 2011). Ethanolic extract of G. biloba showed the inhibition 

zone of 17.5 mm against S. aureus and 10.5mm against E. coli (Dumitru et al., 2016).  

Hydro-methanolic extract of G. biloba (50 mg/ml) showed 13.5 mm inhibitory zone 

(a) (b) 
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against E. coli and 19.7 mm against S. aureus (Deep et al., 2012). Different compounds 

extracted from G. biloba seed coat also possess appreciable antibacterial effects against 

E. coli (4.1-21.4 mm) and S. aureus (4.6-8.7 mm) (Carraturo et al., 2014). Excellent 

inhibition zone of 16 mm was also shown by methanolic extract of G. biloba leaves 

(Tewari et al., 2015). Current findings were in disagreement with El-Beltagi and Badawi, 

(2013) as they observed nominal inhibitory activity of G. biloba against gram negative 

bacteria (E. coli) however strong inhibitory potential was found against gram positive 

bacteria (S. aureus 10-15 mm).  

Various studies proposed the antibacterial mechanism of G. biloba. The 

antimicrobial potential of G. biloba probably be due to interruption in the manufacturing 

of lipids, proteins, polysaccharides, RNA and DNA, loss of metabolites, inhibition of 

oxidation of substrate, inhibition of respiration of mitochondria, inhibition of electron 

transfer chain and proton motive force (Denyer and Hugo 1991; Oyaizu et al., 2003). 

4.8.3. Antimicrobial potential of coarse and nanosuspension of C.  sativum 

Coarse and nanosuspension showed statistically similar (p>0.05) antibacterial 

growth inhibition against both microbial strains (S. aureus and E. coli). Around S. aureus, 

inhibitory zone of 19±0.4 mm and 18.8±0.31 mm was formed with nanosuspension and 

coarse suspension of C. sativum. Against E. coli, NS and CS showed the inhibitory zone 

of 20±0.23 mm and coarse suspension of 18±0.19 mm. Some studies claim that phenolic 

compounds present in herbs and spices can play a major role in inhibitory effects (Cai et 

al., 2004; Shan et al., 2005; Wu et al., 2006; Krajcova et al., 2008). 

 

CP= C. sativum coarse suspension, CN= C. sativum nanosuspension, “ + ” = 
Streptomycin and “ −  ” = water 
Fig. 4.69. Antimicrobial potential of coarse and nanosuspension of C. sativum 

against (a) E. coli and (b) S. aureus. 

(a) (b) 
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An inhibitory zone of diameter 20.1mm was observed against E. coli by ethanolic 

extract of C. sativum seeds (Oudah and Ali, 2010). Bakhiet et al. (2006) measured 

smaller zone of inhibition of 13mm around S. aureus and E. coli for ethanolic extract of 

C. sativum in contrast to current findings. Whereas, inhibitory zone of 11.17±0.15mm 

and 11.40±3.36mm was observed by Bai and Kanimozhi (2012) around E. coli and S. 

aureus respectively with ethanolic extract of C. sativum. 

Diameter of inhibitory zone of 30mm and 13mm against S. aureus and E. coli 

formed by the crude extract of C. sativum seeds in contrast to present findings (Zardini et 

al., 2012). Another study conducted on coriander seed extract also reported inhibitory 

zone of 13mm against E. coli (Simonati and Mihuta, 2009). However, Teshale et al. 

(2013) stated the inhibition zone of 25mm diameter against E. coli. Many researchers 

also reported the broad spectrum inhibitory effect of C. sativum seeds (Keskin and 

Toroglu, 2011). 

Table 4.52. Antibacterial activity of coarse and nanosuspensions of plants extract  

Sr.# Plant Bacteria Zone of inhibition (mm) 

Coarse suspension Nanosuspension 

1 C. longa S. aureus 17±0.32a 18.5±0.51a 

E. coli 15.5±0.45b 18±0.22a 

2 G. biloba S. aureus 16±0.47b 19±0.2a 

E. coli 15±0.47a 14.3±0.39a 

3 C. sativum S. aureus 18.8±0.31a 19±0.4a 

E. coli 18±0.19a 20±0.23a 

4 (Positive control) 
Streptomycin 

S. aureus 24±0.23 

E. coli 22±0.41 

Values are expressed as Mean ±SEM (n=3). Values that do not share a common letter in 
a row are significantly different. 

In present study, less antimicrobial activity was observed against gram negative 

bacteria (E. coli) in contrast to gram positive bacteria which possibly due to the presence 

of cell wall polysaccharides, inhibiting active compounds from reaching to cytoplasmic 

membrane of these bacteria (Mcdonnell and Russell, 1999). Gram-positive bacteria 

possess a permeable cell wall that generally does not restrict the permeation of 

antimicrobials (Simoes et al., 2008). Various active components of plants may be 

responsible for the antimicrobial properties of selected medicinal plants for example 

phenolics, flavonoids, saponin, glucosinolates, thiosulfinates, terpenes, ketones, 



198 
 

aldehydes and organic acids (Tiwari et al., 2009). Phenolics are toxic to the 

microorganisms owing to the presence of large number of hydroxyl groups present on the 

phenolic ring (Urs and Dunleavy, 1975; Scalbert, 1991). Flavonoids might stop the 

production of nucleic acids of gram-positive and gram-negative bacteria (Mori et al., 

1987; Cushnie and Lamb, 2005). Glycoside saponins can alter the permeability of 

membrane by inducing pore-like structures that can hinder energy metabolism (Babu et 

al., 1997; Melzig et al., 2001; Mandal et al., 2005). Terpenoids (diterpenes, triterpenes 

and tetraterpenes) are based on isoprene structure and reported to be active against 

viruses, fungi, bacteria and protozoa (Ciocan and Bara, 2007; Das et al., 2010). 

The antimicrobial compounds derived from plants can hinder bacterial growth by 

various mechanisms. Medicinal plants have been revealed to affect microbial biofilm 

formation. Phytochemicals can retard peptidoglycan synthesis, modify the 

hydrophobicity of bacterial membrane surface, rupture microbial membrane structures 

and modulate quorum-sensing (Rasooli et al., 2008). Secondary metabolites (phenolics, 

terpenoids, alkaloids, lectins polypeptides, essential oils constituents and polyacetylenes) 

of plants can defend the plant against pathogens (Simoes et al., 2009). 

 

4.9. Comparative antioxidant activity of nanosuspensions and coarse 

suspensions of plants extract 

 The production of reactive species (RS) is a natural consequence of aerobic 

metabolism. The formation of free radicals in the body is counteracted by antioxidant 

enzymes for example glutathione (GSH) and superoxide dismutase (SOD). Increased 

production of free radicals or reduced antioxidant defense can lead to increased oxidative 

stress (Halliwell and Gutteridge, 2007). Various phytochemicals such as phenolic acids, 

flavonoids, tannins and phenyl propanoids are responsible for the antioxidant potential, 

inhibition of peroxidation, chelation of transition metals and free radical scavenging 

activities of plants (Brewer, 2011). 

 Antioxidant potential of nanosuspensions and coarse suspensions of plants extract 

was determined by 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging assay 

and results are presented in Fig. 4.70. Due to the simplicity of this method, it was used to 

determine the antioxidant potential of many plants and their constituents (Kaurinovic et 
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al. 2010; Gherraf et al., 2011; Khanum et al., 2011; Murugan et al., 2011; Singh et al., 

2011; Shahriar et al., 2012; Borkataky et al., 2013; Shekhar and Anju, 2014; Ismahene et 

al., 2018). Purple colour of DPPH free radical changes to yellow by reaction with 

antioxidant molecule that can be determined spectrophotometrically at 517 nm. In current 

study, antioxidant activity of nanosuspensions was observed significantly (p<0.05) high 

in contrast to coarse suspensions of plants.  

Antioxidant activity of C. longa nanosuspension (81.43±1.1%) was observed 

significantly (p<0.05) high as compared to coarse suspension (70.13±3 %). Antioxidant 

effects of C. longa were mainly due to phenolic hydroxyl group of curcumin. The 

structure of curcumin consisted of two methoxylated phenols and an enol from a β-

diketone moiety (Yen et al., 2010). Methanolic extract of turmeric also showed the 80% 

scavenging of DPPH free radicals (Choudhary et al., 2017). Curcumin nanoparticles 

dissolved in water showed greater inhibitory activity as compared to curcumin dissolved 

in DMSO and curcumin dissolved in water (Yen et al., 2010). Greater antioxidant activity 

was also indicated by curcumin nanoparticles in comparison to original curcumin 

(Kakran et al., 2012b).  

Nanosuspension (75.12±1.41 %) of G. biloba also caused greater attenuation of 

DPPH free radicals in contrast to coarse suspension (66.9±0.7 %). Ginkgo biloba is a 

dioecious tree and contains important flavonoids such as quercetin, kaempferol and 

isorhamnetin. Free radical scavenging activity of G. biloba might be due the presence of 

flavonoids glycosides (Zahradnikova et al., 2007).  Considerable antioxidant activity was 

observed for the ethanolic extract of G. biloba (Zahradnikova et al., 2007).  

Considerable difference was also detected between the antioxidant activity of CS 

(60.2±2.1 %) and NS (77.3±0.3 %) of C. sativum. Methanolic extract of C. sativum 

showed the inhibition percentage of 40.6 % DPPH radicals (Ahmed et al., 2018). 

Antioxidant activity of C. sativum might be due to the presence of tocopherol, 

carotenoids and phospholipids (Chahal et al., 2017). Standard compound butylated 

hydroxyl toluene (BHT) maximally scavenged (89.9±1.66 %) the DPPH free radicals. 

Nanosuspension of Elettaria cardamomum showed enhanced antioxidant potential in 

contrast to simple solution (Jahan et al., 2015). Some researchers also indicated the 

contradictory results from current study. No significant difference was also observed 
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between antioxidant activity of nanosuspension and simple mixture of curcumin 

dissolved in methanol. In current study, no significant difference in the antioxidant 

activity of CS and NS of C. longa can be explained as the active constituent of C. longa 

“curcumin” is soluble in ethanol even at macro particle (Carvalho et al., 2015). 

Dissolution study indicated the greater solubility of nanosuspensions of plants extract as 

compared to coarse suspension. Thereby in this study, enhanced antioxidant potential was 

observed for nanosuspensions of plants as compared to coarse suspensions.  

 

Results are expressed as mean ± SEM. CS=Coarse suspension, NS=Nanosuspension 

Fig. 4.70. Antioxidant activity of coarse suspensions and nanosuspensions of plants 

extract. 

4.10. Cytotoxicity study of coarse and nanosuspension of plants extract 

Testing the cytotoxicity of crude plants extract and their nanosuspensions has 

prime importance prior to their use in pharmaceutical industry. Membrane integrity of 

erythrocytes is a good indicator to assess in vitro effects of a variety of compounds when 

screening for cytotoxicity. Cytotoxicity of plants extract can lead to various problem to 

human beings. Membrane integrity of cells may be lost as a result of cell lysis and they 

can die quickly (Tiwari et al., 2011). Erythrocytes hemolysis should not be more than 5% 

for injection (Sumathi et al., 2017). Active constituents of plants possibly have hemolytic 

or anti-hemolytic effect on human red blood cells. Many studies reported that cell 

membranes of human red blood cells have different stability. Plant extracts either have 

positive effect on cell membrane of erythrocytes or adverse effect (hemolytic anemia). 

Therefore, they should be evaluated for hemolytic activity (Mosmann, 1983). In-vitro 
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hemolysis test was conducted by researchers to evaluate the toxicity of different plants 

(Dima et al., 2017). 

The cytotoxicity of formulated nanosuspensions and coarse suspensions of plants 

extract was examined by testing the hemolytic activity against human red blood cells to 

test their safety for therapeutic applications. % RBCs lysis by coarse and nanosuspension 

of plants has been presented in Fig. 4.71. Phosphate buffer saline was used as negative 

control which showed no lysis of RBCs. Triton X-100 was used as positive control which 

showed 100% lysis. Coarse suspension of C. longa (7.68%) caused slightly greater 

destruction of RBCs as compared to nanosuspension (6.01%) but the difference was 

statistically non-significant (p>0.05). These results were in line with previous 

researchers. Gao et al. (2011) also observed less % hemolysis for curcumin 

nanosuspension (1.18%) as compared to curcumin solution (3.31%). 

Nanosuspension (6.06%) and coarse suspension (5.72%) of G. biloba caused the 

haemolysis of RBCs also to the same extent (p>0.05). Naringenin nanosuspension was 

also evaluated through erythrocytes hemolysis test and less than 5% hemolysis was 

measured for nanosuspension (Sumathi et al., 2017). In this study, coarse and 

nanosuspension of C. sativum caused 9.22% and 9.63% hemolysis of  human RBCs. 

Non-significant difference was found among their hemolytic activities (p>0.05). Previous 

researchers also reported the anti-hemolytic activity of C. sativum seeds. Rajeshwari et 

al. (2012) reported 86 % anti-hemolytic activity of n-butanol extract. Current findings 

were in agreement with previous authors. Different extracts of M. goodenifolius showed 

% lysis of RBCs in the range of 1.65% to 4.01 % (Riaz et al., 2012). Kumar et al. 

(2011b) evaluated the hemolytic activity of three medicinal plants extract and proposed 

their non-toxicity to human erythrocytes. 

In this study, highest percentage hemolysis was observed in C. sativum 

nanosuspension (9.63 %) and lowest by G. biloba NS (5.72 %). Nanosuspension of G. 

biloba and C. sativum showed a little greater % hemolytic activity as compared to their 

coarse suspensions but the difference was statistically non-significant. Nanosuspension of 

C. longa showed less hemolytic activity as compared to its coarse suspension (7.68 %). 

The % lysis of human erythrocytes with CS and NS of plants was measured below 10.0 

%, so it can be concluded that they have minor cytotoxicity. 
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Results are expressed as mean ± SEM.  
Fig. 4.71. Graphical representation of Hemolysis (%) of coarse and nanosuspensions 

of plants extract. 
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Chapter-5 

SUMMARY 

 

This project was designed with the aim of enhancing the bioavailability of three 

important cardiovascular plants (C. longa, G. biloba and C. sativum) in order to increase 

their cardioprotective potential. In first phase of study, nanosuspensions of selected 

medicinal plants were prepared with six different stabilizers. Among six stabilizers, 

Sodium lauryl sulphate (SLS) was selected for the preparation of nanosuspensions of 

selected medicinal plants. After the selection of stabilizer, other formulation conditions of 

nanosuspensions were optimized with response surface methodology (RSM). Optimized 

nanosuspension of C. longa was prepared with mean particle size of 85.41 nm, PDI 0.256 

and zeta potential 57.2 mV under optimum conditions. Mean particle size, PDI and zeta 

potential possessed by optimized nanosuspension of G. biloba was 139.5 nm, 0.258 and 

58.7 mV respectively. Optimized nanosuspension of C. sativum showed the particle size 

of 72.08 nm, PDI 0.408 and zeta potential 55 mV. Stability study also revealed that 

formulated nanosuspensions of all plants were fairly stable for a period of three months 

with slight change in particle size at both temperature conditions (4 ºC, 40 ºC). In second 

phase of study, optimized nanosuspensions of plants extract were characterized by 

different techniques (AFM, SEM and FTIR). Atomic force microscopy demonstrated 

very well and narrow distribution of C. longa nanoparticles with approximate size of 3-6 

nm in height. G. biloba and C. sativum nanoparticles were found sheet like with particle 

size of 15-30 nm and 5-7 nm in height respectively. Scanning electron microscope (SEM) 

revealed elliptical shape of C. longa nanoparticles and irregular shape of G. biloba and C. 

sativum nanoparticles. Fourier-transform infrared spectroscopy (FTIR) showed some sort 

of interaction between C. longa and stabilizer. However, it demonstrated no interaction 

between other plants extract and stabilizer.   

The third phase of study was consisted of in-vitro and in-vivo drug release study 

of optimized nanosuspensions of plants extract. Nanosuspension (NS) of C. longa 

demonstrated 12 times greater dissolution as compared to its coarse extract (CE). 

Dissolution rates for G. biloba and C. sativum NS were 2.5 and 2.7 times greater in 
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comparison to their CE. In-vivo study also demonstrated greater bioavailability of NS of 

plants extract in comparison to their coarse suspension (CS). Peak plasma concentration 

(Cmax) of C. longa NS was 156 folds greater in contrast to CS. Increase in Cmax for G. 

biloba and C. sativum nanosuspension was about 3 and 2-folds respectively. Comparative 

in-vivo (cardioprotective) and in-vitro (thrombolytic, antimicrobial, antioxidant) 

bioactivities of nano and coarse suspensions of plants were evaluated in forth phase of 

study. Cardioprotective study was conducted both by preventive and curative mode of 

treatment. In preventive mode of treatment, NS and CS of plants were administrated to 

rats at different doses for 21 days and afterwards salbutamol was given to induce 

cardiotoxicity. In curative mode of treatment, cardiotoxicity was induced in rats by 

salbutamol administration and these cardio intoxicated rats were treated with NS and CS 

of plants. Both mode of treatment confirmed the efficacy of nanosuspensions of plants 

over coarse suspensions. Low dose of nanosuspension was required to show the 

therapeutic effect as compared to coarse suspension. In preventive mode of treatment, C. 

longa and G. biloba NS at a dose of 50 mg/kg and CS at a dose of 200 mg/kg showed 

almost similar cardioprotective effects. However, C. sativum NS at a dose of 100 mg/kg 

and CS therapeutic dose of 200mg/kg exhibited the similar cardioprotective effects. In 

curative mode of treatment, five folds greater dose of C. longa and G. biloba CS were 

required to normalize the levels of cardiac enzymes and lipids as compared to NS. C. 

sativum CS at dose of 500 mg/kg and NS at 150 mg/kg exhibited the similar 

cardioprotective effects. Nanosuspensions of plants extract also showed enhanced in-vitro 

activities (thrombolytic, antimicrobial, antioxidant) in contrast to coarse suspensions. 

Cytotoxicity study revealed no toxic effects of prepared nanosuspensions of plants on the 

biological system. 

In-future, nanosuspensions can be used for targeted drug delivery for the 

treatment of various heart diseases. Bioactive constituents of plants can be separated and 

their nanosuspensions can be prepared to minimize the toxicity.  Further clinical trials 

should be carried on formulated nanosuspensions to confirm their safety and efficacy. 

Formulated nanosuspensions can be converted into variety of dosage forms such as 

tablets, pellets and capsules. Attempts should be made for the commercialization of these 

research products.  
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