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ABSTRACT 

Diabetes mellitus has emerged as a major threat to human health. The past two decades 

have seen a tremendous increase in the number of people diagnosed with diabetes 

worldwide. Significant changes in the human environment, behavior and lifestyle have 

led to an escalation in the number of patients diagnosed with diabetes. Clinical data show 

that about 90% of diagnosed diabetes cases worldwide relate to type 2 diabetes. Type 2 

diabetes is caused by the inability of the human pancreas to produce sufficient insulin, 

or insulin resistance resulting from a blockage or malfunction of insulin receptors. 

Conventional type 2 diabetic treatments are based on the administration of insulin 

supplements. However, such supplements may lead to hypoglycemia, weight gain and 

associated ailments. Hence the search for effective treatments for type 2 diabetes has 

become a major research endeavor.  

Magnesium is an essential trace element in the human body and its deficiency has proven 

to increase insulin resistance in diabetic patients. Administration of magnesium sulphate 

is the conventional approach to address insulin resistance. However, high concentrations 

of MgSO4 can lead to hypermagnesaemia and other side effects. The current study 

focuses on the development of a new and improved magnesium based formulation as a 

potential drug to reverse insulin resistance in adipose cells. The development of 

magnesium oxide nanoparticles through chemical and green synthesis was conducted to 

generate different morphologies and sizes of MgO nanoparticles. Sol-gel method was 

used for the chemical synthesis approach and plant extract based nanoparticle formation 

method used for green synthesis. The results showed that the chemical synthesis 

generated MgO nanoparticles with 30-80 nm size and different morphologies while the 

green synthesis generated MgO nanoparticles with size ranging from 15-25nm. The 

physicochemical characteristics of the nanoparticles were studied using UV-Visible 

spectrometer, Dynamic Light scattering technique, Thermogravimetry, X-ray 

diffraction, Fourier Transform Infrared spectroscopy and Transmission electron 

microscope. The chemically synthesized MgO nanoparticles yielded spherical, 

hexagonal and rod-like morphologies whereas green synthesized MgO nanoparticles 
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mostly yielded spherical shaped nanoparticle with various sizes. MgO nanoparticles 

generated from Amaranthus tricolor leaf extract resulted in mixed morphologies 

including spherical and hexagonal shapes with pH being an influential factor in driving 

morphological transformations.   

Six MgO nanoparticles uniquely selected from the chemical and green synthesis 

approaches were analyzed for cytotoxicity using 3T3-L1 (diabetic) and VERO (non-

diabetic) cell lines via MTT assay. The results showed that hexagonal MgO 

nanoparticles were less toxic towards diabetic cell lines. Comparative cytotoxicity 

analysis between diabetic and non-diabetic cells shows that at 600 μl/ml dosage of 

hexagonal chemically synthesized nanoparticles and 400 μl/ml dosage of hexagonal 

green synthesized nanoparticle, both were less toxic. Thus, they were used for insulin 

resistant reversal studies. Glucose assay showed that the nanoparticles reversed ~35% 

of insulin resistance compared to control cells, with time dependent analysis showing 

stability after 24 h. GLUT4 protein was identified by western blot to validate insulin 

resistance reversal. Fluorescent microscopy was used to investigate cellular interactions 

with the nanoparticles in order probe the mechanism of insulin resistance reversal ability 

of MgO nanoparticles. Overall, the present work successfully generated unique 

transformational morphologies of MgO nanoparticles with promising biophysical and 

performance indicators for insulin resistance reversal based on the foundational work 

covered in this thesis. However, more work involving further in vivo testing is essential 

to fully validate efficacy.       
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CHAPTER 1  

INTRODUCTION 

1.1. Background  

Diabetes mellitus has developed into a major menace for human health in the 21st century 

(Zimmet, 2000). A tremendous rise in the number of people diagnosed with diabetes 

worldwide has been observed (Amos et al., 1997; King et al., 1998; WHO, 2016). The 

International Diabetes Federation (IDF) has estimated that 366 million people were 

diagnosed with diabetes in the year 2011, and the figure is predicted to increase to 552 

million by 2030 (Petrak et al., 2013). IDF recently reported that there were 415 million 

people with diabetes in 2015, representing an escalation in the number of diabetes cases 

in the global community. The report also alerts that diabetes caused 5 million deaths in 

2015 at a rate of one person per every six seconds (Atlas, 2015). World Health 

Organization (WHO) has projected that diabetes would be the seventh fatal disease in 

humans by 2030 (Mathers et al., 2006). Diabetes mellitus is generally known to be a 

syndrome of anarchic metabolism relating to high level of glucose in the blood 

(hyperglycemia) (Tierney, 2002). Diabetes can be categorized into type 1 (destruction of 

insulin producing β-cells that leads to autoimmune diabetes) and type 2 (β-cell 

dysfunction which results in reduced response to insulin) as shown in Figure 1.1. 

Alzheimer’s disease and gestational diabetes are sometimes termed as type 3 diabetes 

(Abdullah et al., 2014; Buchanan et al., 2005), and both are different from type 1 and 2 

diabetes. There is no insulin production in the body of type 1 diabetes patient, thus, daily 

insulin injections are required. Type 1 diabetes cases represent one in six hundred children 

across the world. Hence, it  is usually diagnosed during childhood (Stang et al., 2005). 

Type 2 diabetes results from insufficient insulin production by the pancreas or 

physiological mechanisms resulting in insulin resistance through the blockage or 

malfunction of insulin receptors (Rosenbloom et al., 1999). Both types of diabetes are 

responsible for hyperglycemia, compensatory thirst, excessive production of urine, 

mysterious weight loss, distorted vision, increased fluid intake, variations in energy 
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metabolism and lethargy (Lin et al., 2010). However, type 2 diabetes relates to the 

malfunction of a more complex metabolic condition that leads to an upsurge in blood 

glucose levels, resulting from impairments in the secretion and activity of insulin (Das et 

al., 2006). WHO reported that type 2 diabetes is the most common among diabetic 

patients, and obesity, smoking and unhealthy lifestyle contribute to the epidemicity of 

diabetes (Surugue, 2016). Diminished secretion of insulin, impairment in the action of 

insulin and increased production of hepatic glucose are the three crucial blemishes in the 

onset of hyperglycemia in type 2 diabetes (DeFronzo, 1992; DeFronzo, 1999; Stumvoll 

et al., 2005).  

 

Figure 1.1: Insulin secretion and activity pathways of healthy, type 1 and 2 diabetes 

patients (Jeevanandam et al. 2015). Reproduced with permission of Bentham Science 

Publishers Ltd. 
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Diabetes and its associated relationship with obesity has become a major concern to public 

health as these can be life-threatening, result in co-morbidity, and put huge economic 

burdens on societies. WHO defines obesity as a condition where the Body Mass Index 

(BMI) is equivalent or higher than 30 Kg/m2. Type 2 diabetes and obesity are strongly 

associated based on several research reports (Fagot-Campagna et al., 1998; Fu et al., 

2017). Obesity is considered the threatening aspect for type 2 diabetes, and in many cases, 

acts as a precursor for type 2 diabetes followed by resistance to insulin (Mitropoulos et 

al., 1992; Frayn, 1996; Hussain, 2010). The pervasiveness of obesity and overweight 

(BMI in the range of 25 and 30 kg/m2) has become a major concern (Yaturu, 2011). The 

comparative risk of type 2 diabetes rises as BMI escalates above 23 (Colditz et al., 1990; 

Ollila et al., 2016). In a study conducted with adults aged between 18 to 74 years, it was 

reported high that BMI and waist circumference can independently lead to type 2 diabetes 

(Qiao et al., 2010). The key link between type 2 diabetes and obesity is insulin resistance. 

Resistance to insulin in diabetes is demonstrated by reduced stimulation of glucose 

transporters, diminished adipocyte, skeletal muscle metabolism, and hepatic suppression 

of glucose output (Reaven, 1995; Yaturu, 2011). Initial deposition of triglycerides in 

obesity arises in the adipose tissue present in the subcutaneous region and this intensifies 

insulin resistance above auxiliary lipid accumulation limit in the subcutaneous region. 

Triglycerides are then dissuaded to the depot of visceral fat, leading to visceral obesity 

(Ali et al., 2011). A large number of research have established the relationship between 

insulin resistance, fat accumulation and type 2 diabetes in intra-abdomen (visceral 

obesity) (Frayn, 2000; Merino-Ibarra et al., 2005; Hayashi et al., 2008; Shi et al., 2017). 

Thus, type 2 diabetic patients face premature deaths as they are prone to numerous forms 

of long and short term complications (Azevedo et al., 2008; Rossi et al., 2017). 

1.1.1. Treatment of type 2 diabetes mellitus 

The three main abnormalities involved in type 2 diabetes, which are extreme production 

of hepatic glucose, reduced secretion of pancreatic insulin, and marginal insulin action 

resistance, occur mainly in the muscle and liver tissues (DeFronzo, 1992). In early stages, 

type 2 diabetic patients compensate increased resistance to insulin at the tissue level by 

amplifying the secretion of pancreatic beta-cell insulin (Weyer et al., 1999). Reduced 
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insulin secretion is the predominant weakness in lean and thin type 2 diabetic patients, 

hence resistance to insulin is less severe than in obese patients. Instead, hyper-insulinemia 

and insulin resistance are the conventional anomalies of type 2 diabetic patients suffering 

from obesity (Caro, 1991). Extreme secretion of insulin is often observed more with type 

2 diabetic patients than non-diabetic patients, but it is still inadequate to overcome insulin 

resistance (Hales et al., 2013). This results in significant complications in insulin therapy 

for type 2 diabetes treatment (Genuth, 1990; Davis et al., 2004). DeFranzo (1999) 

suggested a treatment strategy for type 2 diabetes based on the natural diabetes history of 

the patient. The strategy of treatment is as follows. 

• Initiation of a pharmacological therapy with metformin or insulin oral agents. 

• Adequate glycemic control (under 9 mmol/L, 2 hours after meals) achieved by 

increasing the oral agent or insulin dosage. 

• Administration of a drug with glucose-lowering potency as a monotherapeutic agent 

to achieve the desired glycemic control level for diabetic patients treated with oral 

agents. 

• Administration of a secondary oral agent at rapid dose levels to control glycemic 

concentrations for diabetic patients with improper glycemic control under an 

individual oral agent.  

• Administration of additional bedtime insulin doses to switch to a third oral agent, 

or splitting insulin regimen and mixed combination especially for diabetic patients 

with unsuccessful glucose control using combined oral agent therapy (DeFronzo, 

1999).  

Numerous studies have revealed that intensive insulin therapy can efficiently control 

glucose levels in patients with type 2 diabetes (Abraira et al., 1995; Henry et al., 1993; 

DeFronzo, 1999; Association, 2016). The most conventional and universal insulin 

regimen is a single dose of 80 U/d (Harris, 1996; DeFronzo, 1999). Since most type 2 

diabetes patients require a dosage of 80 to 100 U/d insulin, a multiple dosage in split 

regimen is applied (Abraira et al., 1995; Henry et al., 1993; DeFronzo, 1999). Hence, the 

reason why blood glucose levels in most type 2 diabetic patients are inadequately 

controlled (Hayward et al., 1997; DeFronzo, 1999). Other insulin therapies include insulin 

pump therapy (Raskin et al., 2003) and insulin pen therapy (D'Eliseo et al., 2000). 
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Diabetes therapies relying on insulin pumps for treatment have been in practice for ~25 

years and continues to be favorite amongst type 2 diabetes patients due to its flexibility 

and precise insulin delivery (Raskin et al., 2003). The recently available commercial 

Paradigm Veo continuous glucose monitoring insulin pump system manufactured by 

Medtronic Diabetes, USA, is equipped with the function of low glucose suspension. This 

modification halts insulin delivery when hypoglycemia is noted (Ly et al., 2013; Abdullah 

et al., 2014). Severe hypoglycemia with wide fluctuations of glucose levels are the main 

drawbacks of insulin pumps in diabetic patients (Jennings et al., 1991; Saudek et al., 1996; 

DeWitt et al., 2003). 

Insulin pen therapy has been available for over 20 years. It is convenient, more accurate 

in dosage administration, and well adapted for visually impaired patients (D'Eliseo et al., 

2000). Recently, advanced insulin pens with memory functions have been designed to 

program insulin dosage delivery depending on the insulin history of the patient 

(Venekamp et al., 2006). The memory functions in insulin pens enhance blood glucose 

normalization and reduce insulin overdose in diabetic patients (Guo et al., 2017). 

However, these types of insulin pen therapies cannot be used as insulin supplements for 

pre-meal hyperglycemia, as they possess premixed insulin with limited capacity to 

provide prolong insulin action (Hirsch, 2005). Other than insulin pen and insulin pump, 

U-500 insulin, an injectable liquid form of insulin is also used in treating minority of 

diabetic patients. U-500 insulin is quite uncommon in type 2 diabetes treatment as it 

contains a higher insulin dosage (500 U/mL); 5 fold highly concentrated than U-100 

insulin. It is used for the treatment of severe insulin resistance patient to achieve required 

glycemic levels (Cochran et al., 2008). U-500 are currently available in insulin pen 

formulations to reduce insulin concentrations in the blood steam after medication. U-500 

administration has been reported to cause insulin stacking and increased hypoglycemia 

risk (Olin et al., 2017).   

1.1.2. Role of magnesium in glucose metabolism and diabetes 

Magnesium controls glucose metabolism in cells, the coupling of stimulus-contraction 

secretion, transduction of peptide hormone receptor signal, and translocation of ion 
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channel directly at the biochemical level (Barbagallo et al., 2003). Magnesium is 

important in the formation of activated MgATP complex to regulate the enzymes that 

limit the rate of glycolysis cycle (Heaton, 1990). MgATP complexes also regulate the 

activity of the enzyme kinase, which is associated with phosphate transfer of CaATPases 

in the plasma membrane ATP and endoplasmic reticulum (Barbagallo et al., 1996; 

Paolisso et al., 1997). A major decrease in the activities of these enzymes are observed 

with low magnesium levels (<0.75 mmol/L) in diabetic and hypertensive patients 

(Laughlin et al., 1996; Gibson, 2005). Insulin resistance in fat tissues and skeletal muscles 

are found to be due to the suppression of cellular magnesium concentration (Barbagallo 

et al., 2003). Studies have revealed that supplementing magnesium daily for elderly 

diabetic patients helps in improving insulin response and glucose uptake (Paolisso et al., 

1992). A recent study investigated and identified that magnesium supplement improves 

metabolic profile in obese and pre-diabetic patients with chronic kidney disease (Toprak 

et al., 2017). It has also been reported that magnesium participates directly in human 

glucose metabolism disorders and provides validation for insulin resistance control 

through effective magnesium supplementation (Morais et al., 2017). Morais et al., 2017 

further discussed the benefits of magnesium supplement in patients with 

hypomagnesaemia mediated insulin resistance and revealed that magnesium possess the 

ability to improve insulin sensitivity. The promising therapeutic effects of magnesium 

supplements present a unique opportunity to formulate and deliver different magnesium 

based supplements with enhanced biological properties to reverse insulin resistance and 

improve cellular glucose metabolism. 

1.1.3. Nanoparticles and Nanomedicine 

Nanoparticles have dimensions of less than 100 nm, and have attracted significant 

attention due to their exclusive advantages and functionalities over their bulk 

counterparts. There are a large number of physical, chemical, biological, and hybrid 

methods that are available for synthesizing different types of nanoparticles such as 

nanorods, nanotubes, and nanoflowers (Rahaman et al., 2017; Ozkan et al., 2017; 

Mourdikoudis et al., 2016; Oluwafemi et al., 2016). Nanoparticles are finding importance 

in biomedical and pharmaceutical applications due to their amenability to biological 
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functionalization, enhanced permeability and retention effects (Parak et al., 2003; 

Ravishankar Rai et al., 2011). For example, nanoparticles of PLGA, which is a copolymer 

formed by poly (lactic acid) (PLA) and poly (glycolic acid) (PGA) (Bala et al., 2004), 

lipid (Maia et al., 2000) and gold (Dreaden et al., 2012) have been investigated extensively 

and reported to have excellent drug carrier and drug delivery performance. It has also been 

reported that size/shape, solubility, and targeting potential are the three main criteria 

important for bio-application of nanoparticles (Chan et al., 2011). Conventional drugs 

have limitations of antagonistic effects such as non-specific action and low efficiency due 

to ineffective or inappropriate dosages (Jeevanandam et al., 2016c). Nanoscience and 

nanotechnology offer the opportunity for new drug designs with superior cell specificity 

and interactive drug release dynamics to act precisely on desired targets (Sheikhpour et 

al., 2017). This permits the administration of reduced but effective doses with minimal 

hostile effects. Nanotechnology and nanocarriers (Langer et al., 2004; Nishiyama, 2007; 

Peer et al., 2007) can function to increase drug solubility, optimize drug formulations and 

alter pharmacokinetics in order to prolong bioavailability and drug release ability (Freitas, 

2005b; S Rahiman, 2012a; IS, 2008). 

Nanomaterials of different structures and functionalities are being manufactured for 

medical applications (Chan, 2017). These include nanoparticles, nanocapsules, nanofilms, 

nanotubes, nanocarriers (Moghimi et al., 2005) and complex nano molecules such as 

fullerenes (Rašović, 2017). Nanomedicine can relate to (a) nano-analytical devices for 

measuring small concentrations of analytes or detection of defects (Lin et al., 2017), (b) 

therapy using artificial bio nano-materials such as artificial nanopancreas (Hwang et al., 

2016), and (c) nano-formulations for effective drug delivery including multidrug carriers 

(Torchilin, 2012), smart drugs and nanorobots that propel independently around the body 

as a replacement for red blood cells, immune system, and many other biological systems 

(Report, 2013; Woldu et al., 2014). Over the next 5-10 years, biotechnology would 

advance in molecular medicine to enable the development of engineered organisms or 

biobotics-microbiological systems. Modern nanorobots and molecular machine systems 

may be incorporated in medical armamentarium to serve as the most potent tool for 

physicians to combat human diseases (Freitas, 2005a). The emergence of nano-

formulation of biopharmaceutical ingredients and the promising applications in the 
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development of smart drugs has driven research interests into the creation of new and 

improved nanomedicines to address a wide range of disease conditions. Hence the 

objective of the present work focuses on the synthesis and characterization of MgO 

nanoparticles as a potential nanomedicine formulation to reverse insulin resistance 

characteristics in diabetic cell models. 

MgO nanoparticles can possess biological functionalities including antibacterial activity, 

bone regeneration, and heartburn treatment (Bertinetti et al., 2009a). (Martinez-Boubeta 

et al., 2010) and (Chalkidou et al., 2011) have demonstrated the potential of MgO 

nanoparticles in breast cancer treatment. Recent studies by (Di et al., 2012) described the 

superior functionality of MgO nanoparticles in nano-cryosurgery for tumor treatment. 

MgO nanoparticles demonstrate higher mammalian bioactivity and lower toxicity than 

most metal oxides (Krishnamoorthy et al., 2012), hence, it can be a potential ingredient 

in drug formulation. According to section 184.1431 in Food and Drug Administration 

(FDA), magnesium oxide is listed under food for human consumption and as a direct food 

substance generally recognized as safe. Also, FDA approved MgO supplements such as 

Mag-200, MagGel, Mag-Ox 400 and Uro-Mag, and are available on the market 

(Karosanidze, 2014). However, most MgO based formulation are in clinical trials for use 

in drug formulation to treat several diseases (Chow et al., 2010; Quaresma et al., 2017). 

It has been established in a recent study that acute administration of MgO nanoparticles 

prevents convulsion in diabetic male mice (Jahangiri et al., 2014a). It is hypothesized that 

the high bioactivity and surface-to-volume ratio of MgO nanoparticles (Rahiman et al., 

2012b) would facilitate improved molecular interaction and entry into cells in order to 

activate enzymes such as AMPK (5’ adenosine monophosphate-activated protein kinase) 

and reverse insulin resistance in diabetic patients.  

1.2. Problem statement 

Insulin therapy is the most common therapy for type 2 diabetes, providing an insulin 

supplement essential to overcome resistance to insulin. Severe cases of hypoglycemia and 

unexpected weight gain have been reported to be the result of insulin therapy (Sanne G. 

Swinnen, 2009). Reasons including difficulties in the control of glycemic levels, insulin 

therapy intervals, and prior hypoglycemic history contributes towards hypoglycemic 
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conditions (Cryer, 1994). Total urine triglyceride formation (Law et al., 2017), 

homozygous phosphoenolpyruvate carboxykinase 1 (PCK 1) mutation (Vieira et al., 

2017) and intake of drugs such as Ginseng (Carella et al., 2017) have been reported to be 

closely linked to hypoglycemia. Intensive glucose-lowering therapies are administered to 

type 2 diabetic patients to reduce the risk of cardiovascular diseases. It has been reported 

that intensive glucose-lowering therapy can lead to escalations in hypoglycemia levels 

(Elam et al., 2017; SBU, 2009). Although insulin therapy has been successful in lowering 

the concentration of blood glucose to normalcy, exogenous insulin in large doses are 

required to achieve it. For type 2 diabetic patients, these elevated dosages result in weight 

gain and hyperinsulinemia. Several studies have confirmed that exogenous insulin based 

diabetes treatment leads to 3-9% increase in the average body weight (Mudaliar et al., 

2001). The observed weight gain associated with insulin therapy has been conventionally 

elucidated when glycemic control is improved by decreasing glucosuria and resting 

energy expenditure (Nathan et al., 2009; Yki-Jarvinen, 2001). A previous study reported 

1.8 kg increase in the weight of type 2 diabetic patients under insulin therapy over six 

months period. This was not attributed to resting energy expenditure, change in glucosuria 

or physical activity but rather the insulin therapy agents (Ryan et al., 2008). In a recent 

study, 412 individuals with type 2 diabetes were treated with metformin insulin therapy 

for 18 months and the results showed a 2.4 kg median weight gain increase (Cichosz et 

al., 2017). This demonstrates one of the several possible side effects of insulin therapy 

agents. The drawbacks associated with current insulin therapies for type 2 diabetes have 

triggered interests in the development of new and improved curative and preventive 

technologies.   

Magnesium deficiency is a common problem found in insulin and non-insulin dependent 

diabetes. Magnesium reduction associated with intracellular resistance to insulin 

conditions has been ascribed to decreasing cellular entry of Mg ions through simulation 

of insulin (Huerta et al., 2005; Devaux et al., 2016; Sales et al., 2014). Conversely, 

association of ketoacidosis mediated insulin resistance leads to hypomagnesaemia. Thus, 

low magnesium level and hypomagnesaemia in the intracellular region can be attributed 

to insulin resistance (Nadler et al., 1993). It has been reported that the administration of 

magnesium sulfate (MgSO4) supplements successfully reversed insulin resistance, though 
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high concentrations resulted in hypermagnesaemia (Kandeel et al., 1996). In order to 

overcome this issue, nano-formulations of magnesium supplements exhibiting high 

surface to volume ratio is proposed. It has been proven that MgO nanoparticles are less 

toxic with high biocompatibility and bioavailability towards various human cells 

(Krishnamoorthy et al., 2012; Mangalampalli et al., 2017; Mahmoud et al., 2016). 

Moreover, MgO is more stable compared to other magnesium oxide metastable 

compounds such as MgO4 and Mg3O2 (Wang et al., 1992; Zhu et al., 2013). This strongly 

positions MgO nanoparticles as useful magnesium based supplements in terms of 

molecular stability under various storage conditions. However, to date, there is limited 

research into the applications of MgO nanoparticles in diabetes treatment.  

1.3. Research gap 

Insulin is widely used to manage type 2 diabetes. A number of conventional therapies 

increase insulin production to reduce glucose uptake in insulin resistant cells. The number 

of reported therapies relying on the use of nutrient supplements to reverse insulin 

resistance is limited. Magnesium has been identified as an important nutrient in reversing 

insulin resistance. Previous research reports indicate that chemically synthesized 

magnesium supplements such as magnesium sulphate are capable of reversing insulin 

resistance (Kandeel et al., 1996; Fleming et al., 1999; Martins, 2016). However, they can 

be toxic to human cells and their efficacy in reversing insulin resistance requires 

improvement. In 1989, it was demonstrated that dietary magnesium supplements improve 

beta cell response to glucose and arginine in elderly non-insulin dependent diabetic 

patients (Paolisso et al., 1989). Since then, several reported findings have also revealed 

that oral magnesium supplements improve glycemic control, insulin sensitivity and 

metabolic control in type 2 diabetic subjects (Song et al., 2006; Rodríguez-Morán et al., 

2003; Naik et al., 2017). Most of these research reports used high concentrations (more 

than 3-5 g/day) of magnesium supplements including magnesium pidolate, magnesium 

chloride and magnesium citrate (Eibl et al., 1995). Also, magnesium oxide (41.4 

mmol/day) was used as a magnesium supplement to increase insulin sensitivity in diabetic 

patients (Maria et al., 1998). The major drawback associated with these regimens is the 

extended time required (almost a month) for pharmacokinetic impact and the high 

concentrations needed to establish insulin sensitivity, glycemic and metabolic control. 
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Thus, the present work aims at the utilization of MgO nanoparticles with engineered 

biophysical characteristics, including enhanced surface to volume ratio, biocompatibility 

and bioavailability, to reduce the concentration and time required to reverse insulin 

resistance in mammalian cells. Several chemical and physical methods are available for 

MgO nanoparticles synthesis with most of them applying high temperatures and/or toxic 

chemicals for the nanoparticle formation. Thus, sol-gel synthesis method which uses less 

toxic chemicals and yields highly stable MgO nanopowders has been successfully 

demonstrated (Kumar et al., 2008; Mastuli et al., 2012). The morphology of MgO 

nanoparticles has been reported to influence its bioactivity for insulin resistance reversal 

(Albanese et al., 2012; Agarwal et al., 2013). For example, it has been demonstrated that 

hexagonal shaped nanoparticles possess enhanced cellular activity (Kittitheeranun et al., 

2015) and insulin resistance reversal ability.  Understanding the relationship between sol-

gel synthesis conditions of MgO nanoparticles and the physicochemical features of 

nanoparticles is critical to engineer and introduce specific features and functionalities to 

the nanoparticles. Calcination temperature mediated morphological transformation of 

MgO nanoparticles represents a significant opportunity to create unique architectures of 

MgO nanoparticles with specific functional capacities, and this is not well exploited in 

the literature. Whilst sol-gel synthesized MgO nanoparticles possess high stability and 

their cellular activity can be enhanced through morphological transformation, the 

cytotoxicity of the nanoparticle formulation may increase due to the use of toxic chemicals 

in the sol-gel synthesis process. This creates an opportunity to implement green synthesis 

technologies using aqueous plant leaf extract to generate less toxic MgO nanoparticles. 

To date, there is no previously reported work on the synthesis of MgO nanoparticles using 

aqueous plant leaf extract. The present project focuses on the synthesis of MgO 

nanoparticles generated from plant leaf extract with further investigations into 

morphological transformations through variations in synthesis process conditions.   

1.4. Research questions 

The following research questions are developed based on intended novel contributions 

and existing research gaps in the literature in order to drive the specific objectives of this 

project. These are critical research questions necessary to establish the scientific and 

theoretical basis for successful development and formulation of pharmaceutical-grade 
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MgO nanoparticles supplements at desired dosages for enhanced insulin resistance 

reversal potential in type 2 diabetes.  

➢ What is the level of efficacy of MgO nanoparticles as a potential nutrient 

supplement for reversing insulin resistance in type 2 diabetes? How does morphological 

and size transformations of MgO nanoparticles affect insulin resistance reversal ability? 

➢ What process strategies are important to trigger different morphological 

transformations of MgO nanoparticles during sol-gel synthesis?  

➢ What is the potential of synthesizing MgO nanoparticles using plant leaf extracts 

with high flavonoid to address cytotoxicity issues associated with sol-gel synthesis 

method?  

➢ What process parameters are critical to trigger morphological and size 

transformations during green synthesis of MgO nanoparticles using plant leaf extract? 

How specific is MgO nanoparticles in terms of cytotoxicity towards diabetic cells and 

impacts on normal cells?  

 

1.5. Objectives 

The specific objectives of this project are formulated based on identified research gaps 

and questions.   

➢ To develop optimized processes for the preparation of MgO nanoparticles through 

chemical and green synthesis approaches. 

➢ To determine key process variables driving morphological and size 

transformation in MgO nanoparticles synthesis using chemical and green synthesis 

approaches. 

➢ To determine the relationship between type and dosage of MgO nanoparticles and 

cytotoxicity in normal and 3T3-L1 adipocytes diabetic cell lines. 

➢ To investigate the efficacy of insulin resistance reversal of MgO nanoparticles in 

adipose cell lines. 

 

1.6. Scope of the work  

The scope of this project relates to the preparation of a novel MgO nanomedicine to 

reverse insulin resistance in type 2 diabetes. It is hypothesized that MgO nanoparticles 
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can be molecularly engineered to offer desirable biophysical characteristics for effective 

insulin resistance reversal. Moreover, MgO nanoparticles are comparatively less toxic 

than other metal oxides. Two synthesis routes, chemical and bio-based green synthesis 

approaches, are used for the preparation of MgO nanoparticles. Sol-gel technique is used 

for chemical synthesis whereas plant leaf extract mediated green synthesis is used for the 

bio-based approach. Two different magnesium precursors along with three gelling agents 

and various calcination temperatures are used in sol-gel synthesis to investigate their 

impacts on morphological and size transformation. Three different plant sources with high 

leaf extract flavonoid contents are used for the green synthesis approach, and the synthesis 

parameters necessary to achieve desirable biophysical characteristics of MgO 

nanoparticles are determined. Various material characterization techniques, including 

Dynamic Light Scattering (DLS), Thermogravimetric analysis, UV-Visible spectroscopy, 

X-Ray diffraction (XRD), Fourier Transform – Infrared (FTIR) spectroscopy and 

Transmission electron microscope (TEM), are used to determine the physicochemical 

characteristics of MgO nanoparticles.  

MgO nanoparticles with various shapes and sizes generated from the two synthesis 

approaches were subjected to cytotoxic analysis to investigate dose requirements on the 

viability of both diabetic and non-diabetic cells. The cytotoxic analysis is conducted using 

3T3-L1 (diabetic) and VERO (non-diabetic) cells. MgO nanoparticles with low 

cytotoxicity are investigated for their insulin resistant reversal capability. Colorimetric 

glucose assay using 3, 5 – dinitrosalicylic acid (DNS assay) is used to determine the 

amount of glucose after incubating the drug for 24 h in the diabetic cell. DNS analysis at 

regular time intervals is carried out to establish the kinetics of time dependent glucose 

conversion in both the control and cells incubated with MgO nanoparticles. Reversal of 

insulin resistance results in the expression of GLUT4 protein, and this was analyzed by 

western blot. Finally, fluorescent microscopy is used to probe the mechanism of MgO 

nanoparticles to reverse insulin resistance in diabetic cells.  

1.7. Significance of the study 

The statistics provided by WHO in 2016 revealed an alarming estimation that one in 

eleven of global adult population is suffering from diabetes. Generally, diabetes inhibits 
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the pathway of energy formation mechanism required for the cells to perform their regular 

activities, and this could subsequently leads to critical complications such as 

cardiovascular diseases, neuropathy, nephropathy, retinopathy and Alzheimer. Hence, 

effective diabetes treatments would eventually help prevent these disease complications. 

According to American Diabetes Association, the total estimated cost involved in treating 

diabetes in the US is $245 billion as of 2012, and this number is expected to increase due 

to the increasing numbers of diabetes cases and cost of diabetes drugs. It can be 

appreciated that a significant amount of economic resources is spent on treating diabetes. 

However, most of these treatment strategies focus on controlling and managing diabetes 

complications rather than curing it with minimal or no side-effects. Thus, it is critical to 

develop new and improved drugs which are efficient, stable and inexpensive to make and 

can be distributed globally.   

Insulin therapy is one of the well-known treatment method for type 2 diabetes. Even 

though, it helps in maintaining glucose levels in patients, it may also lead to side effects 

such as weight gain. As insulin is secreted in type 2 diabetic patients, researchers are 

trying to reverse insulin resistance with the help of novel treatment methods. The 

significance of the present work relates to the development of novel MgO nanoparticles 

as magnesium supplement to reverse insulin resistance in diabetic cell model. The 

utilization of MgO nanoparticles is anticipated to reduce the time and concentration 

required to reverse insulin resistance. A chemical synthesis method via sol-gel is used to 

synthesize distinct morphologies of MgO nanoparticles whereas plant leaf based green 

synthesis approach is used to synthesize MgO nanoparticles with various size/shape 

ranges. Since green synthesis uses phytochemicals from plant leaf extract, it can be 

significant in yielding less cytotoxic MgO nanoparticles whilst enhancing insulin 

resistance reversal ability. Further, the plants selected in the present study are widely 

available and can be cheap sourced for scale-up production. The development of MgO 

nanoparticles from plant materials to effectively treat diabetes represents a significant 

advancement in current diabetes treatment strategies and could potentially revolutionize 

current treatment modalities whilst delivering lasting economic benefits. 
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1.8. Thesis layout  

Chapter 1 gives a brief introduction to diabetes, various treatment methods for diabetes 

and problems associated with conventional treatment methods such as insulin therapy to 

identify existing research gaps that drive the objectives of this study. The chapter also 

covers research questions, objectives, project scope and significance.   

Chapter 2 critically reviews various nanomedicines used in different diabetes treatment 

strategies and describes how MgO nanoparticles may serve as a potential nanomedicine 

to reverse insulin resistance.   

Chapter 3 covers the research methodology, detailing the experimental methods for the 

synthesis of MgO nanoparticles by chemical (sol-gel) and green (leaf extract) approaches, 

nanoparticle characterization, cell culture, cytotoxic analysis, DNS assay, western blot 

and fluorescent microscopic studies.   

Chapter 4 covers the results and discussions relating to the synthesis and characterization 

of MgO nanoparticles.   

Chapter 5 discusses cytotoxicity and insulin resistance reversal efficacy data generated 

using diabetic cell line model treated with MgO nanoparticles.  

Chapter 6 covers the conclusion of this thesis which includes summary of research 

findings, reflections on research questions and objectives, and recommendations for 

future work.  
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CHAPTER 2  

LITERATURE REVIEW 

2.1. Nanomedicine for diabetes treatment  

Nanomedicines are designed and developed using nanoparticles and nanomaterials for 

therapeutic and diagnostic applications (Sanna et al., 2014). The field of nanomedicine is 

gaining interest among researchers due to their superior ability as diagnostic agents and 

delivery vehicles with exceptional efficiency and safety. The current standards of 

intracellular uptake, biodistribution and dosing efficacy of a drug can be improved by 

using encapsulation and target specific controlled delivery properties of nanoparticles 

(Farokhzad et al., 2009). The solubility of drug compounds can also be improved by 

nanomedicine encapsulation ability (Chrastina et al., 2011). Biodegradability, large 

volume to surface area ratio, low toxicity and modifiable external shell are the additional 

advantages in using nanomedicines in treatment and disease diagnosis (Davis et al., 2008). 

All these advantages of nanomedicines gives immense promises for making personalized 

medicine in reality (Xu et al., 2015). As nanomedicine shows potential in biomedical 

applications, it has been used to identify and diagnose certain issues related to continuous 

blood glucose monitoring and insulin delivery in diabetes. In blood glucose monitoring, 

the conventional treatment procedures lack continuity due to stable implanted enzyme 

electrodes and non-invasive monitoring. This was solved using biocompatible nanofilms 

and smart tattoos of glucose nanosensors respectively. Conventional drug lack targeted 

molecular imaging during diagnosis or monitoring diabetes which makes it complicated 

to understand mechanism and solve problems during therapy. These complications were 

solved through single-molecule detecting near infrared quantum dots, gold nanoparticles 

and nanotherapeutic solutions. Moreover, conventional drugs used to improve insulin 

delivery face problems during islet cell transplantation, oral insulin delivery and closed-

loop insulin delivery. Nanomedicines has solutions to these problems via islet 

nanoencapsulation, insulin nanoparticles and ‘artificial nanopancreas’ (Pickup et al., 

2008; Hassan et al., 2016). The recent advancements in the field of nanomedicine leads 
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to the upsurge of orally administered nanoformulations such as carbon nanotubes, 

quantum dots, microsphere, artificial pancreas and nanopumps which are under extensive 

research for diabetes treatment.  

2.1.1. Carbon nanotubes 

Carbon nanotubes (CNTs) are seamless layers of cylindrical graphene either with open or 

close ended (Iijima, 1991; Harris et al., 2009). Generally, CNTs have bonded carbon 

atoms in a hexagonal lattice excluding their ends. The single-walled carbon nanotubes 

(SWNT) and multi-walled nanotubes (MWNTs) will have a typical diameters of about 

0.8 to 2 nm and 5 to 20nm, respectively (De Volder et al., 2013). SWCNTs show 

fluorescence behavior in the near infra-red (NIR) spectral area. Since, SWCNTs are 

mostly suitable in in vivo glucose sensors as fluorophore (FL) probes as they don’t exhibit 

photobleaching (Barone et al., 2005; Rahiman et al., 2012a). In a recent review, the uses 

of CNTs as an electrochemical glucose measurement system and optical glucose 

measurement system in diabetes treatment has been listed (DiSanto et al., 2015). The 

major drawback of using CNT in diabetes treatment is their lack of solubility in aqueous 

media and its non-biodegradability (Eatemadi et al., 2014). 

2.1.2. Quantum dots 

Nanosized crystals called as quantum dots, have been extensively examined by 

researchers for many applications. Typically, quantum dots sizes range between 2-20 nm 

(Kluson et al., 2007), though diameters below 10 nm is more recommended (Ferancová 

et al., 2008; Kral et al., 2006; Drbohlavova et al., 2009). Quantum dots are used in 

biomedical applications as a diagnostic material and also a tool for various disease 

therapies (Rahiman et al., 2012a). Quantum dot as a fluorescence donor and gold 

nanoparticle as an acceptor was used to build a glucose sensor based on Fluorescence 

Resonance Energy Transfer (FRET). In this setup, glucose gets displaced by concanavalin 

A- labeled quantum dots from gold-labeled cyclodextrin that reduces FRET and increases 

fluorescence (Tang et al., 2008; Rahiman et al., 2012a).The fluorescence of these quantum 

dots are quenched by the enzyme generated hydrogen peroxide in the existence of glucose. 

Direct enzyme tethering of quantum dot allows the glucose detection through rapid optical 



18 

 

analysis (Cao et al., 2008; Cash et al., 2010). Recently, graphene quantum dots has been 

established to be useful as glucose sensor (Shehab et al., 2017). However, the difficulties 

in measuring and identifying time-resolved fluorescence, blinking of quantum dots in 

single-molecule spectroscopic applications (Resch-Genger et al., 2008) and challenges in 

presenting weaker blue signal and up-converted persistent luminescence (UCPL) (Shen 

et al., 2012) are the drawbacks of utilizing quantum dots as glucose sensor. 

2.1.3. Microspheres 

Microspheres are spherical small particles, with micrometer sized diameter range 

(typically 1µm to 1000µm). Hollow and solid microspheres differ extensively in density 

and, hence, are utilized for distinct purposes. Polystyrene microspheres possesses capacity 

to ease procedures in cell sorting and immuno precipitation and are used in biomedical 

applications (Sahil et al., 2011). A combination approach with microsphere system has 

been used as a better strategy to accomplish oral insulin. Microspheres also protects the 

insulin from enzymatic degradation by encapsulation and enables active epithelial layer 

crossing after oral administration. Thus, they act as protease inhibitors and permeation 

enhancers for the encapsulated drug (Carino et al., 1999). In a study by Senthil et al., 

(2011) an anti-diabetic drug, Glipizide, was entrapped in a mucoadhesive microsphere to 

observe the capacity for sustained drug delivery efficiency. The results indicated that the 

mucoadhesive microspheres sustained the release of the drug for more than 12 hours 

(Senthil et al., 2011). Similarly, Glucagon-like peptide-1 (GLP-1) agonist exenatide was 

formulated into a product called BydureonTM using Medisorb microspheres to provide a 

controlled release of exenatide that activates GLP-1 receptors and induces glucose-

dependant stimulation of insulin secretion over a 7-day period (Painter et al., 2013). 

Recently, mucoadhesive microsphere formulation of repaglinide was utilized in the type 

2 diabetes treatment as it shows increased drug absorption rate (Parmar et al., 2015). 

Microsphere can be used only as formulation to deliver conventional drugs which is a 

limitation in diabetes treatment as the current study focuses on nanoparticle drug 

materials. 
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2.1.4. Artificial pancreas 

Artificial pancreas (automated subcutaneous closed-loop insulin delivery system) is a 

technological innovation that enables diabetic patients to spontaneously regulate their 

glucose level in blood by mimicking the activities of a healthy pancreas (Pareta et al., 

2012). The development of artificial pancreas has become a closer-to-permanent solution 

for patients with diabetes. The concept of artificial pancreas is similar to nanorobots where 

an electrode with sensor constantly measures the blood glucose level and the information 

is fed into a computer to activate an infusion pump which administers the required insulin 

units from a small reservoir into the bloodstream (Hanazaki et al., 2001; S Rahiman, 

2012b). Recently, the results presented at the 76th scientific session of American Diabetes 

Association (ADA) showed that artificial pancreas are effective, feasible and safe to 

manage hyperglycemic condition in hospitalized type 2 diabetes patients (Thabit et al., 

2016). Other than artificial pancreas, transplantation of Islets were also becoming popular 

for the diabetes treatment (Shapiro et al., 2000). Ramiya et al (Ramiya et al., 2000) used 

islets from pancreatic stem cells that are produced in in vitro condition, implanted them 

in diabetic mouse and succeeded in decreasing level of glucose in blood after a week of 

time. Recent reviews portrays with strong evidences that islet transplantation can be safe 

and least invasive transplant procedure to avoid diabetic complications in patients 

(Shapiro et al., 2017). However, extensive research in these two techniques will identify 

challenges involved in medical implications and thereby finds solution to overcome those 

challenges.  

2.1.5. Nanopumps 

The nanopump is a versatile device that has potential uses in DNA analysis, drug 

screening, clinical and forensic analysis (Thorsen et al., 2002). It was first introduced by 

Debiotech for insulin delivery (Sasank et al., 2016). Continuous subcutaneous insulin 

infusion (CSII), regarded as an insulin pump system, is an approach to stimulate daily 

insulin secretion physiology (Yaturu, 2013). Insulin pump is a disk shaped infusion 

systems implanted in the abdominal subcutaneous tissue (Selam et al., 1990), and injects 

insulin at a constant rate through a free-moving peritoneal catheter to the patient (Saudek 
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et al., 1989) to balance blood sugar concentration. Many studies have reported improved 

glycemic control in patients using insulin pumps related to those on daily multiple 

injections (MDI) (Ramchandani et al., 2012). In an experiment performed by Kesavadas 

et al (Kesavadev, 2011), 48 out of 52 patients showed improved glucose control after 

using insulin pumps and amongst them, 42 patients experienced significantly lowered 

blood glucose level. However, resistance to insulin in cells will be a major problem in 

improving glucose control while using nanopumps. Thus, all these nanomedicines have 

pros and cons which promotes the need for an alternate or enhanced nanomedicine for the 

treatment of diabetes. 

2.2. Metal oxide nanoparticles in biomedical applications 

Oxide nanoparticles display exceptional chemical and physical properties due to their 

relatively small size and densely edge or corner surface sites (Ayyub et al., 1995). Existing 

knowledge shows that the physicochemical properties of oxide materials show critical 

size dependence (Iravani, 2017). A cluster of unique oxide nanoparticle applications 

dependents on the size of its optical, transport, mechanical and surface-chemical 

properties (Rodríguez et al., 2007; Yadavalli et al., 2017). Amongst the different oxide 

nanoparticles, metal oxides are exceptionally significant for their use in chemical, 

mechanical or electronic industries (Fierro, 2005). Metal oxide have been utilized in 

electronic and electrical systems such as varistor, surge protection devices and photo 

anode for solar cells due to their outstanding low, non-linear coefficient of current leakage 

(Kanade et al., 2006; Abdulmajeed et al., 2013). Also, the biocompatibility and 

biodegradability of metal oxides make it an important material in biological applications. 

Certain metal oxide nanoparticles such as zinc oxide (ZnO), magnesium oxide (MgO) and 

titanium oxide (TiO2) have been found to be toxic towards cancer cells, with further 

potential applications in treating chronic diseases (Krishnamoorthy et al., 2012; Yadavalli 

et al., 2017). 

2.2.1. ZnO nanoparticles 

Zinc oxide possesses exclusive physicochemical properties such as high electrochemical 

coupling coefficient, wide range of radiation absorption increased chemical stability and 
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great photostability, making it a material with multifunctional ability (Segets et al., 2009; 

Lou, 1991). ZnO is usually used in converters, sensors, photocatalysts and energy 

generators in the production of hydrogen due to its piezo- and pyroelectric properties 

(Wang, 2008; Chaari et al., 2012). Its low toxicity, antibacterial, disinfecting and drying 

properties (Liu et al., 2013; Mirhosseini et al., 2013; Ng et al., 2017), biodegradability 

and biocompatibility makes it a superior material for pro-ecological and biomedical 

systems (Bhattacharyya et al., 2008; Ludi et al., 2013; Mirzaei et al., 2017). This oxide 

material is also utilized in several diet supplements and nutritional products to deliver 

necessary dietary zinc (Kołodziejczak-Radzimska et al., 2014; Liu et al., 2017). 

The physicochemical properties of ZnO nanoparticles are often determined by the 

synthesis methods and functionalization chemistry. For example, ZnO nanocrystals 

prepared by sol-gel methods usually exhibit strong visible fluorescence due to its broad 

energy band (3.37 eV). Such products are mostly useful for bio-imaging (Xiong, 2010). 

Furthermore, biocompatible ZnO nanocrystals degrade readily in moderately acidic 

environment, making them suitable for pH-responsive systems as nanocarriers. The 

extracellular acidic environment of tumour tissues and its intracellular compartments such 

as endosomes and lysosomes provide ideal conditions for drug-ZnO nanocarriers (Zhang 

et al., 2013). Zhang et al. (Zhang et al., 2011) combined ZnO nanorods, which has 

theragnostic ability, along with daunorubicin (DNR) which is an anticancer drug and 

applied them in a photodynamic therapy (PDT). The results demonstrated that the 

combined system improved the anti-tumour activity remarkably with UV illumination.  

Many investigations have reported that the size of ZnO nanocrystals contributes to their 

toxicity (Baek et al., 2011; Kang et al., 2013; Najim et al., 2014). However, some reports 

found that under UV irradiation, the effect of size is significant (Zhang et al., 2013). 

Palanikumar and co-workers (Palanikumar et al., 2013) used ZnO nanoparticles as a 

carrier for the delivery of amoxicillin drug. The amoxicillin-loaded 15nm ZnO 

nanoparticles demonstrated virtuous antibacterial activities against gram-negative and 

gram-positive bacteria. Semiconductor ZnO nanocrystals are one among the capable 

material with biosensing ability, not only because of their good photochemical and 

electrochemical properties, but also for their biocompatibility and low production cost 
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(Zhang et al., 2013). As ZnO has a high isoelectric point (IEP) of about 9.5, ZnO is 

appropriate for the adsorption of low IEP enzymes or proteins such as glucose oxidase 

(Zang et al., 2007), tyrosinase (Li et al., 2006), transferase (Sudhagar et al., 2011), bovine 

serum albumin (BSA) and rabbit-immunoglubin antibodies (r-IgGs) (Ansari et al., 2010) 

in the appropriate buffer solutions. Chakraborti et al. (Chakraborti et al., 2009) showed 

that ZnO nanoparticles are proficient in disrupting protein-protein interactions such as 

signal transduction between proteins as they are smaller in size. Nano-sized ZnO materials 

may exhibit different toxicity level because of their smaller size and larger surface to 

volume ratio. Studies on the cytotoxicity of ZnO nanoparticles have been conducted and 

the results demonstrated that ZnO nanocrystals are more toxic than aluminium oxide 

(Al2O3), TiO2 nanoparticles and silica (SiO2), and are mostly employed in the medical 

field as antibacterial agents and disinfectants (Zhang et al., 2013). Moreover, ZnO 

nanocrystals may cause cell death as well as carcinogenic effect by damaging DNA 

molecular structures (Hackenberg et al., 2011; Sharma et al., 2009; Yin et al., 2010; 

López-Moreno et al., 2010; Huang et al., 2010). In diabetes, ZnO nanoparticles shows 

promising results as therapeutic agent to cure diabetes in combination with certain 

antibiotics due to their drug loading capability (Alkaladi et al., 2014; Umrani et al., 2014). 

However, many literatures shows ZnO nanoparticles are toxic to certain types of cells, 

which makes them unfit to be used for diabetic treatments (Zhang et al., 2013; Hackenberg 

et al., 2011; Sharma et al., 2009; Yin et al., 2010; López-Moreno et al., 2010; Huang et 

al., 2010). 

2.2.2. TiO2 nanoparticles 

Recently, TiO2 nanoparticles have been extensively exploited in industries and consumer 

products compared to TiO2 micro particles due to their strong catalytic activity (Tsuji et 

al., 2006; Shi et al., 2013a; Chibac et al., 2017). TiO2 has unique properties such as 

brightness and high refractive index (ORTLIEB, 2010). Currently, TiO2 nanoparticles are 

synthesized in abundance and are broadly used due to their photocatalytic, anticorrosive 

properties and high stability (Shi et al., 2013a; Alrobayi et al., 2017). In medical 

applications, TiO2 nanoparticles are used in advanced imaging and nanotherapeutics (Shi 

et al., 2013a; Wang et al., 2017). For instance, TiO2 nanoparticles are being estimated as 
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possible photosensitizer in photodynamic therapy (PDT) (Szacilowski et al., 2005). TiO2 

nanoparticles formulations are under investigation as an innovative method to treat and 

cure acne vulgaris at present (Bangale et al., 2012), recurrent condyloma accuminata 

(Nasir, 2010), atopic dermatitis (Yanagisawa et al., 2009), hyper-pigmented lesions in 

skin and other non-dermatologic diseases (Wiesenthal et al., 2011; Shi et al., 2013a) as 

well as drug delivery systems (Ensafi et al., 2017). TiO2 nanoparticles also possess UV 

light mediated antibacterial properties (Montazer et al., 2011; Shi et al., 2013a; Senarathna 

et al., 2017). The doping of metal oxides or metals on the TiO2 nanoparticle surface 

escalates the value of electron–hole pair charge separation by reducing the band-gap 

energy which leads to a recombination rate delay. When UV light falls on TiO2 

nanoparticle, it absorbs the light and acts as a photocatalyst to kill the bacterial colonies 

(Gupta et al., 2013). This information clearly articulates that TiO2 nanoparticles are 

extensively used in biological applications. 

Titanium (Ti) is found to be present in all animal tissues but only in trace amounts 

(Schkroeder et al., 1963; Shi et al., 2013a). However, titanium has never been reported as 

an essential element for humans or animals (Shi et al., 2013b). The increased growth in 

the number of publications portrays the interest among researchers in studying the safety 

and toxicity of TiO2 nanoparticles (Shi et al., 2013b). Traditionally, TiO2 fine particles 

are sparingly soluble with lower cytotoxicity (report, 1992; Borm et al., 2000). However, 

this is disproved after the development of lung tumors in rats, when high concentrations 

of fine TiO2 particles are exposed for two years (Lee et al., 1985; Shi et al., 2013a). Studies 

have also shown that TiO2 nanoparticles are highly toxic than micro or larger particles 

(Zhao et al., 2009; Fabian et al., 2008; Oberdörster, 2000). Oberdorster et al. (Oberdörster 

et al., 1994) described that TiO2 nanoparticles (21nm) is responsible for pulmonary 

inflammatory response than TiO2 fine particles at the same mass burden, with larger 

number of TiO2 nanoparticles entering the lung alveolar interstitium. Sager et al. (Sager 

et al., 2008) stated similar results in rats after intra-tracheal instillation of well-dispersed 

TiO2 nanoparticle suspensions. Recent in vitro assessment of TiO2 nanoparticles in human 

plasma revealed that they are toxic to humans due to their difference in antioxidant 

enzyme machinery, DNA repair capabilities and metabolic rate (Ganapathi et al., 2017). 

Wide applications of TiO2 nanoparticles confer substantial potential for environmental 
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release and human exposure, leading to a possible health hazard in livestock, eco-system 

and humans (Long et al., 2007; Kuku et al., 2017). However, in diabetes, TiO2 

nanoparticles are still extensively used in Bio MEMS to detect glucose in blood due to 

their semiconductor property (Subramani et al., 2012; Makaram et al., 2014) and as a 

carrier for drug (Moreno-Vega et al., 2012; Kulkarni, 2008) to delivery diabetic drugs. 

Recently, TiO2 coated smart medical socks were developed to prevent bacterial growth in 

diabetic foot ulcer patients (Elsayed et al., 2017). However, due to their cytotoxicity and 

probability to develop tumor, it is still under research to use these nanoparticles as an anti-

diabetic agent (Lee et al., 1985; Zhao et al., 2009; Relier et al., 2017). 

2.2.3. MgO nanoparticles 

Magnesium oxide (MgO), or magnesia, is a solid, white mineral that is present naturally 

as periclase. It is indeed hygroscopic and are formed by a magnesium and an oxygen atom 

connected through an ionic bond. MgO can be solubilized into their ionic state using water 

and ammonia, however they are poorly or insoluble in alcohols. It is an inimitable basic 

oxide with perfect crystal structure, simple stoichiometry, and high ionic character 

(Choudhary et al., 1994; Rajagopalan et al., 2002; Utamapanya et al., 1991; Morris et al., 

1983; Sundrarajan et al., 2012b).  It is an important material for industrial applications 

due to their high thermal stability, high melting point (2850°C), low heat capacity and 

high boiling point (3600°C) (Shand, 2006; Ropp, 2012). Currently, it is extensively used 

in reflecting and anti-reflecting coatings, lithium ion batteries, electroluminescence/ 

liquid crystal / fluorescent/ plasma displays, ferroelectric and superconductor thin films 

as a substrate (Shen et al., 2007; Zhou et al., 2004; Haraguchi et al., 2007; Boeuf, 2003; 

Zhang et al., 2006; Liu et al., 2005; Phillips, 1996; Hamet et al., 1992; Duyar et al., 2004; 

Davini et al., 1985; Jeevanandam et al., 2002; Stark et al., 1996; Kakkar et al., 2004; 

Qingwen et al., 2002; Gu et al., 2007; Kumar et al., 2008). 

MgO in nano-form will help in enhancing their properties to a large extent because of 

their high surface to volume ratio. MgO has gained significant consideration due to its 

unique properties such as wide band gap, which is an important feature for enhanced 

catalytic properties (Schönberger et al., 1995), low heat capacity and high melting point 
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(Shukla et al., 2004). MgO nanoparticles have found applications in the production of 

refractories, insulating materials, paints, superconductors, and toxic waste remediation 

(Zhan et al., 2004; Kawaguchi, 2000; Shukla et al., 2004). Other than industrial 

applications, MgO nanoparticles were also used in antimicrobial applications. MgO 

nanoparticles exhibit high bioactivity against bacteria (Mirhosseini, 2016), spores (Sawai 

et al., 2004) and viruses because of its large surface area (Koper et al., 2002). The 

positively charged MgO nanoparticles interact strongly with the negatively charged 

bacterial cellular membrane. As a proof to this phenomenon, (Stoimenov et al., 2002) 

suggested that MgO nanoparticles can take up halogen gases due to its surface defect. 

This results in a robust interaction with bacteria having negative surface charge and 

damages them due to Reactive Oxygen Species (ROS) production by MgO nanoparticles. 

Compared with titanium oxide, silver, copper and other solid bactericides, MgO 

nanoparticles has the advantage of being synthesized from readily available, cheaper 

solvents and precursors.  

Magnesium is an important ion of the human body though its concentration in the serum 

is low (0.3% of total body magnesium). It occurs as protein bound (33%), ionized (62%) 

and attachments to complexes to anions and albumin. Due to these attachments, MgO 

nanoparticles are used as a cure for heartburns and in bone regeneration (Bertinetti et al., 

2009b). In addition, MgO nanoparticles have become a suitable candidate in 

pharmaceutical industries as anticancer agents (Krishnamoorthy et al., 2012; Bertinetti et 

al., 2009b), nanocryosurgery medium (Di et al., 2012) and biosensors platforms (Lu et al., 

2010) due to their high thermal and bioactive properties. At different voltage-gated 

channels, it acts as a physiological calcium antagonist, and sometimes they have sheer 

importance in the antinociception mechanisms (Fawcett et al., 1999). For instance,  

magnesium and NMDA receptors have been demonstrated by Begon et al (Begon et al., 

2001) and Hasanein et al (Hasanein et al., 2007) to be a key player in the modulation of 

pain. Likewise, the combination of ketamine with conventional MgO in mice revealed the 

effect of nano – MgO as an anti – inflammatory and analgesic agent (Jahangiri et al., 

2013). Furthermore, many literatures have also revealed that MgO nanoparticles are non-

toxic in low concentrations towards different cell lines with concentration-dependent and 

time-dependent cytotoxicity profiles (Ge et al., 2011; Sun et al., 2011; Lai et al., 2008). 
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However, limited research focus has been given to the uses, behavior and functions of 

MgO nanoparticles in the treatment and cure of diseases such as diabetes, pneumonia, and 

cholera.  

2.3. MgO nanoparticles for type 2 diabetes treatment 

The significance of magnesium relates to the physiology enzyme system functions and its 

effect on membrane properties (Fawcett et al., 1999; Jahangiri et al., 2014b). Magnesium 

directly controls cellular glucose metabolism (Swaminathan, 2003), signal transduction 

of peptide hormone receptors (Resnick, 1997), coupling of stimulus-contraction 

(Michailova et al., 2004), stimulus-secretion coupling (Mooren et al., 1994) and ion 

channel translocation (Fujita-Becker et al., 2005), at the biochemical level. Magnesium is 

crucial in activating magnesium-adenosine triphosphate (MgATP) complex essential for 

limiting the rate of glycolysis and kinase enzyme activity. MgATP complex is needed for 

all phosphate transfers and ATP-associated enzymes, such as endoplasmic reticulum and 

CaATPases in the plasma membrane (Barbagallo et al., 1996; Paolisso et al., 1997). 

Substantial decrease in the activities of enzymes at low magnesium concentrations has 

been reported by Laughlin et al (1996) for hypertension and diabetes cases via nuclear 

magnetic resonance (NMR) analysis. Insulin resistance is the anticipated consequence of 

suppressed cellular magnesium in fat tissues and skeletal muscles. Barbagallo et al (2003) 

explained in his review that oxidative stress in skeletal and fat tissues are due to low 

cellular magnesium level and this leads to insulin resistance.     

Magnesium deficiency is a common problem in insulin and non-insulin dependent 

diabetes (Sjogren et al., 1988a; Velayutharaj et al., 2016). Reduction in intracellular 

magnesium content under insulin resistant conditions has been ascribed to a reduction in 

the entry of magnesium ions stimulated by insulin into the cell (Paolisso et al., 1990; 

Paolisso et al., 1986; Paolisso et al., 1989). Conversely, hypomagnesaemia has been found 

to be involved in ketoacidosis-associated pathogenesis of insulin resistance. This was 

reported by Ponder et al (1990) after evaluating the medical case history of 220 diabetic 

children (Ponder et al., 1990). Thus, both low intracellular magnesium and 

hypomagnesaemia can be a consequence (Sjogren et al., 1988a; Paolisso et al., 1990; 
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Alzaid et al., 1995) and cause insulin resistance (Lostroh et al., 1973; Sanui et al., 1978). 

A recent research on 42 recently diagnosed patients with type 2 diabetes also revealed that 

reduced magnesium level in serum is strongly related to insulin resistance. The 

researchers also suggested that serum magnesium level can be used as an indicator of 

diabetic complications (Jayaraman et al., 2017). Thus, supplementing magnesium to 

improve serum magnesium level will help in reversing insulin resistance. In the 

experiment conducted by (Kandeel et al., 1996), magnesium sulphate (MgSO4) 

supplemented fat cells (adipocytes) taken from Male Sprague-Dawley rats successfully 

reversed insulin resistance. However, high concentrations of MgSO4 were required for the 

reversal of insulin metabolic path, suggesting the need for an improved formulation.  

Another clinical study, conducted by (Maier et al., 2004) showed that low magnesium 

concentrations can lead to endothelial cell dysfunction. They reported that that low 

concentrations of magnesium impede endothelial proliferation reversibly, resulting in 

down-regulation of CDC25B. Dysfunction of endothelium can result in a number of 

diseases including atherosclerosis (Cines et al., 1998), hypertension (Epstein et al., 1999), 

diabetes (Lifton et al., 2001) and thrombosis (Lifton et al., 2001). A recently reported 

research showed that combined perioral supplementation of both chromium and 

magnesium effectively reversed insulin resistance (Dou et al., 2016). The research was 

conducted on 120 individuals between the age of 45-59 and they discussed that insulin 

resistance reversal may be due to increased repression of GSK3β and induction of GLUT4 

expression. As magnesium supplements can lead to reversal of insulin resistance in 

patients with type 2 diabetes, MgO nanoparticles is proposed in this research as a potential 

agent in supplementing magnesium to reverse insulin resistance as shown in Figure 2.1. 

It is hypothesized to be a more effective insulin resistance reversing agent than MgSO4 

and MgCl2, as it is a metal oxide nanoparticle with high edge surface site density (Ayyub 

et al., 1995). Since nanoparticles are known for their superior surface to volume ratio, a 

lower dosage of MgO nanoparticles would be required for effective insulin resistance 

reversal (Rahiman et al., 2012b). The present project aims at probing the relationship 

between the biophysical characteristics of MgO nanoparticles and insulin resistance 

reversal efficiency. Sol-gel and aqueous leaf extract mediated bio-based green synthesis 

would be used to generate 2 different types of MgO nanoparticles. The screening of MgO 
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nanoparticles toxicity would be performed using 3T3-L1 cell lines as a diabetic cell model 

and VERO cell line as a non-diabetic normal cell model via MTT assay. Bio-assay 

analysis on insulin resistance reversal ability would be conducted to investigate the 

efficacy of the nanoparticles.  

 

Figure 2.1: Proposed mechanism for MgO nanoparticle to reverse insulin 

resistance (Jeevanandam et al. 2015) 

2.4. Synthesis of MgO nanoparticles 

The surface properties of MgO nanoparticles affect its functional properties. MgO 

nanoparticle synthesis methods and process parameters (Liang et al., 1985; Klabunde et 

al., 1996; Morales et al., 1995) play a significant role in defining their characteristic 

features and functional properties Jeevanandam et al., (2016b). Thus, the synthesis 

method is critical in generating MgO nanoparticle with distinct surface properties and 

morphology necessary to promote insulin resistance reversal. MgO nanoparticles can be 

synthesized either by a physical, chemical or biological method. 

2.4.1. Physicochemical synthesis of MgO nanoparticles 

MgO nanoparticles can be prepared using a variety of synthesis approaches, including 

vapor phase oxidation (Itatani et al., 1997), hydrothermal synthesis (Sōmiya et al., 2000; 

Su et al., 2011), high temperature solid state synthesis (Myagkov et al., 2004), alkoxide 

based preparation (Zhang et al., 2002), microwave irradiation (LI et al., 2007) and sol-gel 

synthesis (Cosentino et al., 2006; Athar et al., 2012). Table 2.1 summarizes the merits and 

limitations of each physicochemical synthesis method. Sol-gel method is recognized as a 

promising method for biomedical applications as it results in smaller nanoparticle with 
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comparatively low toxicity than other chemical methods (Ibrahim, 2010; Hyun et al., 

2003). This method is considered superior to other synthesis methods due to its simplicity, 

cost-effectiveness and the ability to generate nanoparticles with high purity and surface 

area-to-volume ratio (Jiu et al., 2004; Chadwick et al., 1998; Bokhimi et al., 1999; 

Subramania et al., 2007). Sol-gel synthesis requires comparatively low temperature 

conditions compared to other chemical methods (Mastuli et al., 2014), offers sufficient 

control over metal oxide composition (Yoshimura et al., 1999), and facilitates the 

generation of nanoparticles with controlled chemical structure (Lind et al., 2010) and 

particulate size (Athar et al., 2012).   

It is known that the size and shape of nanoparticles significantly affect their properties 

(Cao, 2004; Giri et al., 2011). Conventional sol-gel synthesis technique has been used 

extensively to produce spherical shaped MgO nanoparticles (Athar et al., 2012; Suresh, 

2014) for unique applications (Athar et al., 2012; Makhluf et al., 2005). However, in 

pharmaceutical delivery, spherical nanoparticle may result in ineffective attachment to 

target cells, resulting in reduced functionality or activity (Kolhar et al., 2013) compared 

to other morphologies. Shapes of nanoparticles such as hexagon (Lu et al., 2009) and rods 

(Gratton et al., 2008) can promote better bioactivity on target cells. Synthesis process 

conditions strongly influence the stability, morphology and size of nanoparticles 

(Ghorbani et al., 2011). Process investigation of sol-gel synthesis through variations in 

the concentration of gelling agent (Zhang et al., 2003; Kareiva et al., 1994; Thirunakaran 

et al., 2005) and precursors (Mirzaei et al., 2012; Ouraipryvan et al., 2009) have been 

performed, and different sizes and shapes of nanoparticles were generated. Niederberger 

(2007) reported that various shapes such as cube, cone, multipods and nanorods can be 

generated by specific process variation strategies (Niederberger, 2007). (Mastuli et al., 

2014) synthesized diverse shapes of MgO nanoparticles such as cube, sphere and cuboid 

through sol-gel process by altering the gelling agents. However, a major drawback to sol-

gel synthesis is the requirement for high calcination temperatures for prolonged durations 

(950°C for 36 hours) to yield MgO nanoparticles with distinct morphology. Since, sol-gel 

method has the capability to yield spherical, hexagon and rod shaped nanoparticles, it is 

used to investigate the particle formation process necessary to engineer morphological 

characteristics. The present work utilizes a simple sol-gel synthesis method modified from 
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(Kumar et al., 2008) to synthesize spherical, hexagonal and rod shaped MgO 

nanoparticles. Kumar et al (2008) utilized nitrate precursor and oxalic acid as gelling 

agent to form agglomerated spherical MgO nanoparticles that are less than 100 nm after 

calcinating at 1000°C for 2 hours. The present work introduces variations in precursor 

and gelling agent to reduce the calcination temperature and to synthesize stable, small size 

nanoparticles with varying morphology. 

Table 2.1: Summary of various physicochemical methods for MgO nanoparticle 

synthesis 

Synthesis 

method 

Description Advantages Disadvantages References 

Hydrother-

mal 
A crystal synthesis 

procedure that uses 

high-pressure water 

conditions and high 

temperature from 

substances that are 

insoluble in normal 

temperature and 

pressure. 

Used for 

synthesis of 

multi metal 

oxide 

compounds 

Cost of the 

equipment is 

high and 

monitoring of 

crystals in their 

growth process 

is impossible. 

(Hayashi et 

al., 2010) 

Vapour 

phase 

oxidation 

This technique uses 

vapor phase 

precursors that are 

brought into a hot-

wall reactor under 

favorable 

nucleation 

condition of 

Promising 

method for 

producing 

continuous 

layers of high 

quality metal 

oxide 

Difficult to 

control 

hydrolysis rate 

of precursors, 

resulting in the 

formation of 

aggregates 

(Swihart, 

2003; 

Bhattachary

ya et al., 

2012; 

Mattevi et 

al., 2011; 
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particles in the 

vapor phase. 

Ali et al., 

2014) 

Sol-gel 

synthesis 
It is a colloidal 

synthesis method 

with an 

intermediate sol 

and/or gel state 

which is utilized 

extensively to 

produce ceramics. 

Offers a low 

temperature 

method to 

synthesize 

metal oxide, 

and doping can 

readily be 

introduced.  

Formation of 

covalent 

linkages 

between the 

glass slide and 

chemicals 

leads to weak 

coating 

resistant. 

(Ibrahim, 

2010; Hyun 

et al., 2003; 

Pudukudy 

et al., 2017) 

High 

temperature 

solid state 

synthesis 

A synthesis 

procedure that 

produces 

nanoparticles step-

by-step in a reactant 

solution in which 

molecules are 

bound on a bead. 

Easy to remove 

by-product. 

Can be used for 

the synthesis of 

peptides and 

DNA. 

Large grain 

size, poor 

chemical 

homogeneity, 

undesirable 

phases 

(John et al., 

2010; 

Gordon et 

al., 1999) 

Alkoxide 

based 

preparation 

A method used for 

the preparation of 

oxide materials  in a 

single step using 

alkoxide and their 

derivatives 

Easy to remove 

alkoxide 

ligands via 

thermal 

treatment  

Undesirable 

phases, 

micrometre 

grain size 

(John et al., 

2010) 
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Microwave 

irradiation 
It is a method in 

which microwave is 

applied to chemical 

reactions to 

sufficiently heat 

thin objects 

throughout their 

volume. 

It heat the 

target 

compound 

without heating 

the entire 

furnace. Thus 

saving time and 

energy 

Non uniform 

and localized 

superheating 

occurs that 

affects the 

formation of 

nanoparticles 

(Loupy, 

2006; de la 

Hoz et al., 

2005; 

Strauss et 

al., 1995; 

Kappe et 

al., 2012) 

 

2.4.2. Green synthesis of MgO nanoparticles 

Green methods are widely used for nanoparticle synthesis. Biomaterials such as plant 

extracts, fungi and bacteria can be used for metal oxide nanoparticle synthesis through 

green synthesis approaches. Amongst  green synthesis methods, plant extract facilitated 

synthesis possesses significant advantages in terms of toxic byproduct reduction and the 

capacity to engineer the nanoparticle size using embedded phytochemicals (Malik et al., 

2014). Table 2.2 gives a summary of plant extracts that have been used for metal oxide 

nanoparticle synthesis. Phytochemicals such as aldehydes, ketones, amides, terpenoids, 

carboxylic acids and flavonoids present in plant extracts play an major role in nanoparticle 

synthesis (Terenteva et al., 2015).  

In the present work, MgO nanoparticles is synthesized by adopting the synthesis 

procedure reported by (rao Pasupuleti, 2013) for silver nanoparticles synthesis using 

Rhinacanthus nasutus extract. The synthesis procedure uses plant leaf extracts from 

Amaranthus tricolor, Amaranthus blitum and Andrographis paniculata as feedstock. 

Amaranthus tricolor Linn is a tropical annual plant that belongs to the Amaranthaceae 

family (Rao et al., 2010). It has traditionally been used for the treatment of piles, bladder 

distress, blood disorders, tooth ache and dysentery (Madhava Chetty et al., 2008). The 

leaves of A. tricolor typically consists of unsaturated linolenic fatty acid (42%) and 

saturated palmitic fatty acid (18-25%) (Fernando et al., 1984). Mature leaves of A. tricolor 
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contains betacyanins, red-violet pigments, isoamaranthin and amaranthin (Rao et al., 

2010; Piattelli et al., 1969) along with other phytochemicals. Amaranthus blitum L., a wild 

amaranth and native to the Mediterranean region (Walshaw, 2005), contains a high 

percentage of carotene, thiamine, riboflavin, niacin and ascorbic acid (Alegbejo, 2014; 

Achigan-Dako et al., 2014). The leaves are commonly utilized as poultice and febrifuge 

to treat lung disorders, boils and inflammations (Walshaw, 2005). Andrographis 

paniculata is an eminent plant native to Asia that belongs to the Acanthaceae family. 

Diterpene and lactones are the active components present in the aerial part of A. 

paniculata plant, collectively called andrographolides (Akowuah et al., 2008; Hossain et 

al., 2014). The leaves are also reported to have diterpenoids, flavonoids and steroids 

(Siripong et al., 1992), and are used as medications for several diseases in Asia and Europe 

(Siripong et al., 1992; Burkill, 1966; Akbar, 2011a; Jarukamjorn et al., 2008). These three 

plants were selected for the present work because of their high flavonoid contents (Amin 

et al., 2006; Gupta et al., 1983) as flavonoids have been reported as an essential 

phytochemical for plant leaf based biosynthesis of nanoparticles (Ahmad et al., 2010; 

Jeevanandam et al., 2016a). 

Table 2.2: Biosynthesis of metal oxide nanoparticles using various organisms. 

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission  

Nanoparticle Bacteria Size Reference 

Manganese 

oxide 

Shewanella loihica 18-202nm (Jiang et al., 

2015) 

Iron oxide Aquaspirillium magnetotacticum, 

Magnetaspirillum magnetotacticum 

47nm (Philipse et 

al., 2002; 

Mann, 1985) 

Uranium 

oxide 

Desulfosporosinus sp., Shewanella 

oneidensis 

1-5nm (Marshall et 

al., 2006; 

Cunningham 

et al., 1993) 
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Nanoparticle Fungi Size Reference 

Titanium 

dioxide 

Aspergillus flavus TFR 7 12-15nm (Raliya et al., 

2015) 

Zinc oxide Aspergillus terreus 55-83nm (Baskar et al., 

2013) 

Bismuth 

oxide 

Fusarium oxysporum 5-8 nm (Uddin et al., 

2008) 

Nanoparticle Plant leaf extract Size Reference 

Iron oxide, 

Zinc oxide 

Camellia sinensis (Green tea extract) 5-20nm (Hoag et al., 

2009; 

Shahwan et 

al., 2011; 

Senthilkumar 

et al., 2014) 

 

 

 

Iron oxide 

 

Bran extract from Sorghum sp., Plantain 

peel extract, Grape seed 

proanthocyanidin, Grape marc, Fruit 

pericarp of Terminalia chebula, Banana 

peel ash extract, Leaf extracts of 

Eucalyptus globulus, Pomegranate, 

Dodonaea viscosa, Tridax procumbens, 

Vine leaf, Eucalyptus tereticornis, 

Melaleuca nesophila, Rosmarinus 

officinalis 

20-80nm (Njagi et al., 

2010; 

Venkateswarl

u et al., 2013; 

Narayanan et 

al., 2011; 

Machado et 

al., 2013; 

Thakur et al., 

2014; 

Madhavi et 

al., 2013; 

Wang, 2013; 

Rao et al., 
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2013; Daniel 

et al., 2013; 

Senthil et al., 

2012; Wang 

et al., 2014) 

 

Zinc oxide 

 

Aloe leaf broth extract, Milky latex of 

Calotropis procera, Leaf extracts of 

Coriandrum sativum, Calotropis 

gigantean, Acalypha indica, Hibiscus 

rosa-sinensis 

25-40nm (Gunalan et 

al., 2012a; 

Anastas et 

al., 2000; 

Clark et al., 

2008; Devi et 

al., 2014; 

Gnanasangee

tha, 2013) 

Titanium 

dioxide 

 

Latex of Jatropha curcas, 

Leaf extracts of Neem, Eclipta prostrate 

25-100nm (Hudlikar et 

al., 2012; 

Rajakumar et 

al., 2012; 

Shilpa 

Hiremath et 

al., 2014) 

Copper oxide 

 

Malva sylvestris, Aloe barbadensis 

Miller 

14-30nm (Awwad et 

al., 2015; 

Gunalan et 

al., 2012b) 

Magnesium 

oxide 

Nephelium lappaceum leaf peels 60-70nm (Suresh et al., 

2014; 

Jeevanandam 
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Andrographis paniculata, Amaranthus 

tricolor, Amaranthus blitum aqueous 

leaf extract 

et al., 2017; 

Karthik et al., 

2017) 

 

2.5. Cytotoxic analysis 

Cytotoxic analysis of metal oxide nanoparticles for pharmaceutical applications can be 

performed using MTT assay. MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5 diphenyl 

tetrazolium bromide) assay determines the activity of mitochondria in the conversion of 

tetrazolium MTT salt into formazan crystals. Since the total activity of mitochondria can 

be correlated to the quantity of living cells in a population, this method is widely used to 

quantify the effects of drug in vitro cytotoxicity on cell lines (van Meerloo et al., 2011). 

Different concentrations of nanoparticles are prepared and subjected to a two-stage 

cytotoxic study. In the current study, the cytotoxic analysis is performed using 3T3-L1 

adipocyte cell lines and VERO cell lines. 3T3-L1 is widely accepted as a model for 

diabetic studies (He et al., 2007), therefore cytotoxicity analysis using these cell lines will 

help to screen toxic nanoparticles before further formulation. The selected nanoparticles 

is subjected to further cytotoxic analysis using VERO cells, being the normal cell model 

in the present study. Table 2.3 shows MTT based cytotoxicity analysis of different 

nanoparticles using 3T3-L1 and VERO cell lines.  

Table 2.3: MTT based cytotoxic analysis of various nanoparticles using diabetic 

and non-diabetic cell models 

Cell line Nanoparticle Reference 

 

 

Mesoporous silica nanoparticles (Huang et al., 2005) 

Amorphous silica nanoparticles (Uboldi et al., 2012) 

Nanodiamond-insulin complex (Shimkunas et al., 

2009) 
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3T3-L1 adipose cell 

line (diabetic cell 

model) 

 

Zinc oxide nanoparticles (Pandurangan et al., 

2015) 

 

 

VERO cell lines  

(non-diabetic cell 

model) 

Gold nanoparticles (Chueh et al., 2014) 

Gold nanoshells (Su et al., 2007) 

Pristine coated non-biodegradable 

graphene 

(Sasidharan et al., 

2011) 

Zirconia nanoparticles (Balaji et al., 2017) 

Iron oxide nanoparticles (Szalay et al., 2012) 

 

2.6. Insulin resistance reversal analysis  

The diabetes study includes glucose assay, western blot assay and adhesion analysis. 

These tests are necessary to provide evidence that MgO nanoparticles possess insulin 

resistance reversal ability. The reversal of insulin resistance due to MgO nanoparticle and 

the conversion of glucose into fatty acid is measured using DNS colorimetric glucose 

assay (Rivers et al., 1984). 3, 5 – Dinitrosalicylic acid (DNS) is a compound that binds 

and reacts with reducing sugar molecules due to their aromatic nature to form 3-amino-5-

nitrosalicylic acid which absorbs visible light at 540 nm (Lide et al., 2009; Miller, 1959). 

This assay can help in measuring the quantity of insulin intake reflected by the amount of 

glucose converted and the efficiency of MgO nanoparticles in reversing insulin resistance. 

It has been reported that the glucose transporter protein (GLUT-4) is critical during 

reversal of insulin resistance in adipose tissues (Slot et al., 1991). Elaborate further in 2 

sentences on the importance of GLUT-4. Hence, western blot assay is used to analyze the 

expression of GLUT-4 protein to indicate the insulin resistant reversal and insulin entry 

into the cell. Western blot is used to identify and separate proteins using gel 

electrophoresis. Results are obtained by transferring the electrophoresized gel to a 

nitrocellulose membrane which generate bands corresponding to each protein. The 
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membrane is then incubated with the precise antibody labels to determine the presence of 

protein (Mahmood et al., 2012). This protein separation technique is to reveal the presence 

of GLUT4 protein, thereby confirming the insulin resistance reversal ability of MgO 

nanoparticles. Fluorescence microscopic analysis can be used to test and check 

nanoparticles-cell adhesion (Balasundaram et al., 2006; Gupta et al., 2004). Fluorescent 

microscopic images of the cell is generated using acridine orange and propidium iodide 

in order to differentiate several cell components. This analysis gives information about 

the adhesion and entry of nanoparticles into the adipose cells (Burmeister et al., 1998). 

Hence, this analysis will be helpful in probing possible mechanisms of MgO nanoparticles 

in reversing insulin resistance. 

2.7. Research novelty 

The novel aspects of the current project relate to strategies to generate multi-functional 

less toxic MgO nanoparticles with diverse morphologies and sizes to improve insulin 

resistance reversal ability in type 2 diabetes cases. Previously reported studies mostly 

focus on spherical shaped MgO nanoparticles synthesized via chemical based sol-gel 

method (Kumar et al., 2008). Even though spherical nanoparticles possess high surface to 

volume ratio, ease of endocytosis remains a major challenge (Panariti et al., 2012). 

Hexagonal and rod shaped morphologies have been reported to have an improved cell 

penetration capacity for activating intracellular enzymes (Xu et al., 2008). Thus, a new 

and improved approach with the capacity to generate transformational morphologies of 

MgO nanoparticles is critical to enhance therapeutic effects. The effect of calcination 

temperature and gelling agent is explored in sol-gel technique to generate three different 

morphologies (spherical, hexagonal and rod-like shapes) of MgO nanoparticles. Bio-

based green synthesis approach has been used to yield several shapes of MgO 

nanoparticles. To date, only two literatures have reported green synthesis of MgO 

nanoparticles using peels of Nephelium lappaceum (Rambutan fruit) and leaves of Swertia 

chirayaita (Sharma et al., 2017; Suresh et al., 2014). The nanoparticles were spherical and 

in the size range 40-60 nm. To further reduce MgO nanoparticles size and cytotoxicity 

compared to chemically-synthesized MgO nanoparticles, a green synthesis method using 

three plant leaf extracts; Amaranthus tricolor, Amaranthus blitum and Andrographis 
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paniculata is developed and characterized. A novel pH-mediated technique is used to 

control morphological transformations in MgO nanoparticles.    

Another important novel aspect of the project relates to the generation of hexagonal MgO 

nanoparticles to improve insulin resistance reversal capacity due to its high edge surface 

density. The edge surface atoms of metal oxide nanoparticles can be highly influential in 

facilitating the entry of nanoparticle into cell and enhancing their bioavailability (Ayyub 

et al., 1995). The effect of metal oxide nanoparticle morphology on the efficacy of insulin 

resistance reversal is not well reported in the literature. Also, as nanoparticles are known 

for their high surface to volume ratio, low dosage of MgO nanoparticles may be effective 

for reversing insulin resistance. The current study hypothesized that morphologically 

engineered magnesium supplement in the nano-form can be an alternative to insulin 

supplement with high biocompatibility and bioavailability to reverse insulin resistance. 

This constitutes a novel addition to the field of study and would enhance capacity to 

develop new and improved nanomedicines for diabetes treatment.  
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CHAPTER 3  

RESEARCH METHODOLOGY 

3.1. List of chemicals, materials, reagents and cell lines used 

Magnesium precursors such as magnesium acetate tetrahydrate and magnesium nitrate 

hexahydrate, ethanol as solvent along with gelling agents such as oxalic, tartaric and citric 

acid was used for the chemical (sol-gel) synthesis process. Similarly, the same magnesium 

precursors along with leaf extracts were used for green synthesis and pH modifications 

were performed using chemicals as mentioned in Table 3.1. No further purification of 

chemicals and reagents were carried out and are used directly in the experiment. The 

chemicals, reagents and cell lines used for cytotoxic and biological assays were also 

mentioned in Table 3.1.   

Table 3.1: Chemicals and their specifications used for chemical synthesis of MgO 

nanoparticles 

Purpose Chemicals and specifications Brand 

 

 

 

 

 

 

Chemical synthesis 

of MgO nanoparticles 

(sol-gel) 

Magnesium acetate tetrahydrate 

Molecular weight – 214.45 g/mol 

Purity – 98% 

Alfa Aesar (USA) 

Magnesium nitrate hexahydrate 

Molecular weight – 256.41 g/mol 

Purity – 98% 

Alfa Aesar (USA) 

Oxalic acid 

Molecular weight – 126.06 g/mol 

Purity – 99.5% 

Merck (USA) 

Tartaric acid 

Molecular weight – 150.08 g/mol 

Purity – 99.5% 

Acros organics 

(Belgium) 

Citric acid 

Molecular weight – 192.12 g/mol 

Fisher scientific 

(Singapore) 
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Purity – 99.9% 

Ethanol  

Molecular weight – 46.06 g/mol 

Purity – 99.4% 

Fisher scientific 

(Singapore) 

 

 

 

 

 

 

Green synthesis of 

MgO nanoparticles 

Andrographis paniculata 

Amaranthus blitum (green spinach) 

Amaranthus tricolor (red spinach) 

Local market in 

Miri, Sarawak, 

Malaysia 

Magnesium acetate tetrahydrate 

Molecular weight – 214.45 g/mol 

Purity – 98% 

Alfa Aesar (USA) 

Magnesium nitrate hexahydrate 

Molecular weight – 256.41 g/mol 

Purity – 98% 

Alfa Aesar (USA) 

Concentrate hydrochloric acid 

Molecular weight – 36.45 g/mol 

Purity – 30% 

Merck Millipore 

(Singapore) 

Sodium hydroxide 

Molecular weight – 39.99 g/mol 

Purity – 97% 

Merck Millipore 

(Singapore) 

 

 

Cell lines for 

biological assays 

3T3-L1 (diabetic) adipocytes from 

mouse 

National Cell 

Culture Society 

(NCCS), Pune, 

India 

VERO kidney epithelial cells from 

African green monkey 

National Cell 

Culture Society 

(NCCS), Pune, 

India 

 

 

 

Fetal Bovine Serum (FBS) Sigma Aldrich 

(USA) 

Dulbecco’s Modified Eagle’s Medium 

(DMEM) 

Sigma Aldrich 

(USA) 
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Reagents for cell 

culture 

Penicillin Thermo Fisher 

scientific 

company (USA) 

Streptomycin Thermo Fisher 

scientific 

company (USA) 

Phosphate buffered saline (PBS) 10X 

with pH 7.4 

Thermo Fisher 

scientific 

company (USA) 

Dimethyl sulfoxide (DMSO) Thermo Fisher 

scientific 

company (USA) 

Trypsin-Ethylene di amine tetra acetic 

acid (EDTA) 

Thermo Fisher 

scientific 

company (USA) 

 

 

 

 

 

 

 

Biological assays 

3-(4,5 – dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide (MTT) 

dye for cytotoxic assay 

Sisco Research 

Labs Pvt. Ltd. 

(SRL-India) 

Anti-GLUT4 antibody for western blot Krishgen 

biosystems 

(India) 

Anti-mouse IgG for western blot Krishgen 

biosystems 

(India) 

3, 5-Dinitrosalicyclic acid for DNS 

assay 

Purity – 98% 

Acros organics 

(India) 

Anhydrous D(+)-glucose  Acros organics 

(India) 

Propidium iodide dye for fluorescent 

microscope studies  

Sigma Aldrich 

(USA) 
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Acridine orange dye for fluorescent 

microscope studies 

Sigma Aldrich 

(USA) 

Other common chemicals for western 

blot and glucose assay 

Sigma Aldrich 

(USA) 

3.2. Experimental methodology  

3.2.1. Synthesis of MgO nanoparticle 

Equimolar ratio of precursor and gelling agents were separately dissolved in ethanol. Later 

both solutions were mixed together and the formation of gel starts immediately after 

mixing. Addition of gelling agent leads to a three dimensional magnesium network 

formation with molecules from gelling agent and ethanol. Later, the gel was subjected to 

age for 12 hours followed by drying for 24 hours at 100°C in a hot air oven (Memmert 

GmbH VO400cool) (Kumar et al., 2008). In the present work, two precursors such as 

magnesium acetate and magnesium nitrate were used. Four combinations of gelling agent 

such as oxalic acid, tartaric acid, citric acid and mixture of three gelling agents with 

precursors were used for the synthesis. The complete synthesis process was summarized 

in the Figure 3.1. The sample names for sol-gel product obtained from different precursors 

and gelling agents were shown in Table 3.2. The obtained sol-gel product in powder form 

were characterized using Thermogravimetry-Differential Scanning Calorimetry (TG-

DSC) and X-Ray diffraction studies to analyze the crystallinity and thermal behavior of 

the powder. This analysis will help to select the calcination temperature to form pure MgO 

nanoparticles. The obtained sol-gel product in the powder form after drying was then 

calcinated at different temperatures for two hours for MgO nanoparticles formation from 

the sol-gel product. The calcinated samples were analyzed using Dynamic Light 

Scattering (DLS) technique to study the average particle size. Later, the selected samples 

were subjected to XRD to study the phase formation, Fourier Transform-Infra Red (FT-

IR) spectroscopy (Thermo scientific NICOLET iS10) to identify functional groups and 

Transmission Electron Microscopy (TEM) analysis to analyze MgO nanoparticles 

morphology. 
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Figure 3.1: Sol-gel synthesis of MgO nanoparticles 
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Table 3.2: Sol-gel product from different precursor and gelling agent 

Sample name Magnesium precursor Gelling agent 

Sample AO Magnesium acetate Oxalic acid 

Sample AT Magnesium acetate Tartaric acid 

Sample AC Magnesium acetate Citric acid 

Sample AM Magnesium acetate Mixture of oxalic, tartaric and citric 

acid 

Sample NO Magnesium nitrate Oxalic acid 

Sample NT Magnesium nitrate Tartaric acid 

Sample NC Magnesium nitrate Citric acid 

Sample NM Magnesium nitrate Mixture of oxalic, tartaric and citric 

acid 

Note –  A-Magnesium acetate, N-Magnesium nitrate, O-Oxalic acid, T-Tartaric acid, C-Citric acid, 

M-Oxalic+Tartaric+Citric acid 

3.2.2. Green synthesis of MgO nanoparticles 

Aqueous plant extract was prepared by adding boiling distilled water into the fresh leaves 

in the ratio of 10:1 for 20 minutes (Pasupuleti et al., 2013). Later, the extract was allowed 

to cool in room temperature. The leaves were filtered by using a filter mesh and then by 

using Whatman No: 1 filter paper to eliminate dust particles. The extract that are filtered 

and purified, is stored in refrigerator at 4°C for further use. 5, 10 and 15ml of aqueous 

leaf extracts were added separately to 1mM, 5mM and 10mM concentrations of 

magnesium precursors that are dissolved in distilled water, for the synthesis of MgO 

nanoparticles. This mixture was then heated for 5, 10 and 15min at a temperature of 40°C, 

60°C and 80°C for MgO nanoparticle synthesis (rao Pasupuleti, 2013). Figure 3.2 shows 

the methodology for the MgO nanoparticle formation using different leaf extracts. There 

are six combinations of magnesium precursor and leaf extracts that are used to synthesize 

smaller MgO nanoparticles as mentioned in Table 3.3. Optimization of nanoparticle 

synthesis was obtained by using one-factor-at-a-time method. The obtained nanoparticles 
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were further characterized with UV-Visible spectrophotometer and Zeta sizer to confirm 

the presence of MgO nanoparticles and its size. 

 

Figure 3.2: Leaf extract mediated MgO nanoparticle synthesis. Reproduced by 

permission of the Royal Society of Chemistry. 

Table 3.3: MgO nanoparticle synthesis with different magnesium precursors and 

leaf extracts 

Sample  Precursor Leaf extract 

Sample AT Magnesium acetate Amaranthus tricolor 

Sample AB Magnesium acetate Amaranthus blitum 

Sample AP Magnesium acetate Andrographis paniculata 

Sample NT Magnesium nitrate Amaranthus tricolor 

Sample NB Magnesium nitrate Amaranthus blitum 

Sample NP Magnesium nitrate Andrographis paniculata 
Note: A-Magnesium acetate, N-Magnesium nitrate, T-Amaranthus tricolor, B-Amaranthus blitum, P-

Andrographis paniculata 
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3.2.3. Characterization of nanoparticles 

The crystallinity and thermal behavior of sol-gel product from chemical synthesis were 

analyzed using X-ray diffraction (XRD) method and Thermogravimetry-Differential 

Scanning Calorimetry (TG-DSC) to understand MgO nanoparticles formation. Later, 

calcination of the sol-gel product were performed in a box furnace (Carbolite 1200°C 

heavy duty box furnace). The MgO nanoparticles, formed using leaf extracts, were 

initially characterized by UV-Visible spectrophotometer and Dynamic Light Scattering 

method. Later, the optimized parameters were used to form MgO nanoparticles which are 

freeze dried into powder using LABCONCO 2.5 L refurbished freeze dryer/lyophilizer 

at -40°C with 0.133mBar vacuum pressure. The freeze dried powder samples were studied 

using XRD and Fourier transform-Infra Red spectroscopy (FT-IR) to analyze its phase 

formation and chemical composition respectively. The MgO nanoparticles in its colloidal 

form was used in Transmission Electron Microscopy (TEM) studies to observe their 

morphology. The images of instruments that are used for characterization of nanoparticles 

were given in the appendices.   

3.2.3.1. Thermal analysis 

TG-DSC measures weight change as a function of temperature and helps in determining 

chemical and physical changes that leads to mass fluctuations, when a material undergoes 

heating process. Modern TG-DSC equipment has a sensitive microbalance for continuous 

sample weight measurement, sample holder surrounded by a furnace, and an inert or 

reactive atmosphere purge gas system. The furnace and the data (weight vs. sample 

temperature) is controlled, collected and processed by a computer. Intelligent auto 

samplers are accessible for several instruments that allows the unattended study of 

samples. Decomposition, desorption, absorption, reduction, vaporization or sublimation 

are the reason for mass change in the sample and these can be measured in TG-DSC 

(Haines, 2012; Le Parlouër, 1987). In the present study, the instrument used for TG-DSC 

analysis was Thermal Gravimetric Analyzer, Mettler Toledo (Plate A.1). 15-20mg of 

samples were heated from 30-1000°C for the thermal analysis under nitrogen atmosphere 

at 20°C/min of heating rate. 
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3.2.3.2. Dynamic light scattering technique 

Dynamic light scattering (DLS) is a method used to determine the average particle size 

and their distribution profile of colloidal nanoparticles. The Brownian movement of 

nanoparticles leads to the scattering of laser light at diverse intensities in a colloidal 

suspension (Berne et al., 2000). The particle size distribution of nanoparticle was 

established using the Stokes-Einstein relationship via the analysis of intensity fluctuations 

which gives information on the Doppler shift velocity and Brownian motion of the particle 

(Instruments, 2004). The instrument used for particle size distribution, polydispersity and 

zeta potential analysis in the present study was Malvern® Zetasizer Nano ZS (Plate A.2). 

Water as dispersant and laser light backscattering at an angle of 173° was used for the 

analysis. In the sample holder of the instrument, disposable folded capillary tube was 

placed with 1ml of sample. Three sets of analysis for particle size distribution and zeta 

potential measurements were performed for each samples. 

3.2.3.3. Surface plasmon resonance studies 

UV-Visible spectrophotometer uses visible and adjacent near-UV light to detect the 

presence of colloidal particles. It is a method used to measure the absorption of light by a 

sample. The absorbance of the sample are scanned for a wavelength range (250-800nm) 

which helps to identify the optical properties of nanoparticle (Förster, 2004). Optical 

properties of nanoparticles are sensitive to concentration, shape, agglomeration and size, 

which makes this technique, a valuable tool for studying, characterizing and identifying 

nanoparticles (Haiss et al., 2007). Perkin Elmer® Lambda 25 UV-Vis spectrophotometer 

(Plate A.3) was utilized to analyze the optical property of MgO nanoparticles in this 

present work. A glass cuvette which contains 1ml of sample was used for the optical 

analysis and the MgO nanoparticle absorbance was analyzed through scanning the sample 

from 800-300nm.   

3.2.3.4. Crystallinity studies 

X – Ray Diffraction (XRD) is a broadly used method to reveal information regarding 

distribution of elements, chemical bonds, crystal structure, and strains in the crystals by 
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analyzing the crystals. The main principle of XRD is that electrons in the material scatter 

X-rays, when the electromagnetic field of the incoming X-rays interact with the negatively 

charged electrons. The applied X-ray flux field respond to the electrons in the crystal and 

oscillates with the X-rays beam. These charged accelerated particles then release their 

individual electromagnetic field, which propagates radially from every scattering source 

as the scattered waves. These scattered waves can generate both destructive as well as 

constructive interference to produce a diffraction pattern. Diffraction at an incident angle 

equal to the Bragg law: nλ=2dhkl sinθ where n is the diffraction order, λ is the wavelength, 

dhkl is the spacing and θ is the diffraction angle (Warren, 1969). Bruker® Advanced D8 

XRD (Plate A.4) was used in the current study to examine the crystallinity and phase 

formation of sol-gel product and MgO nanoparticles. 

3.2.3.5. Functional group identification studies 

Radiation interference between two beams yield an interferogram which is the principle 

of Fourier – Transform Infrared (FTIR) spectroscopy. The interferogram is a signal 

produced between two beams as a function of path length alteration.  Frequency and 

distance domains are inter-convertible by the Fourier – transformation method. The 

elementary FTIR spectrometer components are sample, interferometer, detector, analog 

to signal converter, radiation source, amplifier, and computer (Greenstreet et al., 1957). 

The sample receives the radiation from the source before reaching the detector through an 

interferometer. A filter is used to eliminate high frequency contributions upon signal 

amplification and the data are converted to digital form and transferred to the computer 

by an analog – to – digital converter for Fourier- transformation (Friese et al., 1995). The 

potassium bromide (KBr) powder is mixed with the sample for the analysis in order to 

measure the infrared spectrum up to low-wavenumber region (250cm-1). Approximately 

0.1-1% sample is well mixed into 250mg of KBr and are made into pellets using a vacuum 

pelletizer. Later, the sample pellets were scanned from higher to lower wavenumber in 

order to recognize the functional groups in the sample. The functional group present in 

the nanoparticles are identified in the current study using Thermo scientific NICOLET 

iSTM10 (Plate A.5). 
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3.2.3.6. Size and morphology study 

Transmission Electron Microscope (TEM) is utilized for studying and imaging of smaller 

nanoparticles. The electrons in TEM can pass through the samples and interact with their 

atoms, in contrast to other microscopes. The electrons are being scattered due to this 

electron-atom interaction. The final output image is a highly confound interference pattern 

of diffracted and incident beams. The principle setup of TEM is similar to one of light 

microscope. The sample is irradiated with the light (in case of TEM with electrons). The 

sample image is then magnified by means of projection lenses and epitomized on a screen. 

However, in HRTEM electromagnetic lenses are used in case of glass lenses to guide the 

electron beam through the microscope (Williams et al., 1996). In our study, TecnaiTM G2 

Spirit BioTWIN, FEI Company (Plate A.6) was used with a resolution of about 0.34 nm. 

This instrument has a magnification of 18x-300000x to enlarge and capture smaller sized 

nanoparticles. For the analysis, the sample is water dispersed and coated in a copper grid 

which has 100 mesh. The grid is then fixed over the stage of TEM in order to analyze the 

electron micrograph. 

3.2.4. Biological studies 

3.2.4.1. Cell culture 

The cells that are cryopreserved in liquid nitrogen were thawed for 5 minutes at 37°C in 

water bath. The medium was eliminated and the cells were conserved in a fresh DMEM 

medium with streptomycin (100 μg/ml), penicillin (100 U/ml) and 10% FBS in an 

incubator at 37°C with 50 μg/ml of CO2 that act as a humidified atmosphere in a T75 

flask. Each day, the cells were rinsed with 1X PBS and Trypin-EDTA solution to peel the 

cells from the sides of the T75 flask and fresh medium was added. The cells achieved 

60% of confluence in 3 days. After 3rd day, the cells were passaged into a T25 flask for 

secondary culture and further analysis, following a similar PBS and Trypsin-EDTA 

washing. Compound microscope (OMAX 40X-2000X digital lab LED binocular 

compound microscope) was used to analyze and capture image of the cell morphology 

and cell count. 
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3.2.4.2. Cytotoxic analysis 

The toxicity of MgO nanoparticles towards cell lines were determined based on the 

mitochondrial dehydrogenase mediated conversion of 3-(4, 5 – dimethylthiazol-2-yl)-2, 

5-diphenyltetrazolium bromide (MTT) dye into formazan crystals (Carmichael et al., 

1987; Mosmann, 1983). The cells (1x105 / well) were cultured in 24-well plates in 37°C 

under 5% CO2 condition. The nanoparticle samples were added at different concentration 

and incubated for 24 h along with the cell culture. The sample with medium was detached 

from the well and the cells were rinsed with PBS (pH 7.4) after incubation. Later, 100 

μl/well (5mg/ml) of 0.5% MTT dye was added to the cell and incubated for 4 h. The MTT 

dye was eliminated and 1 ml of DMSO was added in each wells after incubation of cells 

for 4 hours. The absorbance at 570 nm was measured with microplate reader using DMSO 

as blank. The formula for calculating percentage cell viability was mentioned in Equation 

1. Absorbance measurements were performed and the required concentration for 50% cell 

inhibition (IC50) was evaluated from the assay. 

% cell viability = 
Absorbance of nanoparticle treated cells at 570 nm 

Absorbance of control cells (without nanoaprticle treatment) at 570 nm
 x 100 

(Equation 1) 

3.2.4.3. Glucose assay 

The standard graph with known quantity of glucose was obtained prior to the experiment 

as mentioned in literature (Mohamed et al., 2009). The standard glucose stock solution 

was prepared with 450 mg (0.025 M) of glucose in 100 ml of distilled water. 0.2 – 1 ml 

of standard glucose solutions were added in a test tube and the final volume was made 

upto 2 ml with distilled water. 1 ml of orange yellow color DNS reagent was added along 

with the diluted standard glucose solution. The mixture was incubated for 5 minutes in a 

boiling water bath. The mixture was cooled down and its optical density was observed at 

540 nm using portable UV-Visible spectrometer (Hitachi U-3900H UV-Visible 

spectrometer). The same procedure was carried out to measure the glucose present in the 

medium as well as inside the cells. The 60% confluent 3T3-L1 cells were plated in a 6-

well plate and DMEM medium with 10% FBS in an incubator at 37°C and 50 μg/ml CO2 

as humidified atmosphere. The DNS assay was performed using DMEM medium for 

control (without loading nanoparticle) and cells loaded with nanoparticle (selected 
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concentration) after every 5 hours of incubation. The medium was washed away after 24 

hours of incubation and the cells were lyased by using 1x PBS, 10% SDS and the lyased 

cells were moved to a corner of the plate by using cell scraper. The contents were 

centrifuged and the glucose present in the supernatant was measured using DNS assay 

procedure. The total glucose was calculated by adding the glucose present in DMEM 

medium after 24 hours of incubation and glucose present inside the cell. This total glucose 

present in control sample was compared with nanoparticle loaded cell sample to study the 

insulin resistant reversal ability of MgO nanoparticles. 

3.2.4.4. Western blot 

After incubating the cells (1x105 cells/ml) with nanoparticle sample for 24 hours, the cells 

were gathered and rinsed twice with 10xPBS. The cells were then lysed in lysis buffer 

which consists of, pH 8, 0.5% Nonidet P-40, 250 mM NaCl, 1x cocktail of protease 

inhibitor and100 mM Tris-HCl, disrupted by sonication and extracted after 30 min at 4°C. 

The lysates were then centrifuged at 13000x rpm for 25 min at 4°C. The supernatant was 

stored as protein sample for further use. The aliquots of cell lysates (supernatant) were 

separated by 12-15% SDD-PAGE and transferred onto the PVDF membrane. The proteins 

were blocked with 5% non-fat dried milk and the membrane was incubated for 2 hours 

with primary Anti-GLUT4 antibody followed by incubation for 30 minutes with anti-

mouse IgG secondary antibody. The protein bands were detected at a molecular weight 

range of ~54 kDa using the ChemiDocTM MP Western Blot Detection system (Moon et 

al., 2011).  

3.2.4.5. Fluorescent microscope studies  

After incubating cells (1x105 cells/ml) with nanoparticle sample for 24 hours in a 6 well 

plate, the cells were collected and rinsed with 1xPBS. 70% ethanol purchased from 

ACROS organics was used to fix the cells to the cover slip. 0.2 ml of 10 μg/ml propidium 

iodide was added to the cells and maintained for 15 to 30 minutes. The cover slip 

containing the stained cells was eliminated from the 6-well plate and positioned on a clean 

grease free glass slide. The glass slide with stained cells was placed in a fluorescent 

microscope (40X-1000X infinity plan EPI Fluorescent microscope FM800TC) to obtain 

the microscopic images of the cells and their nucleus. Similarly, the cells were incubated 

with the nanoparticle sample for 24 hours in a 6 well plate and 0.2 ml of acridine orange 
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(10 μg/ml) was added to the cells after fixing the cells to the cover slip using 70% ethanol. 

The fluorescent microscope was used to image the stained cells which gives color to the 

cell organelles inside the cells such as liposomes depending on their acidity.  
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CHAPTER 4:  

SYNTHESIS AND CHARACTERIZATION OF 

MgO NANOPARTICLES 

4.1. Chemical synthesis 

Precursor and the gelling agent that are dissolved in ethanol were first mixed and a white 

color gel formation was observed immediately. The gel, thus formed, has to be under 

stirring for 2 hours for the complete formation of rigid gel. Later, the obtained gel was 

allowed to age for 12 hours in room temperature and dry in oven for 24 hours at 100°C 

before formation of MgO. After drying process, a pure white powder is obtained as sol-

gel product. However, a pale yellow sol-gel powder was obtained when magnesium 

nitrate is used as precursor as shown in Plate 4.1.  

 

Plate 4.1: Gel before and after aging and drying 
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4.1.1. Crystallinity of sol-gel product 

The crystallinity of sol-gel products were analyzed by using X-ray diffraction (XRD) 

method. Figure 4.1. shows the XRD peaks of sol-gel samples prepared by using 

magnesium acetate as precursor. The characteristic peaks for perfect crystals were 

observed in sample AO (Figure 4.1 A), while in sample AT, AC and AM (Figure 4.1 B, 

C and D), the characteristic peaks were absent. In sample AO, the atoms are arranged in 

a perfect crystalline order which makes the x-ray to diffract in order to give characteristic 

peaks (Warren, 1969). However, in amorphous solids, the atoms are randomly arranged 

because of which the X-ray diffracts randomly according to Bragg’s law and hence no 

characteristics were observed (Guinier, 1994). Therefore, the three samples (AT, AC and 

AM) were categorized as amorphous powders. The XRD peaks of sample AO was 

compared with JCPDS (Joint Committee for Powder Diffraction Standards) to identify 

the crystallinity of the sample and gave magnesium malonate crystal according to JCPDS 

file no: PDF 24-1794 (Jaison et al., 2015). Some additional peaks and peak shifts were 

observed due to the presence of impurity in the sample (Golovchenko et al., 1974). 

Figure 4.2 shows the crystallinity and phase formation of sample NO, NT, NC and NM 

prepared by using magnesium nitrate as precursor. The presence of characteristic crystal 

peak can be observed in all the samples except sample NT. The presence of additional 

peaks and peak shifts can also be observed in these four samples due to the presence of 

impurities (Golovchenko et al., 1974). All the four samples were compared with JCPDS 

file identify its phase formation and crystallinity from the standard peaks. As there is no 

characteristic XRD peak for crystals was observed in sample NT (Figure 4.2 F), it is 

categorized as amorphous powder. XRD peaks of sample NO (Figure 4.2 E) and NC 

(Figure 4.2 G) were matching with the JCPDS files – PDF 26-1223 and PDF 14-101 

corresponding to magnesium oxalate dihydrate (Kumar et al., 2008) and nitromagnesite 

(Braibanti et al., 1969) respectively. As no JCPDS files were matching with the peaks 

observed in sample NM (Figure 4.2 F), those data were matched with COD 

(Crystallography Open database) file which yields a complex crystal (C16 H34 Mg N4 O14) 

with the COD file no: 96-151-9079 (Simonsen et al., 1999) along with impurity peaks and 
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peak shifts. The crystals that are formed as sol-gel product for each sample along with 

their reference JCPDS and COD file numbers is summarized in Table 4.1.  

Table 4.1: Crystallinity of sol-gel products 

Sample Crystallinity Reference 

Sample AO Magnesium malonate PDF 24-1794 

Sample AT Amorphous  - 

Sample AC Amorphous - 

Sample AM Amorphous - 

Sample NO Magnesium oxalate dihydrate PDF 26-1223 

Sample NT Amorphous - 

Sample NC Nitromagnesite PDF 14-101 

Sample NM C16 H34 Mg N4 O14 COD file no: 96-151-9079 
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Figure 4.1: XRD analysis of sol-gel product with magnesium acetate as precursor 
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Figure 4.2: XRD analysis of sol-gel product with magnesium nitrate as precursor 



59 

 

4.1.2. Thermal analysis: 

Thermal analysis were conducted using TGA to identify the weight loss in sample due to 

increase in temperature and DSC to identify the heat flow pattern (exothermic or 

endothermic) of the sample. The thermal analysis that shows the weight loss and the heat 

flow of samples with magnesium acetate and magnesium nitrate as precursor were shown 

in Figure 4.3 and Figure 4.4 respectively. By correlating weight loss and heat flow, the 

molecules that thermally degrade from the sample can be identified. From the thermal 

analysis of sample AO (Figure 4.3A), the magnesium malonate formed as a sol-gel 

product undergo two stage degradation to form stable magnesium oxide. Likewise, the 

amorphous samples AT (Figure 4.3B) and AC (Figure 4.3C) also experience a two stage 

thermal degradation to form magnesium oxide. But, for the amorphous sample AM 

(Figure 4.3D) prepared with the mixture of oxalic acid, tartaric acid and citric acid as 

gelling agent, a three stage degradation was observed with a lower melting transition 

temperature compared to other three samples. This may be due to the reaction between 

three gelling agents which is responsible for forming a weak amorphous sol-gel product 

decreased the melting transition temperature to form stable MgO at low temperature 

(Wang et al., 2000).  

For the samples AO, AT and AC, the first degradation was due to decarboxylation 

(Doreswamy et al., 2005; Sato et al., 2004), and/or degradation of crystallizing water 

(Kumar et al., 2008). The second degradation was due to the melting transition of unstable 

magnesium complex to form stable MgO (Wriedt, 1987; Jaison et al., 2015). However, 

due to the reaction of three gelling agent in sample AM, the first and second degradations 

were due to endothermic thermal degradation of crystallizing water and decarboxylation 

respectively. The third degradation was found to be responsible for yielding stable MgO 

from unstable magnesium complex (Wriedt, 1987; Jaison et al., 2015). The sol-gel 

products prepared from magnesium acetate as precursor undergo ~58-78% of weight loss 

for the formation of pure MgO as mentioned in Figure 4.3. The degradation and melting 

transition temperatures for all the samples were summarized in Table 4.2. The melting 

transition of the four samples from the Table 4.2, indicates that the presence of tartaric 
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acid in the reaction mixture may be responsible for lowering melting transition 

temperature. 
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Figure 4.3: Thermal analysis of samples AO (A) and AT (B) 

TGA 

DSC 

TGA 

DSC 
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Figure 4.3: Thermal analysis of samples AC (C) and AM (D) 
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Figure 4.4: Thermal analysis of samples NO (E) and NT (F) 
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DSC 

TGA 

DSC 
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Figure 4.4: Thermal analysis of samples NC (G) and NM (H) 
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DSC 



65 

 

Table 4.2: Degradation and melting transition temperatures of sol-gel products 

Sample 1st 

degradation 

(From TGA) 

(°C) 

2nd 

degradation 

(From TGA) 

(°C) 

3rd 

degradation 

(From TGA) 

(°C) 

Melting 

transition 

(From DSC) 

(°C) 

Sample AO 140-220°C 430-530°C - 526°C 

Sample AT 70-190°C 300-540°C - 438°C 

Sample AC 120-390°C 400-580°C - 495°C 

Sample AM 80-120°C 230-330°C 340-540°C 423°C 

Sample NO 105-165°C 165-220°C 440-560°C 525°C 

Sample NT 70-190°C 200-230°C 250-450°C 305°C 

Sample NC 130-210°C 220-320°C 340-510°C 380°C 

Sample NM 100-210°C 240-330°C 360-475°C 470°C 

The thermal analysis of sol-gel products prepared by using magnesium nitrate are 

different probably due to the presence of nitrate in the reaction mixture. All the samples 

(NO, NT, NC and NM) show a three stage thermal degradation irrespective of their 

crystallinity. The first degradation is due to the endothermic thermal decomposition of 

crystallizing water (Kumar et al., 2008). The second degradation is due to an endothermic 

decarboxylation in sample NO  (Doreswamy et al., 2005; Sato et al., 2004; Kumar et al., 

2008), exothermic melting transition of unstable magnesium complex in sample NT, 

endothermic removal of nitrogen dioxide in sample NC (Keely et al., 1963), exothermic 

degradation of nitrogen dioxide, carbon, hydrogen, nitrogen and oxidation in sample NM 

(Tanaka et al., 1991; Yu et al., 2003). The third degradation in sample NO, NC and NM 

is due to the melting transition of unstable magnesium complex to form MgO and in 

sample NM oxygen binds to the sample during melting transition (Zhang et al., 2007). 
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Whereas in sample NT, the third degradation leads to the endothermic formation of MgO 

as the second degradation yields unstable magnesium peroxide (Golberg et al., 2003). All 

these four samples experienced ~52-67% of weight loss to form pure stable MgO.  

From DSC analysis, the melting transition for amorphous sample NT is observed to be 

lower compared to other samples. Irrespective of the precursors, sample with tartaric acid 

as gelling agent yielded MgO at low temperature. Correspondingly, the presence of 

tartaric acid in sample NM is minimum compared to other samples which makes the sol-

gel product from this sample to be a complex crystal rather than amorphous. Hence, it is 

evident that the gelling agent-tartaric acid in the sol-gel reaction is responsible for 

reducing melting transition temperature. Furthermore, it is clear that crystallinity plays a 

significant role in forming stable MgO at lower temperature. The atoms in the crystal are 

uniformly arranged, due to which high temperature is essential to transform crystalline 

sol-gel product into MgO crystals. But, the atoms in amorphous powders are randomly 

arranged due to which low temperature is sufficient to transform it into an MgO crystal. 

Therefore, it is clear from the melting transition of all the 8 samples that presence of 

tartaric acid in the reaction mixture helps in lowering melting transition. 

4.1.3. Calcination of sol-gel products 

The calcination temperature for the formation of MgO nanoparticles were determined 

from the TG-DSC analysis. Literatures (Yu et al., 2006; Haruta et al., 1989; Meshkani et 

al., 2009) suggested that the calcination temperatures of nanoparticles were selected at a 

higher melting transition temperature. In order to modify the shape of the MgO 

nanoparticles, three calcination temperatures were selected. In this study, all the samples 

were calcinated for 2 hours (Athar et al., 2012; Mirzaei et al., 2012). Table 4.3 summarizes 

three selected calcination temperatures for each sample and their average particle size.  

4.1.4. Average particle size of all calcinated samples 

Average particle size of the calcinated MgO samples were analyzed using Dynamic Light 

Scattering technique. Various range of nanoparticle sizes were observed as shown in 

Table 4.3. Most of the average size of calcinated samples were observed to be above 
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100nm. This may be due to the pre-assumption of DLS technique that all particles of 

different morphologies are spherical (Lim et al., 2013; Khlebtsov et al., 2011). Despite 

the pre-assumption, DLS technique can be helpful for preliminary analysis of average 

nanoparticle size. From these DLS results, three small size nanoparticle with different 

calcination temperatures will be selected for further characterization.   

 

                   Table 4.3: Average particle size of calcinated samples from each sample 

Sample Calcination 

temperature (°C) 

Average particle 

size (nm) ± PDI 

Sample AO 550 141.8±0.611 

650 164.2±0.664 

750 220.2±0.684 

Sample AT 500 47.9±0.706 

600 825±0.845 

700 458.7±0.0.697 

Sample AC 550 342±0.762 

650 43.8±0.615 

750 91.2±0.547 

Sample AM 500 122.4±0.780 

600 122.4±0.790 

700 91.2±0.708 

Sample NO 550 105.7±0.559 

650 122.4±0.614 

750 141.8±0.810 

Sample NT 400 105.7±0.805 

500 58.7±0.343 

600 105.7±0.332 



68 

 

Sample NC 450 342±0.684 

550 105.7±0.770 

650 122.4±0.436 

Sample NM 500 190.1±0.470 

600 141.8±0.623 

700 531.2±0.568 

 

4.1.5. Selection of calcinated samples: 

The sol-gel powders calcinated at 500°C from sample AT, 650°C and 750°C from sample 

AC showed the presence of smaller particles with sizes 47.9±0.706, 43.8±0.615 and 

91.2±0.547nm from DLS technique respectively and the graph was included in Appendix 

D1. As reported by Kim et al (2002), increasing calcination temperature will influence 

the shape transformation of nanoparticles (Kim et al., 2002). The detailed justification for 

selecting the calcination temperatures were reported in Table 4.4. Thus, these three 

calcinated samples were selected for further characterization with the aim of obtaining 

smaller nanoparticle with different morphology of MgO nanoparticle.  

Table 4.4: Calcinated samples selected for further analysis 

Sample  Description Size (nm) Justification 

Sample 

A 

Sample AT 

calcinated at 500°C 

47.9±0.706 Among three calcination 

temperature, the probability of 

yielding spherical nanoparticles are 

higher for first calcination 

temperature (50-100°C after melting 

transition) and the smaller size for 

first calcination temperature was 

observed in this sample.  
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Sample 

B 

Sample AC 

calcinated at 650°C 

43.8±0.615 The second calcination (100-200°C 

after melting transition) was 

performed with the aim of yielding 

hexagonal nanoparticles and the 

smaller size for first calcination 

temperature was observed in this 

sample.  

Sample 

C 

Sample AC 

calcinated at 750°C 

91.2±0.547 The third calcination (300-400°C 

after melting transition) was 

performed with the aim of yielding 

rod shaped nanoparticles and the 

smaller size for first calcination 

temperature was observed in this 

sample. 

 

4.1.6. Phase formation, chemical composition and morphology of calcinated samples 

The XRD analysis of selected calcinated samples A, B and C were shown in Figure 4.5. 

The characteristic XRD peaks in the calcinated samples were matched with JCPDS files 

and all the peaks were exactly matching with the file PDF 45-0946 corresponding to 

magnesium oxide with periclase phase. The increase in peak intensity of samples were 

directly proportional to the increase in calcination temperature, which indicates 

morphology change in samples respective to increase in temperature (Mclaren et al., 2009; 

Yubao et al., 1994).  
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Figure 4.5: XRD analysis of selected calcinated samples 

4.1.7. Functional group identification  

The functional groups in the calcined samples were characterized using FTIR 

spectroscopic analysis and the results are shown Table 4.5 and Figure 4.6. The FTIR 

spectra showed peaks at 3305.5 cm-1, 3246.4 cm-1 and 3245.6 cm-1, indicating O-H stretch 

vibrational mode for the presence of carboxylic acids in all the three samples. The peaks 

at ~1425 cm-1 and ~1083 cm-1 which are due to C-O-H bending and C-O stretch vibrations 

support the presence of carboxylic acid in the samples. The peak at 2359 cm-1, which is 

only present in sample A does not correspond to any particular peak in the FTIR spectral 

chart. The presence of peak at 2164 cm-1 is due to -CΞC- stretch vibration, representing 

the presence of alkyne in the sample. The peaks at 856, 583 and 546 cm-1 are due to MgO 

vibrations (Kumar et al., 2008; Tamilselvi et al., 2013; Rezaei et al., 2011; Song et al., 

2010). The slight shift in peak wavenumbers between the samples supports potential 

calcination-mediated shape transformations of the particles (Yu et al., 2003). Previously 

reported MgO nanoparticles synthesized under different conditions have shown similar 

functional groups peaks for MgO vibrations (Meshkani et al., 2009; Kumar et al., 2008; 
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Chowdhury et al., 2015). The unique peak of Mg-O vibration at 856 cm-1 was only 

reported by Kumar et al (Kumar et al., 2008), and this peak is due to the formation of 

periclase MgO phase. The present work, supported by literature, shows the presence of 

peaks corresponding to carboxylic acid and alkyne, emerging from the reaction between 

acetate and the gelling agents. These functional groups may act as capping agents to 

control the size of nanoparticles (Vignesh Subramanian., 2015).      

Table 4.5: FTIR spectral chart showing functional groups in calcined samples 

Peak position (cm-1) Vibrational mode Functional group 

Sample A Sample B Sample 

C 

3305.5 3246.4 3245.6 O-H stretch Carboxylic acid 

2359.5 - - - Additional/Impure 

peak 

2164.3 2164.4 2164.8 -CΞC- stretch Alkynes 

1425.8 1426.2 1427.9 C-O-H bending Carboxylic acid 

1083.1 1084.2 1085.5 C-O stretch Alcohol, 

carboxylic acid,  

ester, ether 

856.7 857.2 857.2 δ (O-C=O) + v (Mg-O) Magnesium oxide 

583.6 585.2 589.4 Mg-O Magnesium oxide 

546.1 553.8 556.1 Mg-O  Magnesium oxide 
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Figure 4.6: FTIR spectra of calcined samples  

4.1.8. Morphology analysis 

Figure 4.7 shows transmission electron micrograph of MgO nanoparticles from the 

calcined samples. The images show agglomeration in all the three samples, potentially 

due to the low dispersant capacity of the solvent used to suspend the samples (Tso et al., 

2010). The particles from sample A were more agglomerated with a spherical shape as 

shown in Figure 4.7 (A). The micrograph at 18500 magnifications shows a wide size 

distribution of the particles and this is in agreement with the DLS studies. The crystallite 

size obtained from the XRD analysis is also in agreement with the particle size determined 

from TEM analysis. According to Demir et al., nanoparticles are formed from crystallites 
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hence crystallite size should be smaller than the particle size obtained from TEM (Demir 

et al., 2004). From the measurements, the crystallite sizes obtained are smaller than the 

nanoparticle sizes for samples A and B. However, the size of the crystallites are larger 

than the width of rod-like nanoparticles in sample C as the arrangement of crystallites 

varies with different particle shapes (Liu et al., 2004). The sample size ranges were 25-79 

nm for A and 60-67nm for B. The rod-like nanoparticles in C showed a width of ~12nm. 

It can also be noted that the particles in samples B and C are in transformation phases, 

from spherical to hexagonal and hexagonal to rod-like shapes respectively. Hence, 

optimization of the calcination time and the properties of the solvent to suspend the 

powder samples are critical to establish uniform particle morphology and size. 

 

Figure 4.7: TEM micrograph of MgO nanoparticles at 18500 magnification for (A) Sample 

A - spherical, (B) Sample B - hexagonal and (C) Sample C – rod-like. 

Inset: Close up micrographs of individual particles 

4.1.9. Calcination mediated morphological evolution of MgO nanoparticles 

The inset micrographs of individual particles at 18500 magnification for all the three 

samples were shown Figure 4.7. The images show that the particles evolve in morphology 

as a function of increasing calcination temperature. It can be noted that sample A calcined 

at a low temperature (500°C) generated spherical nanoparticles (Figure 4.7 A) whereas 

samples B and C calcined at 650°C and 750°C yielded hexagonal (Figure 4.7 B) and rod 

shaped nanoparticles (Figure 4.7 C) respectively. Increasing the calcination temperature 

enlarges the particle size and modify their shape. Calcination under elevated temperatures 
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results in high frequency molecular formation in the lattice assembly, impacting the 

emergence of regularly shaped nanoparticles. Kim el al., used sol-gel dip coating method 

to prepare TiO2 thin films and examined their properties by calcinating them at various 

temperatures. They reported increased crystallite size with increasing calcination 

temperature (Kim et al., 2002). Similarly, wet precipitation of magnesium hydroxide 

nanoparticles by Lv et al., showed that that increasing calcination temperature resulted in 

the formation of needle-like and lamellar shaped nanoparticles. It can be observed from 

the reported data that a mild increase in temperature from 2-30°C could facilitate a 

morphological change (Lv et al., 2004). Apart from temperature driven morphological 

changes, morphological evolution of iron oxide nanocrystals has also been reported by 

Cheon et al (Cheon et al., 2004). The work explained the formation of iron oxide 

nanocrystals into different morphologies such as diamonds, triangles and spheres via a 

thermolysis process and portrayed the crystallographic differences between the varied 

morphologies. Moreover, Mastuli et al., 2014, achieved different shapes of MgO 

nanoparticles, including sphere, cube and cuboid by using oxalic and tartaric acid as 

gelling agents in sol-gel synthesis. Spherical nanoparticles have a high probability of 

penetrating into cell membranes (Chithrani et al., 2006) and are highly beneficial in 

targeted drug delivery systems. Similarly, hexagonal and rod shaped nanoparticles have 

demonstrated advantageous applications in cell marking (Lin et al., 2005) and biosensing 

(Lee et al., 2006; Jain et al., 2007). Hence, the present work is significant in synthesizing 

MgO nanoparticles with different morphologies under comparatively lower temperature 

conditions and reduced synthesis time for beneficial in biomedical applications. 

4.1.10. Stability analysis 

The stability of the calcined samples was studied using the DLS technique to determine 

the zeta potentials of the samples. The data for the zeta potential of the samples at neutral 

pH are shown in Figure 4.8 (A). The zeta potentials of the samples under neutral pH 

conditions were negative, indicating a negative surface charge. The electronegative zeta 

potential is typical for most metal oxides (Patil et al., 2007; Zhang et al., 2008). The MgO 

nanoparticles contain Mg2+ (metal) and O2- on its surface. The samples are incipiently 

stable with a negative zeta potential below -10mV (áO'Brien, 1990; Hanaor et al., 2012). 



75 

 

According to Atalay et al (Atalay et al., 2014) and Qian (Qian, 2014), surface charge of 

the nanoparticles depend on the size and morphology of the particles. The zeta potentials 

of samples A and B in deionized water at neutral pH are almost the same due to their 

similar average particle sizes of - 47.9 nm and 43.8 nm respectively. However, the zeta 

potential of sample C at neutral pH is highly negative compared to A and B, and this is 

due to their rod-like morphology. The larger contact area of rod shaped nanoparticles 

compared to spherical (Chithrani et al., 2006) and hexagonal shapes as well as their high 

charge density of lattice points is the reason for their high electronegativity.   

Additionally, the calcined samples were suspended in distilled water under pH variations 

as shown in Figure 4.8 (B) in order to identify their isoelectric points (pI) and stability of 

the nanoparticles. The pH values of the media were adjusted to pH 3, 5, 7, 9 and 11 using 

1M HCl or NaOH. Sample A showed a pI of 3 while samples B and C did not demonstrate 

charge neutrality in this region. Further increase in acidity may help reach the pI point. 

Samples A and B achieved electronegative stability at pH 9 (-28.7mV) and 11 (-27.1mV) 

respectively. The increase in electronegativity with increasing pH is due to deprotonation 

(replacement of hydrogen ions with hydroxide ions) of the metal oxide. However, the 

maximum zeta potential value of sample C was obtained at pH 9 (-12.9mV), which is 

lower than accepted electronegativity for stable colloidal systems (-30mV) (Greenwood 

et al., 1999). This could mean that nanoparticles generated from sample C does not 

possess surface charge quantum property to be regarded as colloidally stable and further 

formulation is necessary to increase its stability. Reported data suggest that the isoelectric 

point of nanoparticles depends on the nanoparticle size where pI at low pH (1-3) is 

achievable for smaller nanoparticle (Finnegan et al., 2007; Tso et al., 2010).  
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Figure 4.8: Zeta potential of MgO nanoparticles samples at (A) Neutral pH (B) different 

pH 

4.2. Green synthesis 

The aqueous leaf extracts were prepared by using water as solvent in 1:10 (w/v) ratio. The 

water mediated extraction process yields most of the phytochemicals and are non-toxic 

and hence highly recommended for biological studies (Cork et al., 1991). In green 

synthesis of MgO nanoparticles, the precursor is dissolved in distilled water in which leaf 

extract were added under constant stirring and the mixture was heated at different 

temperature. A color change from dark (color of extract) to pale color was observed after 

heating process. This indicates that the phytochemicals in the mixture degrades to act as 

a reducing agent and stabilizing agent (Iravani, 2011) in the formation of MgO 

nanoparticles. Synthesis parameters such as precursor concentration, extract 

concentration, time and temperature of heating were optimized to obtain smaller sized 

nanoparticles.  

4.2.1. Optimization of process variables 

4.2.1.1. Effects of extract concentration on nanoparticle synthesis 

The UV-Vis absorbance and the average particle size were analyzed for each sample to 

select the extract concentration that yields smaller nanoparticles. Mie theory states that 

light absorbance is directly proportional to the size of metal nanoparticles, as they are 
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conductors and possess surface plasmon resonance (Kelly et al., 2003). But, Metal oxide 

nanoparticles do not obey Mie theory as it is a semi-conductor in which a gap is exist in 

between the valence and conduction band (Nicollian et al., 1982). This is the reason 

behind the absorbance of metal oxide nanoparticle in UV region (320nm) (Alwan et al., 

2015; Umar et al., 2011) and the reason behind using X-ray photoelectron spectroscopy 

to analyze metal oxide nanoparticles (Lanje et al., 2010; Bora et al., 2013). Therefore, for 

the optimization of extract concentration, nanoparticle formed with lower average size 

and higher absorbance is desirable. The graph correlating average particle size and 

absorbance with different synthesis parameters for optimizing the extract concentration 

for sample AT, AB, AP, NT, NB and NP were mentioned in Figures 4.10-4.14 

respectively. 

 

Figure 4.9: Absorbance of MgO nanoparticle at 320nm 

The absorbance at 320nm from Figure 4.9 shows the formation of metal oxide 

nanoparticle (Alam et al., 2006; Arefi et al., 2012; Yu et al., 2012). For sample AT, the 

absorbance for 5ml of A. tricolor extract concentration is found to be lower compared to 

10 and 15ml of extract concentration as in Figure 4.10. According to Shankar et al (2005), 

the lower absorbance indicates lower concentration of nanoparticles is formed with 

uniform size (Shankar et al., 2005). The yield of nanoparticle is low for 5ml of A. tricolor 

extract in sample AT with smallest size of nanoparticles formed, compared to other extract 

concentrations. Similar results were observed by varying parameters such as temperature 



78 

 

and time for heating. Therefore, 5ml extract concentration was selected as the optimum 

extract concentration for sample AT. Sample AB in Figure 4.11 showed that the 

absorbance for 15 ml of A. blitum extract was observed to be higher with average size 

higher compared to 10ml and 5 ml extract concentration. According to Iravani (2011), 

higher concentration of extract may increase size of nanoparticles (Iravani, 2011). 

Nanoparticles prepared with 5ml of extract is undesirable because the absorbance is low 

with high average size. Hence, 10ml of A. blitum extract is selected as the optimum extract 

concentration for sample AB.  

 

Figure 4.10: Average size and absorbance at 320nm for different extract 

concentration with different parameters (a) Precursor concentration, (b) 

Temperature, (c) Time in sample AT 

Absorbance 

Average size 
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Figure 4.11: Average size and absorbance at 320nm for different extract 

concentration with different parameters (a) Precursor concentration, (b) 

Temperature, (c) Time in sample AB 

For sample AP, 15ml of extract concentration is selected for the synthesis of smaller 

nanoparticle. According to Bar et al (2009), higher concentration of extract can also yield 

smaller nanoparticles, as the threshold concentration to form nucleation is higher (Bar et 

al., 2009). From Figure 4.12, it is clear that the nanoparticle prepared with 10ml of A. 

paniculata extract acts as a threshold point whereas 15ml of extract yields smaller 

particles with higher absorbance. The extract concentration for synthesizing smaller MgO 

Absorbance 

Average size 
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nanoparticle with magnesium acetate as precursor is different for three different plant 

species. This is due to the difference in the quantity of phytochemicals in plant species 

(Park et al., 2011; Nune et al., 2009) and the yield of phytochemicals through water 

mediated extract method as shown in Table 3.2 (Zuas et al., 2014).  

 

Figure 4.12: Average size and absorbance at 320nm for different extract 

concentration with different parameters (a) Precursor concentration, (b) 

Temperature, (c) Time in sample AP 

Similar to MgO nanoparticles prepared with magnesium acetate, different extract 

concentration were selected as optimum concentration based on their ability to yield 

smaller sized nanoparticles. In both sample NT and NB, 10ml of plant leaf extracts were 

Absorbance 

Average size 
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selected for further optimization as it is observed from Figure 4.13 that the higher and 

lower concentration yields bigger sized nanoparticles. 5ml of A. paniculata extracts were 

selected in sample NP as shown in Figure 4.14 for further optimization as the lower 

concentration extract yielded smaller nanoparticles compared to high concentrations. 

Based on the size and absorbance analysis obtained from different extract concentration 

and synthesis parameters, mechanism of nanoparticle formation has been proposed and 

discussed in section 4.2.1.2. 

 

  

Figure 4.13: Average size and absorbance at 320nm for different extract 

concentration with different parameters (a) Precursor concentration, (b) 

Temperature, (c) Time in sample NT and NB 

 

(A) Sample NT (B) Sample NB Absorbance 

Average size 
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Figure 4.14: Average size and absorbance at 320nm for different extract 

concentration with different parameters (a) Precursor concentration, (b) 

Temperature, (c) Time in sample NP 

4.2.1.2. Mechanism of action in green synthesis of MgO nanoparticles 

The proposed mechanism in Figure 4.15 explains how the extract concentration influences 

the particle size. Figure 4.15 (A) showed the mechanism of MgO nanoparticles formation 

whereby 5ml extract concentration is selected for optimization. The nanoparticle size was 

noticed to increase as the extract concentration increases. However Figure 4.15 (B) clearly 

shown that the 10ml extract concentration yields smaller sized nanoparticles than 5 and 

Absorbance 

Average size 
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15ml. This may be resulted from the action of high extract concentration in interrupting 

the formation of larger nanoparticles. However, it was showed that 10ml of extract has 

been the threshold concentration for nanoparticle formation, higher concentration will 

lead to larger particle formation. The stability of the particle will decrease as the 

concentration increases which affect the size. The Figure 4.15 (C) is the proposed 

mechanism whereby 15ml of extract yielded smallest nanoparticle size. The threshold 

concentration for the nanoparticle formation may be higher in this reaction. Different 

mechanism with different extract concentration is observed as the phytochemicals and 

their composition in each plant species that are responsible for nanoparticle formation are 

different. For example, certain literatures suggests that flavonoids are responsible for leaf 

extract mediated nanoparticle formation (Huang et al., 2011; Krishnaraj et al., 2010). If 

the presence of flavonoids are higher in extract, low concentration is sufficient to convert 

dissolved precursor into smaller nanoparticles and vice versa. From the literatures (Noori 

et al., 2015; Gupta et al., 1983), it is proved that all the three plants used in this current 

study contains 30-35% of flavonoids and showed that flavonoid plays a significant role in 

determining the extract concentration and nanoparticle formation. After evaluating and 

selecting the optimized extract concentration to be used for synthesizing smaller MgO 

nanoparticles, the effect of precursor concentration, temperature and time of heating to be 

used in the reaction was evaluated and optimized by using absorbance from UV-Vis 

spectrometer. The absorbance helps in determining the nanoparticle yield through which 

the best parameter can be optimized.  
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Figure 4.15: Proposed mechanism for MgO nanoparticle formation with (A) 5ml, 

(B) 10ml and (C) 15ml 

4.2.1.3. Effect of precursor concentration 

Three precursor concentrations namely 0.001M, 0.01M and 0.1M were used to study the 

effect of precursor concentration in MgO nanoparticle synthesis. When magnesium 

acetate was used as the precursor, the absorbance were observed to be high in 0.001M of 

precursor concentration as shown in Figure 4.16 (A, B, C). While, the characteristic 

absorbance at 320nm for metal oxide was observed only for 0.001M of precursor 

concentration when magnesium nitrate is used as precursor as shown in Figure 4.16 (D, 

E, F).  This shows that lower magnesium acetate concentration is able to produce higher 

yield of nanoparticles, while the nanoparticle formation is observed only at lower 

magnesium nitrate concentration.  
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Figure 4.16: UV-Visible absorbance for nanoparticles formed with selected extract 

concentration of (A) sample AT, (B) sample AB, (C) sample AP, (D) sample NT, 

(E) sample NB, (F) sample NP with different precursor concentration 

4.2.1.4. Effect of temperature 

The magnesium precursor and extract mixture was heated for 40°C, 60°C and 80°C to 

study the effect of heating temperature on nanoparticle formation. It was observed that 

the absorbance at 320nm was higher for all samples heated at 60°C as shown in Figure 

4.17. This shows that the optimum temperature for higher yield of MgO nanoparticle is 

60°C. The temperatures lower and higher than 60°C leads to lower yield of MgO 

nanoparticles as the low temperature is not sufficient for the particle formation and high 

temperature degrades the active phytochemicals respectively (Alighourchi et al., 2009).  
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Figure 4.17: UV-Visible absorbance for nanoparticles formed with selected extract 

concentration of (A) sample AT, (B) sample AB, (C) sample AP, (D) sample NT, 

(E) sample NB, (F) sample NP with different temperature 

4.2.1.5. Effect of heating time 

In order to study the effect of heating time, all the samples were heated at 60°C for 5, 10 

and 15 minutes. The absorbance at 320nm was highest when the samples are subjected to 

10min of reaction time as shown in Figure 4.18 (A, C, F). While, higher absorbance was 

observed in 15min of reaction time for sample AB and NB (Figure 4.18 (B and E)). Ahn 

et al (2007) reported in their experiment that the size of nanoparticle will increase after 

the threshold time of heating (Ahn et al., 2007). From the Figure 4.11 (c), the size of 

nanoparticle with 15min of heating time is larger than the nanoparticles obtained from 

10min of heating time. The Figure 4.18 (D) shows that the absorbance for reaction with 

5min of heating is higher than 10min of heating for sample NT. Despite, the 10min of 

heating time is selected as optimum as they yield smaller nanoparticles as in Figure 4.13 
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(A, c). In summary, 0.001M of precursor concentration, 60°C of temperature and 10min 

of heating time was selected as the optimum reaction condition for all the samples. The 

presence of additional absorbance peaks at ~530nm and ~660nm in the samples are due 

to the presence of phytochemicals in the reaction mixture that absorbs UV light (Sahaya 

et al., 2012; Antony et al., 2013). The optimized parameters for the synthesis of smaller 

MgO nanoparticles from each of six samples were mentioned in Table 4.6.  

 

Figure 4.18: UV-Visible absorbance for nanoparticles formed with selected extract 

concentration of (A) sample AT, (B) sample AB, (C) sample AP, (D) sample NT, 

(E) sample NB, (F) sample NP with different time of heating 
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Table 4.6: Optimized parameters for leaf extract mediated synthesis of smaller 

MgO nanoparticles 

Sample Extract 

concentration 

Precursor 

concentration 

Temperature  Time  

Sample AT 5ml 0.001M 60°C 10min 

Sample AB 10ml 0.001M 60°C 10min 

Sample AP 15ml 0.001M 60°C 10min 

Sample NT 10ml 0.001M 60°C 10min 

Sample NB 5ml 0.001M 60°C 10min 

Sample NP 10ml 0.001M 60°C 10min 

4.2.2. Characterization of green synthesized nanoparticles 

4.2.2.1. Dynamic light scattering studies for optimized samples 

The average particle size, polydispersity index (PDI) and zeta potential of the MgO 

nanoparticles synthesized using optimized parameters were studied using dynamic light 

scattering technique and the results were summarized in Table 4.7 and the graph was 

included in Appendix D2.  All of the average size were observed to be below 100nm. The 

smallest size of 18nm was observed for sample AT and the average size for sample AB is 

larger compared to other samples. The PDI at a range of 0.2-0.6 is acceptable (Gaumet et 

al., 2008). It is observed that the PDI for all the samples are below 0.6 with a lower PDI 

of 0.276 for sample AB and a higher PDI of 0.558 was observed for sample NP. The zeta 

potential for all the samples are in the range -10 to -20mV. A negative zeta potential 

indicates the presence of negative surface charge which in the case of magnesium oxide 

is acceptable as the metal is positive charge which attracts the negative oxygen on its 

surface (Patil et al., 2007; Zhang et al., 2008). Range of zeta potential above -10mV also 

indicated that the particles are incipiently stable (áO'Brien, 1990; Hanaor et al., 2012). 

The highest (-21.4mV) zeta potential was observed for sample NT whereas sample NP 

shows low (-11.4mV) zeta potential compared to others. This analysis indicates that 
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among the samples, the MgO nanoparticles in sample NT are most stable and the particles 

in sample NP are least stable (Kumar et al., 2016).  

Table 4.7: Average size and zeta potential of all samples with optimized parameters 

Sample Average size ±PDI 

(nm) 

Zeta potential 

(mV) 

Sample AT 18±0.4 -11.6 

Sample AB 91 ± 0.276 -15.4 

Sample AP 58 ±0.495 -11.7 

Sample NT 50±0.379 -21.4 

Sample NB 78±0.351 -15.4 

Sample NP 32±0.558 -11.4 

 

4.2.2.2. Crystallinity, chemical composition and morphology of MgO nanoparticles 

The colloidal MgO nanoparticles synthesized from three plant species after optimization 

of synthesis parameters were dried using freeze dryer. The powders were analyzed with 

XRD, FT-IR and TEM to study their chemical and morphological characteristics. Figure 

4.18 shows the XRD peaks for all the six green synthesized MgO samples. The 

characteristic XRD peaks for MgO were not observed for any sample. Due to the presence 

of phytochemicals that are bound with MgO, Figure 4.19 showed certain peaks are found 

that are interrupted by phytochemicals and hence cannot be categorized as amorphous 

solids.  
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Figure 4.19: XRD analysis of six MgO nanoparticle samples prepared with leaf 

extract 

4.2.2.3. Functional group analysis of MgO samples 

The functional groups present in the leaf extracts and potential chemical modifications 

due to the formation of MgO nanoparticles were studied using FT-IR spectroscopic 

analysis, and the results are summarized in Table 4.8. The FTIR spectra of the three leaf 

extracts are shown in Figure 4.20 (a), 4.21(a) and 4.22(a). The FTIR spectral chart for 

functional groups identified the presence of alcohol, phenol, amines, alkanes, alkynes and 

carboxylic acid in the leaf extracts. These functional groups indicate the presence of 

alkaloids, flavonoids, polyphenols, terpenes and terpenoids in all the three leaf extracts 

(Were P S, 2015). In samples AT and AB as shown in Figure 4.20 (b) and Figure 4.21 

(b), N-H bend (primary amine), and C-H (alkanes) rock bonds from extracts were 

derivatized into NH2, CH2 bending and C-H “oop” (aromatic) bond respectively to form 

MgO nanoparticles as confirmed by the peaks between 660-540 cm-1 (Rezaei et al., 2011; 

Song et al., 2010; Tamilselvi et al., 2013). Similarly, Figure 4.20 (c) and 4.21 (c) show 

the degradation of primary amine, alkanes and aromatics during MgO nanoparticles 

synthesis for samples NT and NB. The peak at 897-820 cm-1 shows the presence of MgO 

along with δ (O-C=O) due to the usage of magnesium nitrate as the precursor (Kumar et 
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al., 2008). As shown in Figure 4.22 (b) and (c), FTIR spectra for samples AP and NP 

synthesized from A. paniculata extract are different from the others. Similar to sample 

AT and AB, suppression of peaks attributed to N-H bond and C-H bond resulted in the 

formation of MgO nanoparticles as indicated by a peak at 660-540 cm-1 for sample AP. 

These changes resulted in the formation of O-H bond as an alcoholic compound along 

with MgO nanoparticles in sample AP as shown in Figure 4.22 (b). Similarly, alkynes and 

alkanes in the extract degrade and form aromatic amines during the formation of MgO 

nanoparticles in sample NP as shown in Figure 4.22 (c). The aliphatic compounds 

(Alkynes and alkanes) present in A. paniculata (Akbar, 2011b) transforms into aromatic 

amine groups due to the presence of nitrate from  the magnesium precursor in the reaction 

mixture for preparing sample NP. This transformation can be attributed to the changes 

such as oxidation, reduction or degradation of phytochemical compounds occur during 

the nanoparticle formation (Makarov et al., 2014). The presence of MgO nanoparticles in 

sample NP was confirmed by a peak at 897-820 cm-1, similar to samples NT and NB. As 

reported by Tamilselvi et al (Tamilselvi et al., 2013), the presence of peak at 660-540 cm-

1 strongly confirms the presence of MgO and this is in keeping with findings for sample 

NP. The aqueous extracts yielded phytochemicals with different functional groups. These 

functional groups play an important role in the formation of MgO nanoparticles (Vignesh 

Subramanian, 2015). The difference between the presence and absence of δ (O-C=O) + v 

(Mg-O) vibrational mode in the samples demonstrates the effect of precursor in 

determining the oxidative-reductive reactions of the phytochemicals (Kumar et al., 2008).  

Table 4.8: FTIR spectral chart showing functional groups in plant extract and MgO 

samples. 

A. blitum 

Frequency 
cm-1 

Vibrational 
modes 

Functional 
group 

Plant 
extract 

Sample AB Sample NB 

3500-3200 O-H stretch, 
H-bonded 

Alcohol, 
phenol 

+ + + 

1650-1580 N-H bend Primary 
amine 

+ - - 

1650-1550 NH2 
scissoring 

Primary 
amine 

- + - 

1680-1640 -C=C-stretch Alkenes - - + 

1370-1350 C-H rock Alkanes + - - 
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1400-1450 αCH2 bending Aldehyde & 
Ketone 

- + - 

1335-1250 C-N stretch Aromatic 
amine 

+ + + 

1320-1000 C-O stretch Alcohol, 
carboxylic 
acid, ester, 

ether 

+ + + 

900-675 C-H “oop” Aromatics + - - 

897-820 δ (O-C=O) + v 
(Mg-O) 

MgO - - + 

660-540 Mg-O MgO - + + 

A. tricolor 

Frequency 
cm-1 

Vibrational 
modes 

Functional 
group 

Plant 
extract 

Sample AT Sample NT 

3500-3200 O-H stretch, 
H-bonded 

Alcohol, 
phenol 

+ + + 

1650-1580 N-H bend Primary 
amine 

+ - - 

1650-1550 NH2 
scissoring 

Primary 
amine 

- + - 

1370-1350 C-H rock Alkanes + - - 

1400-1450 αCH2 bending Aldehyde & 
Ketone 

- + - 

1335-1250 C-N stretch Aromatic 
amine 

+ + + 

1320-1000 C-O stretch Alcohol, 
carboxylic 
acid, ester, 

ether 

+ + + 

900-675 C-H “oop” Aromatics + - - 

897-820 δ (O-C=O) + v 
(Mg-O) 

MgO - - + 

660-540 Mg-O MgO - + + 

A. paniculata 

Frequency 
cm-1 

Vibrational 
modes 

Functional 
group 

Plant 
extract 

Sample AP Sample NP 

3500-3200 O-H stretch, 
H-bended 

Alcohol, 
Phenol 

- + + 

3300-2500 O-H stretch Carboxylic 
acid 

+ + + 

2260-2100 -CΞC-stretch Alkynes + - - 

1760-1665 C=O stretch Carbonyls + + + 

1650-1580 N-H bend Primary 
amine 

+ - + 

1650-1550 NH2 
scissoring 

Primary 
amine 

- + - 
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1370-1350 C-H rock Alkanes + - - 

1400-1450 αCH2 bending Aldehyde & 
Ketone 

- + - 

1335-1250 C-N stretch Aromatic 
amine 

- - + 

1320-1000 C-O stretch Alcohol, 
carboxylic 
acid, ester, 

ether 

+ + + 

830-820 δ (O-C=O) + v 
(Mg-O) 

MgO - - + 

900-675 C-H “oop” Aromatics + - - 

660-540 Mg-O MgO - + + 

 

Figure 4.20: FTIR spectra of A. tricolor leaf extract, Sample AT and Sample NT 
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Figure 4.21: FTIR spectra of A. blitum leaf extract, Sample AB and Sample NB 
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Figure 4.22: FTIR spectra of A. paniculata leaf extract, Sample AP and Sample NP 

4.2.2.4. Morphology of green synthesized nanoparticles 

Transmission electron micrographs of the synthesized MgO nanoparticles are shown 

illustrated in Figure 4.23. All the samples showed a spherical morphology except sample 

NT (Figure 4.23 D) where some of the nanoparticles appears to be hexagonal in shape. 

This deviation is potentially due to the reaction between nitrate and phytochemical 

composition of A. tricolor which forms as a capping as well as reducing agent and 

transforms nanoparticle shape from spherical to hexagonal (Ghodake et al., 2010). 

Hexagonally shaped nanoparticles have edge surface atoms (Ayyub et al., 1995) which 

promotes biological interactions and activity (Shaban et al., 2014), potentially offering 

useful benefits in pharmaceutical applications. The average particle sizes for the different 
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samples were within the range of 18-28nm except sample AT which showed a larger 

particle size in the range 50-80nm. Most reported studies on chemical synthesis of MgO 

nanoparticles yield particles with average size in the range 30-50nm. Mastuli et al (2014) 

synthesized MgO nanoparticles with an average crystallite size of 30 nm and 68 nm using 

oxalic acid and tartaric acid respectively as gelling agents along with high calcination 

temperatures (Mastuli et al., 2014). Similarly, Sundrarajan et al (2012) prepared 30-130 

nm sized MgO nanoparticles by annealing at 300-700°C (Sundrarajan et al., 2012a). Also, 

Tamilselvi et al (2013) produced 30-50 nm sized MgO nanoparticles using ammonia and 

NaOH as reducing agent at 500°C calcination temperature (Tamilselvi et al., 2013).  

Hakimeh Mirzaei et al (2012) used microwave irradiation in a sol-gel method to 

synthesize 30-50nm sized MgO nanoparticles after calcination at high temperature 

(Mirzaei et al., 2012). Stengl et al (2003) used ultrasound radiation and prepared ~10nm 

MgO nanoparticles (Štengl et al., 2003). However, for most chemical based methods, 

reagents such as Magnesium methoxide and toluene are used as solvents, and these are 

regarded as toxic and not suitable for pharmaceutical, agricultural, biological and food 

applications. Hence, this work is significant to the development of small size MgO 

nanoparticles at low temperatures using non-toxic leaf extracts and simple mixing 

process. Based on the present work, Karthick et al produced MgO nanorods using A. 

paniculata extract with the assistance of microwave mediated synthesis procedure 

(Karthik et al., 2017). From Figure 4.23, it is also be observed that the size of the 

nanoparticles measured from TEM is slightly different from the average particle size from 

the DLS technique. This is because DLS measure average particle size (particle size 

distribution) which includes entrapped phytochemicals on the particles surface (Helfrich 

et al., 2006). The varying PDI for each sample is also a factor that could affect the size 

distribution profile (Mahl et al., 2011). From the images, it is also evident that the samples 

are agglomerated due to low stability. Agglomeration of particles can be reduced by 

altering the pH of the sample to improve charge electronegativity (Jiang et al., 2009; Berg 

et al., 2009). 
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Figure 4.23: TEM images of MgO nanoparticles formed in green synthesized samples 
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4.3. Morphological changes during green synthesis 

Since, sample NT was found to consist of hexagonal shaped nanoparticles, it was 

subjected to pH optimization. The aqueous leaf extract obtained from A. tricolor plant 

was mixed with the magnesium precursor using a magnetic stirrer at 350 rpm and 60°C 

for 10 min. The intensity of the extract color reduced as an indication of nanoparticle 

formation due to degradation of phytochemicals acting as reducing and stabilizing agent 

for MgO nanoparticle formation. The original pH of the synthesized nanoparticles was 7 

as represented by sample C. The pH of the colloidal nanoparticles was lowered to 3 and 

5 (as in samples A and B respectively) using 1M hydrochloric acid and increased to 9 and 

11 (as in samples D and E respectively) using 1M sodium hydroxide. The color of the 

colloidal nanoparticles solution in the acidic pH remained unchanged while the basic pH 

altered the color to yellow as shown in Figure 4.24.   

 

Figure 4.24: Effect of pH on the colour of MgO nanoparticles  

4.3.1. Optical absorbance  

The UV-visible absorbance of MgO nanoparticles at different pH conditions is shown in 

Figure 4.25. The peak at 322 nm, observed for the samples with pH 3, 5 and 7, indicates 

the presence of MgO nanoparticles (Alwan et al., 2015; Umar et al., 2011). The highest 

absorbance value, indicating the highest nanoparticle concentration, was observed in 
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sample A, followed by sample B and C. Mg peak for samples D and E was observed at 

380 nm, and this is due to the color change from pale red to yellow under NaOH alkaline 

condition. It was inferred that magnesium hydroxide was present in sample D and E. 

Another peak was observed between 522-532 nm in samples A, B and C but absent in 

samples D and E. This is due to the presence of visible light absorbing phytochemicals 

(Antony et al., 2013; Sahaya et al., 2012). The phytochemicals present in the extracts of 

samples D and E may have been degraded due to increasing alkalinity.   

 

Figure 4.25: Absorbance scanning of MgO nanoparticles from 300-800nm 

under varying pH conditions. Inset: Absorbance scanning of MgO 

nanoparticles from 400-600nm under varying pH conditions 

4.3.2. Thermal analysis  

Samples D and E are expected to form magnesium hydroxide, instead of magnesium 

oxide, due to the addition of sodium hydroxide to modify the pH. The samples were freeze 

dried to perform thermal analysis and identify their calcination temperatures in order to 

transform them into magnesium oxide nanoparticles. The thermal analysis was carried out 
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using TGA to study the temperature mediated weight loss, and DSC was used to identify 

the heat flow pattern of the sample. The thermal analysis data showing the weight loss 

and heat flow patterns of samples D and E are shown as Figure 4.26 (a) and 4.26 (b) 

respectively. Both samples D and E show a two-stage weight loss mechanism as 

summarized in Table 4.9. The first degradation stage is due to the decomposition of 

crystallizing water (Kumar et al., 2008) observed from 70 to 290°C for sample D and from 

60 to 260°C for sample E. Similarly, the second degradation stage was observed from 340 

– 510°C for sample D and 280 – 500°C for sample E, and this was due to the melting 

transition of magnesium hydroxide to magnesium oxide (Rezaei et al., 2011; Tang et al., 

2012; Mirzaei et al., 2012). The thermal degradation equation for the formation of 

magnesium oxide from freeze dried magnesium hydroxide is shown by equations 1a and 

1b.  

Stage 1: Mg(OH)2. H2O                                    Mg(OH)2 + H2O (Equation 1a) 

   Stage 2:         Mg(OH)2                                     MgO + H2O (Equation 1b) 

In the first degradation stage, endothermic DSC peaks at 190°C for sample D and 170°C 

for sample E were observed, confirming the degradation of crystallizing water from the 

samples. Likewise, exothermic DSC peaks were observed at 390°C for sample D and 

420°C for sample E, confirming the melting transition of the samples. From Table 4.9, it 

can be seen that 27% and 44% by mass of freeze dried samples D and E respectively were 

degraded to form MgO. It was determined that the percentage weight loss for each stage 

of sample D thermal profile is lower compared to sample E, and this may be due to the 

presence of lower concentrations of hydroxide ions in sample D than sample E. The DSC 

analysis explain further that the freeze dried samples absorb heat energy in stage 1 to 

remove water of crystallization (equation 1a). The resultant magnesium hydroxide in 

stage 1 transforms into magnesium oxide by releasing heat from the sample in stage 2. At 

this point, water molecules from magnesium hydroxide degrade, potentially being the 

reason for the peak deflection observed for both samples (Figure 4.26 a). Further, it can 

also be noted from Table 4.9 that the degradation of water molecules increases with 

increasing alkalinity of the samples. The increase in alkalinity of the sample increases the 
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magnesium hydroxide formation along with crystalline water (Mg(OH)2. H2O) which 

decomposes in stage 1 excessively in sample E than sample D.  

Table 4.9: Stage-wise thermal degradation analysis of samples D and E  

Sample Degradation 

stages 

TGA Weight loss DSC 

Sample D Stage 1 70-290°C 9% 190°C 

Stage 2 340-510°C 13% 390°C 

Sample E Stage 1 60-260°C 14% 170°C 

Stage 2 280-500°C 30% 420°C 

 

 

Figure 4.26: TG-DSC analysis of sample D (4a) and sample E (4b) 
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4.3.3. Calcination and absorbance of calcined samples 

The calcination temperature of the alkaline treated samples D and E was determined to be 

500°C based on the melting transition temperature obtained from the TG/DSC analysis. 

The freeze dried samples were subjected to calcination in a Carbolite 1200°C heavy duty 

box furnace for 2 h at a heating rate of 5°C/min. Figure 4.27 shows the color and nature 

of the sample before (Figure 4.27 a) and after calcination (Figure 4.27 b).  

 

Figure 4.27: Samples D and E (a) before and (b) after calcination 

The absorbance profiles of the calcined samples are shown in Figure 4.28. A weak peak 

at 324 nm and a strong peak at 586 nm with absorbance below zero was observed for both 

samples. The peak at 324 nm confirms the presence of metal oxide nanoparticles (Alam 

et al., 2006; Arefi et al., 2012; Yu et al., 2012). Generally, it was difficult to analyze water 

dispersed powder particles that reflect light with UV-Visible absorbance spectroscopy as 

the absorbance may differ from that of colloidal particles (Klaas et al., 1997; Morales et 

al., 2007). This may be the reason for the presence of a peak at 586 nm below zero 

absorbance. However, the analysis is helpful in demonstrating the presence of metal oxide 

in the calcined samples. 
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Figure 4.28: Absorbance spectra of the calcined samples D and E from 300-800 nm  

4.3.4. Dynamic Light Scattering analysis 

The samples of MgO nanoparticles were analyzed by dynamic light scattering to 

investigate the effects of pH on average particle size, polydispersity index (PDI) and zeta 

potential. The results are summarized in Table 4.10. The polydispersity index of all the 

samples were within 0.4 – 0.6, and this is an acceptable range for stable particles 

(ISO13321, 1996; Gaumet et al., 2008). It can be noted that the particle size decreases 

with decreasing pH. Also, zeta potential, which is an indicator of colloidal stability, 

decreases with pH decrement. Figure 4.29 shows the graphs of average particle size 

(Figure 4.29 a) and zeta potential (Figure 4.29 b) at different pH. Sample A with pH 3 

resulted in a lower surface charge (-3.39 mV), and a further increase in acidity of the 

sample would arrive at the isoelectric focusing point due to protonation. The calcined 

samples (Samples D and E) were also dispersed in de-ionized water and subjected to DLS 

analysis. The results, as reported in Table 4.10, show that calcination of sample D resulted 

in a larger average particle size (190.1 nm) with an electronegative surface charge whereas 

sample E resulted in smaller particles (58.7 nm) with a stable electronegative surface 

charge. Thus, it can be concluded that MgO nanoparticles under highly acidic pH 
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conditions forms neutral stable particles with smaller particle sizes whilst MgO 

nanoparticles under alkaline pH conditions hydroxide particles which can be converted 

into MgO nanoparticle using calcination, and further increments in alkalinity may yield 

smaller particles with neutral stability via calcination.  

Table 4.10: Average particle size and Zeta potential of MgO nanoparticles under 

different pH conditions  

Sample Average size ± PDI 

(nm) 

Zeta potential (mV) 

Sample A – pH 3 (MgO) 43.82 ± 0.454  -3.39 

Sample B – pH 5 (MgO) 50.75 ± 0.592  -5.19 

Sample C – pH 7 (MgO) 58.77 ± 0.599  -12.6 

Before calcination 

Sample D – pH 9 

(MgOH) 

68.06 ± 0.625  -14.4 

Sample E – pH 11 

(MgOH) 

220.2 ± 0.631  -18.2 

After calcination 

Sample D (MgO) 190.1 ± 0.404  -23.2 

Sample E (MgO) 58.7 ± 0.537  -15 

 

Figure 4.29: Effect of pH on the average particle size (7a) and zeta potential (7b) on 

MgO nanoparticles   
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4.3.5. Proposed mechanism for pH-mediated formation of stable hexagonal shaped 

MgO nanoparticles 

From the DLS analysis, pH variation through the addition of hydrogen and hydroxide ions 

affects the particle size and stability. For the alkaline treated samples (D and E), 

magnesium hydroxide (Mg(OH)2) was initially formed before conversion to MgO during 

calcination. The surface charges of the calcined samples were observed to be more 

electronegative, potentially due to the addition of hydroxide ions that contribute to the net 

surface charge of the nanoparticles as shown in Figure 4.30 A. The atomic weight of 

magnesium hydroxide (58.321 g/mol) is higher compared to magnesium oxide (40.299 

g/mol). It can be noted that as the atomic weight of the molecule increases, its particle 

size and surface also increase (Liu et al., 2007; Chithrani et al., 2006). As the surface of 

magnesium hydroxide particles increases, the surface charge also increases and this is the 

reason for its high electronegative zeta potential. However, calcination of magnesium 

hydroxide generated magnesium oxide which is negatively charged, more stable, and 

larger sized particles as reported in Table 4.10. 

 

Figure 4.30 (A): Proposed molecular mechanism for the formation of Mg(OH)2 and 

MgO from samples D and E  

Magnesium oxide was generated from samples A, B and C under acidic pH conditions. 

The reduction in pH of the samples generates smaller nanoparticles with decreasing 

electronegativity. Spherical shaped MgO nanoparticles were formed from sample C at 

neutral pH and a further addition of hydrogen ions to decrease pH leads to the formation 

of hexagonal MgO nanoparticles as shown in Figure 4.30 B. The addition of hydrogen 

ion acts as a capping agent to modify and stabilize the shape of nanoparticles (Badawy et 

al., 2010; Mohanpuria et al., 2008; Armendariz et al., 2004; Gardea-Torresdey et al., 
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2002) due to electrostatic force of attraction (Ju-Nam et al., 2008). The capping agent 

reduces the particle size and the positive surface charge of hydrogen ions to enhance 

attraction towards O2- ion present in MgO nanoparticles. This leads to the formation of 

hexagonal shaped MgO nanoparticles as shown in Figure 4.30 (B). The hexagonal shaped 

nanoparticles possess high edge surface site (Ayyub et al., 1995) with oxygen atoms and 

this has been hypothesized to allow strong capping/attraction of hydrogen ions over MgO 

nanoparticles. Hence, the capping agent (hydrogen ions) gets attached strongly at the edge 

surface positions, further reducing the size of nanoparticles by hindering growth without 

deforming morphology as in the case of sample B. As more hydrogen ions are added in 

sample A, most of the O2- ions in MgO nanoparticles are attached with hydrogen ions to 

reduce its electronegativity and make it more neutral.     

 

Figure 4.30 (B): Proposed molecular mechanism for the formation of hexagonal 

shaped MgO from samples A, B and C 

4.3.6. Functional group and morphological analysis of MgO nanoparticles  

Sample A was selected for morphological imaging using TEM to validate its anticipated 

hexagonal shape structures. Sample A was further subjected to FT-IR spectroscopy to 

identify key functional groups within the particulate system.   

4.3.6.1. Functional group analysis 

The compounds present in the leaf extracts and potential chemical modifications resulting 

from the formation of MgO nanoparticles were studied using FT-IR spectroscopy. The 
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results are summarized in Table 4.11. The FTIR spectra of A. tricolor leaf extract is shown 

as Figure 4.31 (A) whereas FTIR spectra of samples C and A are shown as Figures 4.31 

(B) and 4.31 (C) respectively. The functional groups identified show the presence of 

alcohol, phenol, aromatic amines, carboxylic acid, ester and ether, directly indicating the 

presence of alkaloids, flavonoids, polyphenols, terpenes and terpenoids in the A. tricolor 

leaf extract (Were P S, 2015). The peaks indicating the presence of alcohol, phenol, 

aromatic amine, carboxylic acid, ester and ether in the phytochemical profile of A. tricolor 

leaf extract were also present in sample C and A. In addition, peaks showing functional 

groups such as carboxylic acid, alkanes, esters, saturated aliphatic and primary amine are 

present only in sample A. It can be noted that vibrational modes of carboxylic acid, 

alkanes and primary amine possess hydrogen molecules, confirming the addition of 

hydrogen ions to alter pH and bind with degraded phytochemicals to form new functional 

groups that may act as capping agents (Mohanpuria et al., 2008; Badawy et al., 2010; 

Gardea-Torresdey et al., 2002; Armendariz et al., 2004). Functional groups indicating 

esters and saturated aliphatic compounds are not present in the leaf extract and sample C. 

This shows that excess hydrogen ions can function to act a reducing agent (Philip, 2010; 

Halliwell, 1994) of phytochemicals during MgO nanoparticles formation. The peak 

showing Mg-O vibration along with δ (O-C=O) is found between 900-820 cm-1 (Kumar 

et al., 2008). The percentage transmittance is lower for most of the vibrational modes, and 

this indicates the presence of higher concentrations of the relevant functional groups (Ee 

et al., 2008) in sample A compared to sample C. This supports that more functional groups 

act as capping agents in sample A to transform the shape and size of MgO nanoparticle. 

However, the percentage transmittance for Mg-O vibrational mode is almost similar in 

both samples (sample A and C) with a slight shift in the peak due to the presence of 

additional functional groups after pH alterations.  

It has been reported that that pH alterations influence the structural modification of 

nanoparticles. Shang et al (2007) investigated pH-dependent protein conformational 

changes in albumin-gold nanoparticle bioconjugates and reported using FTIR spectra that 

pH of the medium highly influenced the structural conformation of the bioconjugate 

(Shang et al., 2007). Bian et al (2011) studied the dissolution of 4 nm ZnO nanoparticle 

in different pH solutions and explained changes in particle stability and dissolution via 
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FTIR analysis. They reported that pH mediated protonation and deprotonation of 

nanoparticles can lead to surface complexation. Similarly, Alias et al (2010) examined the 

FTIR spectra of ZnO nanoparticles at pH 6-11 and found that the intensity of functional 

groups invariably change as the pH of the medium changes, indicating that the particle 

size is affected by the medium pH. These reports give ample evidence that addition of 

hydrogen ions through pH variation lead to changes in the FTIR spectra, indicating 

functional group modifications.  

Table 4.11: FTIR spectral chart showing functional groups in plant extract and 

sample C and A 

A. tricolor 

Frequency 

cm
-1

 

Vibrational 

modes 

Functional 

group 

Leaf 

extract 

Sample C 

(pH 7) 

Sample 

A 

(pH 3) 

3500-3200 O-H stretch, 

H-bonded 

Alcohol, 

phenol 

+ + + 

3300-2500 O-H stretch Carboxylic 

acid 

- - + 

3000-2850 C-H stretch Alkanes - - + 

1750-1735 C=O stretch Esters, 

saturated 

aliphatic 

- - + 

1650-1580 N-H bend Primary 

amine 

+ - + 

1650-1550 NH2 

scissoring 

Primary 

amine 

- - + 

1370-1350 C-H rock Alkanes + - + 

1335-1250 C-N stretch Aromatic 

amine 

+ + - 

1320-1000 C-O stretch Alcohol, 

carboxylic 

acid, ester, 

ether 

+ + + 

900-675 C-H “oop” Aromatics + - + 

897-820 δ (O-C=O) + 

v (Mg-O) 

MgO - + + 
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Figure 4.31: FTIR spectra for (A) A. tricolor leaf extract, (B) Sample C (pH 

7) and (C) Sample A (pH 3) 
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4.3.6.2. Morphology analysis 

Figure 4.32 (a), (b) and (c) are the transmission electron micrographs of MgO 

nanoparticles in sample A. Figure 4.32 (a) shows that the particles in sample A (pH 3) are 

not agglomerated compared to sample C (pH 7). This is be due to the capping ability of 

hydrogen ions present in sample A. The particles are either hexagonal or a shape with 

edge atoms such as triangle and pentagon. Figure 4.32 (B) and (C) show the morphology 

of a single particle with a certain degree of agglomeration. The shape of the nanoparticles 

was observed to be hexagonal with some particles undergoing transformations into 

hexagonal forms. Literature suggests that protonation and deprotonation may lead to 

nanoparticle shape transformations (Jones et al., 2011). The size of the particles 

determined from the TEM analysis is ~40 nm, similar to that obtained from DLS analysis. 

Thus, the TEM analysis further demonstrates that pH variations can prevent 

agglomeration between particles, and transform the shape. Nanoparticles with neutral or 

slightly negative surface charge possess more bioavailability and bioactivity (Xiao et al., 

2011; Blanco et al., 2015). Hence, the particles prepared in the present work can find 

significant biomedical applications. 

 

Figure 4.32: TEM micrograph of MgO nanoparticles (A) At 200nm scale (B) Single 

particle at 100nm scale and (C) A closer look at the particles at 50nm scale showing 

hexagonal shaped nanoparticles 

4.4. MgO nanoparticles for in vivo cell line studies 

Features of selected MgO nanoparticles used in vivo cell line studies to investigate 

cytotoxicity and insulin resistance reversal ability are described in Table 4.12. MgO 

nanoparticles were selected based on size and distinct morphology. The selected MgO 
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nanoparticles were subjected to cytotoxic studies and biological assays to test their 

toxicity towards diabetic and non-diabetic cells as well as to study their ability to reverse 

insulin resistance in a diabetic cell model. 

Table 4.12: Selected MgO nanoparticle samples for cell line studies  

Sample Size (nm) Morphology 

Chemical synthesized MgO nanoparticles 

Sample A 47.9 ±0.706 Spherical 

Sample B 43.8 ±0.615 Hexagonal 

Sample C 91.2 ±0.547 Rod 

Green synthesized MgO nanoparticles 

Sample NT at pH 3 43.82 ± 0.454 Hexagonal 

Sample NB 78 ±0.351 Spherical 

Sample NP 32 ±0.558 Spherical 
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CHAPTER 5:  

INSULIN RESISTANCE REVERSAL 

EFFICIENCY AND CYTO-TOXICITY 

ANALYSIS OF MgO NANOPARTICLES 

Synthesized MgO nanoparticles with various morphologies and sizes were characterized 

based on their insulin resistance reversal capacity and cytotoxicity. The cytotoxicity of 

selected MgO nanoparticles was analyzed using 3T3-L1 adipose cell line. 3T3-L1 cell 

lines are derived from mouse and possess characteristics such as fibroblast-like 

morphology, the capacity to increase the synthesis and accumulation of triglycerides. 

They are also sensitive to lipogenic and lipolytic hormones and insulin (Green et al., 1975; 

Moreno-Navarrete et al., 2017). MgO nanoparticles that are less toxic to the diabetic cell 

model is further subjected to a cytotoxic analysis using normal epithelial cell lines to help 

determine the action of MgO nanoparticles in both diabetic and normal cell lines. Further, 

less toxic and optimal dosage levels of MgO nanoparticles determined from chemical and 

green synthesis were subjected to biological assays such as glucose assay, western blot 

and fluorescent microscopy to analyze the insulin resistance reversal ability of MgO 

nanoparticles.  

5.1. Nanoparticle dosages for cytotoxic analysis 

Low concentrations of chemically synthesized MgO nanoparticles (0.001M) was selected 

for this test as they have been reported to be toxic towards cells (Lima et al., 2012; Mal et 

al., 2017). 0.001M of chemically synthesized MgO nanoparticle samples were suspended 

in distilled water using vortex mixing (VX-200 Lab Vortexer) at 3400 rpm. The colloidal 

MgO nanoparticles from the green synthesis approach were used without any further 

suspensions. The concentration of green synthesized colloidal MgO nanoparticles present 

in each dosage are measured as mentioned in Appendix B and are mentioned in Table 5.1.  
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Table 5.1: Dosages and concentration of MgO nanoparticles for cytotoxic analysis 

 Green synthesis (mg) 

Dosage (μl) Sample GA  Sample GB Sample GC 

200 0.19 0.22 0.16 

400 0.39 0.43 0.32 

600 0.58 0.64 0.49 

800 0.78 0.86 0.65 

1000 0.98 1.08 0.82 

5.2. Cytotoxic analysis of MgO nanoparticles in diabetic cell lines 

The cytotoxicity analysis of MgO nanoparticles towards 3T3-L1 cell lines was performed 

to identify the biocompatibility of different MgO nanoparticles morphologies synthesized 

through chemical and green synthesis approaches. During 3T3-L1 cell line culturing, it 

was found that a thin oily layer was formed in the DMEM medium as 3T3-L1 cells 

differentiate into adipocyte cells which restricts the flow of carbon-dioxide and oxygen 

into the cells, eventually inhibiting cell growth. The cell culture achieved 60% confluence 

after the third day and the medium was replenished daily. Figure 5.1 shows the 

micrograph of completely grown 3T3-L1 adipose cells with 60% confluence. The cells 

were sub-cultured for cytotoxic analysis after the third day in a 24-well plate along with 

nanoparticle treatment for 24 h (Mosmann, 1983; Präbst et al., 2017). The cells were 

treated with nanoparticles at different dosages in triplicates at rates of 200, 400, 600, 800 

and 1000 μl/ml to identify maximal inhibitory concentration (IC50).  
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Figure 5.1: 3T3-L1 cell lines after 60% confluence without nanoparticle treatment 

5.2.1. Cytotoxicity of chemical synthesized MgO nanoparticles 

Purple and yellow colors from cell proliferation MTT assay represents live and dead cell 

respectively. The absorbance of the color change and the intensity represent the 

percentage of viable cells after treatment with chemically synthesized MgO nanoparticles. 

The percentage of viable cells were obtained by measuring the live cells at the absorbance 

of 570 nm, and the values are recorded in Appendix E1. Figure 5.2 shows the percentage 

of viable cells with standard error (SE) after the treatment of different MgO nanoparticles 

for 24 h. The absorbance is observed to be directly proportional to the viability of cells, 

and 50% inhibition of cells (IC50) can be obtained from the absorbance/viability graph.  
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Figure 5.2: Cell viability of spherical (sample A), hexagonal (sample B) and rod 

(sample C) shape nanoparticles at different dosages of treatment 
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Figure 5.3: Micrographs of 3T3-L1 cells after treatments with different 

morphologies of MgO nanoparticles such as spherical (sample A), hexagonal 

(sample B) and rod (sample C) 

Figure 5.2 shows that lower MgO nanoparticles dosage, irrespective of their morphology, 

supported the growth of adipose cells, and cell mortality increased with increasing dosage 

of nanoparticles. The graph shows that 600 μl/ml dose of samples A and B resulted in 

50% inhibition of cell growth (IC50) whereas IC50 for sample C was obtained at a 

comparatively lower dosage of 200 μl/ml. This shows that spherical (sample A) and 

hexagonal (sample B) shapes of MgO nanoparticles demonstrated comparative cytotoxic 

effect. However, rod (sample C) shaped MgO nanoparticles showed higher toxicity, 

potentially due to their relatively higher electronegative surface charge (-9.83 mV). The 

micrograph in Figure 5.3 shows morphologies of 3T3-L1 cells after treatment with 

nanoparticle samples at various dosages: 200, 600 and 1000 μl/ml. Samples A and B 

treatments resulted in similar morphological changes in the adipose cells. Lower dosage 

treatments of MgO nanoparticles (sample A and B) did not change the fibroblast 

morphology whereas mid and high dosages led to elongation of fibroblast shape and the 
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formation of spherical morphology. For rod shape nanoparticles (Sample C), the 

morphology of cells started deforming and elongating even for lower dosages. Cellular 

morphological alterations are indicative of cytotoxic effects resulting from nanoparticle 

interactions with cellular structures (Mao et al., 2015; Duan et al., 2013). To date, there is 

no reported work on the cytotoxicity profile of MgO nanoparticle towards 3T3-L1 adipose 

cell lines. Hence, the results from this work are compared with the literature data relating 

to nanoparticle cytotoxicity on adipose cells.  

Huang et al (2005) conducted cell viability studies to analyze the toxicity of 110 nm size, 

hexagonal shaped fluorescein isothiocyanate – conjugated mesoporous silica 

nanoparticles towards adipose cells. Concentrations of 20, 40 and 80 μg/ml were added 

and studied after an hour of nanoparticle incubation with the cells. After 24 h and 78 h, 

the 20 and 40 μg/ml nanoparticle dosages did not show any effect on cell  growth whereas 

80 μg/ml dosage increased growth (Huang et al., 2005). Another study by Uboldi et al 

(2012) subjected amorphous, spherical shape silica nanoparticles of various sizes ranging 

from 25 to 100 nm to MTT assay in 3T3-L1 adipose cells at concentrations 1, 10 and 100 

μg/ml. The results showed the influence of particle size on cell viability, and that smaller 

size nanoparticle showed more viability at high concentrations (100 μg/ml) (Uboldi et al., 

2012). Similarly, cytotoxicity of ~10nm sized, hexagonal shaped nanodiamond-insulin 

complexes were analyzed in adipose cells via MTT assay by Shimkunas et al (2009). The 

cytotoxic analysis showed no trend in cell viability with increasing nanoparticle 

concentration (Shimkunas et al., 2009). The cell viability assay of zinc oxide nanoparticles 

conducted by Pandurangan et al (2015) using adipose cells also supported the current 

study. Cell viability decreased with increasing nanoparticle concentration in the range of 

10-30 μg/ml (Pandurangan et al., 2015). All these studies demonstrate that cell viability 

is a function of nanoparticle size, shape, and concentration.  

Figure 5.2 shows that sample A supports higher cell growth than sample B and C. 

However, concentration after IC50 reduced the cell viability significantly. It has been 

reported that the surface charge of 3T3-L1 adipose cells is positive due to the presence of 

fat and lipid on its surface (Chung et al., 2007). In this study, the surface charge of samples 

A, B and C were determined as -7.01 mV, -7.21 mV and -9.83 mV respectively at neutral 

pH. The similarity in the surface charges of samples A and B at neutral pH could explain 
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their comparable cytotoxicity levels before IC50. On the other hand, the morphology of 

nanoparticles plays a major role in understanding e the cytotoxicity levels of these two 

samples. For spherical shape nanoparticles (sample A) with size within the range 25 – 71 

nm, smaller particles (<30nm) enter into the cells and larger particles (>30 nm) disrupt 

the cell surface (Verma et al., 2010; Hussain et al., 2005). This is possibly the reason 

behind the higher cytotoxicity of sample A after IC50. Also, the hexagonal shaped particles 

(sample B) possess edge surface atoms which facilitate cellular entrance without 

disrupting them (Ayyub et al., 1995; Helveg et al., 2000; Jeevanandam et al., 2015). This 

was reflected on the graph as only 22% of cells were dead after treatment with 

nanoparticles at 200 – 1000 μl/ml. Since sample C has relatively a higher electronegative 

surface charge than sample A and B, it was inferred that rod-shaped nanoparticles 

interacted with the positively charged cell surface (The adipose cells are positively 

charged due to the presence of lipids in their cell surface), resulting in the disruption of 

cells. This was evident as IC50 was observed at 200 μl/ml for sample C and only 22% of 

cells were alive at 1000 μl/ml of nanoparticle concentration. Hence, the current study 

shows that surface charge and morphology of nanoparticles play a major role in inhibiting 

cell growth. Sample B has the less toxic MgO nanoparticle morphology from the 

cytotoxicity analysis in diabetic cell lines.   

5.2.2. Cytotoxicity analysis of green synthesized MgO nanoparticles 

Similarly, the green synthesized MgO nanoparticle samples were treated with 3T3-L1 

cells for 24 hours. The percentage of viable cells are presented in Appendix E2. Figure 

5.4 shows the percentage of viable cells along with standard error (SE) after the treatment 

of different green synthesized MgO nanoparticles dosages for 24 hours.  
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Figure 5.4: Cell viability of sample GA, GB and GC at different dosage treatment 
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Figure 5.5: Micrograph of 3T3-L1 cells after MgO nanoparticle treatments with  

Samples GA, GB and GC.  

Similar to the chemically synthesized samples, MgO nanoparticles with different 

morphologies supported the growth of adipose cells, and cell mortality increased with 

increasing dosage of MgO nanoparticles as shown in Figure 5.4. 600 μl/ml dose of 

samples GA, GB and GC led to 50% inhibition of cell growth (IC50). At 600 μl/ml dosage, 

sample GA showed  slightly more viability (55%) than sample GB and GC, and this may 

be due to the edge surface atoms present in hexagonal shaped nanoparticles (Van 

Hardeveld et al., 1969; Zuo et al., 2017) that enhances more cellular reactivity. Hence, 

hexagonal shaped green synthesized nanoparticle give better support to cell growth than 

spherical shaped MgO nanoparticles. The micrograph in Figure 5.5 shows the 

morphologies of 3T3-L1 cells after treatment with green synthesized MgO nanoparticles 

at low (200 μl/ml), mid (600 μl/ml) and high dosages (1000 μl/ml). All the treatments 

resulted in similar morphological changes to the adipose cells. Even at lower dosage, the 

fibroblast morphology of adipose cells started transforming into a spherical shape. Cell 

viability was visible in 200 and 600 μl/ml dosages, whereas in 1000 μl/ml dosage, very 
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few cells were observed to be present due to severe cytotoxicity of the nanoparticles at 

high dosages.  

Figure 5.4 shows that sample GA supported a higher cell growth than samples GB and 

GC, and IC50 was determined at 600 μl/ml dosage. The cell viability of sample GA at IC50 

dosage was higher compared to samples GB and GC, hence sample GA with hexagonal 

morphology was selected for further analysis. Moreover, the surface charge of sample GA 

was -3.39 mV which is closer to neutral stability compared to other two samples (sample 

GB = -15.4 mV and sample GC = -11.4 mV). Xiao et al (2011) reported that slightly 

negative or neutral surface charge particles have a longer circulation period and lower 

accumulation in cells (Xiao et al., 2011) due to their low adsorption towards proteins 

(Alexis et al., 2008; Yamamoto et al., 2001). Comparatively, lower toxicity at IC50 dosage 

is due to hexagonal morphology and slightly electronegative / close-to-neutral surface 

charge stability which supports low adsorption towards cellular proteins, making sample 

GA, a better candidate for further biological analysis. 

5.3. Cytotoxic analysis of MgO nanoparticles in non-diabetic (normal) cell lines 

The cytotoxicity analysis of MgO nanoparticles with distinct morphology using VERO 

cells was performed to study biocompatibility towards normal (non-diabetic) cells. VERO 

cells were cultured based on the procedure reported in Section 3.2.4.1 to attain 60% 

confluency after 48 hours as mentioned in Figure 5.6. 

 

Figure 5.6: VERO cell lines after 60% confluence without nanoparticle treatment 
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Appendix E3 shows the percentage of viable VERO cells in comparison to 3T3-L1 cell 

viability, after treating different dosages of MgO nanoparticle samples B and GA. Figure 

5.7 is the micrograph of the cellular morphology after treating MgO nanoparticles of 

sample B and GA at low (200 μl/ml), mid (600 μl/ml) and high (1000 μl/ml) dosages. 

     

     

     

     

     

     

     

 

 

 

 

Figure 5.7: Micrograph of VERO cells after 24 h of samples B and GA treatment at 

dosages (A, D) 200 μl/ml, (B, E) 600 μl/ml and (C, F) 1000 μl/ml.  

 

(D) (E) (F) 
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Figure 5.8: Comparative cell viability analysis after treating diabetic (3T3-L1) and 

non-diabetic (VERO) cell lines with sample B and GA 

It can be noted from Appendix E3 that the viability of VERO cells is higher than 3T3-L1 

cells after treating samples B and GA for 24 hours. The graph in Figure 5.8 shows the bar 

diagram, comparing viability of both cell lines after nanoparticle treatments.  The IC50 of 

sample B towards VERO cells (Figure 5.8 a) was obtained at a higher dosage (1000 

μl/ml), whereas with sample GA, the IC50 concentration (Figure 5.8 b) was not obtained 

even at a higher dosage. This shows that the selected MgO nanoparticles are less toxic to 

normal, non-diabetic cells than diabetic cells. The micrographs in Figure 5.7 show that 

the morphologies of VERO cells are not similar after treatment with low and high dosage 

of nanoparticles. The cells possess fibroblast morphology, which is the characteristic 

morphology of VERO cell, when low (200 μl/ml) dosage of nanoparticle is added as 

shown in Figure 5.7A. The cells slowly elongate with increasing nanoparticle dosage as 

shown in Figure 5.7B and the cells transform into enlarged fibroblastic morphology at 

high nanoparticle dosage (1000 μl/ml) which is the IC50 as shown in Figure 5.7C. Similar 

results were obtained when sample GA (Figure 5.7 D, E and F) was treated with VERO 

cells. This confirms that both chemical and green synthesized hexagonal shaped 

nanoparticles shows similar cytotoxic mechanism towards normal VERO cells. This can 

be attributed to the selective bioavailability of hexagonal shaped MgO nanoparticles 

which is comparatively high in diabetic cells than non-diabetic cells.   
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The cytotoxicity of various nanoparticles has been established through VERO cell lines 

in literatures. Chueh et al (2014) studied the cytotoxicity of commercially available gold 

nanoparticles using various cells including VERO and demonstrated concentration-

dependent suppression of cell growth similar to the current study (Chueh et al., 2014). 

Similarly, VERO cells were utilized by Su et al (2007) to evaluate the cytotoxicity of gold 

nano-shells and reported that cell viability decreased 15% at 200 μg/ml after 24 hours of 

incubation (Su et al., 2007). Likewise, Sasidharan et al (2011) found that pristine coated 

non-biodegradable graphene is more toxic from 0 to 300 μg/ml towards VERO cells 

compared to functionalized graphene (Sasidharan et al., 2011). Balaji et al (2017) studied 

the cytotoxicity of 10 nm sized spherical shaped zirconia nanoparticles towards VERO 

cells and noted that higher concentrations of nanoparticles reduced VERO cell viability 

(Balaji et al., 2017). The cytotoxicity of iron oxide nanoparticles in VERO cells after short 

(4 h) and long-term (24 h) exposure were evaluated by Szalay et al (2011). The study 

showed negligible level of cytotoxicity after 4 hours of iron oxide nanoparticle exposure 

whereas cell viability reduced with increasing nanoparticle concentration (Szalay et al., 

2012). All these reported findings show that the cell viability is inversely proportional to 

nanoparticle concentration in VERO cells and all the nanoparticles, except iron oxide, 

impact excess toxicity in VERO cells at higher concentrations. When comparing cell 

viability versus nanoparticle concentration (dosage) of the current study with literature, 

sample GA shows better cell viability as the IC50 concentration was not obtained and 75% 

of cells were viable even at higher concentrations. Even for sample B, the IC50 was 

obtained only at a higher concentration (1000 μl/ml or 40 μg/ml) after 24 hours of 

incubation. Thus, it was proven that the selected MgO nanoparticles were less toxic to 

non-diabetic cells.  

The two-stage cytotoxicity testing was performed for MgO nanoparticle samples in order 

to evaluate their toxicity in both diabetic and non-diabetic cells. The cytotoxicity test 

using diabetic cell model helps to identify less toxic MgO nanoparticles dosage to be used 

for effective diabetes treatment. The cytotoxicity test in non-diabetic cell model was 

performed to avoid or minimize side-effects on normal cells during the usage of MgO 

nanoparticles for diabetic treatments. It can be noted that the IC50 of sample B in 3T3-L1 

cell is 600 μl/ml and in VERO cell is 1000 μl/ml. Similarly, the IC50 of sample GA in 
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3T3-L1 cell is also 600 μl/ml and up to 1000 μl/ml. IC50 dosage was not observed in 

VERO cell. It is evident that electrostatic forces of attraction between cells and 

nanoparticles, play a major role in the cytotoxicity mechanism of nanoparticles. The 

surface charge of VERO cells are negative (Van der Velden-de Groot, 1995; Maroudas, 

1975). Thus, the surface charge of sample B (-7.21 mV) and sample GA (-3.21 mV) 

creates a repulsive force, acting as a barrier to nanoparticle-cell attraction and plays a 

major role in reducing toxicity towards VERO cells. The viability of 3T3-L1 cells were 

observed to be 54% at 400 μl/ml nanoparticles dosage which is above the IC50 whereas at 

the same dosage, 71% cells were viable in VERO cells for sample B. Likewise, the 

viability of 3T3-L1 cells were observed to be 55% at 600 μl/ml nanoparticles dosage, 

which is above the IC50, whereas at the same dosage 86% VERO cells were viable for 

sample GA.  Hence, 400 μl/ml (0.016 mg/ml) dosage of sample B and 600 μl/ml (0.58 

mg/ml) dosage of sample GA are more suitable dosages for further formulation and 

diabetes treatment from the two-stage cytotoxic analysis.  

5.4. Proposed cytotoxicity mechanism of MgO nanoparticles 

 

Figure 5.9: Proposed cytotoxicity mechanism of MgO nanoparticles 
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The probable mechanism of cytotoxicity by different MgO nanoparticles of different 

morphology has been depicted in Figure 5.9. Depending on the surface charge (Fröhlich, 

2012), morphology (Andelman et al., 2010; Murgia et al., 2010) and size (Kim et al., 

2012) of nanoparticles, there are three possible ways through which nanoparticles can 

induce toxic effect to cells. These involve attachment to the cell membrane, penetration 

into the cell and penetration into the nucleus. Nanoparticles may attach to the cell 

membrane depending on their surface charge, release reactive oxygen species (ROS) for 

the disruption of cell membrane, leading to cell mortality (Ryabchikova et al., 2010; 

Draeger et al., 2011; Wang et al., 2012; Mellgren, 2011). In the present work, the 

difference in the cytotoxicity of MgO nanoparticles in 3T3-L1 and VERO cells may be 

due to this mechanism. 3T3-L1 as an adipose cell possess positive surface charges which 

attract the negatively charged nanoparticles (Kohn et al., 1996). Whereas VERO cells 

contain negative surface charges (Ito et al., 2005) which regulate  nanoparticle attraction 

towards cells due to repulsion. Moreover, the nanoparticles which are less electronegative 

and closer to neutral stability promote cellular bioavailability and cytotoxicity towards 

diabetic cells than non-diabetic cells. Attraction of nanoparticles towards cells may lead 

to penetration of nanoparticles into the cell to induce toxic effects. The nanoparticles 

interact with the mitochondria, dissolve and increase intracellular ionic content or react 

with lysozymes. The interaction of nanoparticles with mitochondria increases the 

intracellular ROS level and cause swelling of the mitochondria (Lovrić et al., 2005), 

which then results in cell disruption (Green et al., 2004; Tait et al., 2010). When 

nanoparticles dissolute inside cells, especially oxide materials, it alters the cellular 

equilibrium potential and increases cell membrane potential which leads to the disruption 

of cell membrane via oxidative stress (Annunziato et al., 2003; Fröhlich, 2012). Similarly, 

when nanoparticles interact with lysozymes, it decreases the acidity within the cell by 

forming intracellular ROS, which disrupts the cell metabolic pathway, thereby causing 

cell mortality (Soenen et al., 2011; Funnell et al., 2006; Asati et al., 2010). Smaller 

nanoparticles may also penetrate into the nucleus of the cells (AshaRani et al., 2008; 

Boyoglu et al., 2011) and may cause DNA nicking, leading to cell death (Zinchenko et 

al., 2007; Chen et al., 2005; Li et al., 2009). It was reported that nanoparticles smaller 

than 90 nm (Nitin et al., 2009) with neutral or close-to-neutral charge (Nabeshi et al., 
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2011) can enter into the nucleus through nuclear pore (Peters, 2005). All these 

mechanisms are possible to induce cytotoxicity in the present study. However, further 

cytotoxicity test such as Lactose dehydrogenase (LDH) assay and microscopic studies are 

required to determine the exact mechanism of MgO nanoparticles that induces 

cytotoxicity in both cell lines. LDH assay will help to confirm the release of cytosolic 

LDH enzyme which is released into the culture medium upon cell death due to plasma 

membrane damage (Parboosing et al., 2017). Similarly, electron microscopic study will 

help to analyze the morphology of cells upon nanoparticle interaction (Leung et al., 2017). 

5.5. Biological assay to analyze insulin resistance reversal ability of MgO 

nanoparticles 

In the present study, three biological assays are conducted to study, analyze and confirm 

the insulin resistance reversal ability of MgO nanoparticles. DNS assay was performed to 

determine the amount of glucose present and converted in cells before and after incubating 

cells with nanoparticle for 24 hrs. This assay confirms the initial reversal of insulin 

resistance in diabetic cells. Western blot analysis then used to determine the reversal of 

insulin resistance as it studies the expression of GLUT 4 (glucose transporter protein) in 

plasma membrane, when insulin resistance is reversed (Favaretto et al., 2014; Cushman 

et al., 1980). Finally, fluorescent microscopy is used to confirm the mechanism of MgO 

nanoparticle interaction with the cells to in reverse insulin resistance in diabetic cells.  

5.5.1. DNS based colorimetric glucose assay   

A standard DNS graph was obtained from known glucose concentration, prior to the DNS 

assay experiment, to identify glucose quantity in cells. The data is found in Appendix C. 

The selected MgO nanoparticle samples (400 μl/ml dosage of sample B and 600 μl/ml 

dosage of sample GA) were added to the 3T3-L1 adipose cells and incubated for 25 hours. 

A positive control (cells with no nanoparticle treatment) was also incubated for 25 hours 

to analyze the quantity of glucose present in the normal diabetic cell. DNS based glucose 

experiment was sampled after every 5 hours to analyze the glucose present in the DMEM 

medium. After 25 hours, the cells were lysed and centrifuged to obtain the amount of 

glucose present inside the cells. The DNS based glucose assay was also performed using 
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the supernatant obtained after centrifugation to calculate the amount of intracellular 

glucose as stated in Table 5.2 and the raw data was included in Appendix E3. Figure 5.10 

gives a clear insight on the reduction of glucose present in the medium and the kinetics of 

their reduction.     
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Table 5.2:     Concentration of extra and intracellular glucose sampled periodically during incubation.

S.No.  
  

Samples 
  

0
th

  hr 5
th

  hr 10
th

  hr 15
th

  hr 20
th

  hr 
25

th
  hr  

(In medium) 
25 hr  

(Inside cell) 

OD Conc 

(mg) OD Conc 

(mg) OD Conc 

(mg) OD Conc 

(mg) OD Conc 

(mg) OD Conc 

(mg) OD Conc  
(mg) 

1 Control  1.8 3.67 1.723 3.47 1.66 3.35 1.608 3.25 1.525 3.07 0.209 0.57 0.045 0.71 

2 
  Sample 

GA 

(600 μl/ml) 
1.9 3.67 1.575 3.1 1.532 3 1.479 2.92 1.421 2.75 0.019 0.09 0.017 0.17 

3   Sample B 

(400 μl/ml) 1.9 3.67 1.378 2.67 1.353 2.57 1.328 2.52 1.276 2.4 0.008 0.04 0.016 0.15 



130 

 

 

Figure 5.10: Time-dependent reduction of glucose in control and nanoparticles 

loaded cells 

From Figure 5.10, it can be noted that ~3.7 μg/ml of glucose was present in DMEM 

medium. The cells slowly utilize glucose in the medium for their growth and development. 

It is noteworthy that the control (3T3-L1) utilizes certain amount of glucose depending 

on the percentage of insulin resistance in those cells (Houstis, 2007). Thus, the amount of 

intercellular glucose reduced to 0.57 mg/ml after 24 hours of incubation in the control. It 

is shown in Figure 5.10 that the nanoparticle loaded cells resulted in increasing glucose 

uptake and this resulted in reduced glucose concentration in the medium for cell growth 

than the control. Table 5.2 shows that 0.09 mg/ml and 0.04 mg/ml of intercellular glucose 

were present in the nanoparticle-loaded cells for sample GA and sample B respectively. 

The rate of intercellular glucose uptake is constant from 5-20 hours, and after 20 hours of 

incubation, a drastic uptake of glucose was observed, both in the control and the 

nanoparticle-loaded cells. This may be due to several factors such as activity of poly 

(ADP-Ribose) synthetase as mentioned in the literature (Pekala et al., 1981; Luo et al., 

2017). The intracellular glucose was found to be 0.71mg/ml in the control cells and 0.017 

mg/ml and 0.15 mg/ml for samples GA and sample B respectively. 
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Table 5.3: Total glucose and glucose uptake in the control and nanoparticle loaded 

cells 

Sample 0 hrs 

mg/ml 

After 24 hrs 

mg/ml 

 

Total 

glucose 

(medium + 

inside cell 

glucose) 

mg/ml 

Glucose 

utilization 

by cells 

after 24 

hours 

(%) 

Difference 

in glucose 

uptake 

compared 

to control 

cells (%) 

 In 

medium 

Inside 

cells 

 

Control 3.67 0.57 0.71 1.22 66.75% - 

Sample 

GA 

3.67 0.09 0.17 0.26 92.9% 28.1% 

Sample B 3.67 0.04 0.15 0.19 94.8% 29.5% 

In the control cells, 66.75% of glucose was utilized by the cells in 24 hours as presented 

in Table 5.3. Also, the MgO nanoparticles loaded cells, reversed insulin resistance in the 

3T3-L1 cells and resulted in glucose utilization of 92.9% and 94.8% in samples GA and 

B. This shows that the MgO nanoparticles loaded cells increased glucose uptake by 28.1% 

(for sample GA) and 29.5% (for sample B) compared to the control (Table 5.3). The 

reduction of glucose in the nanoparticle-loaded 3T3-L1 medium is due to MgO 

nanoparticle mediated activation of enzymes that reverses insulin resistance 

(Jeevanandam et al., 2015). The reversal of insulin resistance enables more insulin 

activity, leading to effective conversion of glucose into adenosine triphosphate (ATP) 

(Kahn et al., 2006). A similar observation is made for the control cells. 0.71 mg/ml of 

glucose was present inside the cells and for the MgO loaded samples only 0.17 mg/ml (for 

sample GA) and 0.15 mg/ml (for sample B) were present. The conversion process leads 

to a drastic reduction in the quantity of glucose present inside the cell and the medium 

after incubation with MgO nanoparticles for 24 hours compared to the control.     

Literature strongly suggests that there is a relationship between magnesium level in the 

human body and cases of insulin resistance and type 2 diabetes. Kao et al (1999) found 
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that there is a significant inverse correlation between serum magnesium and the 

occurrence of type 2 diabetes (Kao et al., 1999). Similarly, many reported works have 

demonstrated that magnesium level is important to prevent diabetes as both serum and 

ionized magnesium are found to be low in diabetic patients (Mather et al., 1979; Garland, 

1992; Sjogren et al., 1988b; Schnack et al., 1992; Vanroelen et al., 1985; Kurstjens et al., 

2017). Even at the cellular level, type 2 diabetic patients showed reduced cytosolic free 

magnesium level compared to non-diabetic patients (Resnick et al., 1991; Barbagallo et 

al., 2000). Additionally, it was reported that magnesium directly regulates glucose 

metabolism at the cellular biochemical level by reversing insulin resistance due to its role 

in activating MgATP complex needed for rate-limiting glycolysis enzymes and the 

activity of all protein kinases (Barbagallo et al., 1996; Paolisso et al., 1997; Barbagallo et 

al., 2003). Thus, researchers have used magnesium supplement to reverse insulin 

resistance in diabetic rats and cells. Kandeel et al (1996) used adipocytes retrieved from 

male Sprague-Dawley rats and demonstrated that low ambient magnesium concentration 

(free Mg ion, 0.16 mM) caused insulin resistance.    

It is quite evident, both in the present work and reported literature that, in the presence of 

magnesium, cellular glucose uptake increases as a result of insulin resistance reversal in 

diabetic cells. Moreover, the cytotoxicity analysis showed 55% of adipose cells were 

viable after treatment with MgO nanoparticles for 24 hours. This reduced cellular viability 

could also have an effect in glucose uptake. However, the MgO nanoparticles loaded cells 

showed increased glucose uptake compared to the control cells, indicating that the 

nanoparticles effectively reversed insulin resistance and reduce glucose level in the 

diabetic cells.   

5.5.2. Western blot assay 

Western blot assay was performed to detect the presence of GLUT4 (Glucose transporter) 

protein in the control and nanoparticles loaded cells. GLUT4 protein is a common protein 

that is present in the cytoplasm of adipose cells (Favaretto et al., 2014). Upon insulin 

binding to its substrate, GLUT4 protein is expressed in the plasma membrane, facilitating 

the entry of glucose into the cells and increasing glucose uptake from the extracellular 
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matrix (Cushman et al., 1980). Thus, there are two types of GLUT4 proteins; plasma 

membrane GLUT4 and cytoplasmic vesicular GLUT4. The protein from the intracellular 

region was obtained through centrifugation of insulin resistant adipose cells and western 

blot was performed using the supernatant solution. The present work analyses the 

presence of cytoplasmic GLUT4 protein via western blotting. GLUT4 in the plasma 

membrane binds with the lipid bilayer and eventually increases molecular weight, making 

it difficult for anti-GLUT4 antibody to detect at ~54 kDa (Stöckli et al., 2011; Martin et 

al., 2006). 

 

Figure 5.11: Western blot analysis of GLUT4 protein expression in (a) Control, (b) 

Sample GA and (c) Sample B 

The blotting results as mentioned in Figure 5.11 shows a wide protein band in control 

cells and shorter bands in nanoparticles loaded cells. In insulin resistant adipose cells, the 

GLUT4 protein is located in the intracellular vesicles due to the inhibition of binding 

mechanism between insulin and their respective receptor. The western blot result also 

reveals that the control cells are insulin resistant as a wide protein band is obtained at 

54kDa (Sylow et al., 2014; Sylow et al., 2013) as showed in Figure 5.11 (a). However, 

the width of protein band (54kDa) in the nanoparticle loaded cells is smaller compared to 
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the control cells, showing that insulin resistance is reversed due to MgO nanoparticles. 

When MgO nanoparticle are loaded to the cells, insulin resistance is reversed as discussed 

in the DNS glucose assay, which eventually increases the binding of insulin to their 

receptors. This induces the expression of GLUT4 protein from the intracellular vesicles 

to the plasma membrane. As the GLUT4 protein expressed in the plasma membrane to 

increase glucose uptake from extracellular matrix, the quantity of intracellular GLUT4 

protein reduces (Martin et al., 2006; Etgen et al., 1993). Thus, Figure 5.11 (b) and (c) 

indicate that the quantity of intracellular GLUT4 protein is low compared to control cells, 

confirming the insulin resistance reversal ability of MgO nanoparticles. It can be noted 

that the intensity of the protein band is lower for sample B compared to sample GA. This 

is due to a higher insulin resistance reversal in sample B than sample GA, and the finding 

correlates well with the DNS glucose assay results. The reversal of insulin resistance leads 

to the binding of insulin to their substrate which assist the expression of cytoplasmic 

GLUT4 protein in the plasma membrane and eventually allows glucose signals to enter 

into the cell and increases glucose uptake. The increase in glucose uptake after MgO 

nanoparticles mediated reversal of insulin resistance is clearly evident in DNS glucose 

assay results (Section 5.5.1).  

5.5.3. Fluorescent microscope studies  

Two dyes namely propidium iodide and acridine orange were used to predict the possible 

mechanism of nanoparticle interaction with diabetic adipose cells. Propidium iodide (PI) 

is a membrane impermanent dye that generally gets excluded from viable cells and binds 

to double stranded DNA between their base pairs (Riccardi et al., 2006). This staining 

method gives information on the nanoparticle mediated cell membrane disruption and also 

whether the nanoparticle entered the cell to cause DNA nicking. On the other hand, 

Acridine orange (AO) is a cell permeable, nucleic acid selective dye that emits green 

fluorescence after binding with double stranded DNA. It emits a green colour after 

binding with live cells and emits an orange color when in contact with acidic cell 

organelles such as lysozyme during natural or induced cell apoptosis (Cousin et al., 1999). 

This staining method gives information on the entry of nanoparticles and the release of 

ROS inside the cell which eventually increases intracellular acidity and emits an orange 
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color. The fluorescent microscopy images of propidium iodide stained cells, incubated 

without nanoparticle (control) and with nanoparticle dosages (sample GA – 600μl/ml and 

sample B – 400 μl/ml) are shown in Figure 5.14. The yellow stains on the image represent 

non-viable cells due to membrane disruption. Usually, the propidium iodide stained cell 

images are red in color. However, the image was recolored to yellow with equivalent 

intensities using ImageJ software for better understanding. It can be noted that the 

nanoparticle loaded cells possess more yellow stains compared to the control cells. The 

non-viability of nanoparticle-loaded cells represented by the propidium iodide stains can 

be attributed to the cytotoxicity of MgO nanoparticle towards adipose cells as mentioned 

earlier in the cytotoxic (MTT) assay (Section 5.2). Similarly, the fluorescent microscope 

images of acridine orange stained cells, incubated without nanoparticle (control) and with 

nanoparticle dosages (sample GA – 600μl/ml and sample B – 400 μl/ml) is shown in 

Figure 5.15.  

 

Figure 5.12: Mechanism of propidium iodide fluorescent microscopy image 

 

Figure 5.13: Mechanism of acridine orange fluorescent microscopy image 
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Figure 5.14: Fluorescent microscope images of propidium iodide stained 3T3-L1 

cells after 24 hours (A) Control cells, (B) Sample GA – 600 μl/ml and (C) Sample B 

– 400 μl/ml 

 

Figure 5.15: Fluorescent microscope images of acridine orange stained 3T3-L1 cells 

after 24 hours (A) Control cells, (B) Sample GA – 600 μl/ml and (C) Sample B – 

400 μl/ml 

The propidium iodide staining method clearly shows that the cytotoxicity of hexagonal 

shaped nanoparticle was due to the disruption of 3T3-L1 cell membrane. The cell 

membrane disruption may be due to two possible mechanism. The first mechanism is that 

the larger MgO nanoparticles (from chemical synthesis, < 40 nm) may attach to the cell 

membrane due to electrostatic forces of attraction (Nel et al., 2009). The nanoparticles 

after attachment disintegrate into its ionic states (Yameen et al., 2014) such as Mg2+ and 

O2- based on their size. The magnesium ion passes through cellular ionic channels, enters 

into the cell and activates certain enzymes to reverse insulin resistance (Lansman et al., 

1986; Monteilh-Zoller et al., 2003; White et al., 1989). The oxide ions act as reactive 

oxygen species and induce the formation of hydrogen peroxide which increases 
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extracellular oxidative stress and disrupts cell the membrane (Simon et al., 2000; 

Premanathan et al., 2011).  

Another mechanism could be based on the mechanism of cell penetration by the 

nanoparticles. Smaller MgO nanoparticles from green synthesis (18-40 nm) may penetrate 

into the cells (Oh et al., 2014; Zhao et al., 2011) and disintegrate into their ionic states. 

Magnesium ions activate intracellular enzymes and reverse insulin resistance without ion 

channel transportation. The oxide ion increases intracellular oxidative stress and disrupts 

the cell. When correlating the glucose assay and western blot, both mechanisms are 

possible for MgO nanoparticles to reverse insulin resistance in adipose cells. The 

nanoparticles may enter or attach to the cell surface and release magnesium as well as 

oxide ions from 0-20 hours. The release of oxygen causes cell apoptosis and leads to cell 

death. After 20 hours, the release of oxygen ion from the nanoparticles is reduced. This 

increases the magnesium content in the cell and helps in activating certain enzymes, either 

intracellularly (through ion channel entry) or extracellularly, to reverse insulin resistance 

in the adipose cells. However, the second mechanism may not be the case according to 

the fluorescent microscope studies. The entry of nanoparticles into the adipose cell and 

reversing insulin resistance is not feasible because nanoparticle dissolution into its ionic 

state inside cells leads to intracellular oxidative stress which may disrupt cell organelles 

such as lysozyme, mitochondria, nucleus as well as cell membrane (Xia et al., 2008). It 

can be noted from the acridine orange stains image (Figure 5.15) that the cells are green, 

indicating live cells with no orange emission, indicating no fluctuation in intracellular pH 

(Chinni et al., 1999). Moreover, the fluorescence microscopy images reveal that the 

cytotoxicity of chemically synthesized MgO is higher compared to green synthesized 

MgO. It was shown from the propidium iodide staining analysis that only the cell 

membrane is disrupted but not the nucleus and DNA, as propidium iodide bind only with 

the DNA base pairs. It was then confirmed from the acridine orange staining method that 

the nanoparticles did not penetrate into the cells and released ROS to fluctuate 

intracellular pH and eventually cause cell apoptosis. Thus, it is clear that MgO 

nanoparticles attached to the cell via electrostatic force of attraction, disintegrated and 

released its ions into the growth medium. The oxygen ion species in the medium led to 

oxidative stress and disrupted the cell membrane whereas the Mg2+ ions activated 
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extracellular or intracellular (via ion channel) enzymes to reverse insulin resistance. The 

mechanism of MgO nanoparticles reverse insulin resistance in adipose cells is presented 

schematically in Figure 5.16.   
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Figure 5.16: Mechanism of reversing insulin resistance using MgO nanoparticle as magnesium supplement  
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CHAPTER 6:  

CONCLUSIONS AND RECOMMENDATIONS 

The aim of the present work is to study the insulin resistant reversal ability of MgO 

nanoparticles and identify the morphology that enhances their insulin resistance 

reversibility. A chemical based sol-gel method has been employed to yield different 

morphologies of MgO nanoparticles, whereas plant leaf extract based green synthesis is 

used to yield different sizes of MgO nanoparticles. The current work articulates the 

evidences required to answer the research questions that emphasize the strategies 

important for triggering different morphology transformation through chemical method, 

potential of using green method for MgO nanoparticle synthesis and the efficacy level of 

MgO nanoparticles in insulin resistance reversibility. The primary objective of the current 

study is to investigate the efficiency of different shapes and sizes of MgO nanoparticles 

in reversing insulin resistance in diabetic cell model. The secondary objectives such as 

synthesizing, optimizing and characterizing MgO nanoparticles from chemical and green 

method as well as selecting their less toxic dosages in diabetic cell models helps in 

achieving the primary objectives. Both the primary and secondary objectives have been 

achieved in the present study, which gives a solution for all the research questions and 

furthermore, gives ample reasons to confirm the insulin resistance reversal ability.  

The initial objective of the study is to synthesize, optimize and characterize MgO 

nanoparticles using different synthesis routes. The sol-gel method was used to synthesize 

different morphologies of MgO nanoparticles via chemical route as part of the first and 

second objective. Two types of magnesium precursors along with the combination of 

gelling agents were used for the sol-gel synthesis. The calcination temperature of the sol-

gel product was selected from the melting transition temperature obtained from thermal 

analysis via TG-DSC. The results show that the sol-gel method yields different 

morphologies such as spherical (sample A), hexagonal (sample B) and rod (sample C) 

upon an increase in calcination temperature. The physicochemical and morphological 

characteristics of MgO nanoparticles were analyzed, which is evident as a solution for the 
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research question on the process strategies that are important to trigger different 

morphological transformations of MgO nanoparticles during sol-gel process. 

The research question on the potential of synthesizing different sizes of MgO 

nanoparticles using plant leaf extracts, which is a part of initial objective, has been 

addressed by using three plant leaf extracts such as A. tricolor, A. blitum and A. 

paniculata. Six MgO nanoparticle samples were synthesized using plant leaf extracts 

along with two magnesium precursors. The physicochemical analysis of the nanoparticle 

samples revealed that the magnesium nitrate as precursor with lower molecular weight 

than magnesium acetate and leaf extract with higher flavonoid content, play a major role 

in defining the molecular features of MgO nanoparticles. The result shows that the particle 

sizes of the optimized samples were between 20 – 60 nm sizes and the green synthesized 

colloidal MgO nanoparticles are efficient in yielding nanoparticles with different sizes in 

a shorter time compared to chemical method. TEM micrograph of MgO nanoparticle 

sample synthesized using A. tricolor leaf extract and magnesium nitrate possess capability 

to yield a hexagon shape. Thus, this sample was selected for further optimization to yield 

hexagon shaped MgO nanoparticles via pH modifications which is a unique method, 

introduced in the present work, to transform colloidal nanoparticle morphology. The 

morphology of MgO nanoparticles synthesized using A. tricolor leaf extract and 

magnesium nitrate precursor was transformed from spherical to hexagon with 40 nm size 

in acidic pH 3. Six MgO nanoparticle samples with different sizes and shapes selected for 

further analysis to achieve initial objectives. 

The cytotoxic analysis of MgO nanoparticles in diabetic and non-diabetic cells are 

identified via MTT assay to achieve the third objective of the study. MgO nanoparticles 

possess dosage dependent toxicity towards diabetic cells. However, MgO nanoparticles 

shows negligible toxicity even at higher concentrations for both diabetic and non-diabetic 

cells. It was found that hexagonal shaped nanoparticles are less toxic to cells compared to 

other morphologies. It was also confirmed that green synthesized MgO nanoparticles are 

less toxic to diabetic cells than chemical synthesized samples. 400 μl/ml dosage of 

0.001M chemical synthesized (sample B) and 600 μl/ml dosage of 0.024M green 

synthesized (sample GA) MgO nanoparticles are selected for further bio-assays to study 
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their insulin resistance reversal ability. These results helps to achieve the third objective 

which reveals the cytotoxic specificity of MgO nanoparticles towards diabetic cell and 

their impacts in normal cells.  

DNS glucose assay, western blot and fluorescent microscope studies were utilized to 

achieve the fourth objective of the study, which is to confirm the insulin resistance 

reversal efficacy of MgO nanoparticles. DNS glucose assays shows that the nanoparticle 

loaded adipose cells has ~30% more glucose uptake than control cells. However, the 

reversal of insulin resistance was confirmed by using anti-GLUT4 antibody in the western 

blot technique. The results showed a wide protein band of GLUT4 protein at 54kDa for 

control cells and the protein band is short for MgO nanoparticle loaded cells compared to 

control cells. This reveals the reduction of cytoplasmic GLUT4 protein quantity in MgO 

nanoparticle loaded cells compared to control cells. Hence, it is proven that MgO 

nanoparticles possess insulin resistance reversal ability. It is also noted that the reversal 

ability is higher in the chemical synthesized sample than green synthesized MgO 

nanoparticles. However, green synthesized samples are curated to be superior in insulin 

resistance reversing ability as they showcase less cytotoxicity at higher concentrations 

and dosages. The propidium iodide staining method in fluorescent microscope study 

shows that the cytotoxicity of MgO nanoparticles towards adipose cells is due to cell 

disruption and acridine orange staining method shows that the MgO nanoparticle does not 

enter into the cells. Thus, it is proposed from the biological studies that the MgO 

nanoparticles are attracted towards adipose cells via electrostatic attraction, disintegrate 

into ions where magnesium enters into cells through ion channels, activates intracellular 

enzymes and reverses insulin resistance. The fourth objective has been achieved through 

simple biological assays which helps in achieving the aim of the study and to quantify the 

efficacy of MgO nanoparticles for reversing insulin resistance in diabetic cell model. 

These potential MgO nanoparticles will be highly impactful for type 2 diabetic patients 

where the cells are unable to utilize the insulin due to insulin resistance. However, the 

conditions such as the level of insulin resistance, magnesium content in cells and insulin 

secretion in patients also plays a major role in utilizing MgO nanoparticles as a 

magnesium supplement to reverse insulin resistance. Further, enhancements in the 
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morphology, formulation and surface charge will eventually increase the potentiality of 

MgO nanoparticles in reversing insulin resistance for the treatment of type 2 diabetes. 

Intense bio-assays and animal model studies will also help to understand and gain in-

depth knowledge on the exact mechanism of MgO nanoparticles in exhibiting cytotoxic 

reaction and reversing insulin resistance in adipose cells. 

The following recommendations are made for future studies to advance the development 

of MgO nanoparticles as active nanomedicines for effective insulin resistance reversal in 

type 2 diabetes treatment  

• The current study focuses on investigating and revealing MgO nanoparticles as a 

potential drug material to be a magnesium supplement for reversing insulin 

resistance. However, nanoformulation of these nanoparticles will enhance the drug 

efficiency and efficacy by controlled targeted delivery. Thus, nanoformulation of 

these nanoparticles using several techniques will help to enhance their 

biocompatibility and insulin resistance reversal ability in future. 

• The current study uses 3T3-L1 adipose cell lines for the investigation of insulin 

resistance reversal upon loading nanoparticles. The study can be extended to skeletal, 

kidney and liver cells to study the effect of MgO nanoparticles in reversing insulin 

resistance in various cells. Depending on the performance, the nanoformulated MgO 

nanoparticles have to be investigated on these cells to further develop them into a less 

toxic drug. 

• In the present study, the uptake and conversion of glucose in insulin resistance and 

reversed adipose cells were investigated. Fructose is another form of simple sugar 

molecularly similar to glucose. Most of the fructose from one’s diet will be converted 

into glucose through metabolism in liver. The inhibition of fructose metabolism will 

decrease glucose level in bloodstream and also reduces circulating insulin. Fructose 

(fructose metabolism) in the liver can also be enhanced via MgO nanoparticles as 

magnesium ion is a co-factor for many enzymes. Moreover, fructose was transported 

into liver cells by GLUT5. Thus, the effect of fructose in liver cells, its effect on 

insulin resistance, glucose levels, and the effect of MgO nanoparticles in regulating 

their mechanism can be studied. The current study emphasizes the expression of 
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cytoplasmic GLUT4 protein in adipose cells. The study can also be extended to 

GLUT1 which is also a glucose transporter protein that leads to glucose uptake in 

adipose cells. 

• Finally, animal models such as zebrafish or mice have to be utilized to test the in vivo 

efficiency of the MgO nanoparticles in reversing insulin resistance. The 

bioavailability, circulation time and excretion of nanoparticles has to be further 

studied to design a superior nanoformulation to enhance the insulin resistant reversal 

ability and for the controlled, targeted delivery of MgO nanoparticles. 
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Appendix 

Appendix A: Plates showing characterization instruments  

 

Plate A.1: Thermogravimetry-Differential Scanning Calorimeter 

 

Plate A.2: Zeta sizer using Dynamic Light Scattering 
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Plate A.3: UV-Visible spectrophotometer 

 

 

Plate A.4: X-ray Diffractometer 
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Plate A.5: Fourier Transform Infrared spectroscopy 

 

Plate A.6: Transmission Electron Microscope 
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Appendix B: MgO nanoparticles concentration in green synthesized samples 

When analyzing the cytotoxicity of nanoparticles, their dosages to be added are more 

important. Since, green synthesized MgO nanoparticles are colloidal in nature, their yield 

is calculated by using absorbance of sample A from chemical synthesis at 322 nm. The 

chemical synthesized samples are analyzed and are found to be pure MgO crystals. Thus, 

sample A which is spherical shaped MgO nanoparticle was used to obtain linear fit graph 

of MgO nanoparticle concentration which was mentioned in Figure B.1. The linear fit 

graph of MgO nanoparticle was obtained by suspending sample A which is chemical 

synthesized, spherical shaped MgO nanoparticle in distilled water at different 

concentrations. The absorbance at 322 nm for each concentration of MgO nanoparticles 

leads to a standard linear fit graph for MgO nanoparticles. The slope of the linear straight 

line is identified to be Y = 0.3784x + 0.0511. By substituting the absorbance of green 

synthesized MgO nanoparticles in the equation, the concentration can be identified. The 

concentration of MgO nanoparticles in mg/ml from green synthesis that are selected for 

cytotoxic analysis are mentioned in Table B.1. 1 mg/ml = 1000 microgram. Hence, 

Sample GA, Sample GB and Sample GC contains 980, 1080, 820 µg/mL of nanoparticles 

respectively. 

 

Figure B.1: Linear fit graph of MgO nanoparticles 
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Table B.1: Concentration of selected green synthesized MgO nanoparticles 

Sample New 

sample 

name 

Absorbance @ 

322 nm 

Concentration 

(mg/ml) 

Concentration 

(M) 

Sample NT 

@ pH3 

Sample GA 0.37 0.98 0.024 

Sample NB Sample GB 0.39 1.08 0.026 

Sample NP Sample GC 0.33 0.82 0.02 

 

Appendix C: Standard DNS graph for known glucose concentration 

The standard graph of known concentration of glucose using DNS reagent was obtained 

according to literature (Mohamed et al., 2009) and Table C.1 denotes the amount of 

glucose used and intensity of color change (measured at 570 nm using calorimeter) after 

incubation, to obtain the standard DNS graph. The color of the solution changes from 

yellow to red depending on the glucose concentration in the mixture as mentioned in 

Figure C.1 and the standard DNS graph with straight line equation was depicted in the 

Figure C.2.  
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Table C.1.: Reagents to be added for DNS assay and OD at 540 nm to plot standard DNS graph 

S.No Test 

tubes 

Standard 

glucose solution 

Amount 

of 

glucose 

in mg 

Distilled 

water (ml) 

DNS 

(ml) 
  
  
  

Incubate for 

5min in 

boiling 

water bath 

Distilled 

water (ml) 

OD at 

540nm 

1 Blank 0 0 2 1 9 0 

2 0.2 0.2 0.9 1.8 1 9 0.468 

3 0.4 0.4 1.8 1.6 1 9 0.829 

4 0.6 0.6 2.7 1.4 1 9 1.362 

5 0.8 0.8 3.6 1.2 1 9 1.647 

6 1 1 4.5 1 1 9 2.013 
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Figure C.1: Color of the DNS and glucose mixture before and after incubation 

 

Figure C.2: Standard DNS graph for known glucose concentration 
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Appendix D: Particle size distribution and zeta potential of optimized MgO 

nanoparticles 

Appendix D1: Particle size distribution and zeta potential of sample A (chemical 

synthesized) 
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Appendix D2: Particle size distribution and zeta potential of sample B (chemical 

synthesized) 
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Appendix D3: Particle size distribution and zeta potential of sample C (chemical 

synthesized) 
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Appendix D4: Particle size distribution and zeta potential of sample GA (green 

synthesized) 

 

 

 

 

 

 

 

 

 

 

 



216 

 

Appendix D5: Particle size distribution and zeta potential of sample GB (green 

synthesized) 
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Appendix D6: Particle size distribution and zeta potential of sample GC (green 

synthesized) 
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Appendix E: 

Appendix E1: Percentage of viable cells at different dosages of chemical synthesized 

MgO nanoparticle treatment 

Dosages 

(μl/ml) 

% Cell viability 

Sample A 

% Cell viability 

Sample B 

% Cell viability 

Sample C 

Control 100 100 100 

200 64.13 61.47 53.07 

400 56.96 54.71 45.69 

600 49.38 48.15 38.93 

800 37.09 43.85 32.17 

1000 28.27 39.75 22.13 

 

Appendix E2: Percentage of viable cells after different dosages of nanoparticle 

treatment 

Concentration 

(μl/ml) 

% Cell viability 

Sample GA 

% Cell viability 

Sample GB 

% Cell viability 

Sample GC 

Control 100 100 100 

200 71.72 67.97 61.73 

400 66.19 61.81 54.54 

600 55.39 50.44 49.19 

800 42.99 43.57 40.69 

1000 30.68 31.08 31.31 
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Table E3: Comparative percentage viability of 3T3-L1 and VERO cells after MgO 

nanoparticles treatment 

 

Dosage 

(μl/ml) 

% 3T3-L1 cell 

viability 

Sample B 

% VERO cell 

viability 

Sample B 

% 3T3-L1 

cell viability 

Sample GA 

% VERO 

cell viability 

Sample GA 

Control 100 100 100 100 

200 61.47 77.52 71.72 99.64 

400 54.71 70.96 66.19 93.08 

600 48.15 62.54 55.39 86.62 

800 43.85 57.93 42.99 78.26 

1000 39.75 54.61 30.68 74.45 
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Appendix E4: Raw data of Concentration of extra and intracellular glucose sampled periodically during incubation.

S.No.  
  

Samples 
  

0
th

  hr 5
th

  hr 10
th

  hr 15
th

  hr 20
th

  hr 
25

th
  hr  

(In medium) 
25 hr  

(Inside cell) 

OD Conc 

(mg) OD Conc 

(mg) OD Conc 

(mg) OD Conc 

(mg) OD Conc 

(mg) OD Conc 

(mg) OD Conc  
(mg) 

1 Control 1.9

70 3.70 1.744 3.50 1.694 3.40 1.628 3.30 1.558 3.20 0.297 0.70 0.043 0.68 

2 Control 1.8

28 3.65 1.702 3.45 1.635 3.30 1.588 3.20 1.492 2.95 0.121 0.45 0.047 0.75 

3 
Sample 

GA 

(600 μl/ml)  

1.9

74 3.70 1.410 2.70 1.363 2.60 1.315 2.50 1.243 2.30 0.018 0.09 0.016 0.16 

4 
Sample 

GA 

(600 μl/ml) 

1.8

26 3.65 1.740 3.50 1.701 3.40 1.644 3.35 1.599 3.20 0.021 0.09 0.018 0.18 

5 Sample B 

(400 μl/ml) 
1.9

78 3.70 1.363 2.65 1.345 2.55 1.319 2.50 1.255 2.35 0.009 0.04 0.018 0.19 

6 Sample B 

(400 μl/ml) 
1.8

23 3.65 1.394 2.70 1.362 2.60 1.337 2.55 1.298 2.45 0.008 0.04 0.015 0.14 
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Appendix F: Copyright 

Appendix F1. Copyright from Current Pharmaceutical Biotechnology journal 
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