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Abstract 

 
 
 
Metformin, first discovered in the 1950’s from herbs, became the first line anti-diabetic 

agent in many countries. This interesting biguanide has various other physiological roles 

apart from its glycemic one. One of the major limitations that clinicians face in 

metformin-based therapy lies in its inherent pharmacokinetic properties, where the 

biguanide is eliminated from the body at a rate that is faster than its absorption rate (flip-

flop kinetics) with a short biological half-life.  

Metformin is also classified by the Biopharmaceutics Classification System and 

Biopharmaceutics Drug Disposition Classification System as a Class III therapeutic with 

limited oral bioavailability. Of importance, microencapsulation is an acceptable 

approach used to overcome the pharmacokinetic limitations of metformin, and which 

could improve its oral bioavailability. Robust and reproducible techniques for metformin 

analysis on the other hand are quite challenging due to its polar nature, small molecular 

size, and its hygroscopic nature. These challenges to analyse, detect or quantify 

metformin are more pronounced when metformin is combined with other therapeutics in 

the same dosage form or in biological samples. 

The first objective of this project was to develop different formulations of silicon-based 

metformin microcapsules produced by vibrational jet flow ionotropic gelation technique. 

Full characterisation experiments of the developed microcapsules were conducted in 

terms of rheological properties, electro-kinetic stability, surface tension, drug loading, 

encapsulation efficiency, mechanical strength, swelling characteristics and microscopic 

examination. 

The project also aimed to develop and validate a new analytical method to detect and 

quantify metformin alone and when combined with another therapeutic agent 

(gliclazide) that belongs to a class of antidiabetic agents called sulfonylureas. This new 

method was compliant with the International Conference of Harmonisation (Geneva) 

and was applied to analyse marketed pharmaceutical tablets of metformin and gliclazide. 

The last objective of this project was to undergo multifaceted forced degradation studies 

on metformin, gliclazide and another sulfonylurea (glipizide) by applying this new 

analytical method developed in my project to verify its suitability as a stability 

indicating tool for the analysis of these three antidiabetic agents either for research 

purposes or in pharmaceutical industry application.  
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Graphical abstract 

 

Chapter 1: Role of metformin in various pathologies: state-of-the-art 

microcapsules for improving its pharmacokinetics 

 

Gedawy A et al. 2020. “Role of metformin in various pathologies: state-of-the-art 

microcapsules for improving its pharmacokinetics” 

https://doi.org/10.4155/tde-2020-0102 

https://www.future-science.com/doi/10.4155/tde-2020-0102  

*This paper has been reproduced in accordance with the publisher’s policy (Appendix 

C) 

 

This chapter is introductory to this thesis that outlines the pharmacodynamics of 

metformin and its pharmacokinetics including major transporters involved in absorption, 

distribution and elimination of metformin in addition to the status quo and recent 

advances in microencapsulation of this biguanide. 

org/10.4155/tde-2020-0102
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Abstract 

Background: Metformin that was originally derived from botanical ancestry, became 

the most prescribed, first line therapy for type 2 diabetes in most countries. In the last 

century, metformin was discovered twice for its anti-glycemic properties in addition to 

its antimalarial and anti-influenza effects. Metformin exhibits flip-flop pharmacokinetics 

with limited oral bioavailability.  

Objective: This review outlines metformin pharmacokinetics, pharmacodynamics and 

recent advances in polymeric particulate delivery systems as a potential tool to target 

metformin delivery to specific tissues/organs. 

Conclusion: This interesting biguanide is being rediscovered this century for multiple 

clinical indications as anticancer, antiaging, anti-inflammatory, anti-Alzheimer’s and 

much more. Microparticulate delivery systems of metformin may improve its oral 

bioavailability and optimize the therapeutic goals expected.  
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1. Introduction 

 

In 2019, 463 million diabetic patients were estimated globally [1], while 379 million 

were estimated globally to suffer impaired glucose tolerance [1]. These figures are 

expected to grow to 700 million diabetic patients and 548 million prediabetic subjects by 

2045 [1] . The World Health Organization (WHO) is predicting diabetes to constitute the 

seventh major cause of deaths in 2030 [2]. The majority of diabetic population (90%) 

suffer from type 2 diabetes (T2D) [1], which could be defined as a pandemic metabolic 

disorder of glucose homeostasis and impaired lipid metabolism, where these metabolic 

disorders could potentially lead to fatal cardiovascular events [3, 4].  

T2D is sometimes called insulin resistance syndrome or metabolic syndrome, reported 

by Reaven as Syndrome X [5]. T2D could also be referred to as the silent killer, where 

the disease can develop and progress before it gets diagnosed due to lack of the classical 

diabetic symptoms of polydipsia and polyuria [2, 3, 6]. Peripheral insulin resistance and 

inadequate β-cell function are the main pathophysiological features of T2D, where the 

regulatory pathway of insulin secretion and insulin sensitivity is impaired and 

manifested as excessive hepatic glucose production and reduced glucose uptake by 

muscle and adipose tissue [4, 7-9].  

Imbalanced diet and sedentary lifestyle were reported to cause impaired glucose 

tolerance and impaired fasting glucose (prediabetes), objects with these conditions are 

more prone to T2D that can be developed gradually over few years [2, 9]. Healthy 

lifestyle, balanced diet and exercise could reverse prediabetic conditions and decrease 

incidence of diabetes by 58% [4, 7]. Obesity, visceral adiposity and intraabdominal fat 

are major determinants for insulin resistance. Of note, obese adolescents with insulin 

resistance can develop T2D quicker than adults [4, 7, 8].  

Insulin resistance is considered the main predictor of T2D as it could happen few years 

before the diagnosis of T2D and the mechanism by which it deteriorates the β-cell 

function is still unclear [8]. Glycated hemoglobin (HbA1c of < 7%) is the glycemic 

target set for T2D patients to delay the progression of microvascular complications, 

where up to 75% reduction in diabetic neuropathy, diabetic retinopathy and diabetic 

nephropathy were reported at this glycemic level [10].  

First line therapy of T2D as reported by the European Association for the Study of 

Diabetes (EASD) and the American Diabetes Association (ADA) in their 2019 updates, 

is metformin and comprehensive lifestyle intervention of physical activity and weight 

management [11-13]. Metformin was reported to reduce the rate of diabetes progression 

by around 30% compared to placebo [7]. The antihyperglycemic effect of metformin is 
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predominantly achieved by restoring the peripheral tissue and hepatic sensitivity to 

insulin without interfering with its endogenous secretion [14].  

Metformin also delayed or prevented the incidence of T2D in various clinical trials [15]. 

The risk of diabetic retinopathy (non-proliferative type) was remarkably reduced in 

diabetic patients on metformin [16]. Unlike other biguanides that were withdrawn from 

the market due to their high incidence of lactic acidosis [17], metformin-associated lactic 

acidosis is very rare (in 100000 object-years, less than 10 incidences were reported) 

[18]. No risk of lactic acidosis was reported with metformin therapy in advanced chronic 

kidney disease [19].  

Metformin is often called the aspirin of this century [20], where it gained special 

importance in many non-diabetic conditions such as cancer [21], Alzheimer’s [22], 

inflammation [23] and aging [24]. Surprisingly, due to its multiple unique cellular 

pathways, metformin was proposed to be investigated in the treatment of the pandemic 

(COVID-19) virus [25] relying on its reported antiviral potential [26, 27]. The 

pharmacokinetics of metformin seem to be problematic for most clinicians, where a 

repeated administration of high doses are often needed to achieve therapeutic targets [14, 

28-30].  

This review demonstrates metformin pharmacokinetics, pharmacodynamics, versatile 

polymeric platforms and recent approaches in polymeric microparticulate metformin 

delivery that might help to improve the bioavailability of the biguanide. 

 

2. Metformin chemistry and physicochemical properties 

 

Metformin (1,1-dimethylbiguanide) (molecular mass, 129.16 g/mol) is a planar small 

molecule with non-polar methyl terminals [17, 31, 32]. Metformin has a single 

protonation site between two imino groups which possess copper-chelating properties 

[17]. The intermolecular hydrogen bonds are responsible for the stability of metformin 

crystal structure [17]. Metformin exists as hydrochloride salt in the form of white, 

hygroscopic crystals (molecular mass. 165.6 g/mol) [33].  

The polar biguanide has a pKa of 2.8 and 11.5 [34] with a melting point ranges from 

223oC to 226oC. At physiological pH, metformin is ionized and exists as a hydrophilic 

and positively-charged species[14, 17, 35]. These characteristics accounts for classifying 

metformin by Biopharmaceutics Drug Disposition Classification System (BDDCS) and 

Biopharmaceutics Classification System (BCS) as Class III substance with high 

solubility, low membrane permeability and poor metabolism [35-38]. Metformin is also 

classified by Salivary Excretion Classification System (SECS) as Class II material with 
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low protein binding and low membrane permeability which allows its excretion in saliva 

[39]. 

 

 

3. Metformin origin and history 

 

Metformin’s background dates back to 1772 when John Hill used Galega Officinalis to 

correct the symptoms of polydipsia and polyurea associated with diabetes [17, 40]. The 

traditional medicine Galega Officinalis was known in medieval Europe under many 

names (Professor weed, Italian fitch, Goat’s rue, Spanish sainfoin or French lilac) [17]. 

The phytochemistry of the herb revealed that Galega Officinalis is rich in guanidine 

which was later in 1918 reported to induce hypoglycemia in the animal model [17, 41]. 

Metformin belongs to a class chemically known as biguanides that were proved in 1929 

to have antihyperglycemic effect in animals [17, 42, 43]. 

Interestingly two decades later in Philippines, metformin was rediscovered as 

antimalarial and anti-influenza [17]. Eusebio Garcia tested metformin for its antimalarial 

potential after its chemical conversion from the antimalarial agent (proguanil) and 

metformin was also used against local influenza under the name of (flumamine) with 

noticeable decrease in blood glucose level [17, 44]. The pharmacotherapeutics of 

metformin were first published in 1957 by Jean Sterne [17, 45].  

Metformin was then marketed under the name (Glucophage®), a name that was 

suggested by Sterne and means the ‘glucose eater’ [17]. One year later, metformin was 

introduced in Europe as a diabetic agent [17], however it was not until 1972 that 

metformin was made available in Canada [17]. The Food and Drug Administration 

(FDA) approved metformin and it was introduced in the US market by 1995 [17]. The 

long-term cardiovascular benefits and metabolic effects was documented in the UK 

prospective diabetes study (UKPDS) in 1998 [17]. Metformin was enlisted in the 

essential medicines by WHO in 2011 [17]. 

 

4. Pharmacokinetics of metformin 

 

After its oral administration, metformin exhibits incomplete and slow absorption from 

the gastrointestinal tract (GIT) [14, 28]. Negligible absorption of metformin from 

stomach (10% over 4 hours) and large intestine were reported, however the absorption 

process is chiefly accomplished at proximal small intestine (duodenum and jejunum) 
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[14, 28, 46]. The absolute oral bioavailability following ingestion of 500 mg immediate 

release metformin formula is low (40-60%) [14, 28, 46]. Within 6-10 hours of oral 

ingestion of metformin, the absorption process ceases regardless of the metformin dose 

[14, 28]. Long linear pharmacokinetics of metformin were described in diabetic and 

non-diabetic objects for doses up to 1500 mg [14]. Metformin reaches peak plasma 

concentration (Cmax) ranges from 1-1.6 mg/L and up to 3 mg/L within 3 hours after oral 

administration of doses 500mg and 1500 mg respectively [28].  

The rate of metformin absorption and its bioavailability is remarkably decreased with 

higher metformin doses than small doses [45] in an indication of an inverse relationship 

between metformin dose and the corresponding pharmacokinetic parameters [14, 28] 

where, the absorption from 500mg dose recorded higher bioavailability than that from 

850 mg and 1500 mg [14] doses. A rapid considerable tissue uptake of metformin takes 

place following its absorption without any evidence of plasma protein binding which 

contribute to the high volume of metformin distribution (Vd, 63 to 276 L) [14, 28].  

Metformin accumulation in salivary glands, enterocytes, erythrocytes, oesophagus and 

kidneys was also reported [14, 28] [45]. 20-30% of metformin can be recovered in 

faeces after oral administration however no faecal recovery of metformin following 

intravenous dose [14, 28, 30]. Metformin does not undergo hepatic metabolism with no 

conjugates identified [14, 28, 30].  

Rapid renal excretion of metformin is the predominant mode of metformin clearance 

where 30-50% of metformin dose is eliminated unchanged in urine [14, 28, 30]. Dose 

adjustment is required for metformin patients with impaired renal function [28]. 

Metformin was reported to have (flip-flop pharmacokinetics) characterized by faster rate 

of metformin plasma elimination than its oral absorption [14, 28, 37] [45].  

Clinicians can safely recommend metformin in gestational diabetes where pregnant 

women experience lower metformin plasma concentration than non-pregnant women 

due to the high glomerular filtration rate and metformin could cross the placenta and 

reaches the fetus at much lower concentrations than the mother’s [28, 30]. Low 

metformin concentrations are detected in the breast milk of lactating mothers which are 

considered safe for the infants [28, 31]. 

Passive diffusion of metformin across the cell membrane is unlikely to happen as it is 

ionized (cationic) at physiological pH and due to its hydrophilic nature, however the 

remarkable tissue uptake and the large volume of distribution suggest that metformin is 

subjected to different types of drug transporters that govern its absorption, distribution 

and elimination [14, 28, 38]. Table 1 summarizes major transporters involved in 

metformin clearance, distribution and absorption.  
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4.1.  Metformin absorption 

 

Gastrointestinal absorption and hepatic metabolism are generally considered the main 

contributing parameters in drug bioavailability. Absence of metformin’s hepatic 

metabolism would suggest that metformin’s absorption from GIT is the predominant rate 

limiting step in its pharmacokinetics and the overall bioavailability[38, 45]. While 

metformin’s absorption is hindered by higher ingested doses, a saturable active process 

is suggested for its absorption [38]. In 2004, plasma membrane monoamine transporter 

(PMAT) was identified and is deemed responsible for the intestinal transport of several 

hydrophilic cationic substrates such as metformin [38].   

Metformin’s uptake by enterocytes can be mediated by organic cationic transporters 

(OCT1 and OCT3) expressed to a lesser extent in GIT, yet with a pivotal role where 

metformin’s absorption was dramatically dropped in OCT3 deficient mice [28, 38]. 

Intestinal absorption of metformin can also be mediated by carnitine/organic cation 

transporter (OCTN1) [38]. In vitro, serotonin reuptake transporter (SERT) was reported 

to facilitate metformin’s transport in Caco-2 cell lines [38]. Thiamin transporter (THTR-

2), a pH-sensitive transporter was reported to transport metformin, where improved 

metformin uptake was observed at low pH [38].  

 

4.2.  Metformin distribution 

 

OCT1 and OCT3 are deemed the major transporters in hepatic uptake of metformin [28, 

38]. In OCT1 knockout mice, not only a significant reduction in hepatic metformin 

concentration was reported but the antihyperglycemic effect of metformin was totally 

vanished [29, 30, 38]. There was a belief that the metformin caused reduction in 

glycated haemoglobin (Hb1Ac) is dependent on OCT1 activity [30]. Tissue uptake and 

metformin distribution could be attributed to OCT3 that is expressed in various 

organs/tissues, where the volume of distribution of metformin is almost halved in OCT3-

deficient mice [38].  

On the other hand, glucose transporter (GLUT4) expression in the adipose tissue of 

these mice was remarkably decrease compared to wild type mice [38]. Metformin 

transport into bile canaliculi could be facilitated by multidrug and toxin extrusion 

transporter (MATE-1) [28]. The uptake of metformin by the skeletal muscles was 

reported to be mediated predominantly by OCT3 and OCT1 to a lesser extent [28]. Taste 

disturbance associated with metformin administration could be attributed to the highly 

expressed OCT3 in salivary glands [38].  



19 
 

4.3.  Metformin clearance and elimination 

 

Metformin is subjected to several organic cation transporters for its renal excretion in 

unchanged form such as (OCT1 and OCT2) [28, 38]. Metformin is also a substrate to the 

multidrug and toxin extrusion transporters (MATE-1 and MATE-2K) which play an 

important role in metformin secretory clearance into urine [30, 38]. Metformin renal 

clearance was dramatically reduced and a remarkable increase in its plasma 

concentration were noticed upon administration of pyrimethamine (MATE inhibitor) 

[30, 38]. 

In addition to their significant role in the metformin pharmacokinetics, metformin 

transporters (MATEs and OCTs) play an important role in predicting the clinical 

outcome of metformin co administered with other drugs due to possible drug-drug 

interaction and the overall pharmacological effect of metformin [30]. Diminished 

metformin uptake was noticed in vitro by the proton pump inhibitors through inhibition 

of OCT1, OCT2 and OCT3 [30]. In vitro inhibition of OCT1 was reported by two 

common antidiabetics (rosiglitazone and repaglinide) [30]. Renal clearance of 

metformin is decreased with cimetidine due to competitive excretion by OCT2 and 

possibly MATEs [28, 30].  

 

5. Metformin pharmacodynamics 

 

5.1.  Role of metformin in the glycemic control 

Liver seems to be a pivotal target organ for metformin’s pharmacological actions [47]. 

The proclaimed effect of metformin in type II diabetic patients is the reduced hepatic 

glucose output mediated predominantly by inhibition of the gluconeogenesis [47]. The 

increased intestinal glucose utilization (non-oxidative) in addition to glucose disposal in 

skeletal muscles and adipose tissue are also crucial pharmacodynamic effects of 

metformin [47]. Alteration of the intestinal microbiota seem to be recent, yet important 

effect of metformin’s actions in the gut [46-48].  

Following its absorption, metformin reaches the portal vein at high concentration (40-70 

µmol/L) which suggest the accumulation of high level of the biguanide in liver [46, 47].  

Despite the slow hepatocyte uptake of metformin, its concentration within the liver cells 

and the mitochondrial matrix is 3-5 fold its concentration in the portal vein [46, 47]. 

High accumulation of metformin within mitochondria could be attributed to the cationic 

nature of the biguanide at physiological pH which facilitates its interaction with the 
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polarized membrane of the mitochondria [47]. The distribution of metformin in the 

cytosol of hepatocytes was also reported in literature which suggest multiple cellular 

mechanisms of metformin proposed for its effects [47].  

Inhibition of mitochondrial oxidative phosphorylation is first hypothesized in 1960s for 

the biguanide cellular mechanisms [49, 50]. The results of 2 independent research 

groups in the 2000s emphasized that metformin reversibly inhibits complex 1 of the 

mitochondrial respiratory chain which resulted in decreased ATP levels and increased 

(AMP:ATP ratio) in the liver cells [51, 52]. These findings were supported by more 

recent studies on various cancer cell lines and human primary hepatocytes, where 

remarkable decline in mitochondrial NADH oxidation and decreased oxygen 

consumption rate were reported [47, 53-55]. Without triggering mitochondrial damage, 

metformin selectively induced a state in complex 1 to suppress energy transduction [56]. 

Cellular energy homeostasis is chiefly regulated by adenosine monophosphate activated 

protein kinase (AMPK), the cellular fuel gauge [45, 47]. The energy stress condition 

created by increased (AMP:ATP ratio) is a potential activator of AMPK [47]. Metformin 

induced AMPK activation in rat hepatocytes was first revealed in a key study in 2001 

[57]. These findings were emphasized when the hypoglycemic effect of metformin was 

suppressed in absence of LKB1, the upstream kinase of AMPK in mouse model, which 

suggested that the gluconeogenic gene expression is inhibited by LKB1/AMPK 

signaling as a possible cellular mechanism of metformin [58]. Metformin induced 

chronic AMPK activation seem to play an important role in increasing hepatic and 

skeletal muscle sensitivity to insulin and inhibition of lipogenesis [47, 59, 60].  

The hypoglycemic effects of metformin in hepatic AMPK deficient mice suggest that 

apart from the inhibitory effect on the gluconeogenic transcription, another mechanism 

(AMPK-independent) should be proposed for the decreased hepatic glucose output 

associated with metformin [61]. Cellular energy modulation and inhibition of the 

enzymes involved in the gluconeogenesis process are seemingly the acute effects of 

metformin in suppression of the hepatic glucose production process. The high energy 

required in the gluconeogenesis process could be dramatically affected by any decrease 

in the intracellular ATP levels, where six ATP equivalents are needed to synthesize one 

glucose molecule [47, 61]. The decreased hepatic production of glucose could also be 

attributed to another effect of metformin on the cytosolic and mitochondrial (NADH: 

NAD+ ratio) [47]. Accumulation of AMP can potentially decrease glucagon-stimulated 

hepatic glucose output by inhibition of adenylate cyclase which resulted in decreased 

activity of protein kinase A (PKA) and its downstream signals [62]. Direct inhibition of 

mitochondrial glycerol-3-phosphate dehydrogenase seems to be another AMPK- 

independent mechanism that was proposed for metformin’s inhibitory effect on the 

hepatic gluconeogenesis [63, 64]. Figure 1 summarizes some of molecular mechanisms 

of metformin in glycemic control. 
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5.2.   Role of metformin in cardiovascular protection 

 

Compared to normoglycemic objects, diabetic patients are more prone to cardiovascular 

diseases, especially coronary heart disease [65]. Diabetic patients are at doubled risk of 

developing congestive heart failure (CHF) as they age [66]. The progression from 

asymptomatic left ventricular dysfunction to symptomatic CHF and the increased 

mortality risk was chiefly attributed to the hyperglycemic condition in diabetic patients 

[65]. Diabetes was reported by the National Cholesterol Education Program as CHF risk 

equivalent [67]. Death in diabetic patients is mainly attributed to the associated 

cardiovascular complications of the disease [68], where around 70% of diabetic patients 

die of cerebral and cardiac related macrovascular events [69].  

Apart from its hypoglycemic effect, metformin seems to mediate certain cardiovascular 

protective actions through independent mechanisms [70]. Metformin was reported to 

decrease diabetes related death and overall mortality by 42% and 36% respectively [71]. 

Metformin was proven to protect against CHF during ischemia by multiple actions such 

as improved adaptation of cardiomyocytes metabolism, reduced cardiomyocytes 

apoptosis and enhanced myocardial preconditioning [72]. Metformin use was also 

associated with reduced infarct size and improved cardiac function in myocardial 

infarction animal model [73]. In a murine model of CHF, left ventricular function was 

significantly improved with metformin treatment [74].  

Metformin was also suggested to lower the incidence of atherosclerosis and plaque 

formation in animals [30]. A significant decline in both diastolic and systolic blood 

pressures was noticed upon trialing metformin on non-diabetic, non-obese hypertensive 

objects. Interestingly, the metformin-mediated hypotensive effect lasted for two months 

of its discontinuation [75]. In a recent meta-analysis study on non-diabetic patients, 

metformin similarly lowered the systolic blood pressure of the tested group [76]. It was 

also reported that a reduction of 12% in diabetic complications could be seen with each 

10 mm Hg decline in systolic blood pressure [77]. improved insulin sensitivity, reduced 

insulin levels, increased glomerular filtration rate and sodium secretion, adrenergic 

receptor blocking, reduced sympathetic activation or improved endothelial function are 

all proposed mechanisms for metformin-mediated decrease in the blood pressure [69].  

T2D patients are manifested with generalized and impaired endothelial function due to 

decreased bioavailability of nitric oxide required for the regulation of vasomotor tone [3, 

65]. The hyperglycemia-induced accumulation of ROS is claimed to be the primary 

trigger for impaired endothelial function and the subsequent vascular disease in T2D 

rather than the hyperglycemic condition itself [78]. Endothelial dysfunction 

characterized by reduced endothelium-dependent vasodilation, could be biochemically 
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identified through increased levels of certain biomarkers such as soluble vascular 

adhesion molecule-1 (sVCAM-1) and soluble intercellular adhesion molecule-1 

(sICAM-1), where sICAM-1 and sVCAM-1 are key biomarkers in cardiovascular events 

[45]. Metformin was argued to improve the endothelial function by endothelial 

dependent blood flow and endothelial independent blood flow mechanisms [79, 80]. 

Metformin was also reported to decrease the levels of sICAM-1 and sVCAM-1 through 

mechanisms that are independent to its glycemic effects [78, 81] . 

Type 2 diabetes is also considered as a procoagulant condition of disturbed hemostasis, 

increased coagulation and limited fibrinolysis [3]. T2D patients usually have increased 

blood viscosity and elevated levels of several coagulation factors such as fibrinogen, von 

Willebrand factor (vWF), increased platelet activation and aggregation in addition to 

increased level of plasminogen activator inhibitor-1 (PAI-1) [3]. Metformin therapy for 

T2D was reported to restore normal hemostasis by decreasing PAI-1, vWF, tissue type 

plasminogen activator, factor VII, factor XIII with direct effect on fibrin function and 

structure [65]. Metformin was also reported to decrease the circulating levels of PAI-1 

and vWF of impaired endothelium of non-diabetic objects [82].  

Metformin administration on the other hand, is associated with improved lipoprotein 

metabolism [65]. Decreased cholesterol, decreased LDL, and reduction of fasting and 

postprandial triglycerides are key features for metformin-mediated effects on lipid 

profile [30] [65]. Metformin is weight neutral, however weight loss can often be noticed 

with its use especially in subjects with impaired glucose tolerance [65].Weight loss 

associated with metformin administration could be attributed to improved insulin 

sensitization , reduced absorption of carbohydrates from GIT, glucagon-like peptide-1 

anorectic effect or reduced levels of leptin and ghrelin [83, 84]. Metformin was also 

reported to redistribute fat, potentiate peripheral fat loss and reduce visceral abdominal 

fat accumulation in HIV associated lipodystrophy syndrome [85-87].   

 

5.3.  Role of metformin in polycystic ovary syndrome (PCOS) 

 

PCOS is a metabolic and endocrinological disorder that affects 4-12% of females at the 

productive age [30] [69]. It is considered as one of the major causes of infertility in 

women who experience anovulation due to altered luteinizing hormone/follicular 

stimulating hormone ratio, hyperandrogenism and oligomenorrhoea [30, 31] [69]. A 

majority of PCOS women suffer from impaired glucose tolerance, high serum insulin 

levels and insulin resistance which puts them at high risk of developing T2D, metabolic 

syndrome and cardiovascular complications [31, 69].  
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Metformin was reported to reverse the metabolic abnormalities associated with PCOS 

where, restored ovulatory function, regular menstrual cycles, reduced circulating levels 

of androgen and insulin are all associated with the biguanide use [30] [69]. Improved 

ovarian estrogen secretion and facilitating sex hormone binding to globulin were two 

proposed effects of metformin in PCOS management [69]. Metformin was also reported 

to minimize the gestational diabetes and the frequency of miscarriage in PCOS 

candidates [30, 31]. Metformin was also reported to be included in some protocols of in 

vitro fertilization to improve ovarian stimulation and pregnancy chances [30]. 

 

5.4.  Role of metformin in inflammation 

 

Decreased serum levels of C-reactive protein (CRP) was observed in diabetic patients on 

metformin [30]. Metformin was proposed to interfere with the proinflammatory 

responses where it blocks the PI3K-Akt pathway by direct inhibition of NF-kB in 

vascular cell walls [65, 88]. Reduced production of tissue necrosis factor (TNF) and 

tissue factor (TF) were reported with metformin’s use in some human monocytes 

exposed to oxidized low density lipoprotein and lipopolysaccharide [89]. Metformin 

administration to endotoxin-induced rat uveitis was associated with reduced production 

of inflammatory cytokines where monocyte chemoattractant protein-1α, TNF-α, 

macrophage inflammatory protein-1α and interleukin-1β were all decreased [90]. The 

decreased production of interleukin-6, TNF-α and interferon-γ from lipopolysaccharide-

stimulated macrophages as a response to metformin was reported to be in a dose-

dependent behavior [91].  

Metformin use in rheumatoid arthritis management was also proposed where metformin 

inhibition of the mammalian target of rapamycin (mTOR) pathway was reported and 

reduced levels of TNF-α, interleukin-1 and inhibition of B and C cell proliferation were 

observed [30]. In plasma and monocytes of obese recipients of metformin, a noticeable 

decrease in the proinflammatory cytokine (macrophage inhibition factor) was reported 

[30]. The AMPK mediated anti-inflammatory effect of metformin was investigated by 

Reusse et al. who found a nociceptive analgesia from metformin comparable to that of 

ibuprofen [92]. 

 

5.5.  Role of metformin in oxidative stress 
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Metformin was proposed to exert an antioxidant effect however the exact mechanisms 

are not clear [65]. Metformin-mediated inhibitory effects on complex 1 of the 

mitochondria seem to play an important role in the inhibition of the reactive oxygen 

species due to the inhibited mitochondrial respiration process [93-95]. In addition to the 

increased lipolysis and β-oxidation in adipocytes with metformin use, overexpression of 

uncoupled protein 2 (UCP2) and the increased level of reduced glutathione seem to play 

a pivotal role in reducing the oxidative stress associated with some conditions such as 

diabetes, inflammation and neurodegenerative diseases [93, 96].  

 

5.6.  Role of metformin in neuroprotection 

 

Reduced levels of antioxidant enzymes and the high oxidative metabolism of human 

brain explains its vulnerability to oxidative environment [97]. Neurodegenerative 

ailments such as Alzheimer’s disease characterized by accumulation of β-amyloid, are 

often described as type 3 diabetes (brain specific diabetes form) [65, 98] due to neuronal 

insulin resistance and impaired insulin homeostasis within the brain [65]. It was reported 

that AMPK-mediated action of metformin plays a significant role in neuroprotection 

against neurodegenerative diseases through induction of autophagy, neurogenesis and 

angiogenesis [99-102].  

Low risk of cognitive impairment in T2D patients was reported with long term 

metformin therapy [103] with lower risk of dementia compared to other antidiabetic 

agents [104]. Metformin showed significant protection of working memory and domain 

of verbal learning in one study [105] and had antidepressant effect and improved the 

cognitive function in another study [106]. In 2019, American Diabetes Association 

(ADA) revealed that long-term metformin therapy in diabetic population protects against 

neurodegenerative damage [107].   

 

5.7.  Role of metformin in aging 

 

It was reported that interfering with nutrient sensing pathways of mTOR and 

insulin/insulin-like growth factor (IGF-1) signaling, extended the lifespan of 

invertebrates [108]. Metformin was reported to retard aging and extend lifespan of 

Caenorhabditis elegans by regulation of systemic metabolism of microbial folate and 

methionine [46, 108]. Multiple mechanisms for metformin’s action to retard aging were 

proposed [108], such as activation of AMPK, inhibition of mitochondrial complex 1, 
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reduced reactive oxygen species, inhibition of mTOR, reduced DNA damage, decreased 

insulin levels and interrupted IGF-1 signaling [30] [45, 69] [108]. Metformin was also 

proposed to exhibit its antiaging effect through interfering with cellular mechanisms and 

other metabolic pathways such as autophagy and alleviation of inflammation [109, 110]. 

In a mouse model, the mean life span of metformin treated mice increased by 8% and 

the maximum life span by one month compared to control group [111].  

 

5.8.  Role of metformin in cancer 

 

T2D patients are at increased risk to cancer in multiple organs such as colon, pancreas, 

liver, breast, endometrium and bladder [112, 113]. Insulin resistance and elevated levels 

of insulin and IGF-1 (potential mitogenic) are the main tumorigenic factors in this 

population [114-117]. Metformin administration is associated with reduced levels of 

both insulin and IGF-1, so cell growth is limited in addition to metformin’s ability to 

reduce other risk factors (insulin resistance and obesity) [30] [69]. 

T2D patients on metformin are at lower risk to develop cancer compared to non-

metformin recipients [65]. Long-term administration of metformin to T2D women was 

associated with reduced breast cancer risk [118]. Diabetic patients who developed 

colorectal cancer exhibited lower mortality rate with metformin compared non-

metformin patients [119]. The onset of carcinoma was delayed with an extended lifespan 

(mean of 8%) with metformin use in breast cancer model in mice [108]. The overall 

cancer incidence and cancer mortality were reported to drop by 31% and 34% 

respectively with metformin therapy [108].  

Antineoplastic effect of metformin is predominantly thought to be mediated through 

LKB1/AMPK pathway [65], nevertheless inhibition of cell growth, inhibition of mTOR, 

inhibition of IGF-1, inhibition of angiogenesis, reduction of human epidermal growth 

factor receptor 2 (HER-2), induction of apoptosis, cell cycle arrest and inhibition of 

inflammation and angiogenesis are all proposed mechanisms to metformin-associated 

anticancer properties [65].  

 

6. Biguanide-associated lactic acidosis 

 

It is a clinical condition diagnosed when human plasma lactate exceeds 5 mmol/L and 

the blood pH drops below 7.35 [120]. Lactic acidosis was the main drawback of old 



26 
 

biguanides (buformin and phenformin) which was the main reason for their 

discontinuation [17]. Lactic acidosis is rare with metformin administration [69], but it 

could be fatal [28]. Renal function is a critical determinant in lactic acidosis incidence 

and metformin use is usually labelled with this warning [28]. Metformin administration 

in subjects with chronic renal impairment was recently updated by FDA who 

recommended monitoring glomerular filtration rate (eGFR) rather than creatinine 

clearance in metformin use [30] [121], where below eGFR of 30 ml/ min/1.73m2, 

metformin should be contraindicated [30] [121].  

 

7. The state-of-the art of microparticulate system in metformin delivery 

 

Due to the growing interest in utilizing metformin beyond its glycemic effects in other 

clinical purposes such as cancer, aging and neurodegenerative diseases, there is a 

growing demand to optimize the oral metformin route to overcome the limitations of its 

oral pharmacokinetics (short half-life, incomplete and slow absorption, limited 

bioavailability and rapid elimination). Sustained release formulations were initially 

introduced to overcome the short half -life of metformin [28]. Although they seem to be 

more tolerated with less gastric side effects than immediate release metformin 

formulations, the rationale for such development is still not clear[14, 28]. Sustained or 

extended release metformin tablets are mainly retained by pylorus upon swelling of their 

matrix, so they only prolonged the gastric residence time of high metformin doses 

without significant improvement in the drug bioavailability [28] [122]. Osmotic 

sustained release tablets were also approached but, after single doses, low bioavailability 

was reported and similar to those immediate release formulations [28].  

Small intestine was reported to be a significant site of metformin’s action that could 

potentially be targeted, where metformin concentration measured within the small 

intestine was much higher than the concentrations in plasma and other tissues [28] [123]. 

Metformin’s peak concentration in the jejunum was reported to be around 500 µg/ g of 

the tissue [124]. It was recently hypothesized that intestinal targeting over systemic 

circulation is responsible for most of the antihyperglycemic effects of metformin [46] 

[48] [125]. Furthermore, metformin-induced alterations of the gut microbiota seem to 

play a significant role in the therapeutic effects of the biguanide [48].  

Buse et al. developed a formulation to delay the release of metformin till the distal small 

intestine at pH 6.5 or more using a proprietary coat [46, 125]. This delayed release 

formula was able to increase the hypoglycemic effect of metformin by 40% in addition 

to reducing the fasting plasma glucose level over 12 weeks [46]. Improved glycemia of 

T2D subjects over 16 weeks with delayed release metformin (targeting lower bowel) 



27 
 

was also reported in a similar study [126]. These findings suggest that intestinal 

targeting of metformin would necessitate newer dosage forms to be approached.  

Polymeric particulate drug delivery systems such as microcapsules are innovative 

pharmaceutical dosage forms that have been recently implemented in the targeted 

delivery of their payloads to specific organ/tissue [127-137]. The free-flowing properties 

of microcapsules allow for preprogramed gastrointestinal transit time and reduced dose-

dumping risk [127-137]. Of importance microcapsules offer valuable advantages in 

controlling, delaying, sustaining or prolonging the drug release kinetics of the 

encapsulated active pharmaceuticals with significant improvement in drug 

bioavailability [127-137]. On the other hand, they offer more protection against gastric 

irritation, improve the drug stability and mask unpleasant drug taste. Microcapsules 

could be defined as micron-sized (<1000 µm) particulates in which the drug core is 

enveloped in a polymeric coat or shell [127-137]. Several polymeric materials were 

reported in literature for drug encapsulation that can be of natural or synthetic origins 

[127-137]. Figure 2 summarizes some of these polymers for potential applications in 

various encapsulation technologies.  

Microencapsulation can be achieved chemically, physico-chemically or physico-

mechanically by several methods such as coacervation and phase separation, pan 

coating, solvent evaporation, in situ polymerization, ionic gelation, spray drying and jet-

flow ionic gelation [33, 127-138]. Various kinetic release mechanisms from 

microcapsules are proposed such as erosion, dissolution, degradation and diffusion [127-

137]. In fact, these release characteristics depend not only on the drug nature, polymer 

nature but also on the microencapsulation process involved [127-137].  

Generally, most active pharmaceutical agents can be formulated into microcapsules, 

however in order to optimize the therapeutic outcome, ideal drug candidates should 

possess short half-life and rapid elimination where these candidates are frequently 

administered for chronic symptoms [128, 132]. Metformin seems to be a good candidate 

for microencapsulation due to its inherent pharmacokinetic properties and the estimated 

release profile that can be designed, and site targeted with this technology to maximize 

its oral bioavailability and the expected therapeutic effects. Table 2 summarizes some 

microencapsulation approaches for metformin. 

 

8. The status quo of metformin microcapsules 

 

Natural polymers such as alginate and pectinate were extensively used in the production 

of microparticulate drug delivery systems by several techniques [139-141]. Of 
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importance, orifice ionotropic gelation technique is considered one of the most utilized 

techniques in microcapsule fabrication [139-141]. The technique is generally based on 

the ionic reaction of negatively charged carboxylate terminals of α-L-glucuronic acid of 

these polymers with crosslinking solutions of multivalent cations to form egg box cross-

linked structure [139-141]. The effect of alginate to metformin ratio on the release 

behavior and the physical properties of metformin loaded calcium alginate microspheres 

produced by ionotropic aerosolization technique was reported [142]. Low drug 

entrapment (<14%) and low drug loading (3.08%-3.99%) were noticed with the use of 

0.5-1% (w/v) sodium alginate [142]. Increasing alginate to metformin ratio from (1:1) to 

(2:1), slightly improved metformin loading, entrapment efficiency, production yield and 

prolonged metformin release [142]. 

In another study, at a fixed alginate concentration (2% w/v), the total effect of the 

incorporated metformin amount was studied [143]. The authors reported that increasing 

metformin amount from (0.5 to 2% w/v)  was associated with increase in microsphere 

size from (1.82 µm to 2.97 µm), improvement in metformin loading (from 5% to 15%) 

and decrease in both  yield percentage from (80% to 59%) and encapsulation efficiency 

from (48% to 30%) [143].  

Similarly, a polymer mixture of alginate/chitosan were prepared by solvent extrusion 

method and crosslinked with calcium chloride and citric acid to study metformin to 

polymer ratio in the produced microcapsules [144]. 2% w/v sodium alginate and 3% 

chitosan were used in the two formulations (M1 of 300 mg and M2 of 150 mg 

metformin). Narrow particle size distribution was recorded (600-800µm) [144]. 

Metformin content was higher in M1 with higher drug release over 12 hours [144]. 

Metformin release from both microcapsules was reported to follow first order kinetics 

for the first 6 hours followed by zero order kinetics thereafter [144]. 

In one step spray-drying process, metformin loaded microcapsules were prepared [145]. 

2% sodium alginate solution loaded with metformin in a ratio of (1:2, polymer to drug) 

was cross linked by pouring into dilute calcium chloride solution to form metformin 

loaded calcium alginate dispersion [145]. The cross-linked alginate dispersion was then 

spray-dried to form metformin-loaded microparticles using Buchi mini spray dryer 

[145]. The produced microcapsules showed high entrapment efficiency (> 91%), high 

drug loading (> 75%) and metformin release was sustained for 12 hours in vitro and 

followed first order release kinetics [145]. 

The effect of different concentrations of calcium chloride and barium chloride in cross 

linking psyllium/sodium alginate polymeric skeleton by ionic gelation were studied, as 

well as the effect of other variables such as curing time (contact time between polymer 

and cross linker) on the particle size, swelling behavior and entrapment efficiency of the 

produced metformin loaded microcapsules [146]. Barium chloride crosslinked particles 
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were more spherical with regular surface, smaller in size and showed more prolonged 

metformin release in simulated intestinal fluid compared to calcium cross linked 

microcapsules [146]. 

Increasing the concentration of either calcium chloride or barium chloride produced 

tighter crosslinking characterized by smaller particle size, decreased matrix 

permeability, limited drug diffusion, less swelling in acidic conditions, and improved 

encapsulation efficiency especially when alginate content increased too [146]. Higher 

entrapment efficiency was recorded with a shorter curing time. Yet, elongation of curing 

time produced much smaller particles [146]. Barium crosslinked microcapsules 

prolonged metformin release in both gastric simulated and intestinal-simulated condition 

for up to 12 hours with less erosion than calcium crosslinked particles [146].  

In a separate study, the same group investigated the release kinetics of psyllium/alginate 

metformin-loaded microcapsules and metformin microcapsules fabricated with sagu 

starch/alginate and cross linked with calcium chloride [147]. Microcapsules exhibited 

entrapment efficiency ranged from 40 to 62% with rough surface under scanning 

electron microscopy [147]. They also reported that the release of metformin from these 

microcapsules is chiefly dependent on metformin’s diffusion through the polymeric 

skeleton of psyllium/alginate and sagu starch/alginate (non-Fickian diffusion drug 

release) [147]. Metformin release from the matrix of these microcapsules in phosphate 

buffer (pH 7.4) was prolonged to 12 hours [147]. 

In an attempt to control the release of metformin, the polymeric dispersion of phoenix 

dactylifera mucilage and sodium alginate was cross linked with zinc chloride by 

ionotropic gelation [148]. The microspheres produced were in the size range (0.44mm-

1.99mm) [148]. The high viscosity of the polymeric dispersion improved the entrapment 

efficiency and more swelling and larger particle size were noticed with increased 

alginate to mucilage ratio [148]. Metformin entrapment efficiency was in the range (25-

91%) [148]. The formulations with alginate to mucilage ratio of (2:1) and (3:1) were 

able to control metformin release for 24 hours in a non-Fickian diffusion mechanism 

[148]. 

Gastro-retentive microparticulate drug delivery systems is another approach to control, 

prolong or sustain metformin release and improve its pharmacokinetic properties [149]. 

The approach aims to increase the residence time of metformin microcapsules by 

floating over the gastric fluid, adhesion to the mucosal wall or both [149, 150].  

A group of researchers developed gastro-retentive buoyant metformin-loaded 

microcapsules through the incorporation of calcium carbonate (a gas forming agent) in 

2% w/v sodium alginate that when reacted via ionic gelation with acidified calcium 

chloride solution, carbon dioxide evolved and trapped within the polymer matrix [151]. 
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The yield production was more than 85% and encapsulation efficiency was quite high 

(>77%) [151]. All microcapsules produced with different alginate to calcium carbonate 

ratio were porous, spherical in shape with particle size ranged from 861µm-991µm and 

immediately floated in simulated gastric fluid for up to 8 hours [151]. Formulation with 

alginate to carbonate ratio of (1:1) showed highest buoyancy percentage, sustained 

metformin release in simulated gastric fluid for 8 hours and prolonged the hypoglycemic 

effect in diabetic rats compared to non-floating microcapsules prepared without calcium 

carbonate [151]. 

In a similar study, Salunke et al. compared the characteristics of ionotropically gelled 

metformin microcapsules prepared with 2 different gas-generating agents (calcium 

carbonate and sodium carbonate) when ethyl cellulose and hydroxypropyl methyl 

cellulose (HPMC) K4M were separately mixed with sodium alginate [152]. They 

reported that calcium carbonate showed a better ability to generate carbon dioxide in the 

in vitro acidic conditions with better buoyancy performance [152]. They also reported 

that HPMC K4M showed superior metformin entrapment over ethyl cellulose in the 

prepared microcapsules [152]. Microcapsule size was in the range 447.1- 801.8µm, drug 

loading and entrapment efficiency exceeded 34% and 37% respectively for all tried 

formulations. The formulation prepared with alginate, HPMC, ethyl cellulose and 

calcium carbonate at a total polymer to calcium carbonate ratio of (1:1 w/w) floated for 

up to 24 hours and sustained metformin release over this period [152]. 

Floating microcapsules of metformin were also approached by Pandit et al. by 

emulsification solvent evaporation technique using ethyl cellulose [153]. The optimized 

formulation prepared with metformin to ethyl cellulose ratio of (1:2) showed the highest 

entrapment efficiency (82.28%), the best floating performance (>99% floated up to 5 

hours), the highest drug content (>95%) and sustained metformin release over 12 hours 

[153]. The gastric residence time for the optimized formulation was reported to be more 

than 22 hours. Upon oral administration of this formulation to diabetic Wistar rats, 

bioavailability was improved and a significant decline in blood glucose level was 

noticed over one month [153]. 

Choudhury et al. developed metformin loaded floating cellulose acetate microspheres by 

emulsification solvent evaporation to improve metformin bioavailability and to extend 

its release [154]. The production yield ranged 45-70% and microspheres remained 

buoyant for over 10 hours [154]. High entrapment efficiency (>75%) was reported for 

different formulations trialed [154]. Formulations prepared with metformin to ethyl 

cellulose ratio of (1:3 and 1:5) exhibited 90% metformin entrapment efficiency and 

better buoyancy profile [154]. In vivo results following oral administration of these 

microcapsules to male albino mice was associated with a significant hypoglycemia over 

10 hours compared to pure metformin [154]. 
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The intimate contact of a microparticulate system with gastric and/or intestinal mucosa 

is an acceptable approach to increase the drug residence time and drug uptake at a 

specified absorption site [117]. This approach can be achieved by several bio-adhesive 

polymeric materials to improve the pharmacokinetic properties of antidiabetic agents 

[117] [155]. 

In one approach, sodium alginate was blended with different mucoadhesive polymers 

(Carbopol 934p, hydroxy propyl methyl cellulose and carboxymethyl cellulose sodium) 

at different ratios to encapsulate metformin by ionic gelation process [156]. The 

produced microcapsules had entrapment efficiency range of (65-80%) with good 

mucoadhesive properties in an in vitro wash off test from rat intestinal mucosa [156]. 

Metformin release was prolonged over 16 hours [156]. 

Similarly, another group of researchers encapsulated metformin by ionotropic gelation 

reaction of sodium alginate with chitosan, ethyl cellulose, HPMC and Carbopol 934p 

[157]. HPMC formulated microcapsules had the highest bioadhesion in simulated gastric 

fluids while Carbopol microcapsules exhibited better bioadhesion in simulated intestinal 

fluid [157]. The formulation prepared with alginate: Carbopol at the ratio of 1:3 showed 

the most sustained in vitro release effect of metformin over 15 hours [157]. Similar 

results were reported by researchers who utilized ionotropic gelation to encapsulate 

metformin with the same set of polymers but replaced ethyl cellulose with gelatin [158]. 

They reported that the formulations made with alginate to Carbopol at ratios 9:1 and 9:2 

showed the best mucoadhesive characteristics and were able to prolong metformin 

release over 10 hours [158].   

Gum karaya and alginate were combined to formulate mucoadhesive metformin 

microcapsules by two different techniques, ionotropic gelation and emulsification 

gelation process [159]. Microcapsules produced with emulsification gelation process 

were superior in sustaining metformin release in 0.1 N HCl over 12 hours [159]. Both 

formulations showed good mucoadhesive properties in an in vitro wash off test from 

sheep stomach mucosa over 8 hours [159]. The release behavior from all gum karaya 

formulations followed zero order kinetics with non-Fickian transport [159]. 

Nayak et al. developed metformin-loaded mucoadhesive microcapsules made of alginate 

and tamarind seed polysaccharide [160, 161]. The authors used 32 factorial design to 

optimize the ionotropically-gelled microcapsules [160, 161]. The optimized 

microcapsules showed more than 94% metformin entrapment efficiency with good 

mucoadhesive properties to biological membranes [160, 161]. These microcapsules 

showed pH-dependent swelling behavior, where swelling in phosphate buffer was much 

higher than swelling in HCl [161]. The optimized microcapsules followed zero-order 

kinetic release over 10 hours [160, 161] with significant hypoglycemia in alloxan-

induced diabetic rats following oral administration [160, 161]. Same results were 
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reported by Nayak et al. upon conducting similar experiment with low methoxy pectin 

and tamarind seed polysaccharide [162]. The reported encapsulation efficiency was 

slightly higher than that in alginate microcapsules (> 95%) [162]. 

The mucoadhesive properties of fenugreek seed mucilage to encapsulate metformin 

were studied with gellan gum [163] and low methoxy pectin [164] by ionic gelation. The 

developed microcapsules were optimized by 32 factorial design [163, 164]. The 

optimized microcapsules showed pH-dependent swelling (higher swelling in simulated 

intestinal conditions), had good mucoadhesive properties to goat intestinal mucosa and 

sustained metformin release for up to 10 hours [163, 164]. 

Carbomer 934p and ethyl cellulose at ratio 3:1 were used to formulate mucoadhesive 

metformin microcapsules by emulsification solvent evaporation method [165]. The 

produced microcapsules prolonged metformin release for 8 hours [165]. In a similar 

approach, emulsification solvent evaporation technique was utilized to fabricate 

microcapsules with ethyl cellulose and Carbopol 934p at ratios (1:1) and (2:1) [166]. 

The authors reported good mucoadhesive properties of these microcapsules to goat 

intestinal mucosa and sustained metformin release over 12 hours [166]. 

Alginate, pectin, polyacrylic acid and poly (lactic-co-glycolic acid) were randomized by 

Box-Behnken statistical design to formulate dual system metformin microspheres 

(gastro-adhesive and gastro-floatable) by ionic gelation [150]. All microspheres 

remained buoyant for more than 8 hours in simulated gastric fluids and prolonged 

metformin release for more than 11 hours [150]. 

Ethyl cellulose was used to encapsulate metformin by emulsification solvent evaporation 

technique [167]. Microcapsules made with drug to polymer ratio of 1:5 showed the 

highest encapsulation efficiency (69%) and sustained metformin release in phosphate 

buffer for 8 hours [167]. In a similar work, the viscosity effect of ethyl cellulose used to 

encapsulate metformin by emulsion solvent evaporation was studied [168]. 

Microcapsules formulated with ethyl cellulose of viscosity (40-42cps) and at a ratio of 

1:6 (drug to polymer) showed the highest encapsulation efficiency (>97%) and sustained 

metformin release for more than 12 hours [168]. Another group of researchers studied 

formulation variables influencing metformin-loaded microcapsules prepared with ethyl 

cellulose (18-22cps) by emulsification solvent evaporation technique [169]. Increasing 

the stirring speed from 400 to 800 reduced the particle size significantly (from 846 µm 

to 134 µm) and increasing the surfactant (span 80) from 2-6 % v/v reduced the particle 

size from 954 µm to 242 µm [169]. Metformin content ranged from 45-75% and the 

release from different microcapsules showed biphasic release (initial burst release of 

metformin followed by sustained pattern over 6 hours) [169].   
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Choudhury et al. produced ethyl cellulose coated metformin microspheres utilizing two 

different techniques, emulsion solvent evaporation and non-solvent addition [170]. 

Microcapsules prepared with non-solvent addition had higher production yield, higher 

metformin entrapment and sustained metformin release in vitro for over 10 hours [170]. 

On the other hand, microcapsules produced by emulsification solvent evaporation had 

smoother surface under scanning electron microscopy with better glycemic control in 

vivo in alloxan-induced diabetic albino mice [170]. 

A polymeric blend of ethyl cellulose and polyethylene glycol was investigated to 

encapsulate and prolong metformin release from different microcapsules [171]. The 

authors utilized emulsion solvent evaporation technique in the encapsulation process 

[171]. Microcapsules formulated at polymer mix to drug ratio of 6:1 and at ethyl 

cellulose to polyethylene glycol ratio of 4:1 showed the highest production yield 

(81.7%), highest metformin loading (82.1%) and the maximum entrapment efficiency 

(82.13%) [171]. All microcapsules exhibited initial burst release in the first 3 hours 

followed by prolonged release over 9 more hours that followed Higuchi kinetic model 

with Fickian diffusion [171]. 

Cao et al. developed sustained release metformin microcapsules by Wurster fluidized 

bed technique [172]. The authors used ethyl cellulose (45 cps or 100 cps) as a coating 

material with the addition of a plasticizer (glycerol triacetate or dibutyl sebacate) [172]. 

A cation exchange resin was homogenized with metformin solution which is then blown 

into a Wurster tube with a spray gun to produce free-flowing metformin microcapsules 

[172]. They reported that these microcapsules sustained metformin release over 10 hours 

[172].   

Hassan et al. prepared two types of polymethacrylate/metformin microcapsules by 

emulsification solvent evaporation method [173]. The authors reported that the 

microcapsules made with Eudragit RLPO exhibited first order release kinetic with 

Fickian transport [173]. On the other hand, Eudragit RSPO formulated microcapsules 

showed better sphericity with smoother surface, entrapped more metformin (88-97%) 

and exhibited higher release retardation of metformin over 10 hours (anomalous release 

non -Fickian transport) [173]. 

In a study to compare the in vivo pharmacodynamics of different metformin-loaded 

microparticles, hydroxypropyl methyl cellulose K100, ethyl cellulose, compritol 888 

ATO, Eudragit RL and Eudragit RS were used to coat metformin by solvent evaporation 

method [174]. The authors used 22 factorial design to optimize their formulations [174]. 

The microcapsules prepared with metformin and compritol 888 ATO at ratio 1:4 was the 

optimized formula that showed 97.6% metformin content, sustained metformin release 

up to 12 hours in vitro and showed significant hypoglycemia for 12 hours in an animal 

model [174].   
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A group of researchers formulated metformin-loaded microcapsules by complex 

coacervation technique and optimized the formulations with response surface 

methodology [175]. Metformin solution was emulsified with sunflower oil and 

eventually coated with pectin and soya bean protein isolate [175]. The optimized 

formula had a particle size of 16 µm and the process yield was up to 84% [175].   

In a novel approach, Gedawy et al. developed silicon-based metformin microcapsules 

[33]. The authors developed self-emulsified polydimethylsiloxane grafted with alginate 

to encapsulate metformin with vibrational jet nozzle ionotropic gelation technology [33]. 

The process had high production yield (> 97%) and all formulations recorded higher 

metformin loading, higher encapsulation efficiency and better particle size distribution 

curve compared to control [33]. The siliconized microcapsules exhibited less swelling in 

simulated gastric fluid for up to 4 hours and reached maximum swelling in simulated 

intestinal fluid in one hour [33]. The new metformin-loaded silicone microcapsules had 

a better mechanical strength than control in phosphate buffer (pH 6.8) over 8 hours [33].   

 

9. Conclusion 

 

Since its inclusion in the essential medicine list of WHO in 2011, metformin has become 

the most recommended antidiabetic agent for type 2 diabetes. This biguanide, on the 

other hand, has gained special importance in non-diabetic conditions with promising 

future in new clinical applications of oncology, aging and Alzheimer’s disease. The 

pharmacokinetic characteristics of metformin necessitate its frequent oral administration 

and sometimes at high doses which is normally accompanied with gastric side effects. 

Microparticulate delivery systems utilizing various polymers offer a promising versatile 

tool in optimizing the oral bioavailability of metformin, reduce the repeated 

administration by prolonging and or/targeting the drug release and protect against gastric 

symptoms. Further investigations in the polymeric particulate drug delivery systems are 

still required not only to develop new platforms to maximize the pharmacological 

benefits of metformin but also to target the biguanide to different tissues or organs. 

10.  Future perspective 

The pharmacodynamics of metformin are quite interesting, where the pharmacological 

effects of this unique biguanide are not limited to its antihyperglycemic effects. 

Recently, a significant number of research papers and studies revealed the role of 

metformin in different pathologies including geroprotection, oncology, inflammation, 

polycystic ovary syndrome and neurodegenerative diseases. To date, the detailed 

molecular mechanisms of metformin in these conditions have not been revealed. Further 
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investigations and clinical trials are required to provide more information about non-

diabetic guidelines in using metformin as well as doses required in different ailments. 

On the other hand, the research in pharmaceutical development and improvement of 

metformin’s dosage forms are critical requirements in improving its oral bioavailability. 

Innovative approaches in polymeric micro/nanoparticulate platforms are promising tools 

that can be employed to overcome the pharmacokinetic limitations of metformin and 

facilitate organ/tissue targeting. 

 

 

Executive summary 

• Metformin belongs to Class III materials as per Biopharmaceutics Classification 

System (BCS) as well as Biopharmaceutics Drug Disposition Classification 

System (BDDCS). 

• According to Salivary Excretion Classification System (SECS), metformin is 

considered as class II therapeutic. 

• Due to its availability as hydrophilic cation at physiological pH, metformin is not 

expected to diffuse passively across cell membrane. 

• Absorption, distribution, elimination and some pharmacological effects of 

metformin are controlled by various transporters. 

• Metformin is predominantly absorbed from proximal small intestine, where 

negligible amount of this biguanide is absorbed from large intestine or stomach. 

• Flip-flop pharmacokinetics are characteristic for metformin. 

• Higher doses of metformin result in less bioavailability due to decreased rate of 

absorption. 

• No evidence of metformin plasma protein binding, where high volume of 

distribution of this biguanide is noticed. 

• Metformin is excreted unmetabolized in human urine. 

• Inhibition of gluconeogenesis and reduction in the hepatic glucose output is the 

primary effect of metformin in glycemic control. 

• Reversible inhibition of mitochondrial complex 1 is a paramount cellular effect 

of metformin. 

• Chronic activation of AMPK by metformin could induce sensitization of skeletal 

muscles and hepatocytes to insulin. 

• A significant cardiovascular protective effect of metformin has been evidenced 

apart from its hypoglycemic action. 

• Metformin administration is associated with decreased production of different 

interleukins and other inflammatory mediators. 

• Reduced oxidative stress is mediated by the antioxidant effect of metformin. 
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• Improved cognitive function was reported with metformin use. 

• Several mechanisms were hypothesized for metformin anti-aging effect. 

• Metformin has been trialed in multiple cancer models with promising results. 

• Microparticulate drug delivery systems are promising dosage forms that can be 

utilized in improvement of the pharmacokinetic properties of different 

pharmaceuticals and allow for tissue/organ targeting. 
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Figure and table legends 

 

Figure 1. Some glucoregulatory mechanisms of metformin in hepatocytes. AMPK: 

AMP-activated protein kinase. GLUT2: Glucose transporter 2. LKB1: Liver kinase B1. 

OCT1 and OCT3: Organic cation transporters. PKA: cAMP-dependent protein kinase. 

Figure 2. Polymers and coating materials in microparticulate drug delivery system. 

Table 1. Transporters involved in the pharmacokinetics of metformin. 

Table 2. Recent microencapsulation approaches for metformin. 

 

 

References  

1. Saeedi P, Petersohn I, Salpea P et al. Global and regional diabetes prevalence 

estimates for 2019 and projections for 2030 and 2045: Results from the 



37 
 

International Diabetes Federation Diabetes Atlas. Diabetes Res. Clin. Pract. 157 

1-10 (2019). 

2. Todkar SS. Diabetes mellitus the'Silent Killer'of mankind: An overview on the 

eve of upcoming World Health Day! J. Med. Allied Sci. 6(1), 39-44 (2016). 

3. Campbell IW. Type 2 diabetes mellitus:‘the silent killer’. Pract. Diabetes Int. 

18(6), 187-191 (2001). 

4. Nolan CJ, Damm P, Prentki M. Type 2 diabetes across generations: from 

pathophysiology to prevention and management. Lancet 378(9786), 169-181 

(2011). 

5. Reaven GM. Role of insulin resistance in human disease. Diabetes 37(12), 1595-

1607 (1988). 

6. Khashei M, Eftekhari S, Parvizian J. Diagnosing diabetes type II using a soft 

intelligent binary classification model. Rev. Bioinformat. Biometrics 1(1), 9-23 

(2012). 

7. Kahn S. The relative contributions of insulin resistance and beta-cell dysfunction 

to the pathophysiology of type 2 diabetes. Diabetologia 46(1), 3-19 (2003). 

8. Kahn SE, Cooper ME, Del Prato S. Pathophysiology and treatment of type 2 

diabetes: perspectives on the past, present, and future. Lancet 383(9922), 1068-

1083 (2014). 

9. D’adamo E, Caprio S. Type 2 diabetes in youth: epidemiology and 

pathophysiology. Diabetes Care 34(Supplement 2), S161-S165 (2011). 

10. Association AD. 6. Glycemic Targets: Standards of Medical Care in Diabetes-

2020. Diabetes Care 43(Suppl 1), S66-S76 (2020a). 

11. Buse JB, Wexler DJ, Tsapas A et al. 2019 update to: management of 

hyperglycemia in type 2 diabetes, 2018. A consensus report by the American 

Diabetes Association (ADA) and the European Association for the Study of 

Diabetes (EASD). Diabetes Care 43(2), 487-493 (2020). 

12. Association AD. 9. Pharmacologic Approaches to Glycemic Treatment: 

Standards of Medical Care in Diabetes-2020. Diabetes Care 43(Suppl 1), S98-

S110 (2020b). 

13. Gedawy A, Al-Salami H, Dass CR. Advanced and multifaceted stability profiling 

of the first-line antidiabetic drugs metformin, gliclazide and glipizide under 

various controlled stress conditions. Saudi Pharm. J. 28(3), 362-368 (2020a). 

** This paper is the first  to document comprehensive multifacted stability profiling of 

metformin with sulfonylureas under various stress condtions and it can be used 

either in research protocols or in quality control and pharmaceutical industry of 

various dosage forms of metformin, glipizide and gliclazide. 

14. Scheen AJ. Clinical pharmacokinetics of metformin. Clin. Pharmacokinet. 30(5), 

359-371 (1996). 

15. Aroda VR, Ratner RE. Metformin and Type 2 Diabetes Prevention. Diabetes 

Spectrum 31(4), 336-342 (2018). 

16. Fan Y-P, Wu C-T, Lin J-L et al. Metformin Treatment Is Associated with a 

Decreased Risk of Nonproliferative Diabetic Retinopathy in Patients with Type 2 

Diabetes Mellitus: A Population-Based Cohort Study. J. Diabetes Res. 2020 1-12 

(2020). 

17. Bailey CJ. Metformin: historical overview. Diabetologia 60(9), 1566-1576 

(2017). 



38 
 

18. Defronzo R, Fleming GA, Chen K, Bicsak TA. Metformin-associated lactic 

acidosis: Current perspectives on causes and risk. Metabolism 65(2), 20-29 

(2016). 

19. Kwon S, Kim YC, Park JY et al. The Long-term Effects of Metformin on 

Patients With Type 2 Diabetic Kidney Disease. Diabetes Care 43(5), 948-955 

(2020). 

20. Romero R, Erez O, Hüttemann M et al. Metformin, the aspirin of the 21st 

century: its role in gestational diabetes mellitus, prevention of preeclampsia and 

cancer, and the promotion of longevity. Am. J. Obstet. Gynecol. 217(3), 282-302 

(2017). 

21. Mallik R, Chowdhury TA. Metformin in cancer. Diabetes Res. Clin. Pract. 143 

409-419 (2018). 

22. Farr SA, Roesler E, Niehoff ML, Roby DA, Mckee A, Morley JE. Metformin 

improves learning and memory in the SAMP8 mouse model of Alzheimer’s 

disease. J. Alzheimer's Dis. 68(4), 1699-1710 (2019). 

23. Mahmood K, Naeem M, Rahimnajjad NA. Metformin: the hidden chronicles of a 

magic drug. Eur. J. Intern. Med. 24(1), 20-26 (2013). 

24. Kulkarni AS, Gubbi S, Barzilai N. Benefits of metformin in attenuating the 

hallmarks of aging. Cell Metab. 32(1), 15-30 (2020). 

25. Sharma S, Ray A, Sadasivam B. Metformin in COVID-19: A possible role 

beyond diabetes. Diabetes Res. Clin. Pract. 164 108183 (2020). 

26. Kindrachuk J, Ork B, Hart BJ et al. Antiviral potential of ERK/MAPK and 

PI3K/AKT/mTOR signaling modulation for Middle East respiratory syndrome 

coronavirus infection as identified by temporal kinome analysis. Antimicrob. 

agents Chemother. 59(2), 1088-1099 (2015). 

27. Chen Y, Gu F, Guan J-L. Metformin might inhibit virus through increasing 

insulin sensitivity. Chin. Med. J. 131(3), 376-377 (2018). 

28. Graham GG, Punt J, Arora M et al. Clinical pharmacokinetics of metformin. 

Clin. Pharmacokinet. 50(2), 81-98 (2011). 

 

29. Gong L, Goswami S, Giacomini KM, Altman RB, Klein TE. Metformin 

pathways: pharmacokinetics and pharmacodynamics. Pharmacogenet. Genomics 

22(11), 820-827 (2012). 

30. Markowicz-Piasecka M, M Huttunen K, Mateusiak L, Mikiciuk-Olasik E, Sikora 

J. Is metformin a perfect drug? Updates in pharmacokinetics and 

pharmacodynamics. Curr. Pharm. Des. 23(17), 2532-2550 (2017). 

31. Hale T, Kristensen J, Hackett L, Kohan R, Ilett K. Transfer of metformin into 

human milk. Diabetologia 45(11), 1509-1514 (2002). 

32. Pubchem. Pubchem. https://pubchem.ncbi.nlm.nih.gov/compound/4091/ 

(Accessed online July 2020)  (2020). 

33. Gedawy A, Dass CR, Al-Salami H. Polydimethylsiloxane-customized 

nanoplatform for delivery of antidiabetic drugs. Ther. Deliv. 11(7), 415-429 

(2020b). 

** This paper is the first to devlope a silicone based nanoplatform through alginate 

grafting and encapsulation of metformin as a model drug by jet flow ionotropic 

gelation technique to improve the pharmacokinetics of metformin. 

https://pubchem.ncbi.nlm.nih.gov/compound/4091/


39 
 

34. Gedawy A, Al-Salami H, Dass CR. Development and validation of a new 

analytical HPLC method for simultaneous determination of the antidiabetic 

drugs, metformin and gliclazide. J. Food Drug Anal. 27(1), 315-322 (2019). 

35. Cheng C-L, Lawrence XY, Lee H-L, Yang C-Y, Lue C-S, Chou C-H. Biowaiver 

extension potential to BCS Class III high solubility-low permeability drugs: 

bridging evidence for metformin immediate-release tablet. Eur. J. Pharm. Sci. 

22(4), 297-304 (2004). 

36. Shugarts S, Benet LZ. The role of transporters in the pharmacokinetics of orally 

administered drugs. Pharm. Res. 26(9), 2039-2054 (2009). 

37. Yáñez JA, Remsberg CM, Sayre CL, Forrest ML, Davies NM. Flip-flop 

pharmacokinetics–delivering a reversal of disposition: challenges and 

opportunities during drug development. Ther. Deliv. 2(5), 643-672 (2011). 

38. Liang X, Giacomini KM. Transporters involved in metformin pharmacokinetics 

and treatment response. J. Pharm. Sci. 106(9), 2245-2250 (2017). 

39. Idkaidek N, Arafat T. Saliva versus plasma pharmacokinetics: theory and 

application of a salivary excretion classification system. Mol. Pharm. 9(8), 2358-

2363 (2012). 

40. Hill J. The Vegetable System, Or, The Internal Structure and the Life of Plants: 

Their Parts and Nourishment Explained: Their Classes, Orders, Genera, and 

Species Ascertained and Described in a Method Altogether New: 

Comprehending an Artificial Index, and a Natural System: with Figures of All 

the Plants Designed and Engraved by the Author: the Whole from Nature Only.  

Printed at the expense of the author, sold by R. Baldwin, (1761). 

41. Watanabe C. Studies in the metabolic changes induced by administration of 

guanidine bases. I. Influence of injected guanidine hydrochloride upon blood 

sugar content. J. Biol. Chem. 33 253-265 (1918). 

42. Hesse E, Taubmann G. Die Wirkung des Biguanids und seiner Derivate auf den 

Zuckerstoffwechsel. Naunyn-Schmiedebergs Arch. Exp. Pathol. Pharmakol. 

142(5-6), 290-308 (1929). 

43. Slotta K, Tschesche R. Über Biguanide, II.: Die blutzucker‐senkende Wirkung 

der Biguanide. Berichte Deut. Chem. Gesellschaft 62(6), 1398-1405 (1929). 

44. Garcia E. Flumamine, a new synthetic analgesic and anti-flu drug. J. Philipp. 

Med. Assoc. 26(7), 287-293 (1950). 

45. Kinaan M, Ding H, Triggle CR. Metformin: an old drug for the treatment of 

diabetes but a new drug for the protection of the endothelium. Med. Princ. Pract. 

24(5), 401-415 (2015). 

* Good guide on various effects of metformin on endothelium 

46. Song R. Mechanism of metformin: a tale of two sites. Diabetes Care 39(2), 187-

189 (2016). 

47. Foretz M, Guigas B, Viollet B. Understanding the glucoregulatory mechanisms 

of metformin in type 2 diabetes mellitus. Nat. Rev. Endocrinol. 15(10), 569-589 

(2019). 

* Good guide on molecular effects of metformin in diabetes. 

48. Wu H, Esteve E, Tremaroli V et al. Metformin alters the gut microbiome of 

individuals with treatment-naive type 2 diabetes, contributing to the therapeutic 

effects of the drug. Nat. Med. 23(7), 850 (2017). 



40 
 

49. Hollunger G. Guanidines and oxidative phosphorylations. Acta Pharmacol. 

Toxicol. 11(S1), 1-84 (1955). 

50. Schäfer G. Site-specific uncoupling and inhibition of oxidative phosphorylation 

by biguanides. II. Biochim. Biophys. Acta 172(2), 334-337 (1969). 

51. El-Mir M-Y, Nogueira V, Fontaine E, Avéret N, Rigoulet M, Leverve X. 

Dimethylbiguanide inhibits cell respiration via an indirect effect targeted on the 

respiratory chain complex I. J. Biol. Chem. 275(1), 223-228 (2000). 

52. Owen MR, Doran E, Halestrap AP. Evidence that metformin exerts its anti-

diabetic effects through inhibition of complex 1 of the mitochondrial respiratory 

chain. Biochem. J. 348(3), 607-614 (2000). 

53. Stephenne X, Foretz M, Taleux N et al. Metformin activates AMP-activated 

protein kinase in primary human hepatocytes by decreasing cellular energy 

status. Diabetologia 54(12), 3101-3110 (2011). 

54. Andrzejewski S, Gravel S-P, Pollak M, St-Pierre J. Metformin directly acts on 

mitochondria to alter cellular bioenergetics. Cancer Metab. 2(1), 1-14 (2014). 

55. Thakur S, Daley B, Gaskins K et al. Metformin targets mitochondrial 

glycerophosphate dehydrogenase to control rate of oxidative phosphorylation 

and growth of thyroid cancer in vitro and in vivo. Clin. Cancer Res. 24(16), 

4030-4043 (2018). 

56. Cameron AR, Logie L, Patel K et al. Metformin selectively targets redox control 

of complex I energy transduction. Redox Biol. 14 187-197 (2018). 

57. Zhou G, Myers R, Li Y et al. Role of AMP-activated protein kinase in 

mechanism of metformin action. J. Clin. Invest. 108(8), 1167-1174 (2001). 

58. Shaw RJ, Lamia KA, Vasquez D et al. The kinase LKB1 mediates glucose 

homeostasis in liver and therapeutic effects of metformin. Science 310(5754), 

1642-1646 (2005). 

59. Boudaba N, Marion A, Huet C, Pierre R, Viollet B, Foretz M. AMPK re-

activation suppresses hepatic steatosis but its downregulation does not promote 

fatty liver development. EBioMedicine 28 194-209 (2018). 

60. Cokorinos EC, Delmore J, Reyes AR et al. Activation of skeletal muscle AMPK 

promotes glucose disposal and glucose lowering in non-human primates and 

mice. Cell Metab. 25(5), 1147-1159. e1110 (2017). 

61. Foretz M, Hébrard S, Leclerc J et al. Metformin inhibits hepatic gluconeogenesis 

in mice independently of the LKB1/AMPK pathway via a decrease in hepatic 

energy state. J. Clin. Invest. 120(7), 2355-2369 (2010). 

62. Miller RA, Chu Q, Xie J, Foretz M, Viollet B, Birnbaum MJ. Biguanides 

suppress hepatic glucagon signalling by decreasing production of cyclic AMP. 

Nature 494(7436), 256-260 (2013). 

63. Madiraju AK, Erion DM, Rahimi Y et al. Metformin suppresses gluconeogenesis 

by inhibiting mitochondrial glycerophosphate dehydrogenase. Nature 510(7506), 

542-546 (2014). 

64. Madiraju AK, Qiu Y, Perry RJ et al. Metformin inhibits gluconeogenesis via a 

redox-dependent mechanism in vivo. Nat. Med. 24(9), 1384-1394 (2018). 

65. Rojas LBA, Gomes MB. Metformin: an old but still the best treatment for type 2 

diabetes. Diabetol. Metab. Syndr. 5(1), 1-15 (2013). 



41 
 

66. Boussageon R, Supper I, Bejan-Angoulvant T et al. Reappraisal of metformin 

efficacy in the treatment of type 2 diabetes: a meta-analysis of randomised 

controlled trials. PLoS Med. 9(4), e1001204 (2012). 

67. Detection NCEPEPO, Adults TOHBCI. Third report of the National Cholesterol 

Education Program (NCEP) Expert Panel on detection, evaluation, and 

treatment of high blood cholesterol in adults (Adult Treatment Panel III).  

National Cholesterol Education Program, National Heart, Lung, and Blood …, 

Circulation. 106, 3143-3421 (2002). 

68. Benjamin EJ, Muntner P, Alonso A et al. Heart Disease and Stroke Statistics; 

2019 Update: A Report From the American Heart Association. Circulation 

139(10), e56-e528 (2019). 

69. Wang Y-W, He S-J, Feng X et al. Metformin: a review of its potential 

indications. Drug Des. Devel. Ther. 11 2421-2429 (2017). 

70. Roussel R, Travert F, Pasquet B et al. Metformin use and mortality among 

patients with diabetes and atherothrombosis. Arch. Intern. Med. 170(21), 1892-

1899 (2010). 

71. Group UPDS. Effect of intensive blood-glucose control with metformin on 

complications in overweight patients with type 2 diabetes (UKPDS 34). Lancet 

352(9131), 854-865 (1998). 

72. Viollet B, Guigas B, Garcia NS, Leclerc J, Foretz M, Andreelli F. Cellular and 

molecular mechanisms of metformin: an overview. Clin. Sci. 122(6), 253-270 

(2012). 

73. Yin M, Van Der Horst IC, Van Melle JP et al. Metformin improves cardiac 

function in a nondiabetic rat model of post-MI heart failure. Am. J. Physiol. 

Heart Circ. Physiol. 301(2), H459-H468 (2011). 

74. Gundewar S, Calvert JW, Jha S et al. Activation of AMP-activated protein 

kinase by metformin improves left ventricular function and survival in heart 

failure. Circ. Res. 104(3), 403-411 (2009). 

75. Landin‐Wilhelmsen K. Metformin and blood pressure. J. Clin. Pharm. Ther. 

17(2), 75-79 (1992). 

76. Zhou L, Liu H, Wen X, Peng Y, Tian Y, Zhao L. Effects of metformin on blood 

pressure in nondiabetic patients: a meta-analysis of randomized controlled trials. 

J. Hypertens. 35(1), 18-26 (2017). 

77. Adler AI, Stratton IM, Neil HaW et al. Association of systolic blood pressure 

with macrovascular and microvascular complications of type 2 diabetes (UKPDS 

36): prospective observational study. BMJ 321(7258), 412-419 (2000). 

78. De Jager J, Kooy A, Lehert P et al. Effects of short‐term treatment with 

metformin on markers of endothelial function and inflammatory activity in type 

2 diabetes mellitus: a randomized, placebo‐controlled trial. J. Intern. Med. 

257(1), 100-109 (2005). 

79. Mather KJ, Verma S, Anderson TJ. Improved endothelial function with 

metformin in type 2 diabetes mellitus. J. Am. Coll. Cardiol. 37(5), 1344-1350 

(2001). 

80. Vitale C, Mercuro G, Cornoldi A, Fini M, Volterrani M, Rosano G. Metformin 

improves endothelial function in patients with metabolic syndrome. J. Intern. 

Med. 258(3), 250-256 (2005). 



42 
 

81. Tousoulis D, Papageorgiou N, Androulakis E et al. Diabetes mellitus-associated 

vascular impairment: novel circulating biomarkers and therapeutic approaches. J. 

Am. Coll. Cardiol. 62(8), 667-676 (2013). 

82. Charles MA, Morange P, Eschwege E, Andre P, Vague P, Juhan-Vague I. Effect 

of weight change and metformin on fibrinolysis and the von Willebrand factor in 

obese nondiabetic subjects: the BIGPRO1 Study. Biguanides and the Prevention 

of the Risk of Obesity. Diabetes Care 21(11), 1967-1972 (1998). 

83. Glueck C, Fontaine R, Wang P et al. Metformin reduces weight, centripetal 

obesity, insulin, leptin, and low-density lipoprotein cholesterol in nondiabetic, 

morbidly obese subjects with body mass index greater than 30. Metabolism 

50(7), 856-861 (2001). 

84. Kusaka I, Nagasaka S, Horie H, Ishibashi S. Metformin, but not pioglitazone, 

decreases postchallenge plasma ghrelin levels in type 2 diabetic patients: a 

possible role in weight stability? Diabetes Obes. Metab. 10(11), 1039-1046 

(2008). 

85. Hadigan C, Corcoran C, Basgoz N, Davis B, Sax P, Grinspoon S. Metformin in 

the treatment of HIV lipodystrophy syndrome: a randomized controlled trial. 

JAMA 284(4), 472-477 (2000). 

86. Sheth SH, Larson RJ. The efficacy and safety of insulin-sensitizing drugs in 

HIV-associated lipodystrophy syndrome: a meta-analysis of randomized trials. 

BMC Infect. Dis. 10(1), 1-10 (2010). 

87. Kohli R, Shevitz A, Gorbach S, Wanke C. A randomized placebo‐controlled trial 

of metformin for the treatment of HIV lipodystrophy. HIV Med. 8(7), 420-426 

(2007). 

88. Isoda K, Young JL, Zirlik A et al. Metformin inhibits proinflammatory responses 

and nuclear factor-κB in human vascular wall cells. Arterioscler. Thromb. Vasc. 

Biol. 26(3), 611-617 (2006). 

89. Arai M, Uchiba M, Komura H, Mizuochi Y, Harada N, Okajima K. Metformin, 

an antidiabetic agent, suppresses the production of tumor necrosis factor and 

tissue factor by inhibiting early growth response factor-1 expression in human 

monocytes in vitro. J. Pharmacol. Exp. Ther. 334(1), 206-213 (2010). 

90. Kalariya NM, Shoeb M, Ansari NH, Srivastava SK, Ramana KV. Antidiabetic 

drug metformin suppresses endotoxin-induced uveitis in rats. Invest. Ophthalmol. 

Vis. Sci. 53(7), 3431-3440 (2012). 

91. Nath N, Khan M, Paintlia MK, Hoda MN, Giri S. Metformin attenuated the 

autoimmune disease of the central nervous system in animal models of multiple 

sclerosis. J. Immunol. 182(12), 8005-8014 (2009). 

92. Russe OQ, Möser CV, Kynast KL et al. Activation of the AMP-activated protein 

kinase reduces inflammatory nociception. J. Pain 14(11), 1330-1340 (2013). 

93. Faure P, Rossini E, Wiernsperger N, Richard MJ, Favier A, Halimi S. An insulin 

sensitizer improves the free radical defense system potential and insulin 

sensitivity in high fructose-fed rats. Diabetes 48(2), 353-357 (1999). 

94. Bridges HR, Jones AJ, Pollak MN, Hirst J. Effects of metformin and other 

biguanides on oxidative phosphorylation in mitochondria. Biochem. J. 462(3), 

475-487 (2014). 



43 
 

95. Zheng Z, Chen H, Li J et al. Sirtuin 1–mediated cellular metabolic memory of 

high glucose via the LKB1/AMPK/ROS pathway and therapeutic effects of 

metformin. Diabetes 61(1), 217-228 (2012). 

96. Anedda A, Rial E, González-Barroso MM. Metformin induces oxidative stress in 

white adipocytes and raises uncoupling protein 2 levels. J. Endocrinol. 199(1), 

33-40 (2008). 

97. Kroemer G, Reed JC. Mitochondrial control of cell death. Nat. Med. 6(5), 513-

519 (2000). 

98. De La Monte SM, Wands JR. Alzheimer's disease is type 3 diabetes—evidence 

reviewed. J. Diabetes Sci. Technol. 2(6), 1101-1113 (2008). 

99. Poels J, Spasić MR, Callaerts P, Norga KK. Expanding roles for AMP‐activated 

protein kinase in neuronal survival and autophagy. Bioessays 31(9), 944-952 

(2009). 

100. Jin Q, Cheng J, Liu Y et al. Improvement of functional recovery by chronic 

metformin treatment is associated with enhanced alternative activation of 

microglia/macrophages and increased angiogenesis and neurogenesis following 

experimental stroke. Brain Behav. Immun. 40 131-142 (2014). 

101. Jiang T, Yu JT, Zhu XC et al. Acute metformin preconditioning confers 

neuroprotection against focal cerebral ischaemia by pre‐activation of AMPK‐

dependent autophagy. Br. J. Pharmacol. 171(13), 3146-3157 (2014). 

102. Venna VR, Li J, Hammond MD, Mancini NS, Mccullough LD. Chronic 

metformin treatment improves post‐stroke angiogenesis and recovery after 

experimental stroke. Eur. J. Neurosci. 39(12), 2129-2138 (2014). 

103. Ng TP, Feng L, Yap KB, Lee TS, Tan CH, Winblad B. Long-term metformin 

usage and cognitive function among older adults with diabetes. J. Alzheimer's 

Dis. 41(1), 61-68 (2014). 

104. Cheng C, Lin C-H, Tsai Y-W, Tsai C-J, Chou P-H, Lan T-H. Type 2 diabetes 

and antidiabetic medications in relation to dementia diagnosis. J. Gerontol. A 

Biol. Sci. Med. Sci. 69(10), 1299-1305 (2014). 

105. Herath PM, Cherbuin N, Eramudugolla R, Anstey KJ. The effect of diabetes 

medication on cognitive function: evidence from the PATH through life study. 

Biomed. Res. Int. 2016 1-7 (2016). 

106. Guo M, Mi J, Jiang QM et al. Metformin may produce antidepressant effects 

through improvement of cognitive function among depressed patients with 

diabetes mellitus. Clin. Exp. Pharmacol. Physiol. 41(9), 650-656 (2014). 

107. Shi Q, Liu S, Fonseca VA, Thethi TK, Shi L. Effect of metformin on 

neurodegenerative disease among elderly adult US veterans with type 2 diabetes 

mellitus. BMJ Open 9(7), 1-9 (2019). 

108. Barzilai N, Crandall JP, Kritchevsky SB, Espeland MA. Metformin as a tool to 

target aging. Cell Metab. 23(6), 1060-1065 (2016). 

109. Saisho Y. Metformin and inflammation: its potential beyond glucose-lowering 

effect. Endocr. Metab. Immun. Disord. Drug Targets 15(3), 196-205 (2015). 

110. Song YM, Lee Y-H, Kim J-W et al. Metformin alleviates hepatosteatosis by 

restoring SIRT1-mediated autophagy induction via an AMP-activated protein 

kinase-independent pathway. Autophagy 11(1), 46-59 (2015). 



44 
 

111. Anisimov VN, Berstein LM, Egormin PA et al. Effect of metformin on life span 

and on the development of spontaneous mammary tumors in HER-2/neu 

transgenic mice. Exp. Gerontol. 40(8-9), 685-693 (2005). 

112. Papanas N, Maltezos E, Mikhailidis DP. Metformin and cancer: licence to heal? 

Expert Opin. Investig. Drugs 19(8), 913-917 (2010). 

113. Larsson SC, Orsini N, Wolk A. Diabetes mellitus and risk of colorectal cancer: a 

meta-analysis. J. Natl. Cancer Inst. 97(22), 1679-1687 (2005). 

114. Inoue M, Iwasaki M, Otani T, Sasazuki S, Noda M, Tsugane S. Diabetes mellitus 

and the risk of cancer: results from a large-scale population-based cohort study in 

Japan. Arch. Intern. Med. 166(17), 1871-1877 (2006). 

115. Grimberg A, Cohen P. Role of insulin‐like growth factors and their binding 

proteins in growth control and carcinogenesis. J. Cell Physiol. 183(1), 1-9 

(2000). 

116. Smith U, Gale E. Cancer and diabetes: are we ready for prime time? 

Diabetologia 53(8), 1541-1544 (2010). 

117. Gedawy A, Martinez J, Al‐Salami H, Dass CR. Oral insulin delivery: existing 

barriers and current counter‐strategies. J. Pharm. Pharmacol. 70(2), 197-213 

(2018). 

** This review outlines the biochemical and formulation barriers for oral insulin 

delivery and various technniques and recent approaches to improve the oral 

bioavailability of insulin.  

118. Libby G, Donnelly LA, Donnan PT, Alessi DR, Morris AD, Evans JM. New 

users of metformin are at low risk of incident cancer: a cohort study among 

people with type 2 diabetes. Diabetes Care 32(9), 1620-1625 (2009). 

119. Lee JH, Kim TI, Jeon SM, Hong SP, Cheon JH, Kim WH. The effects of 

metformin on the survival of colorectal cancer patients with diabetes mellitus. 

Int. J. Cancer 131(3), 752-759 (2012). 

120. Salpeter SR, Greyber E, Pasternak GA, Salpeter EE. Risk of fatal and nonfatal 

lactic acidosis with metformin use in type 2 diabetes mellitus. Cochrane 

Database Syst. Rev. (4), 1-210 (2010). 

121. Fda. The United States Food and Drug Administration (FDA), 

https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-safety-

communication-fda-revises-warnings-regarding-use-diabetes-medicine-

metformin-certain/ (accessed online July 2020)  (2020). 

122. Schwartz SL, Gordi T, Hou E, Cramer M, Heritier M, Cowles VE. Clinical 

development of metformin extended-release tablets for type 2 diabetes: an 

overview. Expert Opin. Drug Metab. Toxicol. 4(9), 1235-1243 (2008). 

123. Bailey C, Mynett K, Page T. Importance of the intestine as a site of metformin-

stimulated glucose utilization. Br. J. Pharmacol. 112(2), 671 (1994). 

124. Bailey C, Wilcock C, Scarpello J. Metformin and the intestine. Diabetologia 

51(8), 1552-1553 (2008). 

125. Buse JB, Defronzo RA, Rosenstock J et al. The primary glucose-lowering effect 

of metformin resides in the gut, not the circulation: results from short-term 

pharmacokinetic and 12-week dose-ranging studies. Diabetes Care 39(2), 198-

205 (2016). 

126. Henry RR, Frias JP, Walsh B et al. Improved glycemic control with minimal 

systemic metformin exposure: Effects of Metformin Delayed-Release 

https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-safety-communication-fda-revises-warnings-regarding-use-diabetes-medicine-metformin-certain/
https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-safety-communication-fda-revises-warnings-regarding-use-diabetes-medicine-metformin-certain/
https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-safety-communication-fda-revises-warnings-regarding-use-diabetes-medicine-metformin-certain/


45 
 

(Metformin DR) targeting the lower bowel over 16 weeks in a randomized trial 

in subjects with type 2 diabetes. PloS One 13(9), 1-17 (2018). 

127. Vashist H, Vashist B, Chandel A. A review report on microencapsulation. 

Innovat. Int. J. Med. Pharm. Sci. 3(2), 1-7 (2018). 

128. Das SC, Mohanty B, Nayak BS, Mishra B. Microcapsules: an emerging tool for 

delivery of antidiabetic drugs. J. Pharm. Adv. Res. 2(4), 521-530 (2019). 

129. Bansode S, Banarjee S, Gaikwad D, Jadhav S, Thorat R. Microencapsulation: a 

review. Int. J. Pharm. Sci. Rev. Res. 1(2), 38-43 (2010). 

130. Gupta A, Dey B. Microencapsulation for controlled drug delivery: a 

comprehensive review. Sunsari Techn. Col. J. 1(1), 48-54 (2012). 

131. Jyothi NVN, Prasanna PM, Sakarkar SN, Prabha KS, Ramaiah PS, Srawan G. 

Microencapsulation techniques, factors influencing encapsulation efficiency. J. 

Microencapsul. 27(3), 187-197 (2010). 

132. Paulo F, Santos L. Design of experiments for microencapsulation applications: A 

review. Mater. Sci. Eng. C Mater. Biol. Appl. 77 1327-1340 (2017). 

133. Peanparkdee M, Iwamoto S, Yamauchi R. Microencapsulation: a review of 

applications in the food and pharmaceutical industries. Rev. Agricult. Sci. 4 56-

65 (2016). 

134. Chen L, Gnanaraj C, Arulselvan P, El-Seedi H, Teng H. A review on advanced 

microencapsulation technology to enhance bioavailability of phenolic 

compounds: based on its activity in the treatment of type 2 diabetes. Trends Food 

Sci. Technol. 85 149-162 (2019). 

135. Jyothi SS, Seethadevi A, Prabha KS, Muthuprasanna P, Pavitra P. 

Microencapsulation: a review. Int. J. Pharm. Biol. Sci. 3 509-531 (2012). 

136. Singh M, Hemant K, Ram M, Shivakumar H. Microencapsulation: A promising 

technique for controlled drug delivery. Res. Pharm. Sci. 5(2), 65-77 (2010). 

137. Lengyel M, Kállai-Szabó N, Antal V, Laki AJ, Antal I. Microparticles, 

microspheres, and microcapsules for advanced drug delivery. Sci. Pharm. 87(3), 

1-31 (2019). 

138. Wagle SR, Walker D, Kovacevic B et al. Micro-nano formulation of bile-gut 

delivery: rheological, stability and cell survival, basal and maximum respiration 

studies. Sci. Rep. 10(1), 1-10 (2020). 

139. Tiwari RK, Singh L, Sharma V. Alginate micro-beads in novel drug delivery 

system: an overview. Int. J. Part. Ther. 5 1-13 (2013). 

140. Wong TW. Alginate graft copolymers and alginate–co‐excipient physical 

mixture in oral drug delivery. J. Pharm. Pharmacol. 63(12), 1497-1512 (2011). 

141. Patel MA, Aboughaly MH, Schryer-Praga JV, Chadwick K. The effect of 

ionotropic gelation residence time on alginate cross-linking and properties. 

Carbohydr. Polym. 155 362-371 (2017). 

142. Hariyadi DM, Hendradi E, Erawati T, Jannah EN, Febrina W. Influence of drug-

polymer ratio on physical characteristics and release of metformin hydrochloride 

from metforminalginate microspheres. Trop. J. Pharm. Res. 17(7), 1229-1233 

(2018a). 

143. Hariyadi DM, Rosita N, Rosadi TJ. Effect of Total Amount of Metformin HCl 

on the Characteristics of Metformin-Ca Alginate Microspheres. J. Farmasi 

Kefarmasian Indones. 5(1), 13-19 (2018b). 



46 
 

144. Semalty A. Preparation and Evaluation of Chitosan Microsphere of Metformin 

Hydrochloride and to Study the Effect of Drug to Polymer Ratio. Int. J. Pharm. 

Chem. Sci. 3(2), 316-320 (2014). 

145. Szekalska M, Sosnowska K, Czajkowska-Kośnik A, Winnicka K. Calcium 

chloride modified alginate microparticles formulated by the spray drying 

process: A strategy to prolong the release of freely soluble drugs. Materials 

11(9), 1-14 (2018). 

146. Sharma VK, Bhattacharya A. Effect of Cross-Linkers on Isabgol Husk-Sodium 

Alginate Matrix Type Drug Delivery Devices. Asian J. Chem. 22(10), 7661-7674 

(2010). 

147. Bhattacharya A. Release kinetics of metformin hydrochloride microencapsulated 

in Isabgol husk and sagu starch hydrophilic matrix. Indian Drugs 46(11), 860-

868 (2009). 

148. Akin-Ajani O, Ikehin M, Ajala T. Date Mucilage as Co-Polymer in Metformin-

loaded Microbeads for Controlled Release. J. Excip. Food Chem. 10(1), 3-12 

(2019). 

149. Salatin S. Management of Type II Diabetes using Metformin- Loaded 

Microparticulate Gastroretentive Delivery Systems. Am. J. Biomed. Sci. Res. 7 

449-450 (2020). 

150. Murphy C, Pillay V, Choonara YE et al. Optimization of a dual mechanism 

gastrofloatable and gastroadhesive delivery system for narrow absorption 

window drugs. AAPS PharmScitech 13(1), 1-15 (2012). 

151. Nayak A, Jain SK, Pandey RS. Controlling release of metformin HCl through 

incorporation into stomach specific floating alginate beads. Mol. Pharm. 8(6), 

2273-2281 (2011). 

152. Salunke P, Rane B, Bakliwal S, Pawar S. Floating microcarriers of an 

antidiabetic drug: Preparation and its in-vitro evaluation. J. Pharm. Sci. Technol. 

2 230-240 (2010). 

153. Pandit V, Pai RS, Yadav V et al. Pharmacokinetic and pharmacodynamic 

evaluation of floating microspheres of metformin hydrochloride. Drug Dev. Ind. 

Pharm. 39(1), 117-127 (2013). 

154. Choudhury PK, Kar M, Chauhan CS. Cellulose acetate microspheres as floating 

depot systems to increase gastric retention of antidiabetic drug: formulation, 

characterization and in vitro–in vivo evaluation. Drug Dev. Ind. Pharm. 34(4), 

349-354 (2008). 

155. Abdelbary A, El-Gendy N, Hosny A. Microencapsulation approach for orally 

extended delivery of glipizide: in vitro and in vivo evaluation. Indian J. Pharm. 

Sci. 74(4), 319-330 (2012). 

156. Ramanjaneyulu DV, Babu C, Nirupa MM, Mounika M, Divyasree M, 

Bhuvaneswari S. Design and development of metformin HCl mucoadhesive 

microcapsules design and evaluation of alginate based mucoadhesive 

microcapsules of metformin HCl. Int. J. Chem. Sci. 10 1605-1613 (2012). 

157. Navneet G, Akanksha G, Neetesh J. Formulation design and in-vitro evaluation 

of metformin microspheres using ionotropic gelation technique. J. Pharm. Res. 

4(7), 2103-2106 (2011). 

158. Kumar YS, Kumar DS, Sharada G, Kumar NN. Formulation development of 

mucoadhesive microcapsules of metformin hydrochloride using natural and 



47 
 

synthetic polymers and in vitro characterization. Int. J. Drug Dev. Res. 2(2), 321-

329 (2010). 

159. Kumar A, Balakrishna T, Jash R, Murthy TEGK, Kumar A, Sudheer B. 

Formulation and evaluation of mucoadhesive microcapsules of metformin HCl 

with gum karaya. Int. J. Pharm. Pharm. Sci. 3 150-155 (2011). 

160. Nayak AK, Pal D. Ionotropically-gelled mucoadhesive beads for oral metformin 

HCl delivery: Formulation, optimization and antidiabetic evaluation. J. Sci. Ind. 

Res. 72 15-22 (2013a). 

161. Nayak AK, Pal D, Santra K. Swelling and drug release behavior of metformin 

HCl-loaded tamarind seed polysaccharide-alginate beads. Int. J. Biol. Macromol. 

82 1023-1027 (2016). 

162. Nayak AK, Pal D, Santra K. Development of calcium pectinate-tamarind seed 

polysaccharide mucoadhesive beads containing metformin HCl. Carbohydr. 

Polym. 101 220-230 (2014b). 

163. Nayak AK, Pal D. Trigonella foenum-graecum L. seed mucilage-gellan 

mucoadhesive beads for controlled release of metformin HCl. Carbohydr. 

Polym. 107 31-40 (2014a). 

164. Nayak AK, Pal D, Das S. Calcium pectinate-fenugreek seed mucilage 

mucoadhesive beads for controlled delivery of metformin HCl. Carbohydr. 

Polym. 96(1), 349-357 (2013b). 

165. Khonsari F, Zakeri-Milani P, Jelvehgari M. Formulation and evaluation of in-

vitro characterization of gastic-mucoadhesive microparticles/discs containing 

metformin hydrochloride. Iran. J. Pharm. Res. 13(1), 67-80 (2014). 

166. Banafar A, Roy A, Choudhury A, Turkane DR, Bhairam M. Formulation and 

evaluation of sustained release mucoadhesive microspheres of metformin 

hydrochloride. Am. J. Pharm. Tech. Res. 2(5), 812-822 (2012). 

167. Deb PK. Study of various parameters effecting in formulation of water soluble 

metformin hydrochloride ethyl-cellulose micro-particles. J. Drug Deliv. Ther. 

3(2), 1-5 (2013). 

168. Patel KD, Patel NK. Formulation and evaluation of metformin hydrochloride 

microparticles by emulsion solvent evaporation technique. J. Drug Deliv. Ther. 

3(2), 125-130 (2013). 

169. Maji R, Ray S, Das B, Nayak AK. Ethyl cellulose microparticles containing 

metformin HCl by emulsification-solvent evaporation technique: effect of 

formulation variables. Polym. Sci. 2012 1-7 (2012). 

170. Choudhury PK, Kar M. Controlled release metformin hydrochloride 

microspheres of ethyl cellulose prepared by different methods and study on the 

polymer affected parameters. J. Microencapsul. 26(1), 46-53 (2009). 

171. Raza H, Javeria S, Rashid Z. Sustained released Metformin microparticles for 

better management of type II diabetes mellitus: in-vitro studies. Mater. Res. 

Express 7(1), 1-9 (2020). 

172. Cao J, Liu H, Pan W et al. The preparation of the sustained release metformin 

hydrochloride microcapsules by the Wurster fluidized bed. Pak. J. Pharm. Sci. 

27(4), 779-784 (2014). 

173. Hasan I, Paul S, Akhter S, Ayon NJ, Reza MS. Evaluation and optimization of 

influence of permeability property and concentration of polymethacrylic 



48 
 

polymers on microspheres of metformin HCl. Dhaka Univ. J. Pharm. Sci. 12(2), 

131-141 (2013). 

174. El Assal M, Bari AA, Rafat M. Effect of microcapsules solid dispersion of 

metformin HCl oral administered formulation on hyperglycemia in rats. Future 

5(9), 478-487 (2018). 

175. Mancer D, Allemann E, Daoud K. Metformin hydrochloride microencapsulation 

by complex coacervation: Study of size distribution and encapsulation yield 

using response surface methodology. J. Drug Deliv. Sci. Technol. 45 184-195 

(2018). 

 

 

 

 

 

 

 

 

 

 

 



49 
 

 

Figure 1. Some glucoregulatory mechanisms of metformin in hepatocytes. AMPK: 

AMP-activated protein kinase. GLUT2: Glucose transporter 2. LKB1: Liver kinase B1. 

OCT1 and OCT3: Organic cation transporters. PKA: cAMP-dependent protein kinase. 
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Figure 2. Polymers and coating materials in microparticulate drug delivery system. 
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Table 1. Transporters involved in the pharmacokinetics of metformin. 

 

 

 

 

 

 

 

 

 

Transporter Major tissue/organ Role Reference 

OCT1 

Basolateral 

membrane of 

enterocytes 

Intestinal absorption of metformin 

from enterocytes into bloodstream 

[28, 29, 

30, 38] 

Sinusoidal membrane 

(basolateral side) of 

hepatocytes 

Hepatic uptake of metformin 

Luminal side of 

proximal and distal 

tubules 

Renal excretion of metformin 

and/or resorption 

OCT2 

Basolateral 

membrane (blood 

side) of renal tubule 

cells 

Metformin entry into proximal 

tubular lining cells for subsequent 

urinary metformin excretion 

OCT3 

Brush borders of 

enterocytes 

Transport of metformin into 

enterocytes 

Sinusoidal membrane 

(basolateral side) of 

hepatocytes 

Hepatic uptake of metformin 

PMAT 
Luminal side of 

enterocytes 

(Apical membrane) 

Gastrointestinal uptake of 

metformin and its transport into 

enterocytes 

OCTN1 

SERT 

THTR-2 

MATE-1 
Apical membrane 

(brush borders) of the 

renal proximal tubule 

cells 

Metformin transport from tubular 

lining cells into urine 

MATE-2K 
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Table 2. Recent microencapsulation approaches for metformin. 

Polymers and 

materials used 

Encapsulation 

technique 
Major features References 

Sodium alginate 

(0.5- 1 % w/v) 
Ionotropic 

aerosolization 

Low drug loading (<4%). 

Low encapsulation (<14%) 
[142] 

Sodium alginate (2% 

w/v) 

Increasing amount of metformin 

added in formulation improved 

drug loading (5-15%) 

[143] 

Sodium alginate and 

psyllium husk 

Ionic gelation 

with CaCl2 and 

BaCl2 

High metformin entrapment upon 

increasing alginate and cross-linker 

concentration (CaCl2 or BaCl2). 

Barium cross-linked alginate is 

superior in prolonging metformin 

release over calcium. 

[146] 

Sodium alginate, 

Sagu starch and 

psyllium husk 

Ionic gelation 40-60% encapsulation efficiency. [147] 

Sodium alginate and 

chitosan 

Solvent 

extrusion 

Prolonged metformin release (12 

hours) 
[144] 

Sodium alginate and 

date mucilage 

Ionotropic 

gelation 

25-91% entrapment efficiency. 

Controlled metformin release (24 

hours) 

[148] 

Sodium alginate, 

hydroxy propyl 

methyl cellulose and 

CaCO3 
Ionotropic 

gelation 

(buoyant 

microspheres) 

>77% metformin entrapment 

efficiency. 

Sustained metformin release (8 

hours) 

[151] 

Sodium alginate, 

hydroxy propyl 

methyl cellulose, 

ethyl cellulose, 

NaHCO3 and CaCO3 

CaCO3 microcapsules had better 

floating properties. 

34-48 % metformin loading. 

[152] 

Ethyl cellulose 
Emulsion 

solvent 

evaporation 

(buoyant 

microspheres) 

>94% metformin content. 

Sustained release over 12 hours 
[153] 

Cellulose acetate 

73-98% encapsulation efficiency. 

Sustained metformin release > 10 

hours. 

[154] 

Sodium alginate, 

carboxy methyl 

cellulose Na, 

Carbopol 934p and 

hydroxy propyl 

methyl cellulose 

Ionic gelation 

(mucoadhesive 

microspheres) 

65-80% encapsulation efficiency. 

Sustained hypoglycemic effect in 

vivo for 16 hours 

[156] 

Sodium alginate, 

ethyl cellulose, 

hydroxy propyl 

Carbopol based formulation with 

highest bio-adhesion sustained 

metformin release over 15 hours. 

[157] 
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methyl cellulose, 

chitosan and 

Carbopol 934p 

Sodium alginate and 

gum karaya 

Ionotropic 

gelation and 

emulsion 

gelation 

(mucoadhesive 

microcapsules) 

Release retardation was more 

pronounced in microcapsules 

produced by emulsion gelation 

process over 12 hours. 

[159] 

Sodium alginate and 

tamarind seed 

polysaccharide 

Ionic gelation 

(mucoadhesive 

microspheres) 

>94% metformin encapsulation. 

Sustained in vitro release for 10 

hours 

[160, 161] 

Low methoxy pectin 

and fenugreek seed 

mucilage 

Significant hypoglycemia in 

diabetic rats over 10 hours 
[164] 

Sodium alginate, 

pectin, polyacrylic 

acid and poly (lactic-

co-glycolic acid) 

Buoyant microcapsules for 8 hours 

that sustained metformin release for 

11 hours 

[150] 

Sodium alginate 

Spray 

drying/ionic 

gelation 

>90% encapsulation efficiency. 

Sustained release for up to 12 hours 
[145] 

Ethyl cellulose and 

polyethylene glycol. 
Emulsion 

solvent 

evaporation 

>82 % metformin loading. 

Sustained drug release over 12 

hours 

[171] 

Eudragit RSPO and 

Eudragit RLPO 

77-97% encapsulation efficiency. 

Eudragit RSPO was superior in 

sustaining metformin release up to 

10 hours. 

[173] 

Ethyl cellulose, 

glycerol triacetate 

and dibutyl sebacate 

Wurster 

fluidized bed 

Sustained metformin release for 10 

hours 
[172] 

Pectin, soybean 

protein isolate 

Complex 

coacervation 
Production yield >80% [175] 

Sodium alginate and 

polydimethylsiloxane 

Vibration jet 

nozzle 

ionotropic 

gelation 

Production yield >97%. 

Higher metformin content and 

encapsulation efficiency compared 

to control 

[33] 
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Graphical abstract 

 

Chapter 2: Polydimethysiloxane-customised nanoplatform for delivery 

of antidiabetic drugs 

 

Gedawy A et al. 2020. “Polydimethysiloxane-customized nanoplatform for delivery of 

antidiabetic drugs” 

https://doi.org/10.4155/tde-2020-0049 

https://www.future-science.com/doi/abs/10.4155/tde-2020-0049  

*This paper has been reproduced in accordance with the publisher’s policy (Appendix 

C) 

 

This chapter outlines the production process of polydimethylsiloxane customised 

metformin microcapsules by vibrational jet flow ionotropic gelation technology and 

characterisation of these microcapsules in terms of rheological properties, particle size 

distribution, optical microscopy, scanning electron microscopy, energy dispersive x-ray, 

swelling properties, mechanical resistance, yield production, metformin loading and 

encapsulation efficiency. 

https://doi.org/10.4155/tde-2020-0049
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Graphical abstract 

 

Chapter 3: Development and validation of a new analytical HPLC 

method for simultaneous determination of the antidiabetic drugs, 

metformin and gliclazide 

 

Gedawy A et al. 2019. “Development and validation of a new analytical HPLC method 

for simultaneous determination of the antidiabetic drugs, metformin and gliclazide” 

https://doi.org/10.1016/j.jfda.2018.06.007 

https://www.sciencedirect.com/science/article/pii/S1021949818301121?via%3Dihub  

*This paper has been reproduced in accordance with the publisher’s policy (Appendix 

C) 

This chapter outlines the development and validation of a new analytical HPLC method 

for the simultaneous analysis of the water-soluble, basic biguanide (metformin) and the 

water-insoluble, acidic sulfonylurea (gliclazide). This new method was applied for the 

simultaneous analysis of marketed tablets of metformin and gliclazide. 
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Graphical abstract 

 

Chapter 4: Advanced and multifaceted stability profiling of the first-

line antidiabetic drugs metformin, gliclazide and glipizide under 

various controlled stress conditions 

 

Gedawy A et al. 2020. “Advanced and multifaceted stability profiling of the first-line 

antidiabetic drugs metformin, gliclazide and glipizide under various controlled stress 

conditions” 

 

https://doi.org/10.1016/j.jsps.2020.01.017 

https://www.sciencedirect.com/science/article/pii/S131901642030027X  

*This paper has been reproduced in accordance with the publisher’s policy (Appendix 

C) 

 

This chapter outlines the stability profiling of metformin and two sulfonylureas 

(gliclazide and glipizide) when subjected to various stress/degradation conditions. The 

study was conducted on individual analytes and on the binary mixtures of 

(metformin/gliclazide) and (metformin/glipizide). This stability indicating method was 

also applied for the analysis of marketed tablets of these antidiabetic agents after 

exposure to accelerated stability conditions. 

https://doi.org/10.1016/j.jsps.2020.01.017
https://www.sciencedirect.com/science/article/pii/S131901642030027X
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Chapter 5: General discussion and future perspective

 

The journey of metformin in the last century has been quite eventful, from discovery of 

its blood glucose lowering potential in the 1930’s [Slotta et al 1929] [Hesse et al 1929], 

rediscovery and repurposing in the 1940’s as antimalarial and anti-influenza [Garcia 

1950], then it’s abandonment due to insulin discovery. Metformin was in fact ‘rescued’ 

in 1957 when its role in diabetes management and the detailed pharmacotherapeutics of 

this biguanide were published [Baily 2017]. Despite the concerns of lactic acidosis 

associated with some biguanides and withdrawal of buformin and phenformin from 

certain markets, metformin was able to survive, and it was listed in the essential 

medicines of World Health Organization (WHO) in 2011 [Baily 2017]. During this 

journey, very little of the cellular mechanisms of this unique biguanide were identified, 

and to date, the exact molecular mechanism(s) of metformin action is not fully 

understood. Further studies into this are warranted given its role in non-glycaemic 

effects in various pathologies such as (cancer, inflammation, neurodegenerative diseases 

and geroprotection).  

Marketed metformin products still suffer from incomplete oral absorption and short half-

life with overall limited oral bioavailability [Scheen 1996] [Graham et al 2011]. 

Microencapsulation is an innovative discipline that uses various polymeric materials to 

improve the oral bioavailability of pharmaceuticals, enhance their stability, modify their 

pharmacokinetic properties and allow for organ/tissue targeting, in the hope that better 

pharmacodynamics can be achieved. Masking unpleasant taste of many pharmaceuticals, 

sustaining, delaying, prolonging or controlling the release characteristics of various 

drugs are all privileges offered by microencapsulation. Yet, low drug loading, limited 

encapsulation efficiencies and sometimes the need of special equipment could be 

limitations of some encapsulation techniques [Jyothi et al 2010] [Jyothi et al 2012] 

[Chen et al 2019]. 

In this thesis, I developed novel silicon-based microcapsules by grafting 

polydimethylsiloxane (PDMS) with alginate to form stable self-emulsified 

pharmaceutical vehicle [Gedawy et al 2020b]. This new polymeric platform exhibited 

good electro-kinetic stability and showed non-Newtonian shear thinning rheological 

properties, a common behavior in pharmaceuticals. The new therapeutic platform was 

then used to encapsulate metformin by utilising vibrational jet nozzle ionotropic gelation 

technique to produce discrete spherical microcapsules [Gedawy et al 2020b]. 

These microcapsules showed good flow properties with a uniform particle size 

distribution. No chemical incompatibilities were identified between metformin and any 

of the polymers used to formulate these microcapsules. Significant improvements in 

metformin loading and the encapsulation efficiency were noticed in silicon-based 
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metformin microcapsules compared to control [Gedawy et al 2020b]. PDMS-grafted 

alginate platform showed good stability properties to encapsulate metformin and after 

four weeks, no change in the metformin contents of any of the siliconised microcapsules 

were identified. 

The swelling properties of PDMS microcapsules in simulated gastric and intestinal 

conditions were dependent on the PDMS content, where microcapsules formulated with 

higher PDMS content underwent less swelling in these media compared to control 

[Gedawy et al 2020b]. The hydrophobic nature of this silicon polymer resisted the 

aqueous uptake from the tested media, where the swelling characteristics were chiefly 

attributed to the alginate content of the polymeric platform. The swelling behaviour of 

PDMS microcapsules in simulated intestinal fluid was much higher than that in acidic 

conditions, which is ideal for metformin microcapsules to withstand gastric conditions 

and undergo swelling and loosening of the polymeric backbone in simulated intestinal 

conditions, thus facilitating release of their drug payload [Gedawy et al 2020b].  

Chromatographic detection and analysis of metformin are often problematic due to its 

small molecular size and polar nature, making it difficult to retain this molecule on many 

chromatographic columns. Some techniques such as micellar liquid chromatography [El-

Wasseef 2012], ion pairing chromatography [Eva et al 2016], gradient elution [AbuRuz 

et al 2005] or even the use of special chromatographic columns [AbuRuz et al 2003] are 

often needed to detect and quantify metformin among other analytes. Most of these 

approaches are time-consuming and sophisticated, and the long chromatographic runs 

are a further limitation. 

Sulfonylureas have been in use in diabetes management since 1956 due to their safety 

profiles [Thule et al 2014]. They are considered second line therapy for diabetes and 

sometimes first line if metformin is not tolerated. The combination of metformin and 

sulfonylureas is a common strategy suggested by many clinicians and diabetologists for 

tight control of the blood glucose level of diabetic patients [Blonde et al 2012]. 

In this thesis, I developed a new and simple analytical HPLC method for simultaneous 

isocratic analysis of metformin and two members of sulfonylureas (glipizide and 

gliclazide) [Gedawy et al 2019] [Gedawy et al 2020a]. Of note, this method was able to 

detect and quantify these therapeutics in less than 10 minutes either as individual 

analytes or when the basic, water-soluble metformin is combined with one of these 

acidic, water-insoluble sulfonylureas. 

This new method was validated according to International Conference of Harmonisation 

(ICH) guidelines Q2 (R1) in terms of accuracy, linearity, specificity, system suitability, 

precision, robustness, limit of detection and limit of quantification. The method has high 

selectivity for the analysis of these antidiabetics in a linear response (R2,0.9999) and 
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showed high accuracy (% Recovery, > 98%), excellent precision (RSD%, < 0.7%) and 

good robustness towards minor alterations in chromatographic conditions (RSD %, < 

0.6%) and could detect as low as 0.8µg/ml of metformin, glipizide and gliclazide. 

I applied the new method to test the stability of metformin, glipizide and gliclazide when 

subjected to various degradation conditions of sun light, strong acid (1M HCl), strong 

base (1M NaOH), high temperature (80oC) and oxidation (3% H2O2). The method was 

able to detect and quantify these antidiabetic agents among their degradation peaks 

[Gedawy et al 2020a].  

The chromatographic method was also applied for the simultaneous analysis of marketed 

tablets of metformin, glipizide and gliclazide in less than 10 minutes and it was used to 

test the stability of these marketed products after 4 weeks of accelerated stress 

conditions (40oC, 70% relative humidity). The new analytical method can serve as a 

rapid analytical tool for detection and quantification of metformin, glipizide and 

gliclazide for research purposes or industrially in quality control laboratories for routine 

analysis of these antidiabetics as well as their stability testing either individually or as 

binary mixtures of (metformin/glipizide) and (metformin/gliclazide) [Gedawy et al 

2020a]. 

 

Limitations 

Despite the high production yield of microcapsules produced with laminar jet flow 

ionotropic gelation technique, metformin loading and the encapsulation efficiency of the 

produced PDMS microcapsules still needs to be improved to allow for meaningful in 

vitro and in vivo release studies of PDMS microcapsules. On the other hand, the new 

analytical technique developed in this thesis can be optimised for liquid chromatography 

combined with mass spectroscopy to allow for wider range of applications in the 

detection and analysis of biguanides and sulfonylureas in various biological samples. 

 

Future perspective  

New encapsulation conditions, alteration in drug to polymer ratio, other encapsulation 

techniques, different silicon polymers or combination of all these conditions might be 

needed to improve and optimise the drug loading and encapsulation efficiency in 

PDMS-customised platforms to allow for versatile pharmaceutical applications and the 

therapeutic delivery of various payloads.  
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Appendix A: Relevant publication and conference poster

 

 

 

Relevant publication to the thesis but not forming a part of it 
 

• Gedawy A, Martinez J, Al‐Salami H, Dass CR. Oral insulin delivery: existing 

barriers and current counter‐strategies. Journal of Pharmacy and Pharmacology. 

2018;70(2):197-213. 

 

 

Conference poster 

 

 
• Gedawy A, Al-Salami H, Dass CR. Novel analytical method for simultaneous 

determination of the binary mixture of antidiabetic drugs, metformin and 

gliclazide. 

 

Poster presented at the 2018 Mark Liveris Symposium, Bentley campus, 

Curtin University, Western Australia. 
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