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Abstract: Biguanides, particularly the widely prescribed drug metformin, have been marketed for
many decades and have well-established absorption profiles. They are commonly administered
via the oral route and, despite variation in oral uptake, remain commonly prescribed for diabetes
mellitus, typically type 2. Studies over the last decade have focused on the design and development
of advanced oral delivery dosage forms using bio nano technologies and novel drug carrier systems.
Such studies have demonstrated significantly enhanced delivery and safety of biguanides using
nanocapsules. Enhanced delivery and safety have widened the potential applications of biguanides
not only in diabetes but also in other disorders. Hence, this review aimed to explore biguanides’
pharmacokinetics, pharmacodynamics, and pharmaceutical applications in diabetes, as well as in
other disorders.

Keywords: metformin; bile acids; formulation; encapsulation; diabetes mellitus; pharmacokinet-
ics; pharmacodynamics

1. Introduction

Biguanides are a class of drugs, with one drug from this category, titled metformin,
prescribed widely at present. Metformin has been marketed for several decades as a
treatment for diabetes mellitus (DM) and has a well-established absorption profile. DM
is a metabolic disorder and has three main, broadly characterised and often overlapping
types: type 1 diabetes (T1D), type 2 diabetes (T2D), and gestational diabetes (GD) [1,2].
Loss of glucose control and haemostasis are major characteristics of DM, and inflammation
remains the underpinning pathological disturbance associated with all three types of DM.

Glucose is digested and absorbed from food that contains tri, di, and mono polysac-
charides, and once food is digested, glucose is released and taken up through the gastroin-
testinal tract into the bloodstream. Excess glucose is then stored in the liver, or converted
to fat, or undergoes storage within alternative body tissues [3,4]. Haemostasis of glucose
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is severely disturbed in diabetic patients, although the mechanisms and causalities vary
depending on the type and severity of the disease. Simplistically, T1D occurs as a result of
immune-mediated destruction of insulin-producing pancreatic β-cells, resulting in partial
or absolute insulin deficiency; it usually occurs in adolescence or early stages of life, but
can also occur at any time, with several studies suggesting adult-onset T1D to be more
prevalent than onset in children [5–8]. Whilst the onset of T1D is rather rapid, β-cell de-
struction itself occurs progressively, with the result being complete insulin deficiency [9,10].
The lack of insulin and subsequent increase in blood glucose levels leads to excessive
breakdown of fatty acids in an attempt to meet the body’s energy needs via alternative
pathways. As a result, there is an accumulation of ketones, which has the potential to cause
the development of fatal ketoacidosis [11]. As a result, type 1 diabetics receive lifelong
exogenous insulin injections into subcutaneous tissue or undergo delivery of exogenous
insulin via an insulin pump [11,12]. With regard to T2D, the cause, pathophysiology, and
short- and long-term prognosis are different than those for T1D.

T2D is the most common type of DM, with an aetiology that is not an auto-immune
disorder but rather is less understood in terms of exact causes and insulin-resistance
pathophysiology. However, T2D has two common primary pathophysiologies: the inability
of the pancreatic β-cells to secrete insulin appropriately, and the ineffective response of
insulin-sensitive tissues to the secreted insulin. T2D results from negative interaction
between genetic predisposition and environmental factors and seems to be associated with
risk factors for cardiovascular disease, including dyslipidaemia, raised blood pressure, and
abdominal obesity. T2D is described as defects in both insulin sensitivity and pancreatic β-
cell dysfunction, with most patients manifesting the disorder as a reduced insulin response
to glucose, as well as a significant resistance to endogenous insulin [12–14]. Although the
most common prevalence of T2D is in older adults, it can also occur as early as childhood.
Its prevalence in younger patients has seen a rapid increase due to multiple factors, not
limited to a lack of physical activity and subsequent increasing youth obesity. Patients
with this type of DM are asymptomatic initially and may not be diagnosed for several
years, during which the pathophysiology continues to exacerbate and worsen [15,16]. T2D
patients do not usually require exogenous insulin administration, and if they do, it is
typically in late stages when endogenous insulin production is insufficient in the support
of alternative treatments in overcoming the peripheral insulin resistance [16,17]. Figure 1
demonstrates the differences between T1D and T2D.

Distinguishing between T1D and T2D based on presenting features and common
symptoms is not always clear and may require further clinical testing. Typically, T1D
presents as an early and young-stage onset of clinical symptoms which include polydipsia,
polyuria, and weight loss with ketosis. Such presentation may occur with or without a
family history of autoimmune diseases. In addition to the measurement of endogenous
insulin production, testing antibodies associated with T1D such as anti-GAD antibodies
and anti-islet-cell antibodies can be used in the support of a diagnosis. However, antibody
screening is not routinely done on patients, due to the fact that a small proportion of T1D
patients do not possess positive antibodies, indicating that they do not have the required
diagnostic accuracy for T1D. T1D should not be ruled out in a patient with clinical features
but negative antibodies, since other co-morbidities may also exist, and these may mask the
diagnosis of the disease. Genetic testing may be utilised in the diagnosis of T1D [12,18].

In contrast, T2D typically presents with obesity in addition to alternative risk factors,
inclusive of family history, with a more gradual onset. A typically considered hallmark
in the diagnosis of T1D is diabetic ketoacidosis, which can also occur in type 2 diabetes,
albeit more rarely. Other potential non-specific physical presentations may include delayed
wound healing, blurred vision, and fungal or bacterial infections [2,19].
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GD is widely recognised as the most common medical condition during pregnancy,
and it is described as hyperglycaemia that occurs during pregnancy, without the patient
previously being diagnosed with DM. Typically, an oral glucose tolerance test is used for the
diagnosis of GD. There are a multitude of potential risk factors for GD, including maternal
obesity, genetic factors, and a history of GD or family history of T2D, in addition to the
maternal age during pregnancy, with older ages more at risk. GD comes with an increased
risk of complications, such as cardiovascular disease and T2D in the mother, and future
risks of obesity, T2D, cardiovascular disease, and GD in the child [20–22].

GD is typically associated with both chronic insulin resistance during pregnancy and
β-cell dysfunction, indicating the underlying pathophysiology to be both insulin resistance
from tissues and impaired β-cell function. The insulin resistance and impaired β-cell
function present in a similar manner to the hallmarks of T2D. During pregnancy, there is
an increased insulin requirement, with the β-cells unable to respond in a sufficient manner
and the increased metabolic stress highlighting any underlying deficiencies present from
β-cells. Tissue resistance to insulin is an additional contributing factor to β-cell dysfunction,
as there is a reduction in insulin-induced uptake of glucose [21,22].

DM oral treatment agents are classified into groups according to their differing mecha-
nisms of action. These classes include insulin secretagogues, consisting of the sulphony-
lureas and meglitinides, a common first- or second-line therapy for T2D, which release
insulin via the stimulation of pancreatic β-cells. Sulphonylureas (such as gliclazide, gliben-
clamide, glipizide, and glimepiride) and meglitinides (repaglinide and nateglinide) have
the same mechanism of action; however, one of the key issues is that this category com-
monly undergoes secondary failure, losing effectiveness over time. Thiazolidinediones
(rosiglitazone and pioglitazone) act by increasing the insulin sensitivity of various tissues
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via the promotion of glucose utilisation and decreased glucose production. However,
these drugs have significant side effects, with rosiglitazone having been suspended by the
European Medicines Agency. Another classification is dipeptidyl peptidase-4 inhibitors
(Alogliptan, Linagliptin, Saxagliptin, Sitagliptin, and Vildaglipton), which are often used
in combination therapy with metformin and insulin. This classification is considered safe
with minimal adverse effects, which may include upper respiratory tract infections or
headaches. One category is the sodium-glucose co-transporter 2 inhibitors (canagliflozin,
empagliflozin, and Dapagliflozin), which act via the inhibition of glucose absorption renally,
resulting in increased glucose excretion. These agents are associated with high levels of
adverse effects, typically in the urogenital tract, with serious adverse reactions reported
in the range of 1% to 12.6% of recipients. Alpha-glucosidase enzyme inhibitors (acarbose,
miglitol, and voglibose) reduce the postprandial levels of triglycerides. Acarbose also
possesses other benefits, such as a decreased risk of cardiovascular disease. The main side
effects from this category are gastrointestinal related. Finally, there are the biguanides;
metformin is a member of this class and will be discussed in detail [23,24].

2. Biguanides: Metformin

Metformin is an oral anti-hyperglycaemic drug and is currently the most widely used
agent for the treatment of T2D [24,25]. Several associations, including the International
Diabetes Federation, American Diabetes Association, and European Association for the
Study of Diabetes recognise T2D as a global health challenge and recommend for the use
of metformin to be commenced as the first-line treatment in all newly diagnosed patients
of T2D, regardless of age or obstructive comorbidities [26,27]. Various formulations of
immediate-release (IR) metformin are available including 500 mg, 850 mg, and 1000 mg
tablets, in addition to extended-release (XR) formulations, also available in 500 mg, 850 mg,
and 1000 mg [28,29]. Metformin was first synthesised and found to reduce blood sugar
levels in the 1920s; however, it was neglected for the next two decades, due to a shift
towards alternative diabetic drugs and the primary use of insulin treatments [30]. In terms
of T1D, insulin is the hallmark therapy, given the absolute lack of endogenous insulin
production and the fact that exogenous insulin treatment results in an otherwise normal
peripheral response to the exogenous insulin’s biological actions [31].

Metformin can be investigated, analysed, and quantified in biological samples, such as
plasma and tissues, through drug analytical methods using widely established calorimetry
or spectrophotometry techniques. Such techniques are deployed to study both the pharma-
cokinetics and dose–concentration profile of the drug, as discussed in detail below [32–34].

Multiple techniques have been validated for the analysis of metformin. Mass spectrom-
etry has become more favourable in the pharmaceutical industry due to its improved repro-
ducibility and data comprehension; however, it does require a specialist skill set. Another
technique involves the use of various chromatographic methods to analyse metformin, with
extraction techniques such as solid phase and the derivatisation of metformin. A combined
technique has become more in favour recently, with much focus on method development
for chromatography–mass spectrometry analysis. This combined spectrometry includes
both liquid and gas chromatography [34–38]. Many researchers have found that these
approaches are costly and not routinely available in the clinical setting. The requirement for
time-consuming chemical derivatisation reactions indicates that such methodologies are not
practical for rapid, cost-effective, and, most importantly, sensitive laboratory reporting of
metformin in biological samples [35]. Therefore, the majority of studies now employ high-
performance liquid chromatography (HPLC), with its many benefits including simplicity,
sensitivity, and rapidity. HPLC methods for the detection and quantification of metformin
involve several techniques, including reverse-phase HPLC, ultrafiltration, organic solvent
extractions, ion-pair exchange, and protein precipitation [35,39,40].

Various concentrations and reagents can be utilised in the creation of mobile phases,
which commonly consist of acetonitrile and buffer. Of note, some groups have employed the
following examples, among others: acetonitrile and phosphate buffer (65:35 v/v) adjusted
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with orthophosphoric acid to pH 5.75; 0.025 M ammonium sulphate and acetonitrile (7:3
v/v); ammonium formate at pH 3.0 and acetonitrile (40:60 v/v); and acetonitrile with nitric
acid (30:70 v/v). Some groups have also employed methanol and a buffer, for example,
0.5 mol L−1 sodium hydroxide and methanol (40:60 v/v) [34,40,41].

Metformin hydrochloride, which is chemically identified as dimethylbiguanide, is an
oral anti-hyperglycaemic agent that, as mentioned previously, is currently the most widely
used drug within the scope of T2D treatment [42]. Metformin is the only drug from the
biguanide class that is currently available on the market—a synthetically derived guanidine
(Galega officinalis). Two other biguanides, phenformin and buformin (monosubstituted
compounds that possess a long side chain) were previously removed from the market in the
1970s due to a high incidence of lactic acidosis. The higher incidence of such lactic acidosis
with phenformin and buformin is believed to be due to the required therapeutic dose
being high, whereby plasma lactic acid concentrations correlate to the biguanide dosage.
Metformin demonstrated a better safety profile and significantly lower lactic acidosis
incidence, with cases typically due to inappropriate usage or existing kidney conditions.
In plasma, phenformin has a half-life of 7 to 15 h, buformin’s half-life is 4 to 6 h, whereas
metformin’s half-life is 1.5 h. In terms of renal elimination, phenformin often undergoes
hepatic metabolism and is renally cleared at 42–262 mL min−1. Buformin and metformin
are excreted largely unchanged, with clearances of 393 and 440 mL min−1, respectively.
In contrast to the commercially unavailable treatment phenformin, metformin does not
possess sufficient binding to mitochondrial membranes. In addition, metformin does not
inhibit the electron transport chain, which indicates it to be substantially less toxic to cells
at therapeutic concentrations. Based upon these indications, metformin has been selected
as the biguanide of choice in current pharmacotherapy of T2D [30,43,44].

Chemically speaking, biguanides are composed of two guanidine groups joined to-
gether with the loss of an ammonia. The anti-hyperglycaemic effects of biguanides are
as a result of this chemical structure [45]. The rapid passive dissolution of metformin is
indicated to be unlikely due to the fact that the lipid solubility of the unionised species is
−1.43, indicating a low log P value. In comparison to the log P of −0.84 from phenformin,
metformin’s partition coefficient is lower. This is as a result of the two methyl substituents
of its structure, which impart less lipophilicity than the larger phenylethyl side chain that
phenformin possesses, as seen in Figure 2 (panel A) [42].

In the literature, metformin’s dosage is reported as a hydrochloride salt (MW 165.63);
in contrast, concentrations in biological fluids are expressed as the free base (MW 129.16).
Despite the fact that in the last 50 years metformin has been regarded as one of the most
effective therapeutics used to treat T2D, the underlying molecular and cellular mechanisms
of action are still largely unexplored and debated [45]. Early models suggested that in-
creased metformin accumulation in skeletal muscle resulted in an increased glucose uptake.
However, these models present an unlikely mechanism due to the high therapeutic dose of
metformin required for this effect. One widely accepted model for the glucose-lowering
effect is the enhancement of hepatic sensitivity to insulin, causing a reduction in hepatic
glucose output, which is achieved via gluconeogenesis inhibition as a result of mitochon-
drial inhibitors. Despite the mechanism of action of metformin in hepatocytes remaining
uncertain, it is thought that metformin’s primary site of action is in the mitochondria.
Consequently, there is an increase in peripheral insulin sensitivity. The preferential effects
of metformin action in the liver, rather than skeletal muscles, may be due to the fact that
the supply of the drug is direct from the gut via the portal vein. This indicates that met-
formin reaches the liver in higher concentrations than what is seen in the other peripheral
organs or tissues. Furthermore, there are higher levels of Organic Cationic Transporter 1
(OCT1) that actively transport metformin to the hepatocytes where its action site is located.
Hence, metformin does not alter insulin production itself; instead, tissue sensitivity to the
available insulin content is enhanced. The wide therapeutic window of metformin and—in
comparison to other drugs for T2D treatment—the low risk of hypoglycaemia is due to
this unique mechanism of action. In addition, there is no weight gain associated, nor is
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there cardiovascular risk [45–48]. Panel B of Figure 2 demonstrates some of the potential
mechanisms of metformin.
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Furthermore, studies have demonstrated metformin’s ability to increase glucagon-like
peptide 1 (GLP-1). GLP-1 is secreted via endocrine L cells, which are present throughout
the intestine, most prominently in the ileum and colon. Routinely, GLP-1 occurs due to
nutrients, resulting in increased insulin via glucose induction whilst inhibiting the secretion
of glucagon. In addition, increasing GLP-1 results in a reduced appetite due to the delayed
emptying of the gastric system. Studies have suggested that metformin has the capacity to
increase this GLP-1 secretion, thus indicating that metformin may also have impacts in the
intestines, as well as in the liver [49,50].

With the intention of a constant rate of release of metformin along the gastrointesti-
nal tract in mind, continuous SR, also known as controlled release (CR), formulations
of metformin have been developed. SR formulations have one key disadvantage in that
the overwhelming majority of the drug undergoes deposition in locations where met-
formin’s absorption is very low [51]. As a result of such a disadvantage, the literature
has debated the rationality of SR formulations’ availability in the market in comparison
to XR formulations [28,29]. Thus, the high water solubility and incomplete absorption
of metformin within the gastrointestinal tract have necessitated research into novel oral
delivery platforms that could optimise the drug release. The aim of such an optimised
platform would allow release within the optimal absorption site, which would result in
targeted delivery, as well as the potential to offer a controlled manner of release [52]. For
several reasons, including those aforementioned, microencapsulation of metformin with
the use of polymers is gaining rapid momentum; this is discussed further below.
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3. Microencapsulation

A microcapsule is defined as a spherical particle, typically within the size range of
1 µm to 1000 µm, consisting of a distinctive core and a different distinctive surrounding
material. Microencapsulation, the technique of creating microcapsules, may be utilised in
the food, cosmetics, and pharmaceutical industries. The aim in pharmaceutics is typically
in the development of drug delivery systems, to improve the delivery of pre-existing
drugs, and to allow novel medications to become available. Microcapsules serve many
purposes, primarily in the protection of a sensitive core material from a hostile external
environment whilst maintaining its therapeutic capabilities. In terms of drug delivery, it
is the process whereby drugs are entrapped within a polymer matrix in order to not only
control the site of their delivery along the gastrointestinal tract, but to also allow for a
constant rate of drug release. Further benefits to such an industry may include decreased
side effects, longer shelf life, and allowing oral routes of ingestion, subsequently increasing
patient compliance. Microcapsules must be safe and biocompatible, as well as possessing
consistent and predictable diffusion and degradation kinetics [53–59].

There are many microencapsulation techniques, broadly categorised as physical, chem-
ical, and physicochemical, which often overlap. The creation of microcapsules is achieved
via the use of specific formulatory combinations of various polymers and hydrogels that can
produce a delivery system offering unique physicochemical properties. As a consequence,
desirable drug release profiles can be achieved via such a technique [53–56,60–63]. One
favoured method of microcapsule formation is the ionic gelation method as it avoids the use
of the toxic organic solvents required in solvent evaporation techniques. In addition, the
high temperatures that are seen in spray drying methodologies are not required, and the use
of complex instrumentation is avoided. Other key benefits of the ionic gelation methodol-
ogy are the short processing time requirements and the high encapsulation efficiencies that
are achieved. Furthermore, the physicochemical properties of the resulting microcapsules
can be influenced and manipulated positively via the encapsulation parameters [54,64–69].
As briefly mentioned, one important criterion is the use of ideal encapsulation biomaterials
and polymers, which will be discussed in detail.

4. Nanoencapsulation

Nanocapsules are defined as having a size range of 10 nm to 1000 nm; however, this
range is often debated [60]. Given the size and nature of nanocapsules, they offer the
potential for precise drug targeting, specificity, and improved bioavailability in comparison
to their microcapsule counterparts. Similar to microcapsules, nanocapsules consist of a
central core, typically of the active material, and a surrounding material, typically consisting
of polymers or other excipients [70–72].

There are several methodologies for the creation of nanocapsules, with many of these
adjusted and developed based upon existing microencapsulation techniques. However,
these are often more complex than microencapsulation and require selection based upon
the ideal properties of the resultant nanocapsules. Electrospraying and nanospray drying
techniques have both demonstrated the ability to produce nanocapsules, with electrospray-
ing resulting in smaller, more consistent capsules. Freeze drying alone does not produce
nanocapsules, although it may be utilised to stabilise nanocapsules whilst retaining their
nanoscale. Coacervation techniques may also be applied to form nanocapsules, modified
from microencapsulation. However, this technique requires the optimisation of conditions
to a narrow range, with these conditions differing depending upon what is being encap-
sulated [70,73,74]. Nanoemulsions may also be utilised and have shown some promise
in the pharmaceutical industry. They may be utilised in the delivery of lipophilic sub-
stances and can assist in the delivery of both hydrophilic and hydrophobic drugs, forming
nanocapsules with size ranges below 200 nm [75,76]. To improve the structure, stability,
and biocompatibility, added excipients are often utilised, as discussed further below.
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5. Potential Encapsulation Materials

In terms of encapsulation, different materials, components, or excipients are utilised
in the creation of nano- or microcapsules. These are selected based upon their properties
and the desired properties of the resultant capsules. They may be synthetic, semi-synthetic,
or natural, with sodium alginate (SA), a natural polymer, and several synthetic polymers
being some of the most commonly used. These materials are imperative to the pharmacoki-
netics of the resultant drug delivery system, whilst themselves not producing therapeutic
actions [57,61–63,77–80]. SA is one of the most common natural polymers used in encap-
sulation and has been utilised in both nano- and microencapsulation. It is considered as
nontoxic, biocompatible, and biodegradable, with the ability to be utilised in the controlled
release of drugs for a pH-sensitive delivery system [68,81–83]. Some synthetic polymers
commonly utilised include polyethers, primarily polyethylene glycol (PEG), which is water
soluble and nontoxic, and polyesters, including poly (lactic-co-glycolic acid) (PLGA), which
is considered highly biocompatible. Poloxamers, which are thermosensitive, have also been
investigated as excipients in drug delivery [84,85].

Bile acids (BA)s are natural, amphiphilic molecules found in humans which have an
important role in fat absorption. BAs have been utilised in encapsulation for the delivery
of various drugs, primarily due to their solubilising ability and potential to improve
bioavailability, including that of non-polar drugs [2,69,86,87]. Attention has also recently
been given to BAs in the field of diabetes. This is as a result of the glucose-lowering effect
of BAs, as well as their permeation-enhancing effect in vitro, ex vivo, and in vivo [2,88–91].
It has been hypothesised that the delivery of BAs to the distal gastrointestinal tract may
in fact enhance their potential glucose-lowering effects and, therefore, the management of
T2D [50].

6. Metformin–Bile Acid Interaction

As previously mentioned, metformin has an impact on GLP-1; however, the exact
mechanism is debated. Despite this debate, GLP-1 is recognised as being stimulated by
BAs [49,92,93]. Metformin has been shown to impact the farnesoid X receptor, inhibiting
it via a mechanism mediated by AMP-K which causes a decrease of BA absorption in the
ileum, increasing the BA concentration. This increase can result in stimulation of GLP-1.
Metformin activates AMP-K, hence metformin’s impact on the BAs in the intestines and
subsequent glucose-lowering effects [49,93,94]. This higher intestinal BA concentration
due to inhibited resorption may also explain some of the side effects of metformin in the
gastrointestinal system, including diarrhoea due to increased BA excretion [50]. Figure 3
demonstrates this AMP-K activation.

Some BAs such as chenodeoxycholic acid have been demonstrated in studies to in-
hibit the rate-limiting step in cholesterol synthesis via hydroxymethylglutaryl-coenzyme A
(HMG-CoA). This property indicates it for use in the management of hypertriglyceridaemia,
rheumatoid arthritis, congenital liver disease, and constipation [95]. Metformin was inves-
tigated in the context of a preliminary study assessing any changes in oral–cecal transit
and whether the drug had the ability to result in malabsorption of bile salts. The study was
conducted via the use of a lactulose breath test and orally administered 14C-glycocholate
followed by breath 14CO2 measurement over 6 h, as well as stool collection for 72 h, re-
spectively. The rationale for the study was the examination of metformin and the resultant
effects on the physiology of the gut, with specific focus drawn on the causation of such
changes. Furthermore, an investigation was conducted on the negative impacts seen in the
lower gastrointestinal tract of some patients on metformin treatment, and whether these
are as a result of one or several effects, including variation in bacterial colonisation of the
small bowel due to alteration of intestinal transit or interruption of bile salt enterohepatic
circulation. Such interruption of the bile salt enterohepatic circulation was observed via the
increased breath 14CO2 and 14C faecal excretion. Thus, the results gave the conclusion that
malabsorption of bile salts occurs in the ileum [96]. Furthermore, metformin was found
to increase faecal bile salt excretion, with more oral malabsorption when compared to
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parental metformin as illustrated via in vivo studies [97]. Contrasting results were reported
by another group, with this research team investigating metformin’s impacts on bile salt
metabolism. In their study, 14C-glycocholate testing was used and showed that 4 days of
treatment with metformin gave rise to a 5-fold increase in BA deconjugation, but in contrast
to the aforementioned study, these researchers described a decrease in faecal BA excretion
within their patient population of type 2 diabetics [98].
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7. Encapsulation of Metformin

In terms of metformin, a controlled release system needs to be developed that would
allow the retention of the drug in the gastrointestinal tract long enough to release a constant
amount of metformin within its absorbance location, the small intestine. Currently, met-
formin’s limitations are primarily due to its low efficiency in oral delivery, which also limits
its potential uses as a treatment for other disease types aside from diabetes. One technique
that may assist in overcoming these known limitations is the nano- or microencapsulation
of metformin. The preparation techniques deployed commonly for such encapsulation
include solvent evaporation, utilising ethylcellulose and Eudragits, and spray drying and
ionic gelation utilising alginate/polymer combinations [51,64,99–102]. Figure 4 presents
a traditional metformin dosage system in comparison to a microencapsulated delivery
system. Metformin nanotechnological approaches have also been investigated; however,
more research is required to find an ideal, long-term, biocompatible, and cost-effective
solution. Nanotechnology also offers the potential to utilise metformin’s properties as a
treatment for other metabolic disorders and cancers, indicating the value of this ongoing
research [103].



Int. J. Mol. Sci. 2022, 23, 836 10 of 17

Int. J. Mol. Sci. 2022, 22, x FOR PEER REVIEW 10 of 18 
 

 

limits its potential uses as a treatment for other disease types aside from diabetes. One 
technique that may assist in overcoming these known limitations is the nano- or microen-
capsulation of metformin. The preparation techniques deployed commonly for such en-
capsulation include solvent evaporation, utilising ethylcellulose and Eudragits, and spray 
drying and ionic gelation utilising alginate/polymer combinations [51,64,99–102]. Figure 
4 presents a traditional metformin dosage system in comparison to a microencapsulated 
delivery system. Metformin nanotechnological approaches have also been investigated; 
however, more research is required to find an ideal, long-term, biocompatible, and cost-
effective solution. Nanotechnology also offers the potential to utilise metformin’s proper-
ties as a treatment for other metabolic disorders and cancers, indicating the value of this 
ongoing research [103]. 

Preclinical studies investigating the pharmacokinetics and pharmacodynamics of 
metformin micro- and nanoparticles made via such methods have shown promising re-
sults. Such results have included long-term improvements in blood glucose levels, as well 
as enhancing the oral bioavailability of metformin as compared to that of the conventional 
formulations [51]. Based upon these preliminary studies, there is potential for the micro-
encapsulation of metformin to be used for the enhancement of oral dosing for human di-
abetic patients. However, further studies and, most importantly, thorough clinical studies 
must be conducted in order to develop a definitive conclusion about the safety and effec-
tiveness of microencapsulated metformin. 

Shivhare et al. prepared metformin microcapsules with the polymers cellulose ace-
tate, ethylcellulose, and Eudragit S100 via an oil-in-oil solvent evaporation technique 
[104]. Mancer et al. produced metformin microcapsules via a double emulsion process 
and complex coacervation. They utilised the polymers soy protein isolate and pectin, re-
sulting in the easily reproduceable production of microcapsules with promising charac-
teristics, including size and size distribution [102]. Shehata et al. used a nanospray dryer 
to form nanocapsules of metformin, SA, and gelatin. Their studies indicate the potential 
of nanotechnology to allow sustained and controlled release of metformin [105]. There-
fore, nano- and microencapsulation of metformin may be utilised to improve delivery not 
only for diabetes treatments, but for the treatment of alternative disorders, too. 

 
Figure 4. Metformin delivery: conventional versus microencapsulation. Demonstration of a tradi-
tional metformin dosage form showing large drug release prior to the absorption window. In 

Figure 4. Metformin delivery: conventional versus microencapsulation. Demonstration of a tra-
ditional metformin dosage form showing large drug release prior to the absorption window. In
comparison, microencapsulation of metformin retains the drug to allow a continuous release to the
absorption window.

Preclinical studies investigating the pharmacokinetics and pharmacodynamics of met-
formin micro- and nanoparticles made via such methods have shown promising results.
Such results have included long-term improvements in blood glucose levels, as well as
enhancing the oral bioavailability of metformin as compared to that of the conventional
formulations [51]. Based upon these preliminary studies, there is potential for the microen-
capsulation of metformin to be used for the enhancement of oral dosing for human diabetic
patients. However, further studies and, most importantly, thorough clinical studies must
be conducted in order to develop a definitive conclusion about the safety and effectiveness
of microencapsulated metformin.

Shivhare et al. prepared metformin microcapsules with the polymers cellulose acetate,
ethylcellulose, and Eudragit S100 via an oil-in-oil solvent evaporation technique [104].
Mancer et al. produced metformin microcapsules via a double emulsion process and
complex coacervation. They utilised the polymers soy protein isolate and pectin, resulting
in the easily reproduceable production of microcapsules with promising characteristics,
including size and size distribution [102]. Shehata et al. used a nanospray dryer to
form nanocapsules of metformin, SA, and gelatin. Their studies indicate the potential of
nanotechnology to allow sustained and controlled release of metformin [105]. Therefore,
nano- and microencapsulation of metformin may be utilised to improve delivery not only
for diabetes treatments, but for the treatment of alternative disorders, too.

8. Metformin as an Alternative Treatment

Whilst metformin still remains the drug of choice for many in the treatment of T2D,
its properties indicate its strong potential for the treatment of other metabolic disorders;
however, as previously mentioned, its variability in oral delivery restricts these therapeu-
tic benefits [103]. Key properties from metformin that may be exploited for alternative
disease treatments include improved haemostasis, oxidative stress, endothelial function
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regulation, the redistribution of fat and lipid profiles, and a new focus looking at its antioxi-
dant properties. Some studies also suggest anti-proliferative effects, as well as potential
neuroprotection in cancer research [106–108].

In addition to the treatment of T2D, metformin has also been assessed for use in the
prevention of T2D or the delay of onset for those at risk of disease development. Stud-
ies have been conducted utilising placebo groups, diet and exercise groups, and groups
on metformin. Overall, whilst diet and exercise were the most effective, metformin still
significantly reduced, by 31%, the risk of T2D development in comparison to the placebo
group [106,108,109]. This potentially offers a significant advantage in the delay or preven-
tion of the onset of T2D; however, more research is required to understand more about
the mechanisms by which metformin has caused these positive results. Furthermore,
metformin has been found to reduce the risk of cardiovascular events in patients with
T2D, with more research required to understand the mechanism of action. Metformin
has demonstrated anti-atherosclerotic effects, assisting in this reduction in both incidence
and mortality associated with cardiovascular events, with the potential to be more widely
translated as a treatment for non-diabetic patients [110,111]. Kulkarni et al. demonstrated
metformin’s potential effects on ageing, both metabolically and non-metabolically, indi-
cating potential new pathways and usages of metformin, particularly those which are
age-associated [112].

Metformin’s antioxidant properties are not fully understood; however, these properties
indicate its potential as a treatment for various conditions that occur as a result of oxidative
stress. Such properties may also assist in explaining the results of studies into metformin’s
antiproliferative and anti-tumoral effects on a range of cancers. Metformin’s reduction in the
risk of lifetime cancer development in diabetic patients has previously been demonstrated
to be a 25 to 30% reduction. The mechanism of action behind these results is not understood;
however, similar trials utilising other anti-diabetic drugs did not demonstrate such results,
indicating that the anti-diabetic effects are not the explanation [106,108,113,114].

9. Hearing Loss

Hearing loss has a major impact on people’s lives, changing the way they communicate,
and is associated with large costs, both medically and non-medically. The World Health
Organisation estimates that 5% of the global population suffer from disabling hearing loss.
Hearing loss has long been associated with diabetes, with increased risk demonstrated by
many in comparison to the general population, strengthening evidence that hearing loss
may be a comorbidity of diabetes [115–117].

Several studies have investigated the potential for the utilisation of metformin in the
treatment of hearing loss. Much of this has come from the demonstration that metformin
can reduce oxidative stress and has a neuroprotective effect. Oishi et al. found that
metformin was protective against hair cell death in vitro; however, it was not protective
against gentamicin-induced ototoxicity in guinea pigs in vivo. One possible explanation
for such findings may be the route of metformin delivery. They delivered metformin via
subcutaneous injection, which may not have been effective due to metformin’s hydrophilic
nature [118,119]. Whilst the study offered a potentially advantageous use of metformin
in vitro, it was unable to be replicated in vivo. However, an alternative delivery method,
such as the use of nanocapsules, may assist in averting the hydrophilic nature of metformin.
Chen et al. investigated whether a link exists between metformin usage and the risk
of sudden sensorineural hearing loss in diabetic patients. Their large-scale study had
two groups of diabetic patients, one on metformin treatment and one not. Their hearing
was measured over a period of 14 years; those who were taking metformin had a lower
incidence of sudden sensorineural hearing loss than did those who were not. This indicates
a potential link between reducing diabetic hearing loss and metformin; however, the study
did not provide any research into the mechanism by which metformin may assist in this
prevention, due to its population-based style [120]. Hence, whilst showing promising
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results, further research is required on this topic to investigate the causative relationship of
this potential link.

Gedik et al. conducted studies on rats and hearing loss based upon the literature
indicating that metformin possesses antioxidant properties [121]. Similarly, Kesici et al.
investigated whether metformin is effective in the protection against noise-induced hearing
loss in rats. In their study, they used four groups of rats, including controls. The metformin
was dissolved in saline and dosed to the rats via gavage. Noise exposure was conducted
via white noise subjection. Overall, their study demonstrated that metformin was preven-
tative of a permanent threshold shift in the hearing levels [122]. Whilst these results are
promising, they may be improved via the nano- or microencapsulation of metformin, with
the process potentially overcoming any disadvantageous properties of metformin, such as
its hydrophilic nature.

10. Limitations and Future Perspectives

Much of the research covered throughout this review comprises small-scale studies
that have not been further examined. In addition, many results have not been investigated
to understand the mechanisms behind them. Therefore, to have truly advantageous
studies, additional research is required to investigate the specific mechanisms and gain
an understanding of metformin’s impacts in the aforementioned studies, which have
demonstrated promising results in various medical conditions, particularly diabetes and
its associated conditions, in addition to hearing loss.

As discussed, more research is required to understand all the properties of metformin
and how the mechanisms of action provide the discussed clinical effects. With this under-
standing, metformin may be able to be further utilised in the treatment of not only metabolic
but also additional, alternative disorders. Whilst some research has been conducted in
these areas, further studies are required to explain the results of many of the published
studies and to understand how metformin acted to produce the published results.

Furthermore, metformin may be able to be further utilised if it can be encapsulated,
via either nano- or microencapsulation, in order to improve its bioavailability and offer
controlled, sustained release. Based upon the reviewed literature, further studies would
need to be conducted in order to find the ideal formulation of this encapsulation. A
commercially viable production technique for the creation of both nano- and microcapsules
further widens the scope of production in all areas, not only for metformin. In addition, the
encapsulation of metformin opens possibilities in which it may be utilised in the treatment
of a wide array of disorders.

11. Conclusions

Overall, of the category of biguanides, metformin is the common, marketable drug.
Metformin has many properties that have not been thoroughly explored, with a studied
safety profile. These properties offer the potential to be manipulated for the treatment
of not only diabetes, for which it is commonly prescribed, but other disorders, including
metabolic disorders and hearing loss. Nano- and microencapsulation are continually
emerging technologies that offer an alternative delivery system. These technologies offer
enhanced distribution that may be utilised in metformin delivery, thus allowing metformin
to be available for the treatment of more than just the type 2 diabetes for which it is regularly
prescribed. In conclusion, metformin shows much promise in the treatment of a wide range
of disorders, which may be improved via the utilisation of encapsulation technologies.
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