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Abstract

Currently, there are various approaches to the treatment of diabetes. Regarding
type 2 diabetes (T2D), treatment focuses on blood glucose control. When changes in
lifestyle do not achieve this glycemic control, the option is to start therapy with antidiabetic
drugs such as metformin. However, long-term metformin use causes disturbances that
may affect treatment approaches. This review examines recent advances in nanotechnology
that have developed new forms of drug administration that can improve the efficacy of the
treatment, where nanomaterials, nanostructures, and nanoparticle design are involved, so
that they provide controlled and gradual release. The use of biopolymers (as drug delivery
systems) has ensured biocompatibility, biodegradability, and low toxicity. There are several
methods for obtaining a drug delivery system, including electrospinning, electrospray-

ing, nanoprecipitation, etc. These systems improve drug delivery and can be used orally,
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transdermally, or intravenously, among means of administration. This review describes
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1. Introduction

terms and conditions of the Creative  not produce insulin (type 1 diabetes, T1D) or when the body is unable to use it effectively
Commons Atribution (CCBY) license. - (type 2 diabetes, T2D), leading to elevated blood glucose levels known as hyperglycemia [1].
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The prevalence and incidence of diabetes have become major global health concerns [2]. In
2014, 8.5% of adults worldwide were reported to have diabetes, with T2D representing 95%
of cases. By 2021, more than 537 million adults were living with diabetes, and this number
is projected to increase to 643 million by 2030 and 783 million by 2045 [1,3,4]. Currently,
there are multiple treatment options for T2D, with glycemic control being the primary
therapeutic goal [5]. Preferred strategies include the use of antidiabetic drugs, lifestyle
modifications, and regular physical activity [6]. Metformin remains the first line and most
commonly prescribed antidiabetic drug for T2D due to its capacity to lower glucose levels
in insulin-resistant tissues, support weight control, and present a low risk of hypoglycemia.
However, metformin use can cause gastrointestinal intolerance (20-30%) and, in rare cases,
serious adverse events such as lactic acidosis (5%), which may limit its use [6-9].

The development of nanotechnology has provided a promising avenue for improving
the treatment and diagnosis of diseases. Due to their increased surface area, nanomaterials
exhibit unique physical and chemical properties. Nanodrug delivery systems—one of
the key applications of nanotechnology in the pharmaceutical field—have demonstrated
the ability to delay drug release, improve solubility and bioavailability, and reduce side
effects [10,11]. Among these nanosystems, polymer-based nanocarriers have shown signifi-
cant potential due to their versatility and ability to encapsulate therapeutic compounds.
These polymers may be natural (albumin, gelatin, alginate, collagen, chitosan, and cy-
clodextrin) or synthetic (PLGA, polyethylene, PEG, polyanhydrides, and poly-L-lysine).
Such nanocarriers can deliver a variety of compounds that adhere to the polymer surface
or are distributed within the polymer matrix [10,12].

Various techniques have been explored to obtain nanostructures for drug delivery.
Beyond traditional methods such as electrospinning, recent studies have incorporated
nanoprecipitation, electrospraying, and microfluidics. Electrospinning and electrospraying
rely on electrical energy to produce nanoscale materials [13]. Control over the characteris-
tics of the resulting materials can be achieved by adjusting parameters such as viscosity,
surface tension, applied voltage, needle—collector distance, flow rate, humidity, and tem-
perature [14]. Coaxial electrospinning/electrospraying enables the production of core-shell
nanomaterials using two separate solutions, minimizing contact between organic solvents
and the encapsulated biological molecules [15].

Nanoprecipitation has become widely used for polymeric nanoparticles due to its
simplicity, reproducibility, and capacity to encapsulate both hydrophobic and hydrophilic
drugs. Microfluidic techniques provide precise control over particle size, morphology,
and drug loading efficiency—attributes that are often difficult to achieve using other
methods [14,15]. Therefore, applying nanotechnology to drugs such as metformin is neces-
sary to modulate its administration through polymeric coatings that provide sustained and
controlled release, reducing adverse effects caused by prolonged use. The primary objective
of this review is to summarize and analyze current advancements in the development of
metformin delivery systems using nanotechnology, highlighting the design, biopolymer
carriers, obtention techniques, and potential applications.

2. Methods

A comprehensive literature review was conducted across several databases, including
PubMed, ScienceDirect, Scopus, and Google Scholar, to identify studies published between
2010 and 2024. A combination of keywords was used to capture specific and relevant
studies on nanotechnology applied to metformin delivery systems. The terms included

7o i

“metformin delivery system,” “biopolymer nanocarriers,” “electrospinning,” “polymeric
nanoparticles,” and “diabetes,” along with their synonyms and abbreviations These key-

words were selected to encompass the scope of this review: “diabetes” to define the clinical
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context, “metformin” as the first-line therapeutic agent, and “nanotechnology” to identify

a

innovative approaches in this field. “Electrospinning,” “electrospraying,” and “nanoprecip-
itation” were highlighted as the most widely applied techniques for producing polymeric
nanosystems for drug delivery. Additionally, “delivery system” was included to integrate
biopolymer nanocarriers, nanostructures, and controlled-release strategies. Furthermore,
current diabetes management guidelines issued by the American Diabetes Association
(ADA) and the World Health Organization (WHO) were reviewed to incorporate relevant

evidence-based clinical recommendations.

3. Diabetes Overview
3.1. Origin

Diabetes is a disease that has been recognized since ancient times, as evidenced by
Egyptian manuscripts dating back to 1500 BC. Around the same period, Indian physicians
described what is considered one of the earliest clinical diagnostic tests for diabetes. They
observed that the urine of affected individuals attracted ants and flies, leading them to name
the condition madhumeha (“honey urine”) [16]. Within this historical context, modern
diabetes management relies heavily on pharmacological intervention, with metformin
remaining the first-line treatment for type 2 diabetes.

3.2. Types of Diabetes

The term “diabetes” encompasses a group of metabolic disorders characterized by
persistent hyperglycemia. The underlying mechanisms differ among subtypes, which form
the basis of their classification [16]. Diabetes is categorized into three main types:

e Type 1 diabetes (T1D): Caused by autoimmune destruction of -cells, leading to
absolute insulin deficiency.

e  Type 2 diabetes (T2D): Characterized by insulin resistance and {3-cell dysfunction.

e  Gestational diabetes (GDM): Diagnosed during the second or third trimester
of pregnancy.

These distinctions are crucial for determining appropriate therapeutic strategies [17-20].

3.3. Treatments

The therapeutic approach to diabetes depends on the type of the disease and indi-
vidual patient characteristics. For T1D, insulin replacement therapy usually administered
through multiple daily injections is the standard treatment [21-23]. Management of T2D
typically focuses on lifestyle modifications combined with metformin as the first-line phar-
macological therapy [23-25]. Gestational diabetes is generally managed through dietary
modifications and physical activity, with medication added only when necessary [23,26].

This review focuses on the role of metformin and explores how polymeric nanocarrier
systems can enhance its delivery, bioavailability, and therapeutic performance.

3.4. Metformin

Metformin (Figure 1) is derived from Galega officinalis, a plant identified in the late
19th century as being rich in guanidine compounds with hypoglycemic activity and low
toxicity [27,28]. Chemically identified as 1,1-dimethylbiguanide, metformin has a molecular
formula of C4H;1N5 and a molecular weight of 129.16 g/mol. Its solubility has been
reported as 425.56 mg/mL at pH 4.6 and 348.27 mg/mL at pH 6.8 [29]. Metformin exhibits
an oral bioavailability of 50-60% and, after intestinal absorption, enters the portal circulation
where it accumulates primarily in the liver [30]. The recommended daily dose ranges from
1to 2 g/day, achieving plasma concentrations of 10-40 uM [30,31]. Metformin is considered
a safe, cost-effective drug that does not typically cause hypoglycemia and is associated
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with favorable effects on body weight [32]. Due to these characteristics, numerous authors
consider metformin the first-line pharmacological treatment for T2D [33].

NH NH
Ay,

Figure 1. Metformin chemical structure.

3.4.1. Side Effects

The most common side effects of metformin include nausea, diarrhea, and abdominal
discomfort, affecting 20-30% of users [34]. Therefore, it is recommended that metformin
be taken with meals and that the dose be increased gradually. Although the exact mecha-
nism behind intolerance is not fully understood, several hypotheses have been proposed,
including high concentrations of metformin in the gastrointestinal tract, increased sero-
tonin in enterochromaffin cells, and alterations to the gut microbiota that may predispose
individuals to gastrointestinal infections [35,36].

A less common but more serious adverse effect is lactic acidosis, occurring in approxi-
mately 3 to 10 cases per 100,000 individuals. The proposed mechanism involves metformin
increasing plasma lactate levels by inhibiting lactate clearance [37]. Historically, it was
believed that patients with renal impairment should not receive metformin due to concerns
about lactic acidosis, although updated evidence has reevaluated these restrictions [35].

Metformin use has also been associated with an increased risk of vitamin B12 deficiency
(5.8-33%). Although the underlying mechanism is not fully understood, it is proposed that
metformin interferes with calcium-dependent uptake of the intrinsic factor—vitamin B12
complex by ileal receptors, leading to impaired absorption and potential deficiency over
time [23,38].

3.4.2. Challenges in Adherence and Current Advances to Improve Metformin’s Bioavailability

Studies have shown that the use of antidiabetic drugs has increased in parallel with
the global rise in diabetes prevalence. Adherence to medication is typically considered
adequate when patients take at least 80% of the prescribed doses. Metformin is one of the
most frequently used oral antidiabetic medications, with adherence rates ranging from
approximately 22% to 88.6% [39].

Poor adherence to antidiabetic therapy is multifactorial. Individuals with T2D often
experience challenges in achieving glycemic control, leading to multiple daily doses of met-
formin or polypharmacy. Gastrointestinal side effects—such as nausea, diarrhea, bloating,
and abdominal discomfort—are among the primary causes of reduced adherence, especially
at higher doses, prompting patients to reduce dosage frequency or discontinue treatment
entirely. In addition, patients may not perceive rapid symptomatic improvement, reducing
motivation to continue therapy [39,40]. Socioeconomic factors also play a significant role in
adherence. Global systematic analyses have identified determinants such as occupational
status, educational level, social support, and race/ethnicity as strongly associated with
medication adherence in diabetes care [41,42].

To overcome these limitations, innovative drug delivery platforms have emerged.
Nanoparticle-based systems are particularly promising due to their potential to enhance
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pharmacokinetics and therapeutic performance. These systems can improve metformin’s
bioavailability by increasing surface area, enhancing mucoadhesion, facilitating transport
across biological barriers, and enabling controlled drug release [43].

Several strategies are currently being explored to enhance oral metformin delivery.

4. Nanotechnology for Drug Delivery Systems
4.1. Advantages and Disadvantages

Currently, one of the challenges of most drug delivery systems is low bioavailability,
stability, solubility, absorption, sustained delivery, therapeutic efficiency, and the presence
of side effects [39,40]. Nanotechnology has been widely used in the application of nanos-
tructures in various fields of science, precisely in drug delivery systems [41]. These types of
techniques have had an impact on the pharmaceutical industry by generating nanoparticles
for a drug delivery system, because they can minimize drug degradation and loss, prevent
side effects, and increase bioavailability and concentration at the required sites [40,42—44].

It might seem that nanoparticles could not have toxic effects. Nevertheless, these
particles having a large surface area can cause further chemical reactions resulting in the
production of reactive oxygen species. These species are mechanisms of nanoparticle toxic-
ity that can cause oxidative stress, inflammation, and damage to proteins, cells, membranes
and DNA, as well as limited biocompatibility and short action times [40,41,45,46]. Some of
the advantages and disadvantages are summarized in Figure 2 [11,47].

>

£ ||- Drug therapeutic efficacy \
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< || drug administration - Citotixicity

- Reduction of side effects - Limited targeting abilities

- Prolonged administration
time might lead to local
- Manipulation of particle size | toxicity

- High Surface area

9

- High Drug loading
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Figure 2. Advantages and disadvantages of nanotechnology applied to drug delivery systems.

4.2. Nanostructures

In recent decades, various drug delivery systems have been developed, and some
are still under development. Polymeric nanoparticles, nanofibers, liposomes, micelles,
dendrimers, and nanotubes are some of the materials recognized as drug delivery sys-
tems [42,48,49]. Although this review highlights biopolymer-based nanocarriers, other
metformin nanostructures have been reported. Metallic nanoparticles, especially gold
nanoparticles conjugated with metformin, have shown antiglycation activity [49] and an-
ticancer activity in vitro against breast and lung cancer cell lines [50]. However, due to
biocompatibility and other safety limitations, these metallic nanosystems are only briefly
discussed, while the following sections are focused on describing in detail biopolymer
nanocarriers as some the most widely used nanostructures in drug delivery in order to
adhere to the scope of this review (Figure 3).
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Figure 3. Schematic representation of common drug delivery nanostructure.

4.2.1. Liposomes

Liposomes were among the first nanostructures investigated as drug carriers. They are
spherical vesicles composed of an aqueous core surrounded by a phospholipid bilayer. Hy-
drophilic molecules can be incorporated into the aqueous interior, while hydrophobic drugs
can be embedded within the phospholipid membrane. This dual capacity allows liposomes
to protect drugs from premature degradation and provide controlled and sustained release.
Additionally, they are useful for prolonging the release of active compounds with poor
water solubility [49,50]. Drugs can be loaded into liposomes using passive or active meth-
ods, including sonication, microemulsification, and membrane extrusion [51,52]. Common
liposomal components include phosphatidylcholine, cholesterol, and PEGylated lipids. For
metformin delivery, the hydrophilic drug can be encapsulated within the aqueous core,
while PEGylation enhances circulation time and reduces clearance by the mononuclear
phagocyte system. Liposomal formulations have been applied to deliver anticancer drugs,
anti-inflammatory agents, and antibiotics. Drug release is typically mediated by diffusion
or pH-induced destabilization of the liposomal membrane. This approach reduces off-
target toxicity and improves bioavailability and therapeutic efficacy, making it a promising
strategy for diabetes treatment [52].

4.2.2. Polymeric Nanoparticles

Polymers possess properties that make them ideal candidates for pharmaceutical
applications [53]. Due to their chemical versatility and tunable characteristics, poly-
mers can be engineered to control the stability, degradation, and release behavior of
nanoparticles [54,55]. Polymeric nanoparticles typically range from 1 to 1000 nm in size
and are most commonly spherical in morphology [53,56,57]. Based on their structural
organization, polymeric nanoparticles are classified into two main types: nanocapsules
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and nanospheres. These nanoparticles are usually synthesized from natural or synthetic
polymers such as PLGA, chitosan, PCL, and PEGylated polymers [58].

Polymeric Nanocapsules

Polymeric nanocapsules are vesicular systems consisting of a liquid or solid core sur-
rounded by a polymeric membrane, making them suitable carriers for various therapeutic
compounds [59,60]. Their core-shell architecture offers significant advantages in drug
delivery, including improved drug stability, enhanced encapsulation efficiency, controlled
release, and targeted distribution. The flexibility of the core allows for the encapsulation of
both hydrophilic and hydrophobic drugs, including metformin and paclitaxel [56,60].

Polymeric Nanospheres

Polymeric nanospheres are matrix-type solid colloidal particles in which the active
compound may be dissolved, trapped, encapsulated, or adsorbed within the polymer
matrix [61]. Unlike nanocapsules, nanospheres lack a distinct core—shell structure, resulting
in different release kinetics and encapsulation profiles.

4.2.3. Polymeric Micelles

Micelles are nanoscale structures formed from lipids or amphiphilic molecules, includ-
ing certain polymers [62]. Polymeric micelles are characterized by their spherical shape,
core-shell architecture, and diameters typically ranging from 10 to 100 nm [62-64]. These
structures are formed through the self-assembly of amphiphilic copolymers in aqueous
media, where the hydrophobic segments form the inner core and the hydrophilic seg-
ments form the outer shell (corona) [65,66]. One of the primary advantages of polymeric
micelles in drug delivery is their ability to solubilize poorly water-soluble drugs within
the hydrophobic core, while hydrophilic molecules may interact with the outer corona.
Common copolymers used for micelle formation include PEG-b-PLA, PEG-b-PCL, and
Pluronic block copolymers. Hydrophobic drugs such as paclitaxel and curcumin can be
incorporated into the core, whereas hydrophilic drugs may associate with the corona or be
chemically conjugated [66,67]. Drug release from polymeric micelles occurs mainly through
core degradation, diffusion, or destabilization of the micelle structure. Their nanoscale size,
biocompatibility, and enhanced solubilization capacity make polymeric micelles highly
attractive platforms for drug delivery applications, including metformin nanoformulations.

4.2.4. Nanofibers

Nanofibers are defined as fibers with diameters ranging from 100 to 1000 nm [68]. They
possess distinctive characteristics such as high surface area-to-volume ratio, flexibility, and
excellent tensile strength, which have enabled their use in various applications, including
drug delivery, biosensing, and wound dressing [69]. Structurally, nanofibers consist of
an internal fiber core surrounded by an external layer known as the shell. Nanofibers are
commonly produced using polymers such as chitosan, gelatin, PLGA, and PCL through
electrospinning techniques [70]. The versatility of electrospinning allows for precise control
over fiber morphology, porosity, and drug incorporation, making nanofibers valuable
platforms for sustained and controlled drug release. These features contribute to their
increasing relevance in pharmaceutical and biomedical fields.

4.2.5. Carbon Nanotubes

Carbon nanotubes (CNTs) are hollow, cylindrical nanostructures composed of rolled
graphene sheets. Their unique physicochemical properties—such as exceptionally high
surface area, electrical conductivity, tensile strength, and thermal stability—enable them to
adsorb or conjugate a wide range of therapeutic molecules, including bioactive proteins,
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peptides, and drugs [71]. Due to these characteristics, CNTs have gained attention as
potential nanocarriers in drug delivery applications. CNT diameters typically range from
1 to 100 nm, and their ends are often capped with hemispherical fullerene-like structures.
Drugs may be associated with CNTs either through non-covalent adsorption or covalent
attachment, depending on the desired release kinetics and stability. Common therapeutic
agents transported using CNTs include anticancer drugs, peptides, and nucleic acids. Drug
release from CNTs can be triggered by various stimuli, including pH changes or redox-
responsive mechanisms, enabling targeted and controlled delivery profiles [72]. However,
despite their versatility, the biocompatibility and safety of CNTs remain concerns that
require careful evaluation before clinical translation.

4.2.6. Dendrimers

Dendrimers are highly branched, monodisperse macromolecules composed of three
distinct structural regions: a central core, multiple layers of repeating branched units (gener-
ations), and a surface enriched with functional groups. Their unique architecture provides
a large surface area, enabling the attachment or encapsulation of various therapeutic agents.
Hydrophobic drugs can be encapsulated within the dendrimer’s internal cavities, while
hydrophilic drugs can be conjugated to the peripheral functional groups through covalent
or electrostatic interactions. Common dendrimer materials include poly(amidoamine)
(PAMAM), poly(propylene imine) (PPI), and PEGylated dendrimers, all of which have
been extensively explored in pharmaceutical applications due to their biocompatibility,
tunable surface chemistry, and controlled release capabilities [73]. The precise molecular
structure and functional versatility of dendrimers make them promising nanocarriers for
drug delivery, including potential use in metformin delivery systems.

5. Biopolymer Carriers for Metformin Release Systems

In recent years, the pharmaceutical industry has shown growing interest in improving
drug delivery systems that offer greater versatility and enhanced therapeutic performance,
including systems designed for metformin. One of the most promising advances involves
the use of biopolymers to generate nanocoatings for drugs or particles. These coatings help
protect the encapsulated drug as it passes through the gastrointestinal tract and enable more
prolonged and controlled release profiles [74]. Biopolymers are ideal materials for drug
encapsulation because of their biodegradability, biocompatibility, and ability to withstand
changes in pH, temperature, surface modifications, and conjugation processes [75,76]. Their
structural diversity enables them to interact with different drugs and modulate their release
behavior. Depending on the desired pharmacokinetic profile, factors such as polymer con-
centration, crosslinking degree, and the fabrication technique can be adjusted to optimize
release performance. The main biopolymers used for metformin encapsulation—including
proteins, polysaccharides, and lipids—are summarized in Table 1. These nanocarriers differ
in their entrapment efficiency, structural characteristics, mechanisms of action, and thera-
peutic outcomes, demonstrating the versatility of biopolymer-based delivery platforms.

The data summarized in Table 1, demonstrates that metformin nanoformulations
such as nanofibers, nanoparticles, nanoemulsions, and micelles have shown promising
outcomes in in vivo clinical models. These kind of nanosystems often offer improved
glycemic control, enhances tissue targeting, and prolonged drug release compared to con-
ventional metformin. Biopolymer-based systems including gelatin, PLGA, sodium alginate,
chitosan, and bacterial cellulose ranged encapsulations efficiencies (EE) from 29.3% in solid
lipid nanoparticles to 98% in cellulose acetetate nanofibers. Preclinical diabetic models
with the utilization of chitosan/based nanoparticles and micelles (EE ~ 92%) enhanced
glycemic control and reduced gastroinstestinal irritation compared to conventional met-
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formin. On the other hand, sodium alginate nanoparticles (EE ~ 78%) showed sustained

release and prolonged hypoglycemic action. Other metformin applications include cancer-

related targeting nanoformulations, such as PLGA-PEG nanopartciles for breast cancer and

cholesterol liposomes, have shown enhanced tumor uptake. Even with the high encap-

sulation efficiency, improved release kinetics, and high efficacy in murine models related

to the therapeutic potential of nanoformulated metformin systems, clinical validation

remains insufficient.

Table 1. Biopolymer-based nanocarriers for metformin hydrochloride: formulation strategies, struc-

tural characterization, mechanisms of action, and therapeutic outcomes.

Nanostructure Biovolymer Bioactive Entrapment Structural Mechanism of In Vitro/ Ref
POty Ingredient Efficiency Characterization Action In Vivo
. . . Mucoadhesion,  Type II diabetes—In vivo
Nanoparticle Carboxymethyl Metformlp 90% 5.1?9 ~200 . sustained (STZ rats), reduced blood [77]
Chitosan hydrochloride positive (-potential
release glucose over 14 days
Enhanced Colorectal cancer—in vitro
Nanoparticle Lec1th1n and Metformlp ) Spherlca.l particles;  cellular uptéke, (HT-29), inhibited (78]
Chitosan hydrochloride nano-size range electrostatic . ! o
. . proliferation by ~40%
interaction
Bone
Nanofiber Polycaprolactone Metformin Fiber diameter Diffusion and regeneration—In vitro
(PCL) and . - polymer (osteoblasts), enhanced [79]
membrane . hydrochloride 300-500 nm . . !
Chitosan degradation proliferation and
mineralization
e s . . . Lipid matrix Colon cancer—in vitro
Solid 11p.1 d GMS, Lecithin, Metforml.n 29.3% Size ~.250 nm, controlled (HCT116), increased [80]
nanoparticle PVA hydrochloride stable dispersion L
release cytotoxicity vs. free drug
Hydrogel-based i Type II diabetes—in vivo
. . o pH-sensitive .
. Sodium Metformin o nanoparticle; N (STZ rats), improved
Nanoparticle . . 78% . swelling and . [81]
alginate hydrochloride negative release glycemic control over
(-potential 21 days
Surface Dermal
Solid lipid Cholesterol Metformin 60% Size ~180 nm modification fibroblasts—in vitro, 182]
nanoparticle and L-lysine hydrochloride ? improves enhanced uptake
uptake and viability
. . Metformin Size < 200 nm; Mucoadhesion . Polycystlc. kidney
Nanoparticle Chitosan . - . and slow disease—in vivo (mouse), [83]
hydrochloride cationic surface .
release delayed cyst progression
. . Hydrophobic Type II diabetes—in vivo
. . Metformin o Core-shell micelle; core )
Micelle Chitosan h . 92.3% . (rats), sustained glucose [84]
ydrochloride ~100 nm entrapment; .
. reduction over 10 days
mucoadhesion
Nanocomposite Diffusion- Bone regeneration—in vivo
(Mesoporous Gelatin Metformin ) Porous structure, controlled (STZ rats), prolonged [85]
silica hydrogel hydrochloride high surface area sustained release and improved
nanosphere) release glucose levels
Synergistic . .
Nanocomposite Chitosan, Metformin ) hgf;gioﬁui encapsulation T}’g\i éIFc_l;bg(t;/inmh\gro [36]
(Nanoparticle) MCM-41 hydrochloride particie, gt and sustained 7)o g
loading capacity cytotoxicity vs. free drug
release
Encapsulation B S
. . . - reast cancer—in vivo
Liposome Cholesterol Metformin 65% Bilayer vesicles; in aqueous (rats), significant glucose 187]
P and DPPC hydrochloride ~100-200 nm core/lipid s e
. reduction
bilayer
Gelatin and . Spherical Hydrogel- Type II diabetes—in vivo
. . Metformin o . based s
Nanoparticle sodium h . 90% nanoparticles; (rats), significant glucose [88]
. ydrochloride . . controlled .
alginate stable dispersion release reduction
Metformin Synergistic
Silica Chitosan and hvdrochloride ) Porous silica with inhibition of Type II diabetes—in vitro, 89]
nanoparticle alginate +¥1 tle extract polymer coating glucose reduced glucose absorption
ctie extrac absorption
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Table 1. Cont.
Nanostructure Biovolymer Bioactive Entrapment Structural Mechanism of In Vitro/ Ref
POty Ingredient Efficiency Characterization Action In Vivo
. Biopolymeric Mucoadhesion Type II Diabetes—In vivo
. . Metformin o . . .
Nanoparticle Pectin hvdrochloride 68% nanoparticle; size and controlled (rats), lowered fasting [90]
Y ~200 nm release glucose and HbAlc
PLA and PVA Sustained Diabet d
. with fish Metformin Fiber diameter diffusion and _rabetes wound,
Nanofiber . . - . healing—In vivo (mice), [91]
sarcoplasmic hydrochloride 200-400 nm biodegrada-
. ) accelerated wound closure
protein tion
. Cellulose Metformin o F1be?s with Sustained Type II Diabetes—In vitro
Nanofiber . 98.41% uniform release from . A [92]
acetate hydrochloride ) . (B-cells), improved viability
morphology fiber matrix
. . Surface HA-meghated Type Il Diabetes—In vivo
. Hyaluronic Metformin . T targeting, .
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Acid hydrochloride controlled L
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release
Prolonged
. PVA. and Metformin o Hydrogel-based release via Type II Diabetes—In vivo, )
Nanoparticle Sodium h . 78% . - . [94]
. ydrochloride particle swelling hypoglycemic effect
alginate .
matrix
. . Degradation- Breast cancer—In vitro
. PEG and Metformin o Spherical;
Nanoparticle PLGA hydrochloride 75.15% 150-200 nm controlled (MCE-7), er}hanced [95]
release cytotoxicity
PEG and Metformin Nanoparticles with Improved Breast cancer—In vitro
Nanoparticle PLGA hydrochloride 75% PEGylated surface cellular uptake (MCI.J—7)., 1.n}proved [96]
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. . Sustained Melanoma—In vitro
Nanofiber gel Cellulose h Metformlp - Hydrogel-.f iber diffusion (B16F10), reduced [97]
ydrochloride composite . -
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P albumin hydrochloride nanoparticles controlled ! 1 cdg
owering
release
PLGA and Metformin 75.15% Polymeric Dual drug Breast cancer—In vitro
Nanoparticle PEG with hydrochloride (MET), core-shell encapsulation (MCF-7), synergistic [99]
Silibinin + Silibinin 80.5% (SIL) nanoparticles and release cytotoxicity
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Nanoparticle ! . 82.8% . uptake via folic ~ (B16F10), enhanced uptake  [100]
cholesterol, hydrochloride nanoparticles . .
L acid and cytotoxicity
folic acid
Solid lipid Metformin Lipid matrix Skin aging—In vitro
P! Cholesterol . 45.9% Size ~200 nm p (fibroblasts), increased [101]
nanoparticle hydrochloride release .
collagen synthesis
Metformin Membrane- Type II diabetes—in vitro
Lipid vesicles NA . 40.12% Vesicles ~150 nm mediated (Caco-2), improved [102]
hydrochloride o :
diffusion absorption
Bacterial . . Diffusion and Type II diabetes—in vivo
. Metformin o Porous fibrous . .
Nanofiber cellulose and h . 80% biodegrada- (rats), improved wound [103]
. ydrochloride scaffold - .
gelatin tion healing and glucose control
. . Encapsulation Type II diabetes—in vivo
Micelle Casein h Metformlp 87.42% Self a§sembled in hydrophobic (rats), sustained [104]
ydrochloride micelles .
core hypoglycemic effect
R a—— sorwe ARSI tetanomainvi
Nanoparticle . . 64.71% functionalized ptake, (B16F10), enhanced [105]
Chi- hydrochloride nanoparticles sustained cvtotoxicit
tosan/Gelatin P release y ¥y
Metformin + Dual-drug Type II diabetes—in vivo
Nanofibers PCL/PEG . . - Coaxial nanofibers co-release, (rats), synergistic glucose [106]
Glibenclamide s .
diffusion reduction
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5.1. Protein-Based Nanocarriers

Proteins have become widely used in recent years as materials for the development
of nanostructures, particularly in pharmaceutical applications [105]. Their well-defined
primary structure, water solubility, biodegradability, low toxicity, and natural bioavail-
ability facilitate efficient drug incorporation. Many proteins are also generally recognized
as safe (GRAS), making them suitable pharmaceutical excipients. Plant-derived proteins
additionally offer a “green” label due to their renewable origin [106]. Animal-derived
proteins such as keratin, collagen, gelatin, elastin, and serum albumin have been widely
applied in drug delivery systems because of their biocompatibility, controlled degrada-
tion, and mucoadhesive properties. Similarly, plant-based proteins—such as zein, soy,
and gliadin—serve as promising drug carriers due to their favorable interactions within
biological environments and their absorption and retention capabilities [107]. Protein-
based nanocarriers can be obtained in different shapes and sizes, including microspheres,
nanoparticles, hydrogels, films, and minirods. These structures can be fabricated using
simple, low-cost processes [108].

5.1.1. Gelatin

Gelatin is a natural, water-soluble polymer produced by the hydrolysis of collagen
under alkaline or acidic conditions, or through thermal or enzymatic degradation. Its
molecular weight ranges from 20 to 220 kDa, and it dissolves in water at temperatures
above 35-40 °C. Commercially, gelatin is categorized as either Type A (cationic), obtained
from acid hydrolysis of porcine skin collagen, and Type B (anionic), obtained from alkaline
hydrolysis of bovine collagen. Its structure consists of hydrophobic, cationic, and anionic
groups within a triple-helix arrangement composed primarily of glycine, proline, and
alanine residues, which contribute to its stability [105]. Gelatin is widely applied in drug
delivery due to its biocompatibility, biodegradability, and non-toxic nature [109].

In 2019, Shehata et al. formulated metformin-loaded gelatin/sodium alginate nanopar-
ticles using electrospraying. The resulting nanoparticles were spherical with minimal
folding, indicating that solution viscosities were optimal for electrospray processing. En-
trapment efficiency exceeded 90% in all formulations. In vitro release studies showed 50%
metformin release after 6 h and 84% after 24 h. In vivo testing demonstrated significant
reductions in blood glucose levels at 6, 8, 12, and 24 h. These results were attributed to
the mechanical stability of the gelatin/alginate nanoparticles, which provided controlled
release across a wide pH range (1.2-8), simulating gastrointestinal conditions [110]. In
2020, Cam and colleagues developed a diabetic wound-healing dressing composed of
electrospun gelatin/bacterial cellulose nanofibers loaded with metformin. The nanofibers
exhibited smooth surfaces without visible drug crystallization, and the encapsulation ef-
ficiency was approximately 80%. The release profile was linear and sustained, with the
maximum release occurring at day 15 (0.0197 mg). In vivo tests over 14 days demonstrated
accelerated wound healing from day 3 onward [111].

5.1.2. Bovine Serum Albumin

Bovine serum albumin (BSA), also known as a plasma carrier protein, is a 66.5 kDa
molecule consisting of 583 amino acid residues. It is commonly used in pharmaceutical
applications due to its high binding affinity for both hydrophilic and hydrophobic drugs,
making it an excellent encapsulation matrix. Additionally, BSA can reduce drug toxicity
and enhance therapeutic efficacy [106,112,113].

In 2020, Lu et al. prepared metformin-loaded BSA nanoparticles using the nanopre-
cipitation technique to improve metformin dissolution. The resulting nanoparticles were
spherical, non-porous, and approximately 200 nm in diameter. In vitro studies over 48 h
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demonstrated that the metformin-loaded BSA nanoparticles exhibited higher anticancer
activity in insulin-resistant liver cancer cells compared to free metformin, highlighting the
potential of protein-based carriers for targeted therapy [113].

5.1.3. Casein

Casein is the main protein found in milk and consists of a complex of four proteins
(x-casein, B-casein, k-casein). These proteins vary in their amino acid composition and their
interactions with hydrophobic and hydrophilic substances, and have molecular weights
of approximately 24 kDa [114]. Casein exhibits useful physicochemical properties such
as emulsifying capacity, ion binding, stabilization, self-assembly, gelation, and water
retention [115]. It is also cost-effective, biodegradable, non-toxic, and bioavailable, making
it a promising material for encapsulating both hydrophobic and hydrophilic drugs for
sustained and controlled release [116].

In 2015, Raj et al. evaluated the encapsulation of metformin in casein micelles and
the sustained release behavior of the resulting formulation. The metformin-loaded mi-
celles were fine, stable, and had an average particle size of 963.4 nm. Encapsulation
efficiency was reported at 87.42%. In vitro release studies showed an initial rapid re-
lease phase—associated with desorption and diffusion of metformin from the micelle
surface—followed by a sustained release phase lasting up to 15 h, achieving maximum
drug release during this period [116].

5.2. Polysaccharide-Based Nanocarriers

Polysaccharides are macromolecules composed of multiple monosaccharide units.
They are abundant, low-cost, renewable materials that have been widely applied in biomed-
ical, pharmaceutical, food, and chemical industries due to their biocompatibility, multifunc-
tionality, biodegradability, hydrophilicity, and non-toxicity [117]. These properties make
them ideal materials for drug encapsulation, immobilization, and controlled or sustained
drug release. Polysaccharide-based systems have demonstrated the ability to enhance drug
solubility, permeability, and stability, making them highly suitable for oral and other deliv-
ery routes. Common polysaccharides used for drug delivery include pectin, hyaluronic
acid, chitosan, dextran, alginate, and starch, among others [117].

5.2.1. Chitosan

Chitosan is a cationic polysaccharide derived from the deacetylation of chitin, which is
found in the exoskeletons of arthropods and in fungal cell walls [117-120]. Its structure con-
sists of 3-(1—4)-linked units of glucosamine and N-acetylglucosamine. Chitosan is notable
for its biocompatibility, biodegradability, gel-forming ability, high solubility at acidic pH,
and low toxicity, making it an excellent candidate for pharmaceutical applications [119,121].
Its mucoadhesive properties enable strong electrostatic interactions with negatively charged
mucosal surfaces, enhancing oral drug delivery and absorption. Chitosan can also form
ionic crosslinks that slow drug release and enable controlled delivery [122].

In 2021, Wang et al. synthesized metformin-loaded chitosan nanoparticles via ionic
gelation to evaluate their potential as an oral delivery platform for polycystic kidney
disease. The nanoparticles had a mean diameter of 150 nm and high mucoadhesive
efficiency. Metformin loading efficiency was 32.2%, attributed to electrostatic interactions
between metformin and the crosslinker during synthesis. Degradation studies across
different pH levels showed that the nanoparticles provided protection at acidic pH but
released metformin at neutral pH, mimicking intestinal conditions [123].

Another study developed chitosan modified with phthalic anhydride and a RAFT
agent, followed by copolymerization with acrylamide (AAm) and acrylic acid (AA), pro-
ducing a CS-g-(PAAM-b-PAA) terpolymer. Nanoparticles loaded with metformin had
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a mean diameter of 80 nm and exhibited sustained release for up to 5 h due to strong
interactions between metformin and the terpolymer’s functional groups [124].

5.2.2. Pectin

Pectin is a linear heteropolysaccharide commonly found in plant cell walls. Its struc-
ture consists mainly of D-galacturonic acid units linked by «-(1—4) glycosidic bonds, with
varying degrees of esterification and branching. It contains hydroxyl and carboxyl groups
that enable ionization and hydrogel formation through interactions with positively charged
ions. Pectin is biodegradable, biocompatible, mucoadhesive, and resistant to degradation
in the upper gastrointestinal tract—properties that make it particularly useful for oral drug
delivery [119,125,126].

In 2018, Chinnaiyan et al. designed pectin-based nanoparticles loaded with metformin
using ionic gelation with tripolyphosphate as the crosslinker. The nanoparticles were
spherical with a mean diameter of 482.7 nm and exhibited a high encapsulation efficiency of
86.74%. This was attributed to the rapid electrostatic interaction between tripolyphosphate
and pectin carboxylates, forming a dense matrix that prevented premature drug release.
In vitro studies showed a slow, sustained release profile, with 74.37-98.5% of metformin
released over 12 h. Higher pectin concentrations resulted in slower release due to increased
viscosity and stronger ionic interactions within the matrix [125].

5.2.3. Cellulose

Cellulose is a linear homopolymer composed of 3-(1—4)-linked D-glucose units. It is
abundant in plant cell walls and is widely recognized for its biodegradability, biocompati-
bility, and safety (GRAS status by the FDA) [127]. These characteristics, combined with its
mechanical and chemical stability, make cellulose an attractive material for drug delivery.
However, native cellulose has limitations such as low solubility in common organic sol-
vents and limited thermoplasticity. Therefore, chemical or physical modifications—such
as derivatization into cellulose acetate (CA) or carboxymethylcellulose (CMC)—are often
employed to improve its functional properties [128].

Cam et al. used bacterial cellulose nanofibers crosslinked with glutaraldehyde va-
por and loaded with metformin to create a material for diabetic wound treatment. The
electrospun nanofibers had smooth surfaces without metformin crystals and exhibited an
encapsulation efficiency of approximately 80%. Drug release was linear and sustained,
demonstrating controlled delivery characteristics [122].

In another study, cellulose acetate was used as the matrix for coaxial nanofibers loaded
with metformin using triaxial electrospinning. The nanofibers had an average diameter of
570 nm, uniform morphology, and a high encapsulation efficiency of 98.41%, with minimal
drug loss during fabrication. In vitro release followed zero-order kinetics, achieving 95%
metformin release, attributed to the coaxial structure and heterogeneous drug distribution
within the core and shell [129].

5.3. Lipid-Based Nanocarriers

Lipid-based drug delivery systems—including liposomes, solid lipid nanoparticles,
and nanoemulsions—are commonly used nanocarriers with particle sizes typically ranging
from 100 to 500 nm [130]. Lipids offer physicochemical properties such as biocompati-
bility, slow water absorption, and low susceptibility to erosion, which make them ideal
for improving drug solubility, stability, and bioavailability [131]. Many lipids used in
these systems are dietary in origin, enhancing their biodegradability and compatibility for
oral administration. Additionally, lipid nanocarriers can be engineered to interact specifi-
cally with gastrointestinal cells, increasing drug permeability and enhancing therapeutic
effectiveness [132,133].
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5.3.1. Lecithin

Lecithin refers to a group of phospholipids, glycolipids, and triglycerides, with phos-
phatidylcholine being the primary component. It is commonly extracted from plant sources
such as rapeseed, rice, or soybeans. In liposomal formulations, lecithin from soy is widely
preferred because it is cost-effective, safe, and more stable than lecithin derived from ani-
mal sources, which contain higher levels of polyunsaturated fatty acids that may be less
stable [134].

Abd-Rabou et al. investigated the effect of lecithin and chitosan nanoparticles on
metformin encapsulation and their potential in inhibiting colorectal cancer cell proliferation.
The nanoparticles had an average size of 31.5 nm and a high encapsulation efficiency of
95.2%. In vitro release studies showed that 24.3% of the metformin was released within 2 h,
with complete release achieved at 24 h. The combination of lecithin and chitosan produced
slower release rates, likely because metformin remained embedded within the polymer
chains, resulting in denser nanoparticle structures [135].

5.3.2. Glycerol Monostearate (GMS)

Glycerol monostearate (GMS) is an amphiphilic monoglyceride ester composed of
a glycerol backbone and a long stearic acid chain. Its emulsifying, stabilizing, and emol-
lient properties make it widely applicable in the food, cosmetic, and pharmaceutical
industries. GMS is non-toxic, easily digestible, and suitable for developing lipid-based
nanocarriers [136].

Ngwuluka et al. formulated metformin-loaded solid lipid nanoparticles using GMS
and lecithin via a double-emulsion method. The resulting nanoparticles had an average
size of 195 nm and an encapsulation efficiency of 29.30%. Despite metformin’s high
solubility and limited permeability—which negatively affect encapsulation efficiency—the
lipid nanoparticles improved metformin absorption. In vitro release studies demonstrated
controlled release behavior: 48% of the drug was released within 30 min, and nearly 100%
was released after 8 h [137].

5.4. Nanocomposites-Based Nanocarriers

Nanocomposites are materials composed of two or more distinct phases, in which at
least one component exists at the nanoscale. In these systems, the reinforcing phase (e.g.,
nanoparticles, fibers, and sheets) is embedded within a continuous matrix (e.g., polymers,
ceramics, or metals) [138]. In the field of drug delivery, biopolymeric nanocomposites have
gained significant interest because incorporating nanoparticles into a polymeric matrix can
reduce premature drug release, improve drug stability, and enable controlled and sustained
delivery. The performance of these systems depends on factors such as concentration,
morphology, size, and the interactions between the polymeric matrix and the embedded
nanomaterials [139,140].

In 2017, Shariatinia and Zahraee developed chitosan-based nanocomposite films
incorporating poly(ethylene glycol)-poly(propylene glycol) blocks and mesoporous MCM-
41 nanoparticles loaded with metformin. Glycerin was added as a plasticizer to modulate
drug release. Morphological analysis revealed that inclusion of metformin-generated
films with a rougher surface and particle sizes of approximately 50 nm. In vitro release
studies showed a substantial burst release during the first 24 h, followed by a gradual
and sustained release of 45% over 15 days. This biphasic profile was attributed to the
mesoporous structure of MCM-41 and its strong interactions with chitosan, which slowed
long-term diffusion [141].
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5.5. Synthetic Polymer-Based Nanocarriers

Synthetic polymers have gained prominence in drug delivery due to their tunable
physicochemical properties and high reproducibility. They enable the development of
drug delivery systems with controlled and sustained release profiles. Compared with natu-
ral polymers, synthetic polymers generally offer greater purity, predictable degradation
behavior, enhanced stability in physiological environments, and reduced risk of immuno-
genicity [142,143]. Among the most commonly used synthetic polymers in pharmaceutical
applications are poly(lactide-co-glycolide) (PLGA), poly(lactide) (PLA), polyvinyl alcohol
(PVA), and polyethylene glycol (PEG).

5.5.1. Poly(lactide) (PLA)

Polylactic acid (PLA) is a thermoplastic polymer derived from renewable resources
such as starch. It can be synthesized from lactic acid through polycondensation or ring-
opening polymerization. PLA is widely used in drug delivery systems due to its biodegrad-
ability, biocompatibility, and mechanical properties [144,145].

Sena et al. developed core-shell nanofibers using PLA as the shell material, with a core
composed of polyvinyl alcohol (PVA), fish sarcoplasmic protein (FSP), and metformin,
fabricated using coaxial electrospinning. The study evaluated the influence of FSP on fiber
morphology and metformin release behavior. The resulting nanofibers exhibited smooth,
defect-free surfaces, with mean diameters ranging from 650 to 681 nm. Metformin release
showed an initial burst phase of approximately 59% within the first 24 h, followed by
a slower, sustained release phase. After 21 days, approximately 96% of the encapsulated
metformin had been released [146].

5.5.2. Poly(lactic-co-glycolic acid) (PLGA)

PLGA is a biodegradable copolymer composed of lactic acid (PLA) and glycolic acid
(PGA) units. Its adjustable crystallinity, hydrophilic-hydrophobic balance, and tunable
degradation rate make it an attractive platform for controlled drug delivery. PGA con-
tributes hydrophilicity and high crystallinity, whereas PLA provides hydrophobicity and
slower degradation [145,147]. PLGA is FDA-approved for various biomedical applications
due to its safety and predictable degradation into metabolizable byproducts [148].

In a previous study, PLGA nanoparticles modified with PEG were developed for the
co-release of metformin and silibinin to evaluate their antitumor potential. The nanoparti-
cles exhibited spherical morphology with uniformly distributed sizes averaging 246 nm.
Encapsulation efficiency for metformin was 75.15%. Both metformin and silibinin showed
an initial burst release during the first 8 h, followed by a sustained release phase extending
up to 7 days. Approximately 87% of both drugs were released within the first 72 h [149].

6. Techniques
6.1. Electrospraying

Electrospraying, also known as electrohydrodynamic atomization (EHDA), is a tech-
nique used to produce submicron-sized particles [150]. Similarly To electrospinning, the
electrospray setup consists of a high-voltage power supply, a syringe containing the poly-
mer solution, a metal needle, an injection pump, and a collector plate (Figure 4(A®)). The
principle of electrospraying relies on the application of a strong electric field to the metal
capillary. When the electrostatic forces exceed the surface tension of the liquid, the droplet
at the needle tip destabilizes and is ejected as a fine jet, which subsequently breaks into
charged droplets. Solvent evaporation leads to the formation of solid particles [151-154].
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Figure 4. (A) Schematic representation of basic (D electrospinning and (2) electrospray setups.
(B) Schematic representation of coaxial (D) electrospinning and @) electrospray setups.

Coaxial Electrospraying
Coaxial electrospraying is a variant of conventional electrospraying used to produce

core—shell structures [155]. In this configuration, two immiscible or compatible polymer

solutions are introduced through a concentric (coaxial) needle system, allowing for si-
multaneous spraying and the formation of particles with a stable core-shell architecture

(Figure 4(B@)) [156,157]. Encapsulation in this system can be achieved in two ways: On
the one hand, the first solution contains the polymer, while the second contains the compo-
nent to be encapsulated. On the other hand, a solution can be obtained with a mixture of
the polymer and the component to be encapsulated, and in the second solution only the

polymer [151].

6.2. Nanoprecipitation-Based Methods
Nanoprecipitation—also known as solvent displacement—is a simple, fast, and repro-
ducible technique developed by Fessi in 1989. It is widely used to encapsulate molecules
into nanospheres or nanocapsules, typically producing polymeric nanoparticles rang-
ing from 50 to 300 nm [156,157]. The process involves two phases: an organic solvent
phase, containing the active compound and polymer, and an aqueous phase, usually wa-
ter, which acts as a non-solvent. Mixing these phases causes supersaturation, leading to
polymer precipitation, nucleation, and nanoparticle formation [158-162]. Surfactants may
be used, although under some condition’s nanoparticles form without them via the “ouzo

effect” [157,160,163,164] (Figure 5).
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Figure 5. Schematic illustration of the nanoprecipitation mechanism.
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6.2.1. Flash Nanoprecipitation

Flash nanoprecipitation produces nanoparticles by generating extremely high supersat-
uration levels using rapid mixing. Two liquid streams collide at high velocity inside a con-
fined impinging jet (CIJ) mixer, resulting in instantaneous and uniform nucleation [165,166]
(Figure 6A). This technique is ideal for hydrophobic compounds and amphiphilic block
copolymers, yielding highly uniform particles with narrow size distributions.
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Figure 6. Schematic representation of (A) fast nanoprecipitation and (B) two-step nanoprecipitation.

6.2.2. Two-Step Nanoprecipitation

Two-step nanoprecipitation was developed to address cases in which no single solvent
can dissolve both the hydrophilic polymer and hydrophobic active compound without
compromising stability [167,168]. The process includes the following steps:

e Step 1: The active compound is precipitated in a suitable organic solvent to form
a suspension.

e  Step 2: The polymer is dissolved in a compatible solvent and added to the suspension
under stirring, enabling the polymer to encapsulate the previously precipitated drug
(Figure 6B) [169,170].

This method expands the applicability of nanoprecipitation to difficult-to-
encapsulate compounds.

7. Methods of Administration of Metformin Delivery Systems
7.1. Oral Administration

The gastrointestinal tract (GIT) is the best-known way to administer drugs, since it
has the advantage of offering a large area for systemic absorption. The challenge in the
administration of drugs (especially orally) is to achieve stability when passing through
the stomach, the intestinal lumen, the intestinal epithelial mucosa, and the epithelium
itself [139] (Figure 7). Metformin is a hydrophilic molecule with high solubility (50 mg/mL)
and poor oral absorption due to its limited saturated and poor intestinal absorption; this is
why recent studies have designed various metformin delivery systems to obtain better oral
absorption and a more controlled release of the drug [171].

A previous study developed nanoparticles from chitosan with the aim of improving
the oral bioavailability of metformin and, in turn, the capacity for mucoadhesion and perme-
ation through an in vitro intestinal barrier model. Metformin-loaded chitosan nanoparticles
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have demonstrated higher mucoadhesion efficiency at a particle size < 200 nm, with a sta-
ble morphology and drug protection capacity under acidic pH conditions found in the
stomach but, upon reaching a neutral pH such as that of the small intestine and systemic
circulation, they swell and release the drug. Another similar study carried out by Bhujbal
and Dash [171], investigated hyaluronic acid nanoparticles loaded with metformin were
synthesized by the nanoprecipitation method, in order to evaluate the mucoadhesive ca-
pacity of the polymer. Physically stable nanoparticles with a particle size of approximately
114 nm, release of metformin > 50% in 1 h, and low permeability through the intestinal
membrane were obtained, thus maintaining a sustained release of metformin.
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Figure 7. Gastro-intestinal barriers involved in the oral delivery of nanoparticles.

7.2. Cutaneous Administration

The skin is the largest organ in our body, covering an area of 1.8-2.0 m?. It is composed
of three layers: epidermis, dermis, and hypodermis. The stratum corneum is the outermost
layer of the epidermis and is mainly composed of keratinocytes, which provide it with
the skin’s principal barrier properties [172]. Cutaneous administration of drugs has been
proposed as an alternative to common routes such as the oral and parenteral, because
the skin is considered to be an accessible organ and administration through this route
does not cause pain. The main objective of this administration route is to overcome the
stratum corneum barrier. The benefits that this route offers are a longer duration and
a constant rhythm in terms of administration, it can be interrupted simply by removing the
device and gastrointestinal incompatibility can be avoided. There are several uses for the
administration of dermal drugs, among them are the treatment of burns, ulcers, wounds,
inflammations, or skin diseases that require a specific drug that is released by percutaneous
penetration. However, there are two routes for drug administration: dermal (Figure 8A)
and transdermal administration (Figure 8B). In the first, the drug crosses the outer layer
of the skin and the second requires the drug to be transported to the dermis of the skin
through transepidermal (inter and intracellular) transappendicular (transfollicular and
transudoripar) routes [173].

Recent research, such as that of Migdadi and collaborators [174], has studied the
potential of a patch of hydrogel-forming microneedles for the administration of metformin
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transdermally in order to minimize the gastrointestinal side effects and variations present
at the time of absorption into the small intestine that are associated with oral administra-
tion. These patches are composed of arrays of micron-sized needles made from swellable
polymers, which penetrate the skin barrier and create aqueous paths for drug diffusion.
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Figure 8. Dermal (A) and transdermal (B) pathways in cutaneous delivery of nanoparticles.

Regarding the mechanism of action of hydrogels, when they are inserted into the skin,
they are in contact with the interstitial fluid. Hydrogels swell and create porous, aqueous
channels through which the drug diffuses and reaches the dermal circulation. Moreover,
the aqueous network formed by hydrogels has been reported as a suitable mechanism
for the transdermal administration of drugs, with a high degree of solubility in water,
such as metformin. For the purposes of the study, the permeation of metformin through
porcine skin through hydrogel-forming microneedle patches was evaluated. According
to the results, a transdermal bioavailability of metformin of 0.3 was obtained; that is, 30%
of the drug load was released in 24 h after its application. Furthermore, in a study by
Rostamkalaei [175], solid lipid nanoparticles containing metformin were obtained using
the ultrasonication method; this was carried out with the aim of formulating a topical gel
as a dermal delivery system to be applied to the skin to improve the administration of
metformin. In vitro percutaneous absorption tests were carried out considering the ability
of the nanoparticles to penetrate the different layers of the skin; the solid lipid nanoparticle
gel with metformin and the gel with metformin alone were compared. The results obtained
were nanoparticles with a size of approximately 203 nm with a metformin encapsulation
efficiency of 32.9%. In addition, greater penetration through the different layers of the skin
was achieved by the gel with the nanoparticles, which is promising in terms of the local
administration of metformin and other hydrophilic drugs.

7.3. Intravenous Administration

In recent years, the parenteral route has been explored as a means of drug adminis-
tration due to the complications presented in administration by other routes. Parenteral
administration falls into three categories: intravenous (IV), intramuscular, and subcuta-
neous [176]. Nanoparticles can also be delivered through IV administration (Figure 9).
IV injection is the most common parenteral route of drug administration and one of the
advantages it offers is avoiding first-pass metabolism by the liver. In addition, it provides
a rapid response, allows for broad control in the administration of the drug to the body, and
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enables complete bioavailability even at low doses. Also, it is a suitable option for those
drugs that cannot be absorbed by the gastrointestinal tract or that cannot be administered
via muscles or other tissues [177]. However, one of the greatest challenges in systemic
intravenous injection is the interaction of the drug with components of the blood, mainly
with plasmatic proteins, since they are the ones that regulate the drug’s arrival at the target
tissues [176]; for example, when administering nanoparticles intravenously, they are often
administered without any coating, which causes their uptake by macrophages, mainly for
nanoparticles < 5 nm, and thus, their rapid excretion via the kidneys [172].

IV injection

Figure 9. Systemic delivery of nanoparticles by intravenous administration.

Studies have highlighted the potential of intravenous administration of metformin-
loaded nanoparticles to enhance therapeutic efficacy. PLGA nanoparticles have demon-
strated a sustained plasma concentration over 72 h, with a higher area under the curve and
volume of distribution (Vz/F), which suggests improved bioavailability and therapeutic
effects in comparison, to conventional metformin [178]. Moreover, iron-based nanoparticles
have shown improved endothelial function by enhancing endothelial nitric oxide synthase
phosphorylation, which benefits cardiovascular applications [179].

8. Discussion and Future Perspectives

The application of nanotechnology to drug delivery systems represents a significant
advancement in metformin therapy for T2D treatment. Although metformin’s clinical
application is frequently limited by gastrointestinal side effects, low bioavailability, and
a narrow absorption range in the gastrointestinal tract, these challenges have driven the
development of delivery strategies aimed at enhancing its therapeutic performance. The
literature reviewed in this article highlights the diversity of biopolymers employed as
carriers (proteins, synthetic polymers, lipids, and polysaccharides) and the versatility
of obtention techniques such as electrospinning, electrospraying, and nanoprecipitation.
These approaches allow for the adaptation of the physicochemical properties of metformin
formulations to meet specific therapeutic requirements in T2D treatment.

Protein-based nanocarriers (e.g., gelatin, albumin, and casein) exhibit a wide range
of properties relevant to drug delivery and tissue engineering, including biocompatibility,
biodegradability, and binding capacity. Proteins are biomolecules present in all forms of
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life, contributing to their low toxicity compared with synthetic polymers. They can absorb
water and inducing steric repulsion, which enhances the physical stability of nanocarriers
and reduces their recognition by the immune system. Additionally, proteins are broadly
available in nature and constitute renewable resources derived from plants, animals, and
humans, making them easy to obtain at low cost. Importantly, the structural features,
amino acid sequences, and diverse functional groups of proteins facilitate drug binding
at specific sites and enable conjugation with targeting ligands on the nanoparticle surface,
allowing for selective delivery to target tissues or cells [180]. Polysaccharide-based drug de-
livery systems are also effective in increasing the bioavailability of encapsulated molecules
(proteins, peptides, and other therapeutic agents) by promoting transport through the
intestinal lymphatic system and enhancing tissue permeability. Furthermore, these sys-
tems enable lower therapeutic doses, reduce systemic drug distribution, and diminish
renal and hepatic clearance, leading to improved therapeutic efficacy and reduced side
effects [181]. The integration of nanotechnology into metformin delivery systems holds
significant promise for improving its therapeutic efficacy and overcoming the limitations
associated with conventional oral administration. These nanoformulations—ranging from
polymeric nanoparticles to liposomes and micelles—exhibit properties that enhance the
pharmacokinetics, pharmacodynamics, and overall therapeutic effects of metformin. The
drug is known for its limited oral bioavailability (~60%) due to its hydrophilic nature and
restricted intestinal absorption. Multiple studies have demonstrated that nanoformula-
tions can increase intestinal uptake and prolong gastrointestinal residence time, improving
drug delivery. For example, polymer-based nanoformulations such as chitosan mucosal
metformin nanoparticles developed by Lu and collaborators [182] have been designed
to enhance bioavailability and prolong the hypoglycemic effect relative to conventional
metformin. In intestinal adhesion studies, mucosal nanoparticle adhesion reached 67.27%,
compared with only 10.52% for free metformin, suggesting strong interaction with the
intestinal mucosa. In vitro release studies indicated that these nanoparticles provided
sustained release for over 12 h, whereas commercial formulations released nearly all the
drug within 1 h under intestinal conditions. Similarly, Jain [183] developed a jackfruit seed
starch-based gastroretentive nanoparticle, which serves as a biodegradable and biocom-
patible excipient. In addition to optimized physicochemical properties, in vivo evaluation
in a murine model demonstrated significant hypoglycemic effects. Compared with free
metformin, the nanoparticle formulation maintained substantially reduced blood glucose
levels for 24 h (a 50% reduction from 4 to 8 h; p < 0.01).

Beyond their potential therapeutic benefits in T2D treatment, metformin nanoformula-
tions have gained attention due to the drug’s pleiotropic effects, including antitumor and
neuroprotective activities. One of metformin’s mechanisms involves inhibiting cancer cell
proliferation, as demonstrated in various cell culture models. In a study involving male
and female mice with spinal cord injuries, treatment with metformin at 200 mg/kg for
14 days increased oligodendrocyte formation in both sexes. This effect was attributed to
metformin’s modulation of atypical protein kinase C (aPKC)-mediated phosphorylation of
CREB-binding protein (CBP) [184].

In addition to their glucose-lowering and antiproliferative effects, metformin nanopar-
ticles have demonstrated vascular protection. Mohamed et al. [185] evaluated metformin-
loaded nanoMIL-89 nanoparticles, which exhibited controlled drug release over 96 h,
decreased reactive oxygen species levels in vascular endothelial cells under hyperglycemic
conditions, and increased phosphorylation of endothelial nitric oxide synthase, a key
enzyme for vascular health maintenance.

Table 2 summarizes the potential advantages of nanotechnology-based metformin
delivery systems in comparison with conventional formulations.
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Table 2. Comparison between conventional metformin formulations and nanotechnology-based
systems.

Characteristic

Metformin Formulation Nanoformulated Metformin References

Mechanism of

Reducing hepatic glucose

production, enhances intestinal Enhances solubility and permeability

[186]

action absorption, and insulin sensitivity using nanostructured systems
Bioavailability ~50-60% oral bioavailability Enhanced bioavailability (>80%) [187,188]
Reduced dosage due to sustained
Dosage Up to 2550 mg/day release and improved absorption [189]
. Gastrointestinal issues and risk of Reduction in side effects due to
Side effects . . [187]
lactic acidosis controlled and sustained release
Requires clinical validation and
Limitations Low therapeutic performance exhibits large-scale production [189]

limitations and high production costs

While metformin nanoformulations showed potential, not all systems achieve con-
sistent results compared to conventional formulations. Some lipid-based nanocarriers,
such as glyceryl monostearate/lecithin/PVA solid lipid nanoparticles, reported low en-
trapment efficiencies (~29%), reducing their drug loading capacity. Likewise, lipid vesicles
and cholesterol SLNs (EE ~29%—~45.9%, respectively) demonstrated limited retention and
may need higher doses to achieve therapeutic effects [190]. In some cases, prolonged and
sustained release systems may not correlate with improved pharmacodynamic outcomes.
Some nanoformulations (e.g., hyaluronic acid-based nanoparticles) provide prolonged re-
lease but exhibited low intestinal permeability, resulting in lower glucose effects compared
to conventional metformin [191]. Other nanocarriers have demonstrated tissue accumu-
lation in cancer models, but not a significant difference in tumor growth inhibition in
comparison to conventional metformin, highlighting that even when formulations achieve
better targeting, this may not result in an improved therapeutic outcome [192].

8.1. Challenges in Clinical Translation
8.1.1. Scalability

Laboratory-scale methods such as electrospinning, nanoprecipitation, or solvent-
emulsification often fail to obtain a consistent particle size distribution, drug loading,
and surface characteristics when scaled up, leading to reduced performance. In large-
scale production, differences in shear forces and solvent evaporation requires expensive
equipment and rigorous process validation [193].

8.1.2. Regulatory Hurdles

The absence of clear guidelines leads to inconsistencies in safety evaluations which
delays the progression of nanocarriers to clinical trials. Engaging with agencies like the FDA
(Food and Drug Administration) and EMA (European Medicines Agency) may facilitate
smoother transitions through regulatory processes and accelerate clinical translation of
nanomedicines [193].

8.1.3. Long-Term Toxicity Profiles

Long-term toxicity remains critical in nanomedicine development due to insufficient
effects in short-term studies. Evidence indicates that prolonged exposure to nanomaterials
can result in tissue accumulation, organ toxicity, and delayed redistribution. For instance,
silica nanoparticles (SiO, NPs) have exhibited accumulation and induced chronic injury
defined by elevated serum markers, fibrosis, oxidative stress, among other effects [190].
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Another study related to biodegradable polymeric systems (e.g., PLGA), revelated that
these nanoparticles could induce inflammation and endothelial dysfunction, which may be
related to cardiovascular risks [193].

Nevertheless, despite the large quantity of preclinical evidence reported in the liter-
ature, there are certain limitations and challenges pertaining to these nanocarriers that
need to be addressed in order for them to be successfully implemented. Fortunately, the
field on nanomedicine is constantly innovating and evolving, and research on nanotechnol-
ogy in diabetes treatment holds promise for the development of strategies that guarantee
effectiveness, safety, and more personalized treatment strategies.

9. Conclusions

Diabetes is a chronic metabolic disease whose global prevalence continues to rise.
Metformin remains the first-line pharmacological treatment for type 2 diabetes due to
its effectiveness, safety, and affordability. However, limitations such as gastrointesti-
nal side effects, variable absorption, and moderate bioavailability highlight the need
for improved delivery strategies. Nanotechnology-based approaches have emerged as
promising alternatives to enhance the therapeutic performance of metformin. Various
nanostructures—including nanofibers, polymeric nanoparticles, lipid-based nanocarriers,
nanocomposites, and hydrogels—offer advantages such as sustained and controlled release,
improved solubility and stability, enhanced permeability, and reduced dosing frequency.
Biopolymers such as chitosan, gelatin, pectin, cellulose derivatives, and protein-based
matrices have shown promise due to their biodegradability, biocompatibility, and tunable
physicochemical properties. Techniques such as electrospraying, electrospinning, nano-
precipitation, and ionic gelation enable the development of highly tailored metformin
delivery systems. Encapsulation efficiency, release kinetics, nanostructure morphology, and
polymer—-drug interactions play crucial roles in determining therapeutic performance.

Overall, nanotechnology presents a versatile and effective platform for improving
metformin administration, with the potential to enhance patient adherence, minimize side
effects, and optimize glycemic control. Continued research focusing on biocompatibil-
ity, large-scale production, and in vivo evaluation will be essential for translating these
nanocarriers into clinically applicable therapies.
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